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Abstract

This study investigates the aerodynamic performance and acoustic characteristics
of a sub-scale ducted propeller relative to an open propeller of common geometry
for static hover and low-speed axial flow conditions. The propeller test article is a
four-bladed modified optimum hovering rotor, while the duct consists of a blended
geometry between a referenced leading edge design and a NACA 0018 trailing edge.
Low-fidelity modeling tools are leveraged to provide a predictive comparison for
both isolated and ducted propeller systems. The ANOPP-PAS code was found to
model the fundamental acoustic blade passage frequency directivity of the isolated
propeller quite well, with adjustments made to the simulation case to account for
additional torque loading believed to be due to “over-tripping” of the blades. Both
momentum theory and the Ducted Fan Design Code yielded good agreement with
the measured thrust levels of the ducted propeller system in hover, with the latter
prediction method showing good agreement for low-speed axial flow conditions as
well. These good agreements, however, were limited to the higher tested propeller
rotation rates. Overall, the ducted propeller exhibited slightly improved propulsive
efficiency in hover, and poorer efficiency in low-speed axial flow relative to the iso-
lated propeller. Acoustically, the ducted configuration was seen to exhibit acoustic
shielding at the propeller blade passage frequency, however an increase in higher
blade passage frequency harmonics was also observed. There was also an increase
in measured broadband noise associated with the incorporation of the duct, which
was more prevalent for the hover operating conditions.
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1 Introduction

New aircraft are being developed to enable local operations including passenger
transport, cargo delivery, and emergency response. While the number of Advanced
Air Mobility (AAM) missions are projected to increase over the next decade, the
environmental impact could limit high density operations. Many proposed AAM
aircraft are electric, which reduces concerns about emissions, but noise remains an
important issue particularly for local operations in and around communities.
While the current generation of AAM vehicles is diverse, most rely on unducted
propulsors. The choice of ducted versus unducted configurations involves a trade-
off between noise and performance. Ducted configurations, for example, have the
potential to reduce noise but increase the weight and drag of the vehicle [1,2]. An
illustration of such a ducted vehicle configuration is the NASA Revolutionary Ver-
tical Lift Technology (RVLT) Tiltduct Reference Vehicle for Urban Air Mobility [2],
which is illustrated in Fig. 1. As this figure shows, this vehicle concept is intended to
operate across a range of flight conditions encompassing vertical takeoff and landing
(VTOL), axial forward flight, and the transition envelope between these conditions.
As the name implies, the ability of the vehicle to operate across this wide range of
flight conditions is achieved by physical articulation (or tilting) of the propulsors.

(a) VTOL condition (b) Axial forward flight condition

Figure 1. Renderings of the NASA RVLT Tiltduct reference vehicle concept in (a)
VTOL and (b) axial forward flight configurations.

As the market matures and the tempo of operations increases, the relative im-
portance of different design requirements could change. Having accurate models to
predict tradeoffs for ducted configurations may be important to inform the design
of the next generation of AAM vehicles. Specifically, models are needed to capture
duct aerodynamics, duct acoustic propagation and scattering, and the impact of
acoustic liners in the duct. While some models and data are available, particularly
aerodynamic data from the 1960s [3-5], there is generally a lack of high-quality
acoustic data for relevant ducted configurations that include acoustic liners in the
duct. There has been a lot of work to characterize and improve the acoustic perfor-
mance of liners for larger turbofan aircraft [6,7], but it is not clear if the data and
models are applicable to AAM vehicles with shorter ducts, lower solidity propellers,



and lower tip speeds. Lower Mach number, non-axial inflow will also be more im-
portant on AAM vehicles with transitional flight conditions than on conventional
turbofan aircraft.

This paper documents the aerodynamic and acoustic characterization of a small,
ducted propeller. This paper documents the first test in a series that evaluates
increasingly larger scales that are more representative of full-scale AAM configura-
tions. The duct considered in this test has a 10” inner diameter without stators
or acoustic treatment. In addition, the flow conditions are limited to static and
low-speed axial inflow. More details concerning the experimental setup, including
a description of the duct, propeller, facility, and test matrix, are included in the
following section. Two different modeling approaches are then described, which
were used to assess the design and help interpret the experimental results. Both
aerodynamic and acoustic results are then presented and compared. Finally, some
concluding remarks are provided.



2 Experimental Setup

2.1 Test Articles

The two test articles used in this study are a four-bladed propeller, and a circular
duct that encapsulates the propeller. The following sections discuss the design and
fabrication details of these test articles.

2.1.1 Propeller Design

The propeller designed for this investigation is a four-bladed optimum hovering
rotor. An optimum hovering rotor is one that has both minimal induced and profile
power requirements according to blade element momentum theory (BEMT) [8].
The twist distribution along the rotor blade is designed to produce uniform inflow
over the blade span, to which the minimal induced power is attributed. This twist
distribution, Oy, (r), is of the form

R 40Td i CTd i
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where r is the spanwise station along the blade (from blade root 0 to blade radius
R), Cry,,,,. is the desired rotor thrust coefficient, €, is the airfoil lift curve slope,
o(r) is the spanwise distribution of solidity, and «yg is the zero-lift angle of attack of
the airfoil. The rotor thrust coefficient and solidity are further defined as

T
Cr= AR .
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where Ny is the number of rotor blades, and ¢(r) is the blade chord distribution along
the span. Furthermore, an optimum hovering rotor has a tapered chord distribution
of the form

Ctip

()= 7% ()
where cgjp is the chord length at the blade tip. This chord distribution allows for
each radial station to operate at an optimal lift-to-drag ratio, to which the minimal
profile power condition is attributed. This 1/r type of taper distribution is typically
impractical to manufacture; however, a common practice is to replace the 1/r taper
distribution with a linear taper distribution because it well approximates the 1/r
distribution for the outboard spanwise regions of the blade radius.

Figure 2 provides the blade angles and chord distributions of the rotor blade
tested in this study. As shown in Fig. 2(a), the blade twist and induced flow angle
distributions obey a 1/r roll-off trend, while the design angle of attack distribution
is a constant value of aqesign = 3.25°. Furthermore, Fig. 2(b) shows the optimum
chord distribution according to Eq. 4, as well as a simplified linear chord distribution
using a 2.5:1 taper ratio. This taper ratio is seen to overlay very closely with the
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Figure 2. Nominal geometry and performance of optimum hovering rotor: (a) twist,
induced flow, and angles of attack and (b) chord distributions (nominal and simpli-
fied linear taper).

optimum distribution from 0.75 < r/R < 1.0. Because this is the region of the
blade that is associated with the majority of thrust generation, it is believed to be
an appropriate simplification.

Table 1 contains the pertinent geometric and operating design conditions of the
rotor. These design parameters were defined based on the assumption of a blade
composed of a constant symmetric airfoil profile along the blade span. Additionally,
a constant zero-lift angle of attack of oy = 0° and lift curve slope of Cj , = 5.7 1/rad
were employed.

Table 1. Design parameters for the tested propeller.

Parameter Value
Geometry | cip, in. (mm) 0.75 (19.05)

R, in. (mm) 4.95 (125.73)

Ny 4

Airfoil NACA 0012

Linear Taper Ratio 2.5:1
Operating | Oy, 0.015
Condition | My 0.300

Q. (RPM) 7750

(design (O) 3.25

The propeller blades were 3D printed out of PA 12, 25% mineral-filled nylon
via selective laser sintering (SLS) [9]. This material was chosen because of its high
stiffness and resistance to moisture absorption. One artifact of printed parts using
this material is the considerable resulting surface roughness of the part. This is
illustrated in the close-up photograph of one of the fabricated propeller blades in
Fig. 3. While smoothing of the blade surfaces was considered (such as via sanding),
this was decided against in an effort to simulate a fully turbulent flow over the blade.
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Figure 3. Close-up view of fabricated propeller blade illustrating blade surface
roughness.

In other words, the surface roughness of the fabricated blade was used as an artificial
boundary layer “trip” to simulate higher Reynolds number flow. As is discussed in
Section 4.1, this assumption was met with mixed results in terms of the lift (thrust)
and drag (torque) performance of the propeller blades.

2.1.2 Duct Design

Previous researchers have shown that the design of a duct can have a significant
impact on both the aerodynamic and acoustic characteristics of the propulsor. For
example, a poorly shaped duct can induce flow separation from the inlet, which
reduces the aerodynamic performance and increases noise [10,11]. The goal of this
study was to characterize a “good” duct design with reasonable aerodynamic and
acoustic characteristics. More specifically, the design was based on rules of thumb
from previous aerodynamic studies [5,10,12]. Because the guidelines often depend
on operating conditions, it is useful to note that this study is focused on static and
low speed axial inflow.

The inner diameter of the duct was selected to be 10 inches to match previ-
ous tests [10,11,13-15]. While the small size could limit the applicability of the
results to larger passenger carrying vehicles, Grunwald and Goodson [3] concluded
that small-scale models can be used to approximate full-scale performance if duct-
lip separation is avoided. Black and Wainauski [16] noted that lip shape is the
single most important design parameter affecting separation, particularly at static
conditions. They found that a lip defined as:

t 32\% 1 322
y= | 20206555275 — (375~ == ) 4o (375 "5 ) «.028457 + 1.5

for z < 0.2¢
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avoided flow separation at static conditions on a 30 inch inner diameter duct. In
this context, ¢ is the duct chord, ¢ is the maximum duct thickness, and z is the axial
or chordwise dimension. Lip shape, however, is not the only important parameter.
Black and Wainauski also noted that duct thickness (at the propeller plane) should
be at least 10% of the propeller diameter to avoid separation at static conditions.
With that guidance in mind, the duct tested in this study had a lip shape matching
Eq. 5 with a maximum thickness of 1.2 inches.

The duct area ratio, defined as duct exit area divided by the propeller disk area,
is an important design parameter affecting the aerodynamic performance of the
duct. A value of 1.15 was selected for this study to match the design of Whiteside
et al. [2]. An area ratio greater than one implies an area expansion. A gradual
expansion is preferred to avoid diffuser separation and achieve good aerodynamic
performance. To maintain a moderate diffuser angle, the duct chord was selected
to be 6.67 inches. Table 2 summarizes the key duct design parameters.

Table 2. Design parameters for propeller duct.

Parameter Value /Basis

Inner Diameter, in. (mm) 10.00 (254.0)
Chord Length, in. (mm) 6.67 (169.4)
Maximum Thickness, in. (mm) 1.20 (30.5)
Area Ratio 1.15

Lip Section | Eq. 5, Ref. [16]

Diffuser Section NACA 0018

The inner surface of the duct from 20% to 50% of the chord is cylindrical —
or straight — with a diameter of 10 inches. The diffuser, which goes from 50% of
the chord of the duct cross section to the trailing edge of the duct was designed
by scaling a NACA 0018 airfoil. On the exterior surface of the duct, the straight
cylindrical portion extends from 20 to 30% of the chord and the last 70% of the
chord is shaped to match a NACA 0018 airfoil. For manufacturing reasons, the
duct trailing edge was rounded with a radius is 0.05 inches. The final duct cross
section shape is shown in Fig. 4. Note that the duct is axisymmetric, aside from a
mounting adapter built into the exterior surface, as depicted in Fig. 5.

Lip
Straight
Diffuser
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Figure 4. Segments of the tested duct geometry.

The duct was 3D printed from a polycarbonate material (PC-10) using a sterolithog-



raphy process. The walls of the duct are solid (0.060 inches thick) but a partial build
density was used in the interior to save material. For both aerodynamic and acous-
tic purposes, it is desirable to minimize the tip gap between the propeller and duct
inner surface. If the tip gap is too small, however, rig misalignment, vibration, or
blade elongation could cause the propeller to contact the duct. For this test, the
gap between the propeller tip and duct was 0.05 inches.

The axial position of the propeller in the duct can also be important. For this
test, the propeller was positioned 3 inches (45% of the duct chord length) behind
the duct leading edge. In most previous studies, the propeller was positioned farther
forward to increase the separation distance (and therefore reduce interference) with
the exit vanes. Since exit vanes were not included in this study, a more symmetric
position was selected for the propeller.

(a) Side view

!

(c) Bottom view (d) Photograph

Figure 5. Visualizations and photograph of complete, three-dimensional duct geom-
etry.



2.2 Testing Facility and Instrumentation

Tests were conducted in the NASA Langley Small Hover Anechoic Chamber (SHAC)
[17], formerly known as the Small Anechoic Jet Facility (SAJF) [18]. SHAC is an
acoustically treated facility with a cut-on frequency of 250 Hz and measures 3.87 m
x 2.56 m x 3.26 m (L x W x H) from wedge tip to wedge tip. It has an air inlet and
outlet, through which a freestream flow of approximately 5 m/s is possible with the
use of a downstream single speed fan. This freestream flow was originally intended
to serve as a freestream co-flow for scaled jet nozzle experiments. In the current
study, this freestream flow is utilized to provide initial insight into ducted rotor
performance under a slight non-zero inflow condition. It is important to note that
the flow conditioning is only comprised of a 6 inch (152 mm) deep honeycomb filter
installed within the SHAC inlet nozzle. The freestream turbulence intensity at the
core flow centerline was measured to be rather large at 71 = 100 X Uyps/Uso =~ 4.2%
at the approximate test article location.

W W

o ° *—o *—
M1 M2 M3 M4 M5 M6

Microphone Array

M7
M8

9,

> v

<

- Flow/Wake SHAC
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| S

> "
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Figure 6. Illustration of SHAC facility detailing propeller thrust direction (47Z),
microphone angle convention (6,), and flow direction. Note: not drawn to scale.

As shown in Fig. 6, the SHAC contains an eight element microphone array that
encompasses a range of directivity angles. The sensors are 6.35 mm-diameter free-
field Briiel & Kjeer microphones with associated preamplifiers. The microphones
are powered using the facility data acquisition system (discussed in Section 2.4)
and are operated for all testing conditions with the protective grid caps removed.
This allows for a nearly flat free-field frequency response up to approximately 80
kHz. Their locations in terms of a radial distance and elevation angle relative to the
propeller hub center are provided in Table 3.

Several photographs of the facility are provided in Fig. 7 for the tested isolated
propeller configuration. The propeller hub assembly is positioned at the middle of
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Table 3. Microphone locations relative to propeller hub.

Microphone # | Radial Distance (m) | 6, (deg.)
1 2.38 37.3
2 2.10 25.8
3 1.94 5.7
4 1.91 -0.8
5 2.04 -19.2
6 2.30 -35.2
7 2.31 -43.5
8 2.23 -50.1

the facility in the lengthwise (axial) direction, approximately coinciding with the
axial location of the middle element of the microphone array (microphone 4). The
rotor stand that supports the test articles is comprised of slotted Aluminum square
channels with a 90 degree junction, from which extends a hollow steel cylindrical
conduit. Test articles are then mounted to the end of this conduit via an adapter
plate.

-

Micropl?w

1l

SHAC Inlet

Reflective
Tape &8 &

(a) Upstream view (b) Sideline view

. e

SHAC Outlet
(Flow Collector)

(¢) Downstream view

Figure 7. Photographs of the SHAC facility with isolated propeller hardware in-
stalled.
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Two load cells were utilized in this testing campaign: one for measuring propeller
thrust and torque, and one for measuring duct thrust/drag. Both of the load cells
used in this study were ATT-TA Mini40 multiaxis load cells, which have six degree-
of-freedom measurement capabilities. The locations of the respective propeller and
duct load cells are depicted pictorially in Fig. 8. As is shown in Fig. 8(a), the

Propelley Load tell
(Blank I{wstalled)

[

: Duct Load ‘
' Cell

|

iy § |
Acceleronieters
e ‘

(a) Propeller assembly (b) Duct

Figure 8. Photographs of near-field instrumentation on SHAC test articles.

propeller load cell is oriented such that the thrust is measured in the direction
normal to the load cell mounting surface (+Z direction). Meanwhile, Fig. 8(b)
shows that the duct load cell is mounted in an upright orientation at the base of
the duct such that the axial force (thrust or drag) of the duct is measured parallel
to the load cell measurement face (+X direction). Also shown in Fig. 8(a) are two
single-axis accelerometers that were utilized in the early phases of testing to quantify
lateral displacements of the propeller hardware under the range of tested conditions.
This was important because it verified that the deflections of the apparatus under
operation were very small such that the propeller blades would not physically contact
the inner surface of the duct. Note that no accelerometer data is presented in this
report. Finally, the propeller system was powered using a KDE Direct 3510XF
brushless motor, which was affixed to the measurement side of the load cell via a
conical plastic insulator piece. The motor, insulator, and propeller load cell assembly
were then shrouded by plastic cylindrical shell pieces to represent the propeller
centerbody. Note that the centerbody pieces are outfitted with a series of cutouts
to allow for air ventilation and cooling of the brushless motor.

The rotation period of the motor-propeller assembly was measured using a non-
intrusive Remote Optical Laser Sensor (ROLS) and ACT-3X tachometer panel man-
ufactured by Monarch Instrument. The tachometer provided a Transistor-Transistor
Logic (TTL) pulse each time the output laser beam encountered a piece of reflective
tape (see Fig. 7(b)) that was positioned on the rotating assembly.

12



2.3 Test Conditions

Near-field aerodynamic loads and far-field acoustic measurements were acquired on
the isolated and ducted propeller configurations across a range of propeller rotation
rates. It is worth noting that while the propeller hub used in this study allows
for adjustability of the propeller pitch (or collective setting), it was monitored and
kept constant for this entire investigation. Specifically, this collective setting was
enforced with the use of a propeller pitch gauge at the tip of the propeller, where the
angle measurement was set to Op ~ 8.0°. This corresponds to the nominal setting
based on the optimum hovering rotor design parameters discussed in Section 2.1.1.

Both open and ducted propeller configurations were tested in static hover and
low speed forward flight (Ux &~ 5.2 m/s) over a propeller tip speed range of 0.12 <
M, <0.32. Testing static hover conditions required the installation of two screen
meshes of different percentage open area downstream of the rotor stand [19]. The
purpose of these screens is to delay the onset of flow recirculation by breaking up
the wake structures of highest energy shed by the propulsor and reducing the energy
of the recirculated flow. This is important because this flow recirculation can dra-
matically alter the acoustic content of a rotor system [20]. Figure 9 provides images
of the dual screen mesh treatments installed for static hover measurements of both
open and ducted propeller configurations. It is also worth noting, via Fig. 9, that the

(a) Open propeller (b) Ducted propeller

Figure 9. Photographs of complete open and ducted propeller assemblies with fa-
cility in static hover mode.

horizontal channel onto which the duct support structure was installed, remained
present for all testing conditions and configurations. While this did potentially
represent an acoustically reflective structure, the authors deemed it appropriate to
leave in place so as not to introduce facility differences other than those related to
the duct itself. It is believed that relative acoustic comparisons can still be made
between the open and ducted propeller data sets.

13



2.4 Data Acquisition and Post-Processing

Dynamic propeller rotation rate, aerodynamic loading, and acoustic data were ac-
quired using a Briiel & Kjer LAN-XI data acquisition system coupled with the
BKConnect software package. All data were acquired at a sample rate of 131,072
Samples/s, and the anti-aliasing filter of the LAN-XI system yielded a flatband spec-
trum measurement up to 51.2 kHz. Data acquisition runs were approximately ten
seconds in duration. Static hover runs consisted of a rapid ramp-up of the propeller
assembly rotation rate to a desired steady state target operating condition. The
ramp-up period lasted approximately two seconds. The remaining eight seconds
was comprised of a “clean” propeller operation condition, followed by a “dirty” op-
eration condition characterized by an onset of flow recirculation in the facility. The
time duration of clean operation varied based on the desired rotation rate condi-
tion, and thus thrust generation by the propeller. Low speed forward flight runs,
meanwhile, were able to be run more continuously from one test point to the next
because the only parameter that needed to be changed was the propeller rotation
rate. It is worth noting that the mesh screens depicted in Fig. 9 were not installed
for these conditions.

A useful acoustic processing tool for rotor systems is periodic and broadband
differentiation. This allows for the discernment of noise contributions by the system
that are deterministic (frequencies that have constant phase and are harmonics of
the fundamental system rotation rate), and those that are residual or stochastic in
nature (random in phase). The former of these acoustic sources are better known
as the steady thickness and loading sources of rotating blade noise [21], while the
latter are non-deterministic and typically the result of turbulent flow interactions
on or near the rotating blade surface [22].

Periodic and broadband extraction is performed in this study by discretizing
the measured acoustic pressure time histories into data blocks corresponding to the
rotor period of revolution, computing an average revolution acoustic time history,
then repeating this averaged time history and subtracting it from the raw measured
signal. More details of this procedure are provided in Ref. [23]. An illustration of
the periodic and broadband noise extraction processing methods applied to SHAC
microphone 6 for a propeller tip Mach number of M;;, = 0.30 is provided in Fig. 10.

As can be seen in Fig. 10, extraction of a residual spectrum still contains remnant
tonal features. These remnant tones are not removed in the periodic extraction be-
cause of two primary physical causes: (1) the tonal noise is caused by the motor and
slight variations in rotation rate make these tones difficult to completely remove, or
(2) the remnant tones have a random phase that is not directly related to the steady
rotational noise generated by the propeller system. The first of these remnant noise
features tends to occur at rather high frequencies, where rotation speed variations
make the periodic extraction process more difficult. The second of these sources,
however, is related to turbulence ingestion into the propeller disk. The source of this
turbulence is usually eddies that are introduced by the inlet of the facility and/or
due to the interaction of the propeller blades with the wake of the preceding blade.
Both of these sources are evident in the data presented in this report and occur
across different frequency ranges, which are discussed in Section 4.2. An additional

14
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Figure 10. Narrowband acoustic spectra of the isolated propeller in static hover at
0, = —35° (microphone 6) illustrating acoustic post-processing methods. Propeller
operating condition of Q = 7943 RPM (M, = 0.30).

post-processing method that is applied to the extracted residual spectra data is the
removal of remnant tones, which is visually demonstrated in Fig. 11. The purpose
of this final processing step is to omit the spectral artifacts that are believed to
be related to interaction of turbulent structures with the propeller blades (such as
those that can result from perpendicular blade vortex interactions [24]).

As Figs. 11(a) and 11(b) show, periodic extraction removes the majority of
the highest-amplitude tones, which indicates that they have a strong, consistent
phase relationship with the rotation frequency of the propeller system. However,
as Fig. 11(b) shows, a non-negligible amount of tonal peaks remain. These tones
manifest in the form of integer multiples of the fundamental BPF of the propeller
between 3 and 15 harmonics (or between 1 and 6 kHz). These are believed to be
related to turbulence and/or blade wake ingestion. Furthermore, there is a cluster
of high-frequency tones also visible between 15 and 19 kHz. These are believed
to be due to the pulse width modulation (PWM) rate of the brushless motor and
electronic speed controller (ESC) system. This tonal cluster was found to remain
approximately consistent, regardless of the rotation rate of the propeller. Finally, the
remnant peaks are removed with the application of a spectrum amplitude smoother
in which the peaks are identified and averaged out using the acoustic levels of the
neighboring frequency bins. The results of applying this spectrum smoother are
shown in Fig. 11(c). More details on this final processing step are provided in
Ref. 25.
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Figure 11. Hlustration of periodic extraction and remnant tone removal processes.
Data shown is for 6, = —35° (microphone 6) of the isolated propeller operating at
1 =5613 RPM (M;p = 0.214) in hover.
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3 Modeling Approach

Three low-fidelity modeling tools were utilized in this study to characterize the
performance of the isolated and ducted propeller configurations. For the isolated
propeller configuration, the Propeller Analysis System portion of the NASA Aircraft
NOise Prediction Program (ANOPP-PAS) [26] was leveraged. As the name of the
software suite implies, the noise of the propeller system is also possible to predict.
It is important to note, however, that only the tonal or deterministic components
of noise can be predicted by this software. Furthermore, the aerodynamic perfor-
mance of the ducted propeller configuration is assessed using simple momentum
theory [8] and the Ducted Fan Design Code (DFDC), [27] which is a coupled lifting-
line and vortex lattice panel method that respectively represent the rotor/propeller
and duct/centerbody components of the system.

3.1 Isolated Propeller Modeling

ANOPP-PAS (herein referred to as PAS) utilizes blade element momentum the-
ory (BEMT) to predict the aerodynamics and noise of subsonic propellers. [26]
The blade profile analysis modules of PAS include a coordinate transformation us-
ing a Joukowski transformation, potential flow around the blades computed by
Theodorsen’s method using the Kutta condition to fix circulation, and boundary
layer analysis using the Holstein-Bohlen or Truckenbrodt methods for respective
laminar and turbulent regions. Propeller performance and induced flow are then
computed using Lock’s method with the Prandtl circulation function for the blade
tip region. Finally, a Subsonic Propeller Noise (SPN) module is utilized for com-
puting deterministic acoustic pressure time histories and spectra at defined observer
locations. This noise module is a direct implementation of Farassat’s F1A FW-H
acoustic solver. [28,29]

It is important to note that PAS is designed to model propellers in forward
flight and not rotors in hover conditions. In other words, PAS cannot compute
the aerodynamic performance and thus acoustics of a spinning blade in the absence
of a freestream velocity condition. Therefore, a constant forward flight speed cor-
responding to the low-speed axial flow condition of SHAC is implemented for all
simulated operating conditions. The hovering conditions are simply simulated by
adjusting the collective of the propeller blades such that their predicted torque gen-
eration matches that measured in the experiment. While thrust is the typical tuning
aerodynamic parameter, it was found that thrust-matching between experiment and
prediction would result in more than a 10% deficit in predicted torque. This deficit
is likely due to the coarse texture of the tested blades, which results in considerably
higher levels of blade drag than would otherwise be generated by blades with a
smooth surface. An illustrative comparison between a PAS acoustic prediction and
SHAC measurement is provided in Fig. 12. As this figure shows, the PAS-predicted
propeller BPF acoustic levels are comprised of thickness and loading noise contri-
butions, the summation of which yields the total SPL. The comparison is fairly
good, with the largest discrepancy of approximately 5 dB occurring at 6, = 37.3°
(microphone 1). All other experimental microphone measurements are within 2.5
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Figure 12. BPF SPL directivity comparison between SHAC experimental measure-
ments and predictions using ANOPP-PAS. Isolated propeller in hover at M, =
0.315.

dB of the PAS prediction. Another important takeaway from this plot is that the
BPF acoustic amplitude is largely dominated by the steady thickness component
of noise. This means that the majority of the noise generated at this frequency is
due to the propeller blade motion, rather than due to the aerodynamic loads gen-
erated by the blades. This has important implications when comparing acoustic
amplitudes between the isolated and ducted propeller configurations, which is done
in Section 4.2.

3.2 Ducted Propeller Modeling
3.2.1 Momentum Theory

In an effort to model the thrust contributions of the ducted propeller system in
this study, simple momentum theory can be applied to the case of a non-ideal
hovering ducted rotor [8]. Figure 13 provides a schematic illustrating the pertinent
parameters in the momentum theory analysis for a ducted rotor in hover. Rather
simply, conservation of mass for subsonic flow between the rotor plane and a plane
downstream of the duct (3) yields the following:

m = pAgrv; = pAsw, (6)

where 1 is the mass flow rate of air through the duct, p is the ambient and freestream
air density (assumed to remain constant), v; is the velocity induced by the rotor,
Ap is the area of the rotor disk, and As is the area of the wake below the rotor,
which is larger than Agr. The area ratio between the wake station and rotor disk
can therefore be expressed as

A3 (%3
"= Ar " w @
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Figure 13. Schematic of momentum theory model applied to a non-ideal ducted
rotor in hover. Illustration adapted from Reference 8.

Conservation of momentum can then be utilized between stations (0) and (3), where
air molecules transition initially from zero velocity to a velocity of w in the wake.
This can be stated in terms of the total thrust generated by the system as

Trotas = Tp + Tr = rhw. (8)
Incorporating Eqgs. 6 and 7 into Eq. 8 therefore yields

puiAR

(9)

Bernoulli’s equation is applied to the area between the duct intake station (0)
and the upstream rotor station (1):

TTot al =

1

Po =p1+ 5/)%‘2- (10)
It is worth noting that location of station (0) does not necessarily coincide with the
leading edge of the duct intake, but rather, is intended to represent a location far
enough upstream where a static ambient condition can be realized. Next, Bernoulli’s
equation can be applied between the station immediately downstream of the rotor

plane (2) and the duct flow outlet area (3):

1 1

P2+ 5P = po+ pu’, (11)
where w is wake velocity downstream of the duct. Furthermore, the thrust generated
by the rotor, Tr, can be solved for by substituting Eq. 10 for the freestream pressure
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po in Eq. 11 to yield

1
Tr = (p2 —p1) AR = 5,01112141%- (12)

Now, the contribution of the thrust generated by the rotor to the total thrust
generated by the ducted rotor system can be found by dividing Eq. 12 by Eq. 9:

TR 1 pw?Aga

= ) 13
Trotal 2 pv?Ag (13)
This expression can be simplified by substituting v; = aw from Eq. 7 to yield
T 1
B — (14)
TTotal 2a

In other words, the ratio of thrust generated by the rotor to the total ducted rotor
system thrust is the inverse of twice the area ratio.

For the sake of simplicity, the plane of the duct wake (station 3 in Fig. 13) is
taken at the physical trailing edge of the duct. This is because the area ratio between
this location and the propeller is known to be a = 1.15, which was previously
reported in Table 2. Therefore, Eqn. 14 yields an ideal rotor thrust contribution of
Tr = 0.44 % T'rotar, or 44% of the total system thrust. Consequently, the duct would
generate 56% of the total system thrust. It is important to note, however, that this
assumes that the flow through the duct remains attached all the way to the duct
trailing edge. In reality, some portion of flow separation along the duct wall is likely
to occur, considering that the duct design is not optimized. This flow separation
would effectively reduce the “effective” exit area of the duct, which would in turn
reduce the value of the area ratio. However, as will be seen in Section 4.1, this
estimate based on simple momentum theory offers a good initial approximation.

3.2.2 Ducted Fan Design Code

The DFDC represents an extension of the XROTOR propeller design code, with a
more detailed treatment of the effects of a duct and propeller centerbody. Specif-
ically, it allows for the prediction of the mean aerodynamic loads and flowfield of
a ducted propulsor with relatively large induced velocities relative to a freestream
velocity, which is applicable to hover operating conditions. DFDC also models the
viscous loss effects and non-uniform loading effects in the calculation of the duct
flowfield. [27]

An example of the ducted propeller case setup in DFDC is provided in Fig. 14.
This figure details both the discretized flowfield as well as the individual solid bodies
in the simulation as: (1) propeller centerbody, (2) duct shroud, and (3) propeller
blades. The case was setup using the default propeller blade airfoil aerodynamic
parameters, which was believed to be suitable for a first-round of simulations based
on the constant NACA 0012 airfoil cross-sections that make up the propeller blades.
This was expected, however, to yield an overprediction in propeller thrust and un-
derprediction in torque due to the very coarse texture of the fabricated propeller
blades. In other words, the blade texture was expected to reduce the lift and increase
the drag behaviors of the propeller blades, respectively.

20



Flow

. Note

10n

DFDC case setup for current ducted propeller configurati

s from left to right.

Figure 14

21



4 Results and Discussion

In this section, the aerodynamic and acoustic experimental results will be presented
on both isolated and ducted propeller configurations for simulated hover and low
speed axial forward flight conditions. The aerodynamic results of the ducted pro-
peller will also be complemented by predictions using the DFDC code, while both
aerodynamic and acoustic results of the isolated propeller will be complemented by
predictions using the ANOPP-PAS [26] and ANOPP-ROTONET [30] codes. While
comparisons are made in the following section between the isolated and ducted
propeller configurations, it is important for the reader to keep in mind that it is
difficult to directly relate the two, due to their vastly different geometries. There-
fore, the purpose of the comparisons is not to necessarily promote one configuration
over the other, but rather to identify the differences and provide possible physical
explanations.

4.1 Aerodynamics

The pertinent aerodynamic behaviors of the isolated and ducted propeller config-
urations are discussed in the following sections under hover and low-speed axial
forward flight conditions. While these operating conditions tend to be differentiated
conventionally using rotor and propeller nomenclature, common rotor nomenclature
is utilized for all measured operating conditions. Both dimensional and nondimen-
sional aerodynamic loads are considered. Dimensional loads are presented relative
to sea-level standard day (SLSD) conditions, the definitions of which are provided
in Ref. 23. Nondimensional loads are presented in the form of the thrust coefficient
(Cr) and the power coefficient (Cp). These are respectively defined as

T

Or = AR 19)
and P
Cr= AR (16)

where A = 7 (R2 - rgb) is the propulsor disk area based on the propulsor and
centerbody radii, respectively, T is the dimensional thrust measured by the propeller
and/or duct load cells, and the dimensional power P = Q, where @ is the measured
torque generated by the propeller. These definitions are maintained across both
physical propulsor configurations as well as flow conditions, the primary difference
being that the propeller disk area is based on the propeller tip radius (R = 125.73
mm), while the duct disk area is based on the radius of the duct inner wall (R =
127 mm).

Estimates of aerodynamic efficiency are provided in the following sections using
conventional rotor and propeller definitions for respective hover and axial inflow
conditions. For simulated hover conditions, this is defined using power loading,
which is simply defined as -

PL = — 1
P*? (7)
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where T* and P* are the SLSD-corrected net thrust and mechanical power of the
propulsor. For low-speed axial inflow conditions, the conventional propulsive effi-

ciency is used in the form
TUs

n= p (18)

where the freestream velocity in SHAC was previously measured to be Uy &~ 5 m/s.
Also applicable to the cases of low-speed axial inflow is the advance ratio:

U M

J=—= .
nDp Mtip

(19)

4.1.1 Hover Performance

Figure 15 provides measured profiles of dimensional and nondimensional thrust and
power with respect to tip Mach number for isolated and ducted propeller configura-
tions at simulated hover conditions. The data in this figure are provided with error
bars that represent the worst-case amount of drift in the load cell measurement for
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Figure 15. Measured thrust and power variations with tip Mach number for isolated
and ducted propeller configurations in simulated hover conditions.
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the testing sequence. These dimensional uncertainty values present themselves as
constant error values for the dimensional load plots in Figs. 15(a) and 15(b), and as
decreasing error values with increasing Mi;, in Figs. 15(c) and 15(d). This decrease
in error with increasing tip speed is due to the constant dimensional uncertainty
value being divided by an increasing tip velocity value as indicated in Egs. 15 and
16. It is worth noting that the thrust data for the ducted propeller configuration
in Figs. 15(a) and 15(c) are due to addition of thrust contributions by both the
propeller and duct components. These individual contributions are detailed later in
this section.

Figures 15(a) and 15(b) display second order variations of thrust and power as
a function of tip Mach number, which is typical for rotating blade systems. In
general, the isolated propeller generates more thrust but requires more power for
a given rotation rate condition as compared to the ducted propeller. Furthermore,
data of Fig. 15(c) reveals a nearly constant thrust coefficient as a function of tip
Mach number for the isolated propeller. This is expected behavior for an optimum
hovering rotor because its design is based on a target thrust coefficient condition,
its performance of which is not assumed to vary with rotation rate. However, small-
scale test articles such as those utilized in this study have a tendency to challenge
this assumption, either due to physical measurement limitations on parameters such
as blade shape and collective, and /or due to low Reynolds number effects. Therefore,
the constant C7 behavior shown in Fig. 15(c) resembles that of a blade at higher
Reynolds numbers, possibly due to the coarse texture of the printed blades that can
“trip” the boundary layers and force a fully turbulent condition. Meanwhile, the
results for the ducted propeller in this figure show a slight deviation in this trend.
Instead, a slight increase in C'r is observed across low tip speeds up to My, ~ 0.21,
after which it appears to level off. While the exact cause of this is currently unknown,
some speculations are presented later in this section. The results of Fig. 15(d) show
slight increases in Cp with increasing My, for both propulsor configurations.

Figure 16 shows a comparison plot of the measured power loading variation with
propulsor disk loading between isolated and ducted propellers. Note that while these
quantities are not nondimensional, they are believed to be the best quantities with
which to compare the propulsor configurations due to their different geometries.
The results show that the ducted propeller system outputs more overall thrust per
unit of power draw than the isolated propeller, across the whole range of tested disk
loading conditions. While this may be interpreted to mean that the ducted propeller
is more “efficient” than the isolated propeller in this simplified single component test
setup, the potential for more complex installation effects of a more realistic, vehicle-
installed propulsor or series of propulsors would likely introduce uncertainties to
this claim. Possible efficiency reductions of a ducted propulsor can include increases
in drag associated with pylon or other airframe fairings needed to integrate the
propulsor with the airframe, as well as due to the presence of stator blade assemblies
located downstream of the propeller /fan blades.

Figure 17 provides a breakdown of the thrust contributions measured by both
the propeller and duct for ducted propeller operations at simulated hover condi-
tions. The results show a nearly equal amount of thrust contributed by these two
sub-systems, with the duct actually beginning to contribute slightly more than the
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Figure 16. Measured power loading variations with propulsor disk loading for iso-
lated and ducted propeller configurations in simulated hover conditions.

propeller for tip speeds M, > 0.30. It is very likely that the propeller operation at
low tip speeds may result in separated flow in the duct leading edge region, which
could explain the slightly lower overall C'r values of the ducted propeller at lower tip
velocities. Increasing the rotation rate of the propeller likely promotes re-attachment
of the flow along the duct wall, which may help explain the asymptotic behavior of
Cr and Cp with My, in Figs. 15(c) and 15(d).

4.1.2 Low-Speed Axial Inflow

Figure 18 provides measured profiles of dimensional and nondimensional thrust and
power with respect to advance ratio for isolated and ducted propeller configurations
at low-speed axial inflow conditions. These results show an expected decrease in both
thrust and power with increasing advance ratio, which is indicative of an increase
in freestream velocity relative to the propeller tip speed. It is worth noting that
both isolated and ducted propeller configurations exhibit negative thrust (drag) at
the highest tested advance ratio condition. It is also worth noting that the ducted
propeller system exhibits lower thrust generation and mechanical power relative
to the isolated propeller. While this is consistent with the static hover conditions
shown in the previous section, the relative decrease in thrust output is considerably
greater than the decrease in mechanical power.

The differences in balance of thrust and power between the propulsor configu-
rations is further demonstrated in the propulsive efficiency comparisons shown in
Fig. 19. This figure shows that the ducted propeller configuration performs much
worse than the isolated propeller across the entire range of tested advance ratios.
Furthermore, the peak propulsive efficiencies are seen to be quite low for both con-
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Figure 17. Measured duct and propeller thrust contributions across tested range of
tip Mach number conditions in simulated hover conditions.

figurations. This is because of several factors: (1) the propeller was designed for
hovering conditions, (2) the pitch of the blades was not changed between either the
different inflow conditions or isolated/ducted propulsor configurations, and (3) the
torque of the propeller system was considerably higher than that predicted by low-
fidelity modeling tools. While items 1 and 2 can be easily explained by changes in
angle of attack seen by the blade as a result of either the change in inflow conditions
and/or the presence of the duct, item 3 is believed to pertain to the blade fabrication
itself.

As was discussed in Section 2.1.1, the propeller blades have a considerable
amount of surface roughness that was not quantified. While this is believed to
assist in maintaining the constant thrust profile shown previously in Fig. 15(c), it is
also believed to be responsible for a considerably higher amount of torque. For ex-
ample, Fig. 15(d) shows an experimental measurement of Cp ~ 0.002 for the target
design operating condition of My, = 0.30. This is in sharp contrast to a ROTONET
prediction of Cp ~ 0.0014 when thrust-matched to the experimental measurement,
which represents a more than 30% underprediction of the measured value. While
the surface roughness of the blades is believed to behave effectively as a turbulence
“trip”, it is also believed to be potentially overtripping the flow over the blade. This
in turn results in thicker boundary layers over the blade, which can help explain
the higher levels of measured torque. The potential acoustic implications of this are
discussed in Section 4.2.
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Figure 18. Measured thrust and power variations with advance ratio for isolated and
ducted propeller configurations in simulated low-sped axial forward flight conditions.

4.1.3 Low-Fidelity Prediction Comparisons

Table 4 presents the comparison between SHAC measurements and DFDC predic-
tions of the total thrust of the ducted propeller configuration and the thrust con-
tributions of the propeller and duct components for hover conditions. As the table
shows, DFDC does an excellent job at predicting the total thrust levels and relative
thrust contributions of the duct and propeller components for operating conditions
of M, > 0.259. Below this operating condition, DFDC overpredicts the thrust
generated by the rotor and underpredicts the thrust generated by the duct. While
the exact cause of this is unknown, it is believed to be due to incorrect estimations
of drag induced by the duct as well as thrust generated by the propeller; both of
which are believed to be related to low Reynolds number effects.

Table 5 provides a comparison between SHAC measurements and DFDC predic-
tions of total system thrust and the thrust contributions of the propeller and duct
components for low-speed axial flow conditions. As this table shows, the compar-
isons between DFDC predictions and SHAC measurements are slightly poorer than
those for the static hover conditions at the lower tip speed operating conditions.
Similar to the hover results of Table 4, the low-speed axial flow results show better
agreement in total system thrust levels for My, > 0.260, with DFDC slightly over-
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propeller configurations in low-speed axial inflow conditions.

predicting the system thrust for all operating conditions. If attention is focused on
the duct contributions of thrust in Table 5, it can be seen that there is an almost
consistent offset in the thrust predictions as compared to the measurements. As
mentioned previously, this could be related to surface roughness of the 3D printed
blades and duct components as well as inaccurate drag modeling in DFDC itself.
Another possible drag contribution in the experimental setup that is not present in
the DFDC simulations is the load cell and duct support mounts. These components
are visible in Figs. 5 and 8(b) for reference. Conceivably, these features could yield
an increase in drag of the system under low-speed axial flow conditions that would
not be captured by DFDC. Despite this, however, a nearly constant offset in this
duct thrust prediction could be viewed as a consistent drag penalty that may be
applied to the prediction; still rendering it a useful modeling tool. However, this

Table 4. Measured (SHAC) and predicted (DFDC) thrust values for the ducted

propeller configuration in simulated hover conditions.

Operating Condition Totar (N) TPron (N) TP et (N)

Q* (RPM) M, | SHAC | DFDC | SHAC | DFDC | SHAC | DFDC
3207 0.124 0.97 1.40 0.48 0.96 0.49 0.44
4291 0.166 1.89 2.21 0.97 1.36 0.92 0.85
5500 0.213 3.19 3.31 1.62 1.79 1.57 1.52
6705 0.259 4.60 4.63 2.27 2.24 2.32 2.39
7808 0.302 6.17 6.26 3.00 3.00 3.17 3.26
8162 0.316 6.73 6.84 3.26 3.28 3.47 3.56
8383 0.324 7.04 7.22 3.37 3.46 3.66 3.76
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Table 5. Measured (SHAC) and predicted (DFDC) thrust values for the ducted
propeller configuration in low-speed axial flow conditions.
Operating Condition Totar (N) TPon (N) T et (N)

O (RPM) | Mip J | SHAC | DFDC | SHAC | DFDC | SHAC | DFDC
3214 1 0.124 | 0.38 | -0.37 -0.05 -0.20 -0.04 | -0.16 -0.01
4311 | 0.167 | 0.28 0.09 0.37 0.20 0.33 | -0.10 0.05
5516 | 0.213 | 0.22 0.94 1.10 0.83 0.86 0.11 0.24
6722 | 0.260 | 0.18 1.99 2.12 1.55 1.54 0.45 0.58
7823 | 0.303 | 0.16 3.15 3.30 2.28 2.28 0.87 1.02
8178 | 0.316 | 0.15 3.65 3.74 2.58 2.55 1.08 1.19
8363 | 0.324 | 0.14 3.91 3.97 2.7 2.69 1.18 1.28

claim will need to be verified with additional test articles and operating conditions
in the future.

Because DFDC demonstrated reasonable agreement with the measurements for
both hover and low-speed axial flow conditions for the higher propeller tip speed
operating conditions, it was further leveraged to visualize the modeled pressure and
flow field behaviors. Figure 20 provides a comparison of the pressure distributions of
the system components between the hover and low-speed axial inflow conditions at
a common propeller tip speed of My, = 0.324. Note that the pressure distributions
are presented in the form of vectors with amplitudes relative to a pressure coeflicient
Cp = 1 and directions that are normal to the body surfaces. This pressure coefficient
follows conventional airfoil nomenclature of

_Ps*Poo_Ps*Poo
P %Poov;if Qret ’

(20)

where Ps is the surface pressure, Py, is the freestream or ambient pressure, poo is
the freestream or ambient density, and V¢ is the freestream velocity through the
ducted propeller system. For the sake of simplicity, V;f was defined as the average
axial velocity through the propeller disk for a given simulation run, which is an
output provided by the DFDC. This quantity was deemed an appropriate reference
value so as to avoid the complication of zero freestream velocity associated with
the hover operating conditions. A more quantitative representation of the pressure
distributions on the nacelle, duct, and propeller surfaces are provided in Fig. 21.
This figure reveals a prominent suction peak on the duct lower surface close to
the leading edge of the duct (z &~ 0.01 m, or 6% of the duct chord) in the hover
condition. Both duct and nacelle surfaces converge to C};, = 0 downstream of the
propeller plane in hover. Furthermore, the hover propeller pressure distribution that
is visible in Fig. 21(b) shows an increase in pressure along the blade span until it
sharply drops off very close to the blade tip and duct inner surface. The low-speed
axial inflow flight condition yields a reduction in the suction peak amplitude on
the duct lower surface and shifts it further downstream. The duct upper surface
also displays a stagnation point very close to the duct leading edge, with a value
of C, = 0.2, which corresponds to the dynamic pressure of the freestream velocity
condition of Voo = 5.2 m/s. The pressure distribution of the propeller is also seen
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(a) Hover

(b) Low-speed axial inflow

Figure 20. Pressure vectors along duct, propeller, and centerbody surfaces for (a)
hover and (b) low-speed axial inflow conditions. Note: My, = 0.324 for both figures.

to decrease, corresponding to a thrust reduction associated with the incoming flow.
The nacelle pressure distribution is seen to reduce slightly between the hover and
low-speed axial inflow conditions, while a stagnation point emerges near the leading
edge for the low-speed axial inflow condition. Both of these behaviors are associated
with the imposed inflow freestream velocity, as opposed to the axial component of
flow being solely attributed to the induced velocity of the propeller for the hover
condition.

The mean flow field through the ducted propeller system predicted by the DFDC
is visualized in Fig. 22 using streamlines. The hover results of Fig. 22(a) show
streamlines representative of air particles being entrained around the duct leading
edge from the upper surface to the lower surface as a result of the induced flow
generated by the rotation of the propeller. This behavior changes for the low-speed
axial inflow condition shown in Fig. 22(b), where the streamlines that originate
above the duct are seen to progress along the duct upper surface rather than become
entrained into the propeller. This is because the momentum of air particles in
the freestream above the duct are outside of the reduced extents of the propeller
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Figure 21. Pressure coefficient distributions on nacelle, duct, and propeller surfaces
for hover and low-speed axial inflow conditions. Note: My;, = 0.324 for both con-
ditions; hover condition represented by solid lines (Vier = 11.6 m/s), low-speed axial
inflow condition represented by dotted lines (Vier = 12.12 m/s).

slipstream, which is representative of the reduced thrust generated by the propeller
as compared to the hover operating condition.

Overall, DFDC is shown to be an excellent modeling tool for the current ap-
plication, with a total system thrust prediction being within 4% error relative to
experiment for hover conditions with M, > 0.213, and within 6.5% error for low-
speed axial flow conditions with M, > 0.260. It is also worth recalling the mo-
mentum theory prediction discussed previously in Section 3.2.1, which predicted a
propeller and duct thrust contribution of 44% and 56% in hover, respectively. If the
maximum tested rotation rate condition of My, = 0.324 is considered, the SHAC
measurements yielded thrust contributions of 48% and 52% by the propeller and
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(b) Low-speed axial inflow

Figure 22. Mean velocity streamlines through the ducted propeller system predicted
by the DFDC for (a) hover and (b) low-speed axial inflow conditions. Note: My,
= 0.324 for both figures.

duct, respectively. Meanwhile, DFDC predicted thrust contributions of 48% and
52%, essentially identical to the experimental measurement relative contributions.
Therefore, momentum theory and DFDC are shown to be good performance pre-
diction methods, however with DFDC demonstrating both better accuracy and the
ability to model axial forward flight conditions. Furthermore, the reasonably good
agreement between experiment and DFDC predictions increases confidence for users
of the DFDC for making and assessing ducted propulsor design improvements.

4.2 Acoustics

Acoustic assessment of the tested propulsor configurations is conducted in this sec-
tion via several analysis techniques. As discussed in Section 2.4, periodic extraction
is utilized in order to differentiate between the deterministic (periodic) and random
(broadband) components of noise, which are presented in the forms of both narrow-
band spectra and integrated level directivities. In addition, the presence of noise
contaminants by the brushless motor system is also discussed. This is an impor-
tant consideration because it is a feature of the current test campaign that may be
unique to such a small-scale testing configuration that may not directly translate to
a UAM-scale vehicle.
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The integrated overall sound pressure level (OASPL) directivities for the pe-
riodic, broadband, and raw acoustic data are computed across different frequency
ranges. This is done in order to reduce the impacts of acoustic contaminants in-
cluding microphone self-noise (a component of background noise) and tonal noise
generated by the brushless motor. Both of these sources of noise contamination are
discussed in the following sections. It is worth noting that the extracted periodic
OASPL calculation is comprised of the narrowest frequency range of the three com-
ponents. This is because of the presence of high-amplitude tonal noise generated
by the brushless motor at certain frequencies both above and below this frequency
range. Low-frequency tonal noise — notably at the shaft rotation rate of the mo-
tor — was found to be very prominent for the configurations in which the duct was
present. Originally thought to be due to propeller blade imbalance effects, this was
later proven to not be the cause when strong shaft harmonic acoustic amplitudes
were observed for motor-only run conditions; in other words, conditions in which
the duct was installed but with no propeller blades present. Therefore, this low-
frequency tonal noise is attributed to a change in resonance of the propeller stand
assembly with the addition of the duct support hardware. Therefore, the periodic
OASPL contribution is computed as the sum of the acoustic energy in the first
three BPF harmonics. Next, the residual noise OASPLs were computed starting
at a cut-on frequency of approximately 1 kHz because this was the frequency at
which propeller broadband noise was seen to occur above the facility background
noise. The 30 kHz upper frequency limit was similarly defined as where the pro-
peller broadband noise was seen to diminish and begin to coalesce with the system
noise floor. Finally, the total OASPL is computed as the sum of the periodic and
broadband OASPL components. Note that the broadband noise incorporated into
this total OASPL (Lota)) retained the remnant tones present in the residual spec-
tra. This was done in order to maintain consistency in post-processing between the
hover and low-speed axial inflow test conditions, the latter of which contain high
levels of remnant tonal energy in the residual spectra. It was deemed appropriate
by the authors to include these levels in the total OASPLs in order to perform a
fair comparison between the two propeller configurations.

4.2.1 Hover

Figures 23 and 24 provide the narrowband acoustic spectra at an observer angle of
0, = —35° for the isolated and ducted propeller configurations in hover, respectively.
Specifically, Figs. 23(a) and 24(a) show the raw narrowband acoustic spectra for
several tip speed operating conditions with the first three extracted BPF harmonics
superimposed, Figs. 23(b) and 24(b) show the residual broadband spectra after
periodic extraction for the same operating conditions, and finally Figs. 23(c) and
24(c) show the residual broadband spectra for all tested tip speed conditions with
remnant tones removed. Note that all spectra are plotted with a 16 Hz frequency
resolution and are corrected to a common arc distance of 1.91 m using spherical
spreading (denoted by [ ]*).
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Figure 23. Acoustic spectra for different post-processing methods at 6, = —35°
(microphone 6), for the isolated propeller in simulated hover conditions.
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Figure 24. Acoustic spectra for different post-processing methods at 6, = —35°

(microphone 6), for the ducted propeller in simulated hover conditions.
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If attention is focused on Figs. 23(a) and 24(a), it can be seen that the iso-
lated propeller exhibits an overall increase in the amplitude of the BPF harmonics
with increasing tip speed, with the BPF itself being the strongest tonal component
for each run condition. This is expected for rotors and propellers with moderate
disk loading. Meanwhile for approximately the same set of tip speed conditions,
the ducted propeller exhibits BPF amplitudes of reduced amplitude, with overall
higher amplitudes for the second and third BPF harmonics as compared to those of
the isolated propeller. As for the extracted broadband components of the spectra,
Figs. 23(b) and 24(b) show an increase in the peak broadband levels for the common
tip speed conditions, also with increased levels of remnant tones. These increased
levels are believed to be associated with turbulence interactions between the pro-
peller blade tip regions and the duct wall, potentially caused by flow separation
along the duct inner surface. As was shown in Section 4.1.1, the propeller blades
themselves generate considerably less thrust in the ducted configuration, likely due
to this flow separation. The increase in broadband levels exhibited by the ducted
propeller relative to the isolated propeller is observed across all operating conditions
between Figs. 23(c) and 24(c).

In an attempt to quantify the sources of broadband noise on the current test
article, a prediction is performed using the ANOPP2 Self-Noise Internal Functional
Module (ASNIFM) [31,32]. This module is intended to predict the self-noise gener-
ated by rotating blade systems and is based on the semiempirical prediction method
applied to airfoils across a wide range of Reynolds numbers and angles of attack [33].
This prediction toolchain models five airfoil self-noise mechanisms related to specific
boundary layer phenomena:

e Boundary-layer turbulence passing the suction and pressure sides of the airfoil
trailing edge (TBLg and TBL,, respectively)

e Separated boundary layer and stalled airfoil flow (TBL,)

e Vortex shedding due to laminar boundary layer instabilities (LBL-VS)
e Vortex shedding from blunt trailing edges (BVS)

e Turbulent vortex flow near the tips of lifting blades (TVF)

Figure 25 provides a comparison between the measured broadband noise generated
by the isolated propeller at a mid-range tip speed condition in hover and the as-
sociated ASNIFM prediction. The ASNIFM prediction was performed utilizing a
tripped blade assumption, which was deemed to be appropriate based on the no-
tion that flow over the blade is fully turbulent (see Section 4.1.1). As a result, the
prediction does not include a LBL-VS source noise component. Note that the exper-
imental data are represented by the residual spectra with remnant tones removed.
Figure 25(a) presents the spectra in 1/3rd octave bands, which is the native format
of the prediction data output by ASNIFM. As this figure shows, there is overall
excellent agreement in spectral trends between the total prediction (comprised of
the sum of the five individual sources shown) and the experimental measurement
for frequencies at and above 2 kHz, with a nearly consistent underprediction across
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all frequencies. This underprediction could be related to the remnant tone removal
process retaining unwanted energy in the spectrum. The prediction indicates that
the dominant source mechanisms are TBLg, TBL,,, and BVS, in order of increasing
frequency. Furthermore, it is worth noting that the contribution of boundary layer
separation or stall (TBL,) is not predicted to be a principal self-noise contributor.
This makes sense because the blade is designed to have a constant angle of attack
of 3.25° along the blade span, for which the flow over a NACA 0012 airfoil is ex-
pected to remain attached. Figure 25(b) shows the directivity comparison between
SHAC measurements and ASNIFM predictions of the 1/3rd octave band integrated
broadband noise at the same operating condition, summed over the frequency range
2 < F, < 31.5 kHz. While the levels are slightly off due to an overall consistent
underprediction in spectral levels, the trends agree very well.
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77777 BVS 10 b
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Figure 25. Comparisons between broadband self-noise predictions using ASNIFM
and SHAC experimental measurements of the isolated propeller in hover operating
at at Q = 5613 RPM (M;, = 0.214): (a) 1/3rd octave-band spectra comparisons at
0, = —35° (microphone 6), (b) integrated broadband noise OASPL directivities.

Figures 26 and 27 show the directivities of the different extracted noise com-
ponents for the tested propeller configurations in hover. If attention is focused on
Figs. 26(a) and 27(a), it can be seen that there is an almost consistent reduction
in the SPL at the BPF across all observer angles between isolated and ducted con-
figurations for common tip speed conditions. It is also worth noting that while the
BPF directivity for the isolated propeller in Fig. 26(a) is seen to converge to a trend
that is typical of light- and moderately-loaded rotors [22], the BPF directivity for
the ducted propeller in Fig. 27(a) is dramatically different in shape. It is possible
that the duct could be providing shielding of these pressure waves. This speculation
is supported by the PAS BPF acoustic predictions in Section 3.1 (Fig. 12), which
showed that the acoustic amplitude at this deterministic frequency was dominated
by steady thickness noise. This would imply that the noise reduction at the BPF
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due to the added presence of the duct would be the result of acoustic shielding
and not due to the reduced aerodynamic loading generated by the propeller blades.
This benefit is negated, however, when considering the tonal OASPL directivities
in Figs. 26(b) and 27(b), as well as the broadband (with remnant tones removed)
OASPL directivities in Figs. 26(c) and 27(c). While there are tip speed conditions
for which the ducted propeller exhibits reduced tonal noise when compared to the
isolated rotor, there is a considerable increase in broadband OASPLs for nearly all
observers.

A preliminary attempt at broadband spectral scaling is applied in Figs. 26(d) and
27(d) based on documented self-noise scaling behaviors discussed in Reference 33.
Based on the prediction comparison results in Fig. 25, it might be expected that the
broadband noise of the isolated propeller would scale according to that documented
for turbulent boundary layer trailing edge noise. As indicated in Reference 33, one
possible scaling convention is

%
Scaled SPL; /3 = SPLygr, — 10log;, <M5 iQL > , (21)
e

where M represents the characteristic Mach number, 6* is the displacement thick-
ness, L is a representative spanwise length scale, and r. is the effective observer
distance from the source. This expression can be simplified, however, utilizing some
assumptions regarding the propeller design. Because the propeller is designed as
an optimal hovering rotor, then the angle of attack ideally remains constant along
the blade span and with changing rotation rate. In addition, if one considers the
75% spanwise location of the blade for reference, then the airfoil at this location
experiences Reynolds numbers of 54,000 < Re. < 136,000 over the range of tested
rotation rates in this study. This is a range of Reynolds numbers for which the dis-
placement thickness measurements at zero angle of attack of Reference 33 showed
very little variation. This coupled with the assumption of a nearly invariant angle
of attack with blade rotation rate suggests the removal of the dependency of Eq. 21
on displacement thickness. In addition, because the blade and observer geometries
also remain constant between operating conditions, the only remaining parameter
of variation in Eq. 21 is Mach number. The equation can then be rewritten as a
ratio of a tip Mach operating condition relative to a reference value, or

M n
Scaled SPL, /3 = SPL; /3 + 10logy, < r6f> , (22)
Mtip
where the exponent n would be set to a value of n = 5 to correspond to the scaling

convention of Eq. 21. This expression can be similarly applied to the integrated
broadband OASPL as

Mt \"
Scaled Lpp = Lpp + 10log;, < ef) . (23)
Mtip

The result of this scaling applied to the broadband OASPL directivities for the
isolated propeller shown in Fig. 26(d) shows excellent collapse of the data, with the
exception of the observer at # = 5.7° for the lowest tested rotation rate condition.
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Figure 26. Acoustic directivities for the isolated propeller in simulated hover condi-
tions. Note broadband noise scale factor set to n = 5.

This was found to be due to very poor SNR at this operating condition. This excel-
lent data collapse provides further evidence as to the nature of this broadband noise
being primarily due to turbulent boundary layer fluctuations. A similar collapse in
the ducted propeller data is seen in Fig. 27(d), however with a reduced Mach number
power ratio of n = 4.5 instead of n = 5. While the exact cause of this is unknown, it
is believed to be due to additional broadband noise generation due to the ingestion
of turbulent flow along the duct inner surface into the propeller tip region. As a
result, it is reasonable to expect the broadband OASPLs to scale differently due to
the combination of the different broadband noise-generation mechanisms.
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Figure 27. Acoustic directivities for the ducted propeller in simulated hover condi-
tions. Note broadband noise scale factor set to n = 4.5.

Figure 28 presents an acoustic comparison between the isolated and ducted pro-
peller configurations at a common net thrust condition in hover. As is indicated in
Fig. 28(a), the propeller in the ducted configuration needed to be rotated at a 4.6%
faster rate for the total system thrust to equal that of the isolated propeller. The
spectra of Fig. 28(a) show a considerable reduction in the BPF acoustic amplitude
for the ducted propeller as compared to the isolated, however an increase in the
second and third harmonics. There is also an increase in the remnant tone content
and in the overall broadband noise spectral shelf. The total OASPL directivity re-
sults of Fig. 28(b) furthermore show increases between 2.5 and 7 dB at out-of-plane
observers. However, there is a slight reduction in total OASPL at the in-plane ob-
server location. This is indicative of the tonal noise reduction benefit offered by the
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ducted propeller configuration at an observer location of lowest broadband noise
levels, which was shown previously in Figs. 26(b) and 27(b).
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Figure 28. Out-of-plane acoustic spectra and total OASPL directivity comparisons
between isolated and ducted propellers at common thrust conditions in hover.
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4.2.2 Low-Speed Axial Flow

Figures 29 and 30 provide narrowband acoustic spectra for the isolated and ducted
propeller configurations in low speed axial flow, respectively. The extracted BPF
harmonics for the isolated propeller in Fig. 29(a) show a harmonic roll-off behavior
typically observed for propellers in axial forward flight at light to moderate disk
loading. Conversely, Fig. 30(a) shows reduced amplitude of the fundamental BPF
and increased levels at the second and third harmonics relative to the isolated pro-
peller, similar to the hover results presented in the previous section. The fact that
this trend of BPF amplitude reduction and higher harmonic amplification is com-
mon between the two flow condition scenarios (hover and low-speed axial flow) with
the addition of the duct to the isolated propeller, provides evidence that this phe-
nomenon is tied to the duct presence itself. In other words, the presence of the duct
has a common shielding/scattering behavior related to the frequency content of the
propeller system, regardless of the change in net thrust of the system between flight
conditions. However, this behavior would likely change at higher freestream flow
conditions.

The extracted spectra of Figs. 29(b) and 30(b) show prominent residual “tones”,
which were not removed during the periodic extraction process. The primary cause
of this is related to turbulence ingestion [34]. As discussed in Section 2.2, the
freestream turbulence intensity of the core flow has been previously measured to be
rather high (7' = 4.2%). As a result of this, the BPF and its associated harmonics
are “excited” by turbulent eddies that are axially stretched as they are pulled into
the propeller’s contracting slipstream. The propeller blades then cut through these
stretched eddies that result in pressure perturbations that are experienced in the
leading edge region of the blade. These pressure perturbations occur at harmonics
of the blade passing frequency, the frequency extents of which are related to the
axial and radial extents of the ingested turbulent structures. A similar harmonic
excitation occurs with rotor wake recirculation, when the rotor ingests turbulent
structures previously shed from its own wake. This effect is illustrated for the
SHAC facility in Refs. [19] and [35], and the reader is referred to Ref. [20] for more
information on this phenomenon. While some progress has recently been made
on modeling this behavior in the current setup, the remnant tone removal process
previously discussed is a simple attempt implemented in this study to remove this
unsteady loading noise source from the data.

Figures 29(c) and 30(c) show the broadband spectra with remnant tones removed
for the isolated and ducted propeller for low-speed axial flow conditions, respectively.
This noise behavior is fairly similar between the two propeller configurations, how-
ever the ducted propeller exhibits slightly higher frequency peak broadband noise
levels.
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Figure 29. Acoustic spectra for different post-processing methods at 6, = —35°
(microphone 6), for the isolated propeller in low-speed axial flow conditions.
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Figure 30. Acoustic spectra for different post-processing methods at 6, = —35°

(microphone 6), for the ducted propeller in low-speed axial flow conditions.
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Figures 31(a) and 32(a) show the BPF SPL directivities across the range of tested
rotation rates for the isolated and ducted propeller configurations in low-speed axial
flow conditions, respectively. Similar to the hover results shown in the previous
section, a reduction in this SPL is observed at common rotation rates for most of
the observer angles for the ducted propeller relative to the isolated propeller. This
is again believed to be related to a shielding effect of the radiated thickness noise of
the propeller offered by the duct presence. This speculation is further enforced by
the PAS prediction of this acoustic amplitude in Section 3.1. While the prediction in
Fig. 12 is representative of the hover condition of the isolated propeller, the thickness
noise remains approximately unchanged between the hover and low-speed axial flow
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Figure 31. Acoustic directivities for the isolated propeller in low-speed axial flow
conditions. Note broadband noise scale factor set to n = 5.
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conditions. Therefore, the propeller steady thickness noise is believed to remain the
primary noise component for the low-speed axial flow cases, especially due to the
reduced aerodynamic loading generated by the propeller in this operating condition
relative to hover.

Figures 31(b) and 32(b) show the tonal OASPL directivities for the isolated and
ducted propellers in axial forward flight, respectively. Similar to the results for the
hover conditions, it is difficult to identify a definitive trend between the two propeller
configurations in these figures. This is likely due to a complex acoustic scattering
behavior due to the presence of the duct that warrants further investigation.
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Figure 32. Acoustic directivities for the ducted propeller in low-speed axial flow
conditions. Note broadband noise scale factor set to n = 5.
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Figures 31(c) and 32(c) provide the integrated broadband noise directivities with
remnant tones removed for the isolated and ducted propeller configurations in low-
speed axial flow, respectively. In contrast to the results for these quantities in hover,
there is very little difference in the integrated broadband noise between the isolated
and ducted propeller in low-speed axial flow. This is believed to be due to much
better flow attachment along the inner duct surface for the axial flow case. This can
be qualitatively observed in Fig. 22 where the hover streamlines of Fig. 22(a) are
seen to detach from the duct inner wall, including near the propeller tip region. This
is contrasted by Fig. 22(b), where the streamlines are seen to remain attached to the
duct inner surface in the vicinity of the propeller tip. As was shown in Figs. 29(b)
and 30(b), the most notable difference in the peak-removed broadband noise spectra
with the inclusion of the duct is a slight increase in the peak frequency content
at higher rotation rate operating conditions. The exact cause of this behavior is
currently unknown and is complicated by the likely complex scattering and shielding
behavior offered by the duct.

Figures 31(d) and 32(d) show the scaled integrated broadband noise level direc-
tivities using a 5™ power of tip Mach scaling (n = 5) for the isolated and ducted
propeller in low-speed axial inflow conditions, respectively. It is worth recalling that
these integrations are performed over a frequency range of 992 < F' < 30,000 Hz
based on signal-to-noise limitations, and that they are performed on the remnant
tone-removed residual spectra. In both configurations, the system demonstrates
good collapse of the broadband noise data, except for the two lowest tip speed
conditions. While the exact cause of this is not known, it is worth recalling the
aerodynamic performance results of Section 4.1.2, which demonstrated either neg-
ative thrust or extremely low positive thrust levels generated by the isolated and
ducted configurations. This is due to reduced angles of attack experienced by the
blade sections as a result of the incoming freestream flow through the facility. As
a result, portions of the propeller blades generating negative thrust (positive drag)
could exhibit aberrant broadband noise scaling behaviors.

Figure 33 provides an acoustic comparison between the isolated and ducted
propeller configurations operating in low-speed axial flow at common system thrust
output conditions. Figure 33(a) provides a raw acoustic spectra comparison at
microphone 6 (0, = —35°). This figure demonstrates the higher-frequency BPF
harmonics associated with the ducted propeller configuration, which is indicative of
the higher rotation rate needed to overcome the drag of the system. Specifically, the
ducted propeller had to operate 16.5% faster than the isolated propeller to achieve
the same thrust. It is worth recalling that the hover conditions analyzed in the
previous section revealed a 4.6% rotation increase needed for the ducted propeller
to match the thrust of the isolated propeller. Figure 33(b) meanwhile shows the
total OASPL directivities of the two configurations. The ducted propeller is seen to
exhibit higher overall noise levels (an average of 3 dB) across all observer locations. It
is worth noting that these OASPL values were calculated as the sum of the periodic
components of noise (first 3 BPF acoustic amplitudes) and residual component,
which includes the remnant tonal data. This remnant tonal data is evidenced to
be primarily the result of turbulence ingestion noise, which can potentially obscure
the results. However, a very similar calculation was made using the remnant tone-
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removed residual spectra, which showed very similar relative trends between the two
propulsor configurations. Overall, the reduced efficiency of the ducted propeller in
low-speed axial flow is seen to also correspond to higher overall noise levels relative
to the isolated propeller at common thrust settings.
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Figure 33. Out-of-plane acoustic spectra and total OASPL directivity comparisons
between isolated and ducted propellers at common thrust conditions in low-speed

axial flow.
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5 Concluding Remarks

The aerodynamic and acoustic performance trade-offs of a ducted propeller system
were assessed relative to an isolated (open) propeller in this study using experimental
and low- to mid-fidelity modeling methods. It was found that the isolated propeller
aerodynamic and acoustic performance could be reasonably modeled using tools
in the ANOPP suite. Furthermore, the ducted propeller aerodynamic performance
could be modeled reasonably well using both momentum theory for hover operations,
and the DFDC for both hover and low-speed axial inflow conditions.

From an aerodynamic performance perspective, the ducted propeller configura-
tion was found to generate more thrust per unit of power draw (power loading)
than the isolated propeller configuration in hover conditions. This is because the
induced flow generated by rotation of the propeller blades yields a pressure differ-
ential along the duct surface that results in thrust generation by the duct itself.
This behavior was effectively modeled using momentum theory and the DFDC. It
was found, however, that the propeller needed to operate at a faster rotation rate
with the duct present to match the thrust condition of the isolated open propeller.
Specifically, the data points analyzed revealed a necessary 4.6% increase in the pro-
peller rotation rate with the duct present to match the isolated propeller thrust. As
for the low-speed axial inflow conditions, the ducted propeller was found to perform
considerably worse than the isolated one. This is due to the large amount of drag
generated by the duct due to freestream flow over the duct surface. As a result, the
propeller needed to operate 16.5% faster in order to match the thrust generated by
the isolated propeller.

For common thrust generation between the two configurations in both hover and
low-speed axial inflow, the ducted propeller was found to exhibit higher overall noise
levels than the isolated propeller for nearly all observer locations. In hover, this was
found to be primarily due to an augmentation of the higher BPF harmonics and
an increase in broadband noise. The exact causes for the excitation of the higher
BPF harmonics are not currently known, however they are believed to be related to
the complex scattered acoustic field generated by the duct presence. The increase
in broadband noise is believed to be related to separated flow along the inner duct
surface interacting with the propeller blade tips. As for the low-speed axial inflow
conditions, the increase in noise was seen to be primarily due to the BPF higher
harmonic augmentation effect, and only slightly due to increased broadband noise
levels. The additional increase in required rotation rate of the ducted propeller to
match the thrust of the isolated propeller partially contributes to the increased tonal
amplitudes. Despite this, some interesting effects were observed due to the presence
of the duct. The ANOPP-PAS code showed good agreement with isolated propeller
experimental data, which confirmed that the majority of tonal noise generated by
the isolated propeller at the BPF is due to steady thickness noise. Furthermore,
comparison between isolated and ducted propeller configurations for common rota-
tion rate (tip speed) conditions, reveal a prominent shielding effect offered by the
presence of the duct at the BPF. This benefit is negated, however, by the increase
in higher BPF harmonic levels. The slight increase in broadband noise levels of the
ducted propeller is believed to be simply due to the increased tip speed operating
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condition, which would yield higher angles of attack along the blade, and thus higher
levels and frequency content of blade self-noise. The apparent presence of turbulence
ingestion was found to yield prominent levels of residual tonal noise for both tested
configurations. While this does affect the overall integrated noise level directivities,
removal of these residual tones to yield a residual spectrum was found to yield very
similar comparative trends between the isolated and ducted propellers. Methods for
predicting and modeling turbulence ingestion noise into a rotor are currently being
tested and are left for future work.

While there were observed higher noise levels and poorer aerodynamic perfor-
mance of the ducted propeller system under certain operating conditions, additional
work is warranted. For example, the design of the duct used in this study was a
first-pass based on reference material for a much larger propulsor platform, and
could serve to be refined. Furthermore, the use of a common optimum hovering
rotor design for both isolated and ducted configurations is likely not an appropriate
blade geometry selection. A unique propeller - or perhaps more appropriately a
fan assembly - could be designed to match the thrust condition and solidity of the
open propeller system, in order to make a more appropriate comparison. Additional
design work can include in the incorporation of stator blades to the ducted fan as-
sembly, as well as acoustic liners along the duct inner surface for radiated noise
suppression.
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