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ABSTRACT

In this paper the aeroacoustic results using the Free-Wake Model (FWM), Vortex Particle Method (VPM), and Computational
Fluid Dynamics (CFD) are compared with one another. The FWM and VPM is performed using the software Rotorcraft
Comprehensive Analysis System (RCAS), and CFD analysis is performed using the software Helios. Analysis is performed on
a lift-offset coaxial rotor system operating at 150 knots in forward flight and 0° shaft tilt. First, the blade loads are compared
and then the acoustics using the noise prediction software PSU-WOPWOP. The major difference between the analysis methods
is the manner in which they capture aerodynamic interactions. And the differences in the interactions result in differences in the
acoustic results. The primary interactions are the blade vortex interactions (BVI), and the blade crossover interactions (BCI).
The BVI events occur when a rotor operates in the wake of its own rotor or another rotor, and the BCI events occur when
the blades of the upper and lower rotors cross one another. The BVI events are captured by all three methods, but there are
variations in location and intensity between the three methods. On the other hand, the VPM and CFD capture the BCI events,
but the VPM is unable to capture the BCI events on the retreating side of the upper rotor. These differences in the prediction
of the interactions results in variations in directivity as well as intensity of the noise results. Upon analysis of the aeroacoustic
results it is concluded that the inability of the FWM and VPM to capture some of the primary interactions capture by CFD can

lead to major discrepancies between the acoustic results of the three methods.

INTRODUCTION

A coaxial helicopter is a rotorcraft configuration which re-
lies on two coaxial, contra-rotating rotors for its primary
flight capabilities. Many modern coaxial configurations also
rely on additional vehicle components to augment the lift
and/or thrust of the rotors — these vehicles are referred to as
compound rotorcraft. Over the years, companies have re-
searched and developed experimental compound configura-
tions to overcome the limitations inherent in conventional he-
licopter designs. Recently, there has been renewed interest by
the Department of Defense in the development of rotorcraft
for the modern era. In 2009, the Secretary of Defense estab-
lished the U.S. Future Vertical Lift (FVL) initiative (Ref. 2)
with the goal to replace all the U.S. Department of Defense
helicopters with next-generation rotorcraft in an effort to up-
grade the performance and technological capabilities of the
current rotorcraft fleet. One configuration that shows promise
is the compound coaxial rotorcraft.

The compound coaxial is able to overcome limitations of the
conventional helicopter by using the Advancing Blade Con-
cept (ABC) rotor design (Ref. 1). The ABC rotor design al-
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lows each rotor of the coaxial configuration to carry a non-
zero roll moment as long as the other rotor carries a roll mo-
ment of opposite direction and equal magnitude. When the ro-
tor’s roll moment is non-dimensionalized by the rotor’s thrust
and radius it is referred to as the lift-offset. The mathemat-
ical expression of lift-offset (L.O.) for a coaxial rotor is the
following:

AM,

L.O.=
T;oralR

(D

where AM, is the differential roll moment between the two
rotors, T;,:. 1S the combined thrust of the two rotors, and R is
the rotor radius of a single rotor (assuming each rotor’s radius
is equal). The benefit of not constraining a rotor to operate
at zero lift-offset is that the rotor blades are then able to op-
erate at more optimal blade section angles of attack on the
advancing side, avoid stall on the retreating side, and achieve
higher forward flight speeds. In contrast, thrust production of
conventional helicopters is limited because of retreating blade
stall. As the rotor achieves a higher forward flight speed it is
required to produce more thrust, and eventually the retreating
side can no longer generate enough lift (due to retreating blade
stall) to counteract the roll moment of the advancing side of
the rotor. But without the constraint of each rotor having a



zero roll moment the ABC coaxial rotor design can continue
to have higher lift on the advancing side of the rotor as for-
ward speed and rotor thrust are increased.

Along with the benefits of a coaxial configuration, there are
also drawbacks due to the proximity of the upper and lower
rotors to each other, and operation at high speed flight. These
conditions result in interference between the two rotors along
with interference of the individual rotors and their own wakes.
The aerodynamic interference yields impulsive loading events
such as blade-vortex interactions (BVI), and blade crossover
interactions (BCI), which results in impulsive pressure load-
ing peaks, and therefore, impulsive noise.

Previous studies which have used theoretical modeling to pre-
dict the noise of the coaxial rotor system have focused on the
variation of certain parameters to obtain overall trends. In
2005 and 2006, Boyd et al. (Ref. 4) and Wachspress (Ref. 5),
respectively, published papers analyzing the noise from a
coaxial rotor system. Boyd and Wachspress both noted that
the coaxial rotor system on average is louder than a conven-
tional single rotor of equivalent solidity.

One of the major studies into the noise produced by a coaxial
rotorcraft utilizing lift offset was conducted at the University
of Glasgow (Ref. 6) in 2009. Kim et al. used the Vortic-
ity Transport Model developed by Brown (Ref. 7) to analyze
coaxial rotor systems of varying flapwise stiffness. The paper
concluded that the major source of noise was the advancing
side of the lower rotor due to the interaction between the up-
per rotor’s wake and the lower rotor’s advancing side blades.
And that the noise could be reduced by increasing the lift oft-
set, especially at the higher speed case.

Walsh et al. (Ref. 8) in 2016 published an investigation into
higher-speed cases of the coaxial rotor system using pre-
scribed wake analysis. The paper noted that rotor blade phas-
ing could potentially be used to result in noise sources adding
constructively or destructively, a phenomena unique to multi-
rotor configurations. The paper also explored the acoustic
benefits of operating the rotor system at lower rotation rates,
and noted significant reductions in noise levels. Also in 2016,
Barbely et al. (Ref. 9) published a paper exploring the interac-
tions between the upper and lower rotor blades at the point of
crossover. Barbely et al. noted a fluctuation in pressure that
is a potentially important noise source, which at that time had
not been explored for its acoustic impact.

In 2018 Herrmann et al. (Ref. 10) performed a multidisci-
plinary trim analysis of the coaxial rotor system using a free
wake model and analyzed the influence of shaft tilt on the ro-
tor noise. Herrmann noted that at 0° shaft tilt the noise is the
greatest and at +5° shaft tilt the noise appears to be the low-
est. Jia et al. (Ref. 12) conducted research into higher speed
cases at 0° shaft tilt using CFD analysis, and varied the lift
offset and rotor separation distance. Jia noted loading fluctua-
tions appear when the lower rotor and upper rotor blades cross
one another, and the noise due to BVI events reduces as the
separation distance increases at certain flight speeds.

The research efforts cited in this section all aid in the under-
standing of the aeroacoustic environment of the coaxial ro-
tor system, but the predictive capabilities of different analysis
models on aeroacoustics has yet to be addressed. Research
has been done into the aerodynamic predictive capabilities
of varying levels of physics-based models for the coaxial ro-
tor system by Jacobellis et al. (Ref. 13) and Klimchenko et
al. (Ref. 11). But analysis has not been performed in the
acoustic predictive capabilities. In this paper three aerody-
namic modeling approaches - free-wake model (FWM), vor-
tex particle method (VPM), and computational fluid dynamics
(CFD) - are used to compute the blade loads. The accuracy of
the physical model is critical to accurate prediction of the ro-
tor system noise, but not all the flow features have the same
acoustic significance. The focus of this paper is to perform
aerodynamic and acoustic analysis of a lift-offset coaxial rotor
system using mid- to high-fidelity analysis tools and analyze
the most acoustically significant aspects of the aerodynamic
models.

ANALYSIS MODELS

This section describes the approach used to perform the anal-
ysis of the coaxial rotor configuration. Modeling of the rotor
geometry, blade dynamics, trim method, aerodynamic model-
ing, and acoustic prediction are all summarized in the follow-
ing subsections.

Rotor & Trim Model

The rotor system analyzed in this paper is based on the Siko-
rsky XH-59A (Ref. 1). The primary rotor specifications are
provided in Table 1. The rotor blades are modeled based on
publicly available airfoils that match with the thickness dis-
tribution of the actual airfoils of the XH-59A. NACA-0026 is
used at positions less than 42% span; NACA-63216 is used
between 42% and 68% span; NACA-23012 is used at po-
sitions greater than 68% span. The elastic properties of the
rotor blades are provided in Ruddell’s report (Ref. 3) on the
XH-59A altitude expansion and operational tests.

Table 1: XH-59A Rotor Characteristics.

Characteristic English  Metric
Radius 18ft  5.486m
Number of Rotors 2

Blades per Rotors 3

Root Cut-Out 20%

Blade Precone 3°

Rotor Axial Separation 2.5 ft 0.76 m
Tip Speed 650 ft/s 198 m/s

The structure and connections of the rotor model are specified
and analyzed in the software Rotorcraft Comprehensive Anal-
ysis System (RCAS) (Ref. 15). The model of the XH-59 rotor
system used in this paper is based on the work of Jacobellis



et al. (Ref. 16). The RCAS software is used to solve for the
blade motion, loading, and deformation.

The rotor model is set up in RCAS such that the blades can be
controlled through the feathering motion, but are rigidly at-
tached in the lead-lag and flap directions. Elastic deformation
is modeled for all three rotation motions. The trim method-
ology is specified in Table 2. The subscripts , and ; refer to
the upper and lower rotors, respectively. The term AM, is the
differential roll moment, and the trim target is user specified
in order to achieve a specific lift offset value. The trim targets
of My, My, and Y M, are trimmed to zero, and F; is trimmed
to the vehicle’s weight, which is approximately 11,900 Ibs.
The force in the x-direction is also trimmed by summing the
rotor thrust, fuselage drag, rotor drag, and auxiliary propul-
sion thrust to zero. The fuselage drag coefficient used in the
RCAS model is estimated based on the experiment conducted
by Felker (Ref. 18) in the 40- by 80-foot wind tunnel at NASA
Ames. It should be noted that a physical fuselage is excluded
in the CFD model.

Table 2: Trim settings of rotor system.

Trim Variable Equation Trim Target
Collective 0, = w F,
Lateral Cyclic 6. = M M,
Longitudinal Cyclic 6, = %«}% M,
Diff. Coll. AB, = &b Y M.
Diff. Lat Cyclic ~ A@, = %% AM,

Aerodynamic Modeling

The aerodynamic analysis is coupled with the computational
structural dynamic (CSD) model in an iterative process such
that the blade loads are computed along with the resulting
blade deformations. The free-wake model and vortex par-
ticle method aerodynamic analysis are performed in RCAS
and the CFD analysis is performed by Helios (Ref. 17). And
RCAS performs the structural analysis for all three aerody-
namic analysis methods. In this section the details of the aero-
dynamic models are outlined.

Free-Wake Model The free-wake model allows for mid-
fidelity analysis of the rotor’s flowfield by accounting for the
influence of a rotor’s wake. The analysis was performed using
RCAS v18.03.c6a. The wake is modeled as discretized
vortex filaments shed near the tip of the blade. The vortex
filaments are free to deform to influences of the rotor’s in-
flow, other filaments, and the filaments own influence acting
on itself. But the wake is generated based on semi-empirical
modeling, so assumptions are made about the wake’s strength,
trajectory, and vortex-blade interactions (e.g. core modeling).
The tip vortex is shed every 3° azimuth and the wake extends
4 rotor revolutions.

By default, RCAS does not account for any interference ef-
fects from one rotor to another when performing aerodynamic
analysis using FWM. So the user is required to specify the in-
terference models for the rotors. The interference models ac-
count for the influence of the wake of one rotor on the other
rotor’s wake trajectory and rotor inflow via the Biot-Savart
Law. For the case of the coaxial rotor configuration, the in-
fluence of the upper rotor’s wake is experienced by the lower
rotor and its wake, and vice-versa for the lower rotor’s influ-
ence on the upper rotor.

The near wake age and the roll-up wake are set to 30°, such
that there is no roll-up wake region and only a near and far
wake. This is because an interaction should occur when the
blades of the upper and lower rotors cross one another, but
non-physical, impulsive loading events begin to occur for a
coaxial configuration at the location of crossover. One way to
avoid this issue is to set the set the near wake and roll-up wake
age as equivalent.

Vortex Particle Method Another aerodynamic model run
using RCAS v19.10 is the viscous vortex particle method
(VVPM) (Ref. 19). The VVPM RCAS model was used to ac-
count for complex aerodynamic interference between the up-
per and lower rotors. Examples of these interactions include
inflow and blade cross-over interferences. These interferences
may be difficult to capture using lower fidelity aerodynamic
models (linear inflow or dynamic inflow models). However,
the linear inflow model is used to calculate the initial trim
parameters and blade deformations. The rotors are trimmed
for specific thrust level and lift offset values. After the ini-
tial trim variables and blade deformations were calculated,
the VVPM inflow model was activated and continued until
the converged blade deformation, blade loading, VVPM in-
duced velocity, and trim parameters were obtained. A brief
description of the VVPM implementation is given here (see
full details in (Ref. 19)). The VVPM solves the vorticity trans-
port equation to determine the location and strength vectors of
each vortex particle in the flow field. The location of each par-
ticle is calculated by integrating total induced velocity from all
of the vortex particles. The induced velocity from each of the
particle is obtained from modified Biot-Savart law to account
for the viscous vortex core velocity distribution and to avoid
numerical singularity at the center of the vortex. The strength
of each particle is adjusted due to viscosity effect (vorticity
redistribution method) and vortex stretching term. The vortic-
ity source for the VVPM is the vortex particles (both trail and
shed vorticity) released from the rotor blades at every time
step. In the study, a total of 20-30 vortex particles are released
along the span at each time step or one degree azimuth.

Computational Fluid Dynamics High-fidelity CFD/CSD
loose coupling simulations are performed using the advanced
rotorcraft simulation and comprehensive analysis software
Helios (Ref. 20), which is being developed under the U.S.
Department of Defense (DoD) Computational Research and
Engineering Acquisition Tools and Environments - Air Vehi-
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Fig. 1: The CFD meshes.

cles (CREATE™-AV) program. The CFD/CSD loose cou-
pling approach implemented in this research is the same as
the approach of Potsdam et al. (Ref. 21). The CFD airloads
are coupled to the CSD solver in an iterative manner start-
ing from the second iteration until the convergence of blade
airloads and trim solutions. The frequency of the CFD/CSD
loose coupling is set to every 180 degrees azimuth (half rotor
revolution) after the first rotor revolution.

The CFD simulations are conducted based on a dual-paradigm
approach. The near-body structured overset grids are solved
using the compressible finite-difference solver OVERFLOW
(Ref. 22) while the off-body adaptive Cartesian grids are
solved using SAMCart (Ref. 23) with adaptive mesh refine-
ment capabilities. Figure 1 shows a zoomed-in views of near-
body and off-body grids. Each main blade mesh is composed
of 267 grid points in the chordwise direction, 189 grid points
in the spanwise direction, and 65 grid points in the normal di-
rection with leading and trailing edge spacings equal to 0.05%
Ciip and 0.02% Cy;p, respectively, where Cy;p is the tip chord
length. A wall spacing of 5.0 x 104% Ctip based on a dimen-
sionless wall distance y© = 1.0 and an end spacing of 10%
Cip are used for near-body grids. The distance of each near-
body grid in the normal direction is approximately 1.0 Cy;p.
Each rotor blade has approximately 5 million grid points.

The adaptive off-body mesh is constructed based on eight lev-
els of AMR with the finest wake-grid spacing or level-1 grid
spacing equal to 10% C;;, which matches the end spacing of
the near-body grids. The outer boundaries of the Cartesian
mesh are 20 rotor radii away from the origin. The off-body

mesh has approximately 130 million grid points after numer-
ical convergence.

The numerical setup of the current work is the as that of Jia
et al. (Ref. 14). A fifth order spatial scheme and a second or-
der implicit time marching scheme are implemented for both
near-body and off-body CFD simulations. The turbulence
model used in the present work is the Spalart-Allmaras RANS
turbulence model coupled with Detached Eddy Simulation. A
time step size of 0.25 degrees azimuth which results in 1,440
time steps per rotor revolution is used for the time-accurate
simulations.

Acoustic Model

The software PSU-WOPWOP (Ref. 24) is a physics-based
acoustic prediction tool developed at Penn State University.
The software can predict discrete frequency and broadband
rotor noise for arbitrary maneuvering flight. The code is
a numerical implementation of Farassat’s Formulation 1A
(Ref. 25) of the Ffowcs Williams—Hawkings (FW-H) equa-
tion (Ref. 26). Formulation 1A can be written in a general
form as:

p'(x,1) = pr(X,1)+ pL(X,1) 2)

where p/.(¥,t) is the acoustic pressure due to the thickness
noise contribution, and pj (¥,7) is the acoustic pressure due to
the loading noise contribution. For this paper, only the loading
noise is analyzed for the coaxial rotor system, and the loading
noise can be written as

1 !
amp) (7.1 :7/ | as+
pL(¥1) ¢ Jr=0 _r|1—M,\2 o

I — Iy ]
— | dS+ 3
.L:O |:"21Mr|2 ret @

1/ [ 1,(rM, + c(M, — M?)) s
cJr=o| r2|1—M,? o

where p’ is the acoustic pressure; f = 0 defines the blade
surface; pg and c are the density and speed of sound in the
undisturbed medium (air), respectively; r = |¥— | is the dis-
tance between the source position y and the observer position
X; vy, = V- is the velocity of the surface f = 0 in the direc-
tion normal itself (i.e., 7 is an outward unit normal vector to
the surface f = 0); M and M, are the Mach number and Mach
number component in the radiation direction of the surface
f =0, respectively; and I, is the component of loading force
that the surface imposes on the fluid, in the radiation direction.

The noise analysis performed by PSU-WOPWOP requires
data on the blade geometry and loading. The geometry can
be provided as either a lifting line or a distributed blade, and
the loading as integrated loads or a pressure distribution. The
CFD analysis is capable of providing distributed blade geom-
etry as well as pressure, but the RCAS analysis can only pro-
vide integrated forces and lifting line geometry. In order to
remain consistent in the analysis, the geometry is provided as



a lifting line and the loading as the integrated forces along the
lifting line.

RESULTS

This section analyzes the aeroacoustic results of the FWM,
VPM, and CFD. In order to have consistency for the compar-
ison, a single operating condition is analyzed using the three
methods. The coaxial rotor system is trimmed to operate at
150 knots forward flight speed, 20% lift offset, and 0° shaft
tilt.

This section is split into two subsections: aerodynamics and
acoustics. The aerodynamics section analyzes the blade loads
from the three methods while the acoustics subsection ana-
lyzes pertinent noise metrics.

Aerodynamics

In this section the blade loading and azimuthal derivative of
loading are plotted and followed by plots of loading with re-
spect to azimuth angle at specific radial sections.

Blade Loading The normal force is plotted in Fig. 2 as
disk plots. The columns correspond to the analysis meth-
ods, and the rows the rotor (first row - upper rotor; second
row - lower rotor). The rotor operates at 20% lift offset and
therefore shows a higher concentration of loading on the ad-
vancing sides of the upper and lower rotors. This feature is
captured by each model as seen by the low levels of loading
on the retreating side (blue) and higher levels of loading on
the advancing side (red). The more abrupt changes in blade
loads (sharp changes in contour colors) is primarily due to
impulsive aerodynamic interactions. And each of these meth-
ods of analysis captures these interactions differently. There
are two primary interactions: blade-vortex interactions (BVI)
and blade-crossover interactions (BCI). The BVI events occur
when either a rotor ingests it owns wake (self-BVI) or when
a rotor operates in another rotor’s wake (rotor-to-rotor BVI).
The BCI events occur when when the rotor blades of the up-
per and lower rotors cross one another. The BCI events can be
seen on the retreating side of the upper rotor (240° and 300°).

Azimuthal Derivative of Loading In order to understand
how the interactions are captured by the three models, the az-
imuthal derivative of normal force is analyzed. The derivative
highlights regions of impulsive loading, and impulsive load-
ing is generally a result of aerodynamic interactions (BVI and
BCI events). The azimuthal derivative of normal force is plot-
ted in Fig. 3 as disk plots. The rows and columns layout is
the same as the previous plot, but the color range has been
changed. The red and blue regions represent positive and neg-
ative derivative of loading, respectively. The white regions
represent minimal to no change in loading. The retreating
side of the rotors shows minimal changes in loading, and the
majority of the interactions are concentrated on the advancing

side of the rotors, with the exception of the CFD analysis. The
CFD analysis captures two events at 240° and 300° azimuth
on the upper rotor. These features extend from the root to the
tip radially and also appear to some extend every 60°. These
are the BCI events, and they are also evident on the lower rotor
using CFD analysis, but not as prominent. The VPM analysis
can also pick up these BCI interactions, but primarily on the
advancing side of each rotor, and FWM analysis is unable to
capture the 6/rev content. Apart from the BCI events, all three
analysis methods capture BVI events predominantly on the
advancing side of each rotor. The advancing side of the upper
rotor shows three distinct BVI events from 0° to 90° for each
analysis method. The location and intensity of the BVI events
match well between VPM and CFD analysis, while the FWM
analysis results in BVI events of higher intensity and slightly
different locations compared to the two other methods. These
same differences and similarities between the analysis meth-
ods are shown on the lower rotor. A feature prominent in only
the CFD analysis, especially on the lower rotor, is the root
BVI events to the rear of the rotor. These interactions oc-
cur due to the vortices shed at the root of the blade interacting
with the rear of the rotor. A feature only captured by the FWM
analysis are the radially extending lines near the root of the ro-
tor disk. These occur 180° and 225°, as well as 315° to 360°.
These features are likely not physically because the only inter-
actions the FWM analysis would capture would be the wake
interacting with the rotor. The CFD and VPM analysis can
also capture wake-rotor interactions, but do not show these
features in their loading plots. Thus, it would be reasonable
to conclude these are non-physical features beacuse anything
captured by the FWM should be captured by the VPM and
CFD.

The main features captured by all three methods are the ad-
vancing side BVI events. The VPM and CFD analysis capture
the BCI events, with the CFD analysis capturing retreating
side BCI events on the upper rotor. And CFD also captures
root BVI events not visible through the other analysis meth-
ods. Overall the VPM results seem to agree better with CFD,
and FWM analysis shows differences in BVI location an in-
tensity.

Span Analysis The plots analyzed thus far were disk plots
of loading and the loading derivative. In order to analyze
how much the loads and derivatives vary in magnitude, the
plots are again analyzed at specific radial sections. The nor-
mal force and azimuthal derivative of normal force are plotted
at 50%, 80%, and 90% span. Each figure contains four plots
where two plots are the blade loads on the upper and lower ro-
tors, and the two remaining plots are the azimuthal derivative
of normal force. The blade loading plots are used to compare
the loading magnitudes between the analysis methods. The
plots of the derivative of loading are used to compare the in-
tensity of the blade load fluctuations.

50% Span Analysis First, the loading at 50% span (Fig.
4) is analyzed. The figure contains four subplots in a two
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by two layout. Each plot contains three lines corresponding
to FWM, VPM, and CFD results. The first row is the nor-
mal force and the second row is the azimuthal derivative of
normal force, and the first column corresponds to the upper
rotor results and the second column the lower rotor results.
The upper rotor normal force at 50% (Fig. 4a) shows simi-
larities in waveforms between the analysis methods, but with
distinguishing features. The VPM and CFD results compare
well, but the VPM results over-predict loads on the advancing
side relative to the CFD results. The CFD results also show
negative peaks at 240° and 300° which are not shown in the
VPM results (BCI events discussed previously). The FWM
results show the greatest discrepancies compared to CFD. On
the advancing and retreating sides of the rotor, the FWM re-
sults show a large change in loading not predicted by the other
two methods. On the advancing side those changes are BVI
events, but much more intense than anything experienced by
VPM or CFD. On the retreating side, the FWM results also
show fluctuations, but these are the same features discussed
from Fig. 3 near the root. And these features are likely non-
physical. The derivative of loading for the upper rotor (Fig.
4c¢) show fluctuations on the advancing side of the rotor, but
the FWM results have much more intense BVI events, while
the CFD and VPM results match more closely. Again, a ma-
jor difference between CFD and the two other methods is the
BCI events which are evident at 240° and 300°. The lower
rotor results (Fig. 4d) also show similar trends with one dif-
ference being the fluctuations between 0° and 60° azimuth for
the CFD results. These fluctuations are due to the root BVI
events captured by CFD.

80% Span Analysis Analysis is also performed further out-
board at 80% span and plotted in Fig. 5. The blade loads for
the upper and lower rotors (Fig. 5a and 5b) show better wave-
form agreement between VPM and CFD than with FWM. The
primary peaks for VPM and CFD line up well (with the ex-
ception of the upper rotor BCI events), but the loads on the
advancing side have a difference in loading magnitude. The
FWM results show more loading peaks on the advancing side
compared to VPM and CFD. The BCI events on the retreat-
ing side of the upper rotor for CFD analysis show narrower
peaks compared to the analysis at 50% span (likely due to the
higher rotational rates outbaord). The azimuthal derivative re-
sults (Fig. Sc and 5d) show good agreement between CFD
and VPM. The FWM results show fluctuations that are offset
from CFD on the advancing side. The CFD BCI events and
root BVI events are more intense further outboard, and should
results in discrepancies between the acoustic results compared
to the FWM and VPM acoustic results. This would be due to
the loading noise being dependent on the rate of change in
loading, and if CFD is predicting time varying features which
VPM and FWM are not, CFD would likely show differences
in magnitude and directionality in the noise results.

90% Span Analysis Analysis at 90% span (Fig. 6) also
show that the VPM results continue to match better with CFD
in regards to waveform. Except for the omission of the root

BVI events and BCI events at the retreating side of the upper
rotor. The FWM results show BVI events but the events do
not agree as well in location with CFD as do the VPM results.

Summary These line plots show that FWM results further
inboard show the greatest difference with CFD and VPM in
regards to the intensity and location of the BVI events. Fur-
ther outboard the FWM BVI events agree better with CFD and
VPM analysis as the intensity of the interactions reduces, but
the locations of the interactions continue to show differences.
There are also non-physical features captured on the retreat-
ing side of the FWM results which do not appear in the CFD
and VPM analysis. The VPM azimuthal derivative of loading
results agree well with CFD results, but the CFD results pre-
dict BCI events on the retreating side of the upper rotor and
root BVI events on the rear of the lower rotor. And these fea-
tures are not accounted for by the FWM and VPM analysis.
The next section will analyze how these interactions captured
by the three methods impact the noise of the rotor system.

Acoustics

In this section the results from the three analysis methods in
the previous section are again analyzed for their influence on
rotor noise. The impulsive loading sources (BVI and BCI)
are dominant sources of loading noise as shown in Eqn. 3.

The term /, is a dominant near-field term and /, is a dominant
far field term, the loading in the radiation direction and the
time derivative of loading in the radiation direction, respec-
tively. As the magnitude and the intensity of the impulsive
load sources increases, so do these terms, and therefore the
noise.

Noise Hemisphere Plots The noise from the rotor system is
measured on a hemisphere surrounding the rotor system. The
hemisphere moves in the same direction and at the same speed
as the rotor. Thus the relative position of the hemisphere and
the rotor system remains constant. The spherical grid has 120
points in the azimuthal direction and 60 points in the eleva-
tion direction for a total of 7200 points and each point is 10
rotor radii from the origin, which is situated at the hub of the
lower rotor. The azimuth angle ranges from 0° to 360° (0°
downstream from the rotor and 90° on the starboard side of
the rotor) and elevation angle ranges from 0° to -90° (0° in
plane of the rotor system and -90° directly below the rotor
system). The hemisphere is displayed in an isometric view as
well as a top view in Fig. 7 with +x-direction pointing ahead
of the rotor system and +y-direction pointing to the starboard
side.

The noise metric computed at each point on the grid is the
mid-frequency sound pressure level (midSPL), which is an in-
tegrated noise measurement that includes the sound pressure
levels in the frequency range of the 10th to 50th rotor harmon-
ics. The purpose of filtering the noise to a specific frequency
range is to capture higher frequency noise content where BVI
and BCI noise is more prevalent. The hemisphere plots of
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Fig. 7: midSPL on hemisphere with forward motion in +x-direction and starboard in +y-direction.

midSPL are shown in Fig. 8 in a three by three grid. Each row
corresponds to a different analysis method (first row - FWM;
second row - VPM; third row - CFD) and each column corre-
sponds to a different noise source (first column - coaxial rotor
system; second column - upper rotor; third column - lower ro-
tor). The plots of the individual rotor noise contains either a
white cross, or a white and black cross. The lines of the cross
intersect at a point of high noise, and these points are further
analyzed later in the section. The white cross is referred to as
point 1, and the black cross as point 2.

The purpose of splitting the coaxial rotor noise into its rotor
components is to better understand the source of the noise.
For example, in the plot in Fig. 8a it is not clear which rotor is
contributing to which region of noise, and the greatest noise is
concentrated ahead of the rotor system. Looking at the plots
of the noise from the individual rotors in Fig. 8b and 8c pro-
vides more clarity. The upper rotor contributes to the noise
starboard of the rotor system and the lower rotor to the port
side of the rotor system. The VPM (Fig. 8d) noise plot is sim-
ilar to the FWM noise plot, but analyzing the individual rotor
noise results show differences in noise directivity. The upper
(Fig. 8e) and lower (Fig. 8f) rotor noise results show two
high-noise regions each ahead of the rotor. The CFD coaxial
rotor noise hemisphere (Fig. 8g shows high levels of noise to
the port and rear. The individual rotor contributions show that
the upper rotor is the primary contributor to the rearward noise
and the lower rotor contributes to the noise on the port and in
the front of the rotor system. The individual rotor noise hemi-
sphere plots have either a white or black cross, or both. These
crosses specify regions of high noise which are analyzed later
in this section.

11

FWM Hemisphere Analysis The crosses on the individual
rotor hemisphere plots in Fig. 8b and 8c are analyzed further
in Fig. 9. Each row corresponds to a specific cross on the
FWM hemisphere noise plots. The first row is for the analysis
of point 1 (white cross on Fig. 8b). The first column is the
loading acoustic pressure at point 1 (Fig. 9a) for the upper
rotor. The plot is the loading acoustic pressure at an observer
time range for a single rotor revolution. The pressure plot has
3/rev content because the rotor is 3-bladed. A single peak
is selected and highlighted by a red dashed-dotted box along
with an associated observer time range which encompasses
the peak. The second column is the loading disk plot (Fig.
9b) along with the rotor blade positions at the observer times
specified in the acoustic pressure plot. The blades are warped
because they are not plotted where they are when the observer
hears the noise, but where each blade segment was when it
omitted the noise. There are also 6 blades because the plot is
of the 3 blades at the start of the observer time for the high-
lighted pressure range and at the end of the range. The third
column is the disk plot of the loading noise integrand (Fig.
9c). The loading noise integrand is the summation of the in-
tegrand from Eqn. 3, and the integration of the integrand over
the blade span results in the acoustic pressure. The noise at
point 1 from the upper rotor is primarily due to the BVI event
on the advancing side. The second row in Fig. 9 corresponds
to the analysis of point 1 of the lower rotor in Fig. 8c. Just as
the upper rotor noise analysis, the region of high noise of the
lower rotor is also due to the advancing side BVI.

VPM Hemisphere Analysis The plots for the analysis of the
VPM regions of high noise are shown in Fig. 10. The first row
(Fig. 10a, 10b, and 10c) analyzes point 1 (white cross in Fig.
8e) of the upper rotor. The peak acoustic pressure is due to the
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BVI events on the advancing side of the rotor. For the analysis
of point 2 (black cross in Fig. 8e) the second row (Fig. 10d,
10e, and 10f) is referenced. For point 2 the BCI event on the
advancing side of the rotor is responsible. The lower rotor
shows similar trends to the upper rotor. The third row plots
(Fig. 10g, 10h, and 10i) and the fourth row plots (Fig. 10j,
10k, and 101) are used to analyze point 1 (white cross in Fig.
8f) and point 2 (black cross in Fig. 8f), respectively. Just as
the upper rotor noise analysis, the two regions of high noise
from the lower rotor are due to the the BVI and BCI events on
the advancing side.

CFD Hemisphere Analysis The plots for the analysis of the
regions of high noise using CFD are shown in Fig. 11. The
first row (Fig. 1la, 11b, and 11c) corresponds to point 1 in
Fig. 8h. This point is further to the rear of the rotor and
the acoustic pressure (Fig. 11a) shows two repeating peaks.
This first peak is outline by the red box, and the second peak
is highlighted by a black dashed-dotted-dotted box. On the
blade loading plot (Fig. 11b) the color of the blades corre-
spond to the colors of the boxes which enclose the peaks in
the acoustic pressure plot. The first peak is due to the BCI
event at 300°, and the second peak is due to the root BVI at
0°. The second row (Fig. 11d, 11e, and 11f) correspond to
point 2 of the noise hemisphere plot of the upper rotor (Fig.
8h). The first acoustic pressure peak (Fig. 11d) is due to the
BCI event at 300°. The second acoustic pressure peak high-
lighted by the black box is due to the BCI event at 240° and
the root BVI event at 0°. The third row (Fig. 11g, 11h, and
11i) corresponds to point 1 on the noise hemisphere plot of
the lower rotor (Fig. 8i). The pressure peak in Fig. 11g is
due to the root BVI event. The fourth row (Fig. 11j, 11k, and
111) corresponds to point 2 on the noise hemisphere plot of
the lower rotor (Fig. 8i). The first pressure peak in Fig. 11j is
due to the root BVI event, and the second peak is due to the
advancing side BVIL.

Summary The FWM and VPM analysis acoustic hemi-
sphere results show high levels of noise to the front of the
rotor. While the FWM results are primarily due to only the
BVI events, the VPM results are due to the advancing side
BCI and BVI events. Even though there are two sources of
impulsive noise from the VPM analysis, the FWM coaxial ro-
tor noise results are on par and/or even higher. This is because
the inboard BVI events from the FWM analysis are more in-
tense than the BVI events from VPM or CFD analysis. CFD
analysis shows higher noise levels to the port side and rear
side of the rotor system. The noise to the rear and the port
side are due to the root BVI events and the BCI events on the
retreating side of the upper rotor.

CONCLUDING REMARKS

In this paper aeracoustic analysis was performed using the
FWM, VPM, and CFD. Analysis was performed on a coax-
ial rotor system operating at 150 knots forward flight speed,
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20% lift offset, and 0° shaft tilt. The paper first explored the
blade loads and the derivative of loading from the three anal-
ysis methods. After, noise analysis is performed on a hemi-
sphere grid surrounding the rotor system. The major noise
sources are the BVI and BCI events, and the manner in which
the analysis methods capture these interactions led to differ-
ences between the results.

The main features captured by all three methods are the ad-
vancing side BVI events. The VPM and CFD analysis cap-
ture the BCI events, with the CFD analysis capturing retreat-
ing side BCI events on the upper rotor. And CFD also cap-
tures root BVI events not visible through the other analysis
methods. Overall the VPM results seem to agree better with
CFD, and FWM analysis shows differences in BVI location
an intensity. Analysis at specific radial stations show that the
FWM results further inboard have the greatest difference in
comparison with the CFD and VPM results in regards to the
intensity and location of the BVI events. Further outboard the
FWM BVI events agree better with CFD and VPM analysis
as the intensity of the interactions reduces, but the locations
of the interactions continue to show differences. There are
also non-physical features captured on the retreating side of
the FWM results which do not appear in the CFD and VPM
analysis. The VPM azimuthal derivative of loading results
agree well with CFD results, but the CFD results predict BCI
events on the retreating side of the upper rotor and root BVI
events on the rear of the lower rotor. And these features are
not accounted for by the FWM and VPM analysis. The next
section will analyze how these interactions captured by the
three methods impact the noise of the rotor system.

The FWM and VPM analysis acoustic hemisphere results
show high levels of noise to the front of the rotor. While
the FWM results are primarily due to only the BVI events,
the VPM results are due to the advancing side BCI and BVI
events. Even though there are two sources of impulsive noise
from the VPM analysis, the FWM coaxial rotor noise results
are on par and/or even higher. This is because the inboard
BVI events from the FWM analysis are more intense than the
BVI events from VPM or CFD analysis. CFD analysis shows
higher noise levels to the port side and rear side of the rotor
system. The noise to the rear and the port side are due to the
root BVI events and the BCI events on the retreating side of
the upper rotor.

Overall, the VPM and CFD analysis showed the best agree-
ment in regards to blade loading analysis. But the FWM
and VPM acoustic results show greater agreement because
the root BVI events and the upper rotor’s retreating side BCI
events for the CFD analysis result in noise to the port and rear
side of the rotor system. These root BVI and BCI events of
the CFD analysis result in the greatest variation in noise di-
rectivity and intensity compared to the other two methods and
should be addressed.

For future work three areas should be addressed. First, the
BCI events and root BVI events are the primary causes of the
differences between the CFD results compared with the other
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two methods. In order to have better comparison it would
be worthwhile to account for these interactions in the other
two methods in the future. Second, though this paper did not
directly address the mathematical differences in the funda-
mental equations resulting in the differences in the analysis,
it would be valuable for future research endeavours to per-
form this analysis. Third, only a single operating condition
was analyzed in this paper. Perhaps in other conditions these
interactions are not as important and may lead to better agree-
ment between the analysis methods. Therefore, more operat-
ing conditions should be explored in order to widen the scope
of the research.
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