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ABSTRACT
This work computationally investigated the rotor blade vortex-induced separation recently observed during an aero-
dynamic rotor test campaign in the NASA Langley Research Center 14- by 22-Foot Subsonic Tunnel. Two separate
approaches (i.e., airfoil modification and blade tip modification) were studied to mitigate the vortex-induced separa-
tion. Mid-fidelity tools based on blade element momentum theory were shown to mispredict the rotor inflow and were
also shown to not capture the vortex-induced separation caused by perpendicular blade-vortex interaction. This mis-
prediction was exploited to isolate the aerodynamic thrust deficit caused by the vortex-induced separation (20%) from
the thrust deficit due to inflow variation (31%). High-fidelity tools were shown to reasonably predict aerodynamic
forces within 13% and flow separation when compared to experimental results. The modified airfoil variant of the
baseline rotor effectively mitigated the vortex-induced separation, while the blade tip modified variant still showed
separation, though the size and strength of the vortex was reduced. Acoustic predictions were underpredicted by 10
dB from preliminary measurements taken in the untreated wind tunnel. Broadband noise contributions from different
rotor blade sections showed that self-noise due to flow separation and other turbulent boundary layer mechanisms was
the dominant noise source for all three rotor cases, followed by blade-wake interaction noise caused by perpendicular
blade-vortex interactions.

NOMENCLATURE
c(r) Rotor chord length distribution, in
CQ Torque coefficient, Q

ρA(ΩR)3

cr Chord length at the r spanwise location, in
ctip Chord length at the rotor tip, in
CT Thrust coefficient, T

ρA(ΩR)2

Mtip Mach number at the rotor blade tip
M∞ Freestream Mach number
Nb Number of rotor blades
pre f Reference pressure, 20 µPa
Pxx Power spectral density, Pa2/Hz
Q Rotor generated torque, ft-lb
r Normalized span location, x

R
R Rotor radius, in
Rec Chord-based Reynolds number
SPL Sound pressure level, dB
SPL1/3 One-third octave sound pressure level, dB
T Rotor generated thrust, lb
T KE Turbulent kinetic energy, ft2/s2

Vmag Velocity magnitude, ft/s
Vz Vertical component of velocity, ft/s
xc Nondimensional chord length
y Radial observer location relative to center of ro-

tor rotation, ft
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y+ Normalized wall distance
α Angle of attack, deg
α0 Airfoil zero lift angle of attack, rad
∆f Narrowband spectra frequency resolution, Hz
∆s Finest voxel size, in
Θobs Observer angle relative to rotor plane, deg
θtw(r) Rotor twist distribution, rad
κh Empirical inflow correction factor for hover
ρ Fluid density, slugs/in3

σ(r) Rotor solidity distribution, Nbc(r)
πR

Ω Rotor rotational rate, revolutions per minute
(RPM)

INTRODUCTION

The past decade has seen considerable interest in Advanced
Air Mobility (AAM) vehicles, capable of transporting per-
sonnel and packages across various environments in a safe
and sustainable way. These vehicles are typically comprised
of multirotor systems and generally range in size from small
unmanned aerial systems (sUAS), i.e., drones, to single- or
multipassenger vehicles designed for operation in urban en-
vironments. The rotor systems on AAM vehicles can often
be unconventional and may incorporate collective pitch, rotor
speed, rotor shaft tilt angle, or combinations of these controls
to support operational conditions ranging from vertical take-
off/landing (VTOL), through transitional modes, to ‘cruise,’
or forward flight with the rotor(s) orthogonal to the oncoming
flow.
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Though the AAM industry is growing at a rapid pace, noise is
still a large inhibitor toward the development and real-world
application of these AAM vehicles, which has motivated re-
search in identifying and characterizing noise sources pro-
duced by rotor systems in various operational conditions. To
this end, a two-part experimental campaign in the NASA Lan-
gley Research Center 14- by 22-Foot Subsonic Tunnel has
been planned to explore the aerodynamic and acoustic behav-
ior of representative AAM rotors operating in hover, transi-
tion, and cruise conditions. The first part of this campaign
dealt primarily with aerodynamic characterization and is the
subject of a companion paper (Ref. 1). During the first part of
this campaign, one of the two tested rotor geometries encoun-
tered separation caused by blade impingement of the tip vor-
tex from a preceding blade (i.e., perpendicular blade-vortex
interaction (BVI)) in the hover operating condition. These
perpendicular BVIs are known to cause broadband blade-
wake interaction (BWI) noise emanating from the blade lead-
ing edge. Though BWI noise caused by perpendicular BVI
has been studied extensively for stationary airfoils (Refs. 2–4)
and for rotors in edgewise forward flight (Refs. 5–8), limited
work has been done toward its characterization for hovering
rotors (Refs. 9,10). Moreover, these studies were aimed at un-
derstanding the tip vortex physics and subsequent BWI noise
rather than aerodynamic changes about the blade undergoing
perpendicular BVI, which has been scarcely studied (Ref. 11).

The purpose of this work will be to aerodynamically and
acoustically investigate the blade boundary layer separation
caused by perpendicular BVI observed on a 5-bladed rotor
tested in the NASA Langley Research Center 14- by 22-Foot
Subsonic Tunnel (Ref. 1) using mid- and high-fidelity com-
putational tools. Two blade design modifications will also be
explored to mitigate the effect of vortex-induced separation.

TECHNICAL APPROACH

Rotor Design

The baseline rotor geometry used throughout this work was
the optimum 5-bladed rotor used in a companion paper
(Ref. 1) and shown in Fig. 1, hereby denoted as the OPT5 ro-
tor. Though two rotor geometries were used in Ref. 1, only the
OPT5 required additional high-fidelity computations to iden-
tify complex problematic aerodynamic phenomena detailed
herein.

An ‘optimum hovering rotor’ can be defined as one that has
both minimal induced power requirements and minimal pro-
file power requirements (Ref. 12) using blade element mo-
mentum theory (BEMT). The minimal induced power comes
from a twist distribution,

θtw(r) =
1
r

( 4CTdesign

5.73σ(r)
+

√
CTdesign

2

)
−α0, (1)

which is designed to produce uniform inflow over the blade
span. The minimal profile power comes from a tapered chord
distribution,

c(r) =
ctip

r
, (2)

Figure 1: Simplified OPT5 rotor geometry.

which allows for each radial station to operate at an optimal
lift-to-drag ratio. In these equations, r is the normalized span
location, CTdesign is the desired thrust coefficient, σ(r) is the
spanwise distribution of solidity, α0 is the zero lift angle of
attack of the airfoil, and ctip is the chord length at the blade
tip. A taper distribution of this form is typically not physically
realizable, so a linear taper distribution is used in practice.

A 2-bladed variant of the ‘optimum hovering rotor’ was evalu-
ated in Refs. 13–15 during anechoic chamber and wind tunnel
testing campaigns, and an OPT5 rotor was also designed with
an NACA 0012 airfoil for use on a tiltwing vehicle platform in
Ref. 16. Since the focus of the wind tunnel testing campaign
detailed in Ref. 1 was rotor transition regimes, the OPT5 ro-
tor of Ref. 16 was selected as one of the rotor designs used for
that work. However, the OPT5 was scaled down to model size
by a factor of 3.61 while maintaining typical nondimensional
rotor quantities such as CT/σmean = 0.123, a disk loading of
DL = 20 lb/ft2, and a tip Mach number of Mtip = 0.50 in the
hover operating condition. The scaled-down geometry had a
disk radius of R = 12 in, ctip = 0.97 in, and was designed to
produce Tdesign = 62.85 lb of thrust at a target rotor speed of
Ω = 5332 RPM. The resultant twist and taper distributions
produced using Eqs. 1 and 2, as well as the linear taper dis-
tribution that was used for the OPT5 rotor are shown in Fig.
2.

As will be discussed in subsequent sections, the measured
aerodynamic performance differences of the OPT5 from the
design condition observed in Ref. 1 were thought to be caused
by perpendicular blade-vortex interaction (BVI). Because of
this, two variants of the OPT5 were computationally studied
to investigate methods for reducing the aerodynamic effect of
perpendicular BVI.

The first of these variants entailed changing the airfoil profile
of the OPT5 to an NACA 63A-612 and will hereby be denoted
as the OPT5 modified airfoil rotor (OPT5-MA). This 6-series
NACA airfoil was selected over other typically used rotorcraft
airfoils (e.g., Boeing-Vertol VR series, Sikorsky SC series)
primarily for its superior stall characteristics at low Reynolds
numbers like those typically associated with AAM vehicles.
It was shown in Ref. 10 that increasing CT could increase
the vertical separation distance between a preceding tip vortex
and the leading edge of a rotor blade, leading to a decrease in
BWI noise, so the 0.06c camber associated with the NACA
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(a) Spanwise twist distribution.

(b) Spanwise chord distribution.

Figure 2: OPT5 rotor blade characteristics.

63A-612 airfoil was thought to aid in this regard. The Com-
prehensive Analytical Model of Rotorcraft Aerodynamics and
Dynamics (CAMRAD II) (Ref. 17) was used to determine Ω

for the OPT5-MA such that it produced the same Tdesign as the
OPT5. The resulting rotor speed was found to be Ω = 4355
RPM.

The second variant modified the OPT5 blade to include 20◦ of
anhedral and 20◦ of backward sweep beginning at the 0.95R
spanwise location. The anhedral/sweep was thought to in-
crease the vertical separation distance between a preceding
tip vortex and the leading edge of a rotor blade since the tip
vortex formation would occur slightly below the rotor plane.
In addition to these modifications, extra taper was added be-
tween the 0.95R spanwise location and the blade tip, such that
ctip = 0.485 in. This additional taper over the OPT5 blades
was added to decrease the size and strength of the tip vortex.
This second variant will be referred to as the OPT5 modified
blade rotor (OPT5-MB), and an illustration of the blade modi-
fication near the tip is shown in Fig. 3. A brief summary of the
three rotors investigated in this work is provided in Table 1.

Figure 3: OPT5-MB blade visualization.

Mid-Fidelity Tools

A multifidelity computational strategy was used in this work,
which consisted of two parts. The first part used CAMRAD
II, which is a comprehensive rotorcraft analysis code allow-
ing for the use of different wake models (e.g., uniform inflow,
prescribed wake, and free-wake) and different blade dynam-
ics (e.g., rigid and elastic). CAMRAD II requires aerody-
namic airfoil coefficient data, which can either be generated
using analytical equations or can be supplied by the user in
the form of an airfoil table. CAMRAD II was used in this
work for the OPT5 rotor with a general free-wake geometry
model consisting of a single-peak vortex defined by the mag-
nitude of maximum blade circulation, a second-order trape-
zoidal distortion integration, a second-order lifting-line with
a quarter chord collocation point, and a wake extent of ten
rotor revolutions. Since a symmetric NACA 0012 airfoil pro-
file was used for the OPT5 blade design, a preexisting airfoil
table in the C81 format was used throughout this work. The
table was developed using experimental aerodynamic results
over −180◦ ≤ α ≤ 180◦ and 0 ≤ M∞ ≤ 1 with a reference
chord-based Reynolds number of Rec = 5.2x106 at M∞ = 1.
The C81 table data were used by CAMRAD II for predict-
ing spanwise aerodynamic forces and moments, which were
then integrated over the entirety of the rotor to produce aero-
dynamic performance quantities, such as CT and torque co-
efficient, CQ. These mid-fidelity simulations were conducted
in the hover operating condition at rotor speeds ranging from
2900 RPM ≤ Ω ≤ 5600 RPM (i.e., 0.27 ≤ Mtip ≤ 0.52) to
discern trends between predicted and experimental results re-
ported in Ref. 1.

High-Fidelity Tools

The second part of the computational effort entailed the use
of the lattice-Boltzmann method very-large-eddy simulation

Table 1: Characteristics of the three rotor cases.

Case Airfoil geometry Ω Tip modification
OPT5 NACA 0012 5332 RPM N/A

OPT5-MA (modified airfoil) NACA 63A-612 4355 RPM N/A
20◦ anhedral outboard of 0.95R,

OPT5-MB (modified blade) NACA 0012 5332 RPM 20◦ backward sweep outboard of 0.95R,
and additional taper (ctip = 0.485 in) outboard of 0.95R
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(LBM-VLES) software, PowerFLOW, to simulate the OPT5
and OPT5-MB rotors at the design operating condition of Ω=
5332 RPM and the OPT5-MA rotor at Ω = 4355 RPM. The
reader is referred to Refs. 18, 19 for a detailed theoretical ex-
planation of LBM. Since, in general, LBM involves the use of
a Cartesian mesh with isotropic volumetric cells (i.e., voxels),
the use of body-fitted, stretched boundary layer grids, like
those commonly associated with Navier-Stokes solvers, is not
possible. This places a stringent requirement on the number of
near-body voxels required to resolve the boundary layer. To
circumvent the computational cost associated with this high
voxel count, PowerFLOW employs wall-functions in the first
voxel adjacent to the geometry to model the boundary layer.
An unreleased beta version of PowerFLOW, capable of re-
solving noise-generating boundary layer turbulence (Ref. 20)
associated with transitional flow regimes, was used through-
out this work with transitional wall-functions (Ref. 21) in the
first cell adjacent to the rotor geometry.

The computational domain for each of the three LBM-VLES
simulations was discretized in a similar fashion to what was
done in Ref. 13, which is shown in Fig. 4 for the OPT5 ro-
tor. The boundary of two adjacent variable resolution (VR) re-
gions contains hanging nodes, where the voxels in the coarser
region are twice as large as voxels in the adjacent, finer region,
as shown in Fig. 4c. An outer cuboidal domain, extending 50R
away from the center of the rotor in all directions, was used in
this work with a cylindrical VR region dedicated to resolving
rotor wake extending 2.25R away from the center of the rotor.
Additionally, the finest voxel size in the VR region adjacent
to the rotor was defined to be ∆s = ctip/400. The dimensional
value of this finest voxel size and correspondent y+ values at
different spanwise locations have been tabulated in Table 2.

A VR region containing the rotor geometry and first three VR
regions, shown in Fig. 4b, was also defined with a rotational
speed equivalent to Ω = 5332 RPM for the OPT5 and OPT5-
MB rotor cases and Ω = 4355 RPM for the OPT5-MA rotor
case. Interpolation was used between this rotational VR re-
gion and the adjacent stationary computational domain. A

no-slip boundary condition was imposed on the rotor and hub
surfaces. STP conditions, as well as a zero velocity condition,
were also imposed on the outer cuboidal boundaries of the
computational domain. Each simulation was conducted over
16 rotor revolutions with the last seven being used for acous-
tic data analysis. The computational cost associated with each
simulation was estimated to be approximately 1 million CPU
hours.

Acoustic Post-Processing

Unsteady blade loading was sampled over the last seven pre-
dicted rotor revolutions at a rate of 133 kHz. These sam-
pled data were then provided to PowerACOUSTICS 6-2021
for the computation of propagated acoustic pressure time his-
tory (APTH) at defined observer locations using an imper-
meable source-time-dominant implementation of Farassat’s
F1A (Refs. 22,23). The seven revolutions of predicted APTH
data were separated into seven equally sized partitions corre-
spondent to each revolution of rotor data. These revolutions
of data were averaged together to obtain a mean revolution of
APTH, which is the periodic (i.e., tonal) noise signal. This
tonal noise component was then subtracted from the raw, ape-
riodic APTH from the seven revolutions of predicted APTH
data, and the resultant residual APTH served as the stochas-
tic (i.e., broadband) noise signal. This technique for periodic
averaging and broadband noise extraction has been applied
extensively to both experimental and computational data with
great success in previous work (Refs. 9, 13, 24).
The mean rotor revolution of predicted data was repeated
enough times to attain a ∆f = 10 Hz frequency resolution,
which was then processed by treating the repeated rotor revo-
lution data as an aperiodic signal, computing the fast Fourier
transform (FFT) of the data, then using Eq. 3 to produce a nar-
rowband spectrum of the predicted tonal noise sound pressure
level (SPL);

SPL = 10log10

(
Pxx ∗∆f

p2
re f

)
, (3)

(a) Full computational domain. (b) Dedicated wake resolution region. (c) Near-field resolution along rotor blade.

Figure 4: High-fidelity computational domain visualization.
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Table 2: Finest voxel size attributes.

Spanwise Location cr (in) y+ Voxel Size (in) Voxel Size (%ctip)
0.50R 1.94 16.67
0.75R 1.46 24.80 0.00243 0.25

R 0.97 (0.485 for OPT5-MB) 33.35 (35.04 for OPT5-MB)

where Pxx is the resultant power spectral density from the FFT
calculation and pre f = 20 µPa.

The extracted broadband noise signal from the computations
was treated as an aperiodic signal, over which an FFT was
also calculated with a bin width of ∆f = 100 Hz. The large
bin width was required due to the limited revolutions of APTH
data to reduce random uncertainty in the autospectrum. Equa-
tion 3 was used to produce a narrowband spectrum of the
broadband noise, which was then used to generate one-third
octave band (SPL1/3) representations.

These tonal and broadband noise post-processing techniques
were used on APTH data at both an in-plane and out-of-plane
observer location. The in-plane observer location was located
y = 6.62 ft (i.e., y = 6.62R) away from the rotor and was used
to compare predicted results from the OPT5 rotor case to pre-
liminary experimental measurements, which were processed
in a similar manner. The out-of-plane observer was also lo-
cated y = 6.62 ft away from the rotor but was Θobs = 45◦

below the rotor plane. Because broadband noise has a dipole
directivity for hovering rotors, this out-of-plane observer loca-
tion was deemed appropriate for comparing predicted results
from the three rotor cases.

Since BWI noise generated by perpendicular BVI was thought
to be a dominant broadband noise source, each blade from the
three computational cases was split into various regions, sim-
ilarly to what was done in Refs. 9, 10. This methodology al-
lowed for the isolation of broadband noise emanating from the
different blade regions and for the identification of different
aerodynamically induced noise sources (i.e., BWI noise and
separation noise). The split blade geometries for the OPT5
and OPT5-MB cases are shown in Fig. 5. It should be noted
that the split blade geometry for the OPT5-MA was identical
to that of the OPT5.

The inboard region, Region I, spanned from the hub to r ≤
0.5R of the blade and included both the suction and pressure
side blade surfaces. The second region, Region II, spanned
from 0.5R < r ≤ 0.75R and only included the suction and
pressure side blade surfaces from 0.25c < xc ≤ c. Region III
encompassed the leading edge up to the quarter-chord loca-

tion, 0 ≤ xc ≤ 0.25c, of both the suction and pressure sides of
the blade between 0.5R < r ≤ 0.75R. Similarly, Regions IV
and V spanned the outer 0.25R of the blade (0.75R < r ≤ R)
for the OPT5 and OPT5-MA cases and the outer 0.2R of
the blade (0.75R < r ≤ 0.95R) for the OPT5-MB case. Re-
gions IV and V included the suction and pressure side sur-
faces from 0.25c < xc ≤ c and 0 ≤ xc ≤ 0.25c, respectively.
Region VI included both the suction and pressure sides of the
OPT5-MB blade over the modified portion of the blade span
(0.95R < r ≤ R). Regions VII and VIII, not shown in Fig.
5, correspond to the rotor hub and the end cap at the blade
tip, respectively. A summary of the spanwise and chordwise
extents of Regions I–VI is given in Table 3.

Table 3: Split rotor blade region summary (* indicates appli-
cability to the OPT5-MB case only).

Region Spanwise Extents Chordwise Extents
I r ≤ 0.5R 0 ≤ xc ≤ c
II 0.5R < r ≤ 0.75R 0.25c < xc ≤ c
III 0.5R < r ≤ 0.75R 0 ≤ xc ≤ 0.25c
IV 0.75R < r ≤ R(0.95R*) 0.25c < xc ≤ c
V 0.75R < r ≤ R(0.95R*) 0 ≤ xc ≤ 0.25c

VI* 0.95R < r ≤ R 0 ≤ xc ≤ c

The broadband noise post-processing techniques discussed
previously were used over each region of the split rotor ge-
ometries shown in Fig. 5 at the out-of-plane observer location
to compare the relative importance of noise emanating from
the different regions of the rotor blade as well as to compare
these broadband noise sources among the three rotor cases.

MID-FIDELITY RESULTS

Aerodynamic Results

CAMRAD II was used to predict CT and CQ of the OPT5 ro-
tor case in the hover operating condition under variable rotor

(a) OPT5 and OPT5-MA. (b) OPT5-MB.

Figure 5: View of split rotor blade surface.
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speeds, which are compared to experimental measurements
in Fig. 6. It can be seen in Fig. 6b that the predicted CQ
agrees well with the measured results; however, CT was over-
predicted by no less than 43.19% relative to the experimen-
tal data for all simulated Mtip values, shown in Fig. 6a. It
can also be seen that the predicted CT trend deviates from
the experimental results. Dimensionally, this corresponds to a
thrust prediction of TCII = 58.39 lb at the design condition of
Ω = 5332 RPM, which is similar to the target design thrust of
Tdesign = 62.85 lb acquired using BEMT with the assumption
of uniform inflow. This is in stark contrast to the experimen-
tally measured thrust value of Tmeas = 38.66 lb.

(a) Dimensionless thrust comparison.

(b) Dimensionless torque comparison.

Figure 6: OPT5 aerodynamic performance characteristics.

As will be shown in the next section, the aerodynamic per-
formance differences between measurements and mid-fidelity
predictions are the result of outboard separation on the blade
suction side induced by a perpendicular BVI as well as by in-
flow variation discrepancies in the mid-fidelity tools. To fur-
ther verify that this perpendicular BVI was not captured by
CAMRAD II, spanwise α values for the OPT5 at the design
operating condition of Ω = 5332 RPM are shown in Fig. 7.

Very little variation in α can be seen across the span of the
OPT5 rotor in Fig. 7, except for inboard of 0.5R. In the pres-
ence of perpendicular BVI, one would expect to see increased
values of α outboard of the BVI and decreased α values in-
board of the BVI, which was not captured by CAMRAD II. It

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

7

7.5

8

8.5

9

Figure 7: OPT5 angle of attack distribution at Ω = 5332 RPM
predicted by CAMRAD II.

is evident from Figs. 6 and 7 that the mid-fidelity method used
in this work failed to adequately predict flow features respon-
sible for the measured underperformance of the OPT5 rotor,
elucidating the need for higher-fidelity predictions.

HIGH-FIDELITY RESULTS

Aerodynamic Results

PowerFLOW was used to simulate the OPT5 and OPT5-
MB rotor cases at the design hover operating condition of
Ω = 5332 RPM and the OPT5-MA rotor case at Ω = 4355
RPM. A summary of the dimensional aerodynamic perfor-
mance results from both CAMRAD II and PowerFLOW is
shown in Table 4. The thrust value predicted by PowerFLOW
for the OPT5 rotor case agrees much better with the measured
value of Tmeas = 38.66 lb, with an overprediction of approxi-
mately 12%. Table 4 also shows that the thrust predicted using
CAMRAD II for the OPT-MA rotor case at Ω = 4355 RPM
closely matched that of the OPT5 rotor, signifying that the
OPT5-MA was properly thrust matched to the OPT5. The
PowerFLOW results in Table 4 show that the OPT5, OPT5-
MA, and OPT5-MB rotor cases all perform similarly in terms
of predicted thrust and torque.

To identify the aerodynamic behavior responsible for the
thrust differences between measured data and mid-fidelity
predictions, oil flow visualization from the experiment
(Ref. 1) was first compared to predicted velocity magni-
tude, Vmag, contours between 0 ft/s ≤Vmag ≤ 492.0 ft/s for the
OPT5 rotor case, which is shown in Fig. 8. The exact details
of the type of oil used and the duration of run time prior to
ultraviolet light visualization can be found in Ref. 1. It can
be seen that there is a region of flow separation on the suction
side over the outboard portion of the blade span (i.e., approx-
imately 0.88R), which is captured both experimentally and
computationally. Since, in general, most of the blade load-
ing comes from the outboard portion of a rotor blade, it can
be said that this flow separation is a likely culprit for the dras-
tic underperformance of the OPT5 rotor when compared to
the design condition.

Flow visualization of the vertical component of velocity (i.e.,
orthogonal to the rotor plane), Vz, and turbulent kinetic energy,
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Table 4: Aerodynamic performance comparison at the design operating condition.

Case Experiment CAMRAD II PowerFLOW
OPT5 OPT5 OPT5-MA OPT5 OPT5-MA OPT5-MB

Thrust 38.66 lb 58.39 lb 58.55 lb 43.32 lb 39.17 lb 42.93 lb
Relative Difference 51.03% 12.05%

Torque 8.72 ft-lb 8.71 ft-lb 9.65 ft-lb 7.59 ft-lb 6.60 ft-lb 7.32 ft-lb
Relative Difference 0.11% 12.96%

(a) Experimental oil flow visualization.

(b) PowerFLOW velocity magnitude on OPT5 blade surface (levels ranging from 0 ft/s ≤
Vmag ≤ 492.0 ft/s).

Figure 8: OPT5 surface flow visualization.

T KE, were produced for the OPT5, OPT5-MA, and OPT5-
MB rotor cases, which are shown in Figs. 9 and 10, respec-
tively. These figures verify that the outboard flow separation
of the OPT5 rotor case is indeed due to a perpendicular BVI.
All rotor blades in Figs. 9 and 10 are contoured by Vz between
−180.5 ft/s ≤Vz ≤ 65.5 ft/s.

It can be seen from the T KE contours shown in Fig. 10a that
the leading edge of the OPT5 rotor blade is in close proximity
to the convected tip vortex of a preceding blade (i.e., small
vortex miss distance) and that the blade is well within the vor-
tex region of influence, or the turbulent field surrounding the
vortex core. It can also be ascertained from Figs. 9a, 10a,
and 8b that the center of the convected vortex core from the
preceding blade is aligned with the onset of flow separation
around approximately 0.88R. Since the vortex shown in Figs.
9a and 10a is rotating clockwise in the displayed frame of ref-
erence, it is expected that the outboard-most point of the vor-
tex would produce the highest positive vertical velocity and
that the opposite would be true for the inboard-most point of
the vortex, which is verified by the illustration of the vertical
velocity component, or Fig. 9a. This figure also shows that the
region of separation on the blade suction side has a strong up-
ward velocity component, which is believed to be caused by
the vortex-induced upwelling leading to forced separation. It
can also be seen in Fig. 9a that inboard of the separation (i.e.,
0.88R), there is a strong downward velocity component, also
believed to be caused by vortex-induced downwelling. It is

thought that this downwelling would have a stabilizing effect
on the boundary layer.

A few observations can be made by comparing Vz and T KE
between the OPT5 and OPT5-MA rotor cases in Figs. 9 and
10. First, it can be seen that the tip vortex of a preceding blade
is much stronger for the OPT5-MA rotor case when compared
to that of the OPT5 rotor, though the preceding tip vortex of
the OPT5-MA rotor does appear to have a slightly larger vor-
tex miss distance, or distance between the vortex core and
leading edge of a subsequent blade, than for the OPT5 ro-
tor. It can also be seen by comparing surface values of Vz
between the OPT5 and OPT5-MA cases in Figs. 9a and 9b
that flow separation is not readily apparent on the suction side
of the OPT5-MA blade. Since the OPT5-MA blades have a
cambered airfoil profile, at the thrust matched condition of
Ω = 4355 RPM, the spanwise α values for OPT5-MA blade
are lower than for the OPT and OPT5-MB cases. These lower
α values, in addition to the better stall characteristics of the
NACA 63A-612 of the OPT5-MA rotor when compared with
the NACA 0012 of the OPT5, should mean that the OPT5-MA
is less susceptible to separation caused by the perpendicular
BVI, which appears to be the case in Fig. 9b.

In comparing the OPT5 to the OPT5-MB rotor cases, it can
be seen in Figs. 9 and 10 that the preceding tip vortex for the
OPT5-MB is both weaker than that of the OPT5 and exhibits
a larger vortex separation distance. The decrease in vortex
strength and increase in separation distance are thought to be

7



(a) OPT5. (b) OPT5-MA.

(c) OPT5-MB.

Figure 9: Flow visualization of Vz along a leading edge aligned vertical slice. Blade surfaces are contoured by Vz between
−180.5 ft/s ≤Vz ≤ 65.5 ft/s.

(a) OPT5. (b) OPT5-MA.

(c) OPT5-MB.

Figure 10: Flow visualization of T KE along a leading edge aligned vertical slice. Blade surfaces are contoured by Vz between
−180.5 ft/s ≤Vz ≤ 65.5 ft/s.

attributed to the additional outboard taper of the OPT5-MB
blade and the anhedral/sweep, respectively. The spanwise ex-
tent of the vortex-induced separation on the OPT5-MB blade
also appears to be similar to that of the OPT5 rotor case and
can be seen to occur in Regions IV and VI. The similar op-
erating conditions, airfoil geometry (i.e., NACA 0012), and
outboard separation between the OPT5 and OPT5-MB rotors
could explain the similar aerodynamic performance character-
istics of these two cases shown in Table 4.

Though the illustrations in Figs. 9 and 10 provide qualita-
tive insight toward a perpendicular BVI being the likely cul-

prit for outboard flow separation and subsequent aerodynamic
performance deficit of the OPT5 and OPT5-MB rotor cases,
the similar low performance observed for the OPT5-MA ro-
tor is still ambiguous since Figs. 9b and 10b show no indica-
tion of vortex-induced separation. To further investigate this,
the pressure distribution at the 0.75R spanwise location pre-
dicted by PowerFLOW for the OPT5-MA rotor is compared
to an XFOIL prediction for an NACA 63A-612 airfoil in Fig.
11, where the value of α was varied in XFOIL until the suc-
tion peak matched that of the PowerFLOW prediction. The
XFOIL prediction was conducted using the Mach number and
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Reynolds number corresponding to the 0.75R spanwise loca-
tion (i.e., M∞ = 0.31 and Rec = 263,696).

Figure 11: Comparison of the pressure distribution at 0.75R
for the OPT5-MA rotor case.

It can be seen in Fig.11 that the heuristically determined value
of α = 3.35◦ produced reasonable agreement between the ex-
tracted pressure distribution from PowerFLOW and the pre-
dicted distribution using XFOIL. It should be noted that the
value of α at 0.75R predicted using CAMRAD II for the
OPT5-MA case was approximately α = 5.9◦, elucidating that
the inflow variation between PowerFLOW and CAMRAD II
differs. To support this claim, the empirical inflow correc-
tion factor for hover in CAMRAD II, κh, was increased from
the default value of κh = 1.1 to a value of κh = 1.6, such
that the approximated value of α = 3.35◦ at 0.75R between
the PowerFLOW prediction and CAMRAD II were matched.
Using this new value of κh = 1.6 in CAMRAD II, the pre-
dicted thrust and torque of the OPT5-MA at Ω = 4355 RPM
were TCII = 42.79 lb and QCII = 8.79 ft-lb, which agree better
with the OPT5-MA PowerFLOW prediction shown in Table
4. This justification, along with the absence of vortex-induced
separation for the OPT5-MA rotor, indicate that different in-
flow variation between CAMRAD II and PowerFLOW is the
cause of the predicted aerodynamic performance difference
for this rotor case. This difference in inflow variation also
suggests that the OPT5-MA rotor was not thrust matched ap-
propriately to the design condition and that a value of κh = 1.6
should be used with CAMRAD II to redetermine the value of
Ω to generate the desired amount of thrust (i.e., Tdesign = 62.85
lb) for the OPT5-MA rotor. Furthermore, the vortex-induced
separation of the OPT5 rotor may not account entirely for the
aerodynamic performance difference between the measured
data and design condition, with inflow variation differences
likely being a secondary cause. It should be noted that though
the OPT5-MA was not adequately thrust matched to the de-
sign condition, it was still thrust matched to the OPT5 operat-
ing condition, implying a one-to-one comparison of all subse-
quent acoustic results.

A similar approach was used with the OPT5 rotor shown in

Fig. 12, where α = 5.8◦, determined using XFOIL for an
NACA 0012 airfoil profile, produced good comparison to
the extracted pressure distribution at 0.75R from the OPT5
PowerFLOW simulation. The empirical constant in CAM-
RAD II was changed from the default value of κh = 1.1 to a
value of κh = 1.55 to match the α value at 0.75R predicted
by CAMRAD II to the α = 5.8◦ estimate from the Power-
FLOW simulation. The resulting thrust and torque predicted
using CAMRAD II were TCII = 46.01 lb and QCII = 7.72 ft-
lb. This predicted thrust agrees much better with the experi-
mentally measured value of Tmeas = 38.66 lb, and the results
from the CAMRAD II prediction using κh = 1.55 signify that
the vortex-induced separation (not captured by CAMRAD II)
might only be responsible for 20% of the 51.03% difference
for the OPT5 in Table 4, with the other 31.03% being caused
by inflow variation differences. This implies that mid-fidelity
tools may not be well-suited for the preliminary design of
small unconventional rotors, like those associated with AAM,
in hover operating conditions, without prior experimental or
computational knowledge of the inflow or spanwise loading
conditions. Even with prior aerodynamic knowledge, mid-
fidelity tools may not adequately predict vortex-induced sep-
aration.

Figure 12: Comparison of the pressure distribution at 0.75R
for the OPT5 rotor case.

Aeroacoustic Results

Preliminary measurements for both the tonal and broadband
noise at the in-plane observer location (Θobs = 0◦ and y= 6.62
ft) were compared to predictions conducted using Power-
FLOW for the OPT5 rotor and are shown in Fig. 13. It can
be seen in Fig. 13 that both the tonal noise at the fundamental
and second harmonic of the blade passage frequency (BPF)
and broadband noise are underpredicted from the experiment
by approximately 10 dB. It should be noted that there was
no acoustic treatment in the experimental facility. Phased ar-
ray results suggest possible measurement contamination due
to acoustic reflections. These reflections could attribute to the
similar tonal and broadband noise underprediction. Further-
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(a) Tonal noise narrowband spectra. (b) Broadband noise one-third octave spectra.

Figure 13: Acoustic comparison between measured data and PowerFLOW predictions at the in-plane observer location (Θobs =
0◦ and y = 6.62 ft).

more, broadband noise has a dipole directivity for isolated
hovering rotors with an acoustic null region located in the ro-
tor plane, meaning that in-plane observer locations may not
be suitable for comparison. Though the experimental mea-
surements are very preliminary, the comparison in Fig. 13 in-
dicates reasonable agreement in the observed acoustic trends
between measurements and predicted results.

Tonal and broadband noise comparisons among PowerFLOW
predictions for the OPT5, OPT5-MA, and OPT5-MB rotor
cases at the out-of-plane observer location are shown in Fig.
14. It should be noted that the tonal noise frequency for
the OPT5-MA case shown in Fig. 14a was scaled to match
that of the OPT5 and OPT5-MB cases for better comparison.
Fig. 14a shows negligible difference between the OPT5 and
OPT5-MB cases except at the second BPF harmonic, where
the OPT5-MB case is approximately 13.5 dB quieter than the
OPT5. The OPT5-MA rotor also appears to be quieter than
the OPT5 at all BPF harmonics shown in Fig. 14. In compar-
ing the broadband noise results in Fig. 14b, it can first be seen
that broadband noise levels are higher than the tonal noise
generated from each rotor case above approximately 1 kHz.
It can also be seen that the OPT5-MB case generates approx-
imately 4 dB less broadband noise than the OPT5 case across
most frequencies shown in Fig. 14b. The effect of the vortex-
induced separation is similar between the OPT5 and OPT5-
MB cases; however, the preceding vortex for the OPT5-MB

case is weaker than for the OPT5 case, as shown in Fig. 10.
It is thought that this weaker preceding vortex caused by the
outboard anhedral, sweep, and taper of the OPT5-MB is likely
responsible for the decrease in broadband noise when com-
pared to the OPT5 case. The OPT5-MA case, on the other
hand, was shown to have a stronger preceding vortex than the
OPT5 case in Fig. 10 but with no vortex-induced separation.
Since the broadband noise levels for the OPT5-MA case are
significantly lower than for the other two rotor cases, it can be
said that the vortex-induced separation might be a dominant
broadband noise source.
To further investigate the different broadband noise sources,
results predicted for each of the split blade regions for the
OPT5, OPT5-MA, and OPT5-MB rotors are shown in Fig.
15. It is again noted that Region VI, corresponding to the
outboard blade modification for the OPT5-MB case, is not
applicable to the OPT5 and OPT5-MA cases. Also, Region
VII, correspondent to the hub, is not shown due to negligible
acoustic significance and Region VIII corresponds to the end
cap of the blade tip.
It can be seen in Fig. 15 that Region IV produces most of
the broadband noise for all three rotor cases followed by Re-
gion V for the OPT5 and OPT5-MB cases. For the OPT5
and OPT5-MB cases, this signifies that the vortex-induced
separation is the most dominant broadband noise generating
mechanism, and for the OPT5-MA case, other broadband self-

(a) Tonal noise narrowband spectra. (b) Broadband noise one-third octave spectra.

Figure 14: Acoustic comparison among PowerFLOW predictions at the out-of-plane observer location (Θobs = 45◦ and y= 6.62
ft).
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(a) OPT5. (b) OPT5-MA.

(c) OPT5-MB. (d) Visualization of OPT5-MB split regions.

Figure 15: Broadband one-third octave spectra of split blade regions at the out-of-plane observer location (Θobs = 45◦ and
y = 6.62 ft).

noise mechanisms caused by boundary layer turbulence con-
vection past the blade trailing edge are dominant. Since the
perpendicular BVI occurs within Region V, the broadband
noise from this region represents the resultant broadband BWI
noise, which is the second-most dominant broadband noise
source for the OPT5 case above 800 Hz and for the OPT5-MB
case above 2500 Hz. Below 800 Hz for the OPT5 and 2500
Hz for the OPT5-MB cases, broadband noise from the inboard
region, Region I, is seen to be second-most dominant. It can
also be seen for the OPT5-MB case in Fig. 15c that the mod-
ified blade tip outboard of 0.95R (i.e., Region VI) generates
substantial broadband noise, likely due to the vortex-induced
separation, which was shown to occur in both Regions IV and
Region VI for the OPT5-MB case.
As discussed previously, the OPT5-MA case did not show
signs of vortex-induced separation meaning that the flow
physics and subsequent aeroacoustics behave closer to what
one may expect. Though the preceding vortex is stronger for
the OPT5-MA case, the BWI noise is lower than that of the
other two rotor cases. This result agrees with the BWI noise
dependency on CT observed in Ref. 10, where the BWI noise
decreased with increasing CT (e.g., caused by increasing cam-
ber or collective pitch). Below 1250 Hz, Fig. 15b shows that
the broadband noise from Region I is the dominant broad-
band noise source for the OPT5-MA rotor case. Also shown
in this figure, the end cap at the blade tip (i.e., Region VIII)
is seen to have comparable broadband noise levels to Region
IV above 20 kHz. Region VIII represents the broadband self-
noise caused by tip-vortex formation, and since it was shown
previously that the OPT5-MA has a stronger tip vortex than
the OPT5 and OPT5-MB cases, it is intuitive that tip-vortex

formation noise is stronger for the OPT5-MA case when com-
pared to the other two rotor cases.

CONCLUSIONS

This work computationally investigated the vortex-induced
outboard separation from an optimum hovering 5-bladed rotor
geometry (OPT5) observed in the NASA Langley Research
Center 14- by 22-Foot Subsonic Tunnel. Experimental mea-
surements showed that the thrust generated by this rotor was
approximately 38.5% under the design thrust calculated us-
ing BEMT. In an effort to mitigate the vortex-induced out-
board separation, two separate alterations were made to the
OPT5 rotor geometry. The first of which, the modified airfoil
(OPT5-MA) rotor case, modified the NACA 0012 airfoil pro-
file to an NACA 63A-612 and the second, the modified blade
(OPT5-MB) rotor case, added anhedral/sweep and additional
taper to the outboard 5% of the blade, while still maintaining
an NACA 0012 airfoil profile.

First, mid-fidelity predictions were performed for the OPT5
case using the free-wake solver in CAMRAD II, which
showed an overprediction of the measured thrust by no less
than 43.19% across a range of different rotor speeds. CAM-
RAD II was also used to determine a suitable rotor speed
for the OPT5-MA such that it performed similarly to the
OPT5 rotor in terms of dimensional thrust. CAMRAD II
also showed no evidence of vortex-induced separation. Then,
high-fidelity predictions were performed using the lattice-
Boltzmann solver, PowerFLOW, for the OPT5, OPT5-MA,
and OPT5-MB rotor cases. These high fidelity predictions
showed similar thrust generation among all three rotor cases
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and more reasonable agreement between the OPT5 prediction
and measured results. Comparison between the predicted ve-
locity magnitude on the OPT5 blade surface to oil flow visual-
izations from the experiment showed that the vortex-induced
separation predicted by PowerFLOW closely matched that of
the experiment. The PowerFLOW simulation also showed
that the OPT5-MA and OPT5-MB rotors had stronger and
weaker tip vortices than the OPT5 rotor, respectively, with
both the OPT5-MA and OPT5-MB having slightly larger vor-
tex separation distances than the OPT5. The OPT5-MA pre-
diction also showed no signs of vortex-induced separation,
likely due to the increased stall angle from the NACA 63A-
612 airfoil profile. Pressure distributions for the OPT5 and
OPT5-MA cases at the 0.75R spanwise location were ex-
tracted from the PowerFLOW predictions and angle of attack
values were heuristically determined using XFOIL by match-
ing suction pressure peaks between XFOIL and the Power-
FLOW predictions. These heuristically determined angles of
attack were lower than those calculated using CAMRAD II,
signifying inflow discrepancies with the BEMT-based mid-
fidelity tools. The empirical inflow coefficient in CAMRAD
II was increased until the angle of attack at the 0.75R span-
wise location predicted by CAMRAD II matched the heuris-
tically determined angle of attack from the PowerFLOW sim-
ulations for the OPT5 and OPT5-MA cases. The new CAM-
RAD II predictions using the increased empirical inflow coef-
ficient for the OPT5 and OPT5-MA cases agreed better with
the high-fidelity predictions for both cases and the measured
data for the OPT5 case in terms of thrust generation. Since
CAMRAD II was unable to predict vortex-induced separa-
tion, the new thrust prediction for the OPT5 rotor was used
to determined that approximately 20% of the thrust discrep-
ancy between the measurement and the original CAMRAD II
prediction was caused by the vortex-induced separation, with
another 31.03% being due to inflow discrepancies with the
BEMT-based solvers used in this work.

Acoustic predictions performed using PowerACOUSTICS at
an in-plane observer location were compared to measure-
ments taken in the NASA Langley Research Center 14- by
22-Foot Subsonic Tunnel for the OPT5 rotor. The measured
data were very preliminary in that the facility was not outfitted
with acoustic treatment and may have been prone to acous-
tic reflections. Both the predicted tonal and broadband noise
were underpredicted from the preliminary measurements by
approximately 10 dB; however, they trended with the mea-
surements reasonably well. Predictions for the OPT5, OPT5-
MA, and OPT5-MB cases were compared and showed that the
OPT5-MA was quieter than the OPT5 at all reported BPF har-
monics and that there was negligible difference between the
OPT5-MB and the OPT5, except at the second BPF harmonic,
where the OPT5-MB was approximately 13.5 dB quieter than
the OPT5. The broadband noise from the OPT5-MB case was
approximately 4 dB less than the OPT5 across all reported
frequencies. Since both the OPT5 and OPT5-MB showed
vortex-induced separation, this broadband noise reduction ob-
served with the OPT5-MB case was believed to be due to the
vortex strength reduction caused by the anhedral/sweep and

additional taper of the OPT5-MB. The broadband noise from
the OPT5-MA rotor was exceptionally less than that of both
the OPT5 and OPT5-MB cases due to the absence of vortex-
induced separation resulting from the higher stall angle of the
NACA 63A-612 airfoil on the OPT5-MA.

Lastly, the blades for the OPT5, OPT5-MA, and OPT5-MB
rotors were split into various regions and broadband noise
was calculated separately for each region to identify different
noise generating mechanisms. It was shown that most of the
broadband noise for all three cases emanated from the aft out-
board blade region, primarily caused by vortex-induced sepa-
ration for the OPT5 and OPT5-MB cases and other broadband
self-noise sources for the OPT5-MA case. Broadband BWI
noise caused by the perpendicular blade-vortex interaction
was the second-most dominant noise source above 800 Hz for
the OPT5 case and above 2500 Hz for the OPT5-MB case.
Although the tip vortex was stronger for the OPT5-MA case
compared with the OPT5 and OPT5-MB cases, the broadband
BWI noise was shown to be lower for the OPT5-MA case.
The tip vortex formation noise for the OPT5-MA case, how-
ever, was shown to be a dominant noise source above 20 kHz.
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