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Preface

The NASA Aircraft Noise Prediction Program (ANOPP) was developed originally for
the prediction of airport community noise from turbofan-powered aircraft, with theoretical
manuals for the original system (known as CTOL) published as NASA TM-83199, Parts 1
and 2, in February 1982. Subsequently, ANOPP was augmented to encompass prediction
of airport community noise from propeller-powered aircraft, with the theoretical manual for
this augmentation (known as the Propeller Analysis System or PAS) published as NASA
TM-83199, Part 3, in June 1986. Part 1 describes program modules which define the
atmosphere, aircraft flight trajectory, propagation of the broadband noise, and subjective
effects of the noise on the observer. Part 2 describes program modules which define the
turbofan engine noise sources and the airframe noise sources of CTOL aircraft. Part 3
describes those additional program modules which define the propeller noise sources and the
propagation of pure tones.

The purpose of Part 4 of the theoretical manual (the present volume) is to describe those
additional program modules, applicable to rotorcraft, which are used to define rotor noise
sources and to describe a module which is used for combining multirotor or multipropeller
noise sources. Although this part begins with chapter 13 to follow the numbered chapters of
Parts 1, 2, and 3, the manual is written such that the chapters have minimal interdependence.
The program user may rely on Part 4 of the manual to define the rotor noise sources. The
previously published parts of the manual are then referred to for noise propagation and for
the effect of the rotor noise sources on the airport community.
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13.1. ROTONET System Description

Donald S. Weir and Stephen J. Jumper
Lockheed Engineering & Sciences Company

Introduction

ROTONET is the element of the NASA Aircraft Noise Prediction Program (ANOPP) which
is designed to predict helicopter noise. The problem is approached from a fundamental basis.
The helicopter follows an arbitrary flight path in the presence of an observer on the ground.
Tonal and broadband noise sources are predicted and propagated to the observer with an
accounting for atmospheric and surface effects. The resulting time-dependent sound pressure
level spectra are integrated with respect to frequency to produce subjective noise levels and
integrated with respect to time to produce effective noise levels.

The ROTONET system relies heavily on functional modules from the other elements of
ANOPP. The aerodynamic characteristics for the main and tail rotor geometries and the blade
section are provided by the ANOPP Propeller Analysis System (PAS) (ref. 1) and by the
improved ANOPP Propeller Analysis System (ref. 2). The engine noise sources are predicted
by using modules from the conventional takeoff and landing (CTOL) turbofan and turbojet
engine modules (ref. 3). The source-to-observer geometry, atmospheric propagation, ground
effects, and noise levels computation are provided by the basic ANOPP system (ref. 4). Finally,
the ANOPP Data Base Manager is used to develop empirical noise prediction methods and to
make comparisons of theory with experiment (ref. 5).

The key elements to the ROTONET system are the functional modules with dedicated
helicopter analysis capability. These modules include simplified rotor analysis, higher harmonic
loads analysis, and rotor source noise prediction. These capabilities are described in more detail
later in this chapter. ROTONET also has the capability to interface directly with user stand-
alone programs. Any source noise or performance analysis module can be replaced with a data
table generated from a program outside of ROTONET.

A list of all ROTONET functional modules, along with the source (either a reference or a
section in the theoretical manual (refs. 1, 3, and 4, and the present paper)) for the description of
the module, is presented in table I. A schematic diagram of the system is presented in figure 1.
An updated list of the available ROTONET modules, as well as all other ANOPP modules, is
available from the on-line system.

ROTONET Functional Modules
Documentation Format

The dedicated functional modules for the ROTONET system are described in this theoreti-
cal manual. Each module write-up is organized in a format described in six sections as follows.
First is the section “Introduction,” which overviews the purpose of the module. Second is a
complete list of symbols used in both the theoretical development and computer input/output
description. For each symbol for nondimensionalized quantities, the definition concludes with
the phrase “re” (i.e., referenced to) followed by the reference quantity used for nondimension-
alizing. For symbols for dimensional quantities, the definition concludes with the acceptable
units, with the preferred SI system of units cited first, followed in parentheses by the alternate
acceptable U.S. system of units. Third is the section “Input,” which itemizes all inputs required
to execute the module code. Listed are user parameters, which are single constants to be input
directly. Also listed are arrays and tables, which contain several related quantities to be input
directly or to be supplicd by previously executed modules (the module providing the input is
identificd by in the hcadnote in the applicable table). Fourth is the section “Output,” which
itemizes the user parameters and tables resulting from exccution of the module code. For the
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reader interested strictly in the theory of a module, the sections “Input” and “Output” may
be skipped without loss of continuity or understanding in reading succeeding sections of the
write-up. Fifth is the section “Method,” in which the theoretical development is presented. In
most modules, the section “Method” concludes with a step-by-step computational procedure
outline for implementing the theory. Last, if present, are the appendixes used to clarify or
amplify parts of the theoretical development, references, tables, and figures. A brief summary
of each module is presented in the following sections.

Stmplified Rotor Analysis

The simplified rotor analysis consists of the Lifting Rotor Performance and the Lifting Rotor
Noise Modules. These modules compute the performance and tone noise for an isolated main
or tail rotor. They are used for quick-look studies and fundamental validation problems where
some accuracy can be sacrificed for computational efficiency.

Lifting Rotor Performance Module. The Lifting Rotor Performance Module computes the
rotor force coefficients, first harmonic flapping, and blade section force distribution for the main
or tail rotor. It applies the method of Bailey and Wheatley as mentioned by Gessow and Myers
(ref. 6). The method assumes that the wake-induced inflow is uniform over the rotor disk so
that blade element momentum analysis can be used. The rotor blades are articulated with
zero hinge offset, and blade structural bending effects are neglected. The blade tip effects are
modeled with a blade tip loss factor.

Lifting Rotor Noise Module. The Lifting Rotor Noise Module integrates the Ffowcs-
Williams-Hawkings equation in the time domain for loading and thickness noise using a lifting
line model for the main or tail rotor. It implements a compact chord formulation presented by
Farassat (ref. 7). The loading, thickness, and total noise signatures are produced as a function
of harmonic number and observer position. It incorporates blade flapping and lead /lag motions.

Higher Harmonic Loads Analysis System

The ROTONET Higher Harmonic Loads Analysis system consists of four functional
modules. They provide the capability for a detailed performance analysis and provide inputs for
the prediction of tone and broadband rotor noise. The core modules of the system are Rotor
Loads, Rotor Inflow, and Rotor Rigid Dynamics. An ANOPP control statement procedure
controls an iteration among the three modules to solve for the flapping angles, nonuniform
inflow, and resulting harmonic loads. The remaining module provides inputs to account for
wake distortion. The procedure is based on the method developed by Scully (ref. 8), with
improvements to allow for higher harmonics. The analysis assumes a lifting line model of the
rotor.

Rotor Loads Module. The Rotor Loads Module determines the harmonic airloads distri-
bution on the rotor disk due to nonuniform inflow and blade dynamics. From tables of the
induced velocity normal to the tip-path plane and blade flapping angles, it computes the local
angle of attack and Mach number at each blade section. Tables of section lift and drag force

integrated to produce rotor thrust and torque.

Rotor Inflow Module. In the Rotor Inflow Module the nonuniform inflow induced by the
rotor wake is computed by integration over the wake. The tip, inboard, and shed wakes are
modeled with a combination of vortex sheet and vortex line elements. The effects of a finite
distributed vortex core and vortex core bursting are ircluded.

Rotor Rigid Dynamics Module. The first and higher harmonic flapping angles are computed
from the input rotor loads. The full set of flapping equations is solved and includes the effects of
harmonic coupling. The Rotor Rigid Dynamics Module allows for a variable mass distribution
for the blade and a flapping hinge offset.
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Rotor Wake Geometry Module. The Rotor Wake Geometry Module determines the
distortion of the rotor tip vortex from the classical helical wake. It applies the prescribed
wake analysis of Egolf and Landgrebe (ref. 9). The distortion of the wake normal to the rotor
tip-path plane is computed from a fit to the results of experiments and free wake analysis. The
distortion parallel to the tip-path plane is neglected.

Helicopter Noise Prediction

In addition to the engine noise sources, two rotor noise prediction modules are incorporated
into the system. The Rotor Tone Noise Module computes the narrowband noise signature due
to loading and thickness effects. The Rotor Broadband Noise Module computes the one-third-
octave band noise signature due to four broadband noise sources. Additionally, the Multirotor
Source Noise Module is available for combining noise signatures of two separate rotors.

Rotor Tone Noise Module. The Rotor Tone Noise Module integrates the Ffowes-Williams— .
Hawkings equation in the time domain by using a full surface model for the rotor. It implements
the noncompact subsonic formulation developed by Farassat and Succi (ref. 10) and incorporates
the effects of higher harmonic loads and blade motions. The full blade geometry with tip shape
is included. The module produces the loading, thickness, and total narrowband noise signatures
as a function of harmonic number and observer position.

Rotor Broadband Noise Module. One-third-octave band sound pressure levels are predicted
for four broadband noise mechanisms by using a combination of six prediction methods.
All six prediction methods apply empirical noise data from wing and airfoil tests to full
rotor geometries. The noise mechanisms accounted for are turbulent-boundary-layer trailing-
edge noise-separated-flow noise, laminar-boundary-layer-vortex shedding noise, trailing-edge
bluntness—vortex shedding noise, and tip vortex formation noise.

Multirotor Source Noise Module. Acoustic signals from two separate rotor systems are
combined, accounting for acoustic interaction, to produce the resulting noise signature at
each selected observer location. Both rotor systems are assumed to have the same blade
passing frequency and are assumed to produce exactly correlated signals, such that the signals
may be added directly. Used in conjunction with either the Lifting Rotor Noise Module
or the Rotor Tone Noise Module, the Multirotor Source Noise Module is applicable to two
physically separated rotors or to a single rotor incorporating azimuthally unevenly spaced
blades. Similarly used in conjunction with-the Subsonic Propeller Noise Module (ref. 1) and
the Transonic Propeller Noise Module (refs. 1 and 2), the Multirotor Source Noise Module is
applicable to two physically separated propellers.

Turbulence Ingestion Noise Prediction

In addition to the modules already described, three other modules exist in ROTONET
for computing rotor turbulence ingestion noise. These modules, the Atmospheric Boundary-
Layer Module, the Streamline Distortion Module, and the Turbulence Ingestion Noise Module,
were developed by United Technologies Research Center and are documented in references 11
through 15; hence, the documentation for these modules is not included in this manual. As
shown in figure 1, all three modules are executed in sequence if turbulence ingestion noise is
predicted.

Atmospheric Boundary-Layer Module. The Atmospheric Boundary-Layer Module computes
the turbulent characteristics of the atmospheric boundary layer based mostly on correlations
by Snyder (ref. 16). It accounts for stable, neutral, and unstable atmospheric conditions. It
computes the atmospheric boundary-layer thickness, skin friction velocity, turbulent correlation
length scale, and the vertical turbulence intensity. The theoretical manual for this module was
written by Simonich (ref. 11), and the users manual was written by Simonich and Caplin
(ref. 12). b
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Streamline Distortion Module. The Streamline Distortion Module computes the mean flow
into the rotor disk by the method of Castles and De Leeuw (ref. 17). Then, a rapid distortion
theory approach is used to compute the distortion of the atmospheric eddies from the free-
stream condition at the rotor planc. The result is a turbulence distortion tensor that can be
applied uniformly over the rotor disk or can be allowed to vary radially or azimuthally over the
rotor disk. Simonich (ref. 11) wrote the theorctical manual for this module. The users manual
was written by Simonich and Caplin (ref. 12).

Turbulence Ingestion Noise Module. The Turbulence Ingestion Noise Module caleulates
the noise produced by a rotor encountering a turbulent flow field. It is based on a method
developed by Amict (ref. 18). The current method uses an extension of Amiet’s method which
allows consideration of both isotropic and nonisotropic turbulence. It computes the narrowband
noise spectra produced by the rotor bade interacting with the atmospheric turbulence, by using
an airfoil gust response model. The theoretical manual for this module is in Amiet (ref. 13).
The users manual is found in Amiet, Egolf, and Simonich (ref. 14). Validation of the module
is documented by Simonich, Schlinker, and Amiet (ref. 15).

Concluding Remarks

The functional modules developed for ROTONET, plus the modules from the other elements
of ANOPP, provide a capability for the prediction of helicopter noise. Further development
efforts in the areas of unsteady aerodynamics, blade/vortex interaction, main rotor/tail rotor
interaction, rotor/fuselage interaction, wake modeling, and blade loading are required to further
define the helicopter noise signature.
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Table I. Baseline ROTONET Functional Modules

Name of module Abbreviation Source®

ABL Atmospheric Boundary Layer References 11 and 12
ABS Atmospheric Absorption Section 3.1
ATM Atmospheric Section 2.1
BLM (or IBL)? Blade Section Boundary Layer Section 10.4 (or ref. 2)
EFF Effective Noise Section 6.2
GECOR Combustion Noise Section 8.2
GEO Geometry Section 2.2
GETUR Turbine Noise Section 8.3
HDNFAN Fan Noise Section 8.1
LEV Noise Levels Section 6.1
LRN Lifting Rotor Noise Section 14.2
LRP Lifting Rotor Performance Section 14.1
MSN Multirotor Source Noise Section 16.3
PRO Propagation Section 5.1
PRT Tone Propagation Section 12.2

RBA (or IBA)®
RBN

RBS (or IBS)®
RIN

RLD

RRD

RTN

RWG
SGLJET

SFO
SMBTUR
STL

TIN

Blade Section Aerodynamics
Rotor Broadband Noise

Blade Shape

Rotor Inflow

Rotor Loads

Rotor Rigid Dynamics

Rotor Tone Noise

Rotor Wake Geometry

Single Stream Circular Jet Noise
Steady Flyover

Smith and Bushell Turbine Noise
Streamline Distortion
Turbulence Ingestion Noise

Section 10.3 (or ref. 2)
Section 16.2
Section 10.2 (or ref. 2)
Section 15.2
Section 15.1
Section 15.3
Section 16.1
Section 15.4
Section 8.4
Section 2.3 (modified)
Section 8.9
References 11 and 12
References 13 and 14

aSource for description of module is a reference or a section in the theoretical manual (NASA TM-83199).

*IBS, IBA, and IBL are improved modifications of RBS, RBA, and BLM, respectively.
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14. Simplified Rotor Analysis






14.1. Lifting Rotor Performance (LRP) Module

Donald S. Weir and Stephen J. Jumper
Lockheed Engineering & Sciences Company

Introduction

The Lifting Rotor Performance (LRP) Module predicts the aerodynamic force distribution
on a helicopter rotor in a uniform flow field as a function of span location and azimuth angle.
The reference plane for the analysis is the hub plane, defined as the plane normal to the axis
of rotation of the rotor. This reference plane is a convenient choice for two reasons. First,
all rotational velocities lie in that plane. Second, use of the hub plane allows a more direct
interface of the LRP Module results with noise prediction methods, most of which use the
axis of rotation for reference. The rotor is assumed to be in steady equilibrium flight so that
all azimuthally varying quantities have a period of 27 radians. The aerodynamic forces are
predicted in the thrust and azimuthal directions, perpendicular and parallel, respectively, to
the hub plane. In addition, the overall rotor thrust and torque and the required tail rotor thrust
are computed. Also provided are several quantities in formats suitable for use in initializing
modules in the higher harmonic loads analysis systém in ROTONET, specifically the Rotor
Loads (RLD) Module and the Rotor Rigid Dynamics (RRD) Module. These quantities include
rotor total inflow velocity, blade flapping angle Fourier coefficients, and blade mass per unit
length.

The method is based on the assumption that the wake-induced velocity normal to the hub
plane is uniform over the rotor disk. Though the uniform inflow assumption is accurate only
for certain flight conditions and rotor types, it is used in this method to provide a first-order
approximation of the inflow. Blade dynamics include rigid flapwise motion, with the flapping
hinge assumed to lie on the axis of rotation (i.e., zero spanwise hinge offset assumed). Lead/lag
blade motion is not considered; lead/lag motion effects on blade air loads are assumed negligible
compared with flapwise motion effects. Small angle approximations are applied in describing
flapping angles and rotor control angles. However, hub plane angle of attack is not limited to
small angles. The approximations of lifting line theory are assumed valid.

For input to the analysis, LRP is designed to use blade geometric and blade section
aerodynamic information provided by one of two sets of previously executed modules. The first
set for supplying input to LRP consists of the Blade Shape (RBS) Module, the Blade Section
Aerodynamics (RBA) Module, and the Blade Section Boundary-Layer (BLM) Module, which
are documented, respectively, in sections 10.2, 10.3, and 10.4 of Zorumski and Weir (ref. 1).
The second alternative set consists of the Improved Blade Shape (IBS) Module, the Improved
Blade Section Aerodynamics (IBA) Module, and the Improved Blade Section Boundary-Layer
(IBL) Module, which are presented in Nguyen (ref. 2).

For main rotor analyses, hub plane angle of attack is calculated from the rotorcraft weight
force, fuselage drag force, and rotor drag force. In a self-contained trim calculation loop, the
method adjusts main rotor blade collective pitch until the rotor thrust force equals the vector
sum of weight and drag forces. For the force trim calculations, blade cyclic flapping angles
relative to the plane of no feathering (defined as the plane relative to which cyclic blade pitch
is zero, i.e., the control plane), as well as coning angle, are employed from the work of Wheatley
(ref. 3) and Bailey (ref. 4). After main rotor force trim is obtained, the output cyclic pitch angles
for the main rotor relative to the hub plane are obtained with the aforementioned Wheatley-
Bailey cyclic flapping angles by application of the equivalence of flapping and feathering. That
is, the calculated Wheatley-Bailey cyclic flapping angles relative to the plane of no feathering
(i.e., control plane) are converted to the equivalent cyclic pitch angles relative to the hub plane,
under the assumption that the hub plane is parallel to the tip-path plane, and the final output
cyclic flapping angles are converted to zero as appropriate for subsequent input to the Lifting_
Rotor Noise (LRN) Module for main rotor tone noise predictions.
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For tail rotor analyscs, hub planc angle of attack is set to zero by assuming that the drag
force on the tail rotor is negligible. In a self-contained trim calculation loop, the method adjusts
tail rotor blade collective pitch until the generated tail rotor thrust equals the required tail rotor
thrust. Required tail rotor thrust is the amount of thrust required to balance the main rotor
torque, and this thrust is a known input to the tail analysis, with this value being obtained
from output of the previous execution of the LRP Module for the associated main rotor. The
force trim calculations for the tail rotor, as is true for the main rotor, cmploy blade cyclic pitch
angles relative to the plane of no feathering (i.c., control plane), as well as coning angle, from
the work of Wheatley (ref. 3) and Bailey (ref. 4). However, the tail rotor is assumed to have
zero cyclic blade pitch such that the equivalence of flapping and feathering is not applied to
the tail rotor. Thus the tail rotor hub plane is parallel to the plane of no feathering, with
both planes being perpendicular to the tail rotor axis of rotation. Further, the final output
cyclic blade flapping and coning angles remain equal to the values from the Wheatley-Bailey
calculations, as appropriate for subsequent input to the Lifting Rotor Noise (LRN) Module for
tail rotor tone noise predictions.

In addition to supplying results to the LRN Module, LRP also gencrates rotor performance
characteristics applicable as input to the Rotor Broadband Noise (RBN) Module. Blade
aerodynamic information suitable for application to blade-vortex interaction (BVI) analyses
is also produced. Also, LRP generates tables of blade flapping, rotor inflow velocity, and blade
mass information in a form convenient for initializing both the Rotor Loads (RLD) Module
and the Rotor Rigid Dynamics (RRD) Module in the higher harmonic loads analysis system in
ROTONET.

Symbols
Ag collective pitch at blade root, rad
Ay lateral cyclic pitch relative to hub plane, rad
a section lift-curve slope (i.e., ¢ ﬁer rad), 1/rad
a complex Fourier coefficient of blade flapping angle relative to plane
of no feathering, rad
ag coning angle, rad
ay longitudinal flapping angle, rad
B blade tip loss factor
B longitudinal cyclic pitch, rad
by lateral flapping angle, rad
¢ airfoil or blade section chord length, re R
c* airfoil or blade section chord length, m(ft)
cq blade airfoil section steady drag force, re gc*
V] blade airfoil section steady lift force, re gc*
€1 max blade or airfoil section maximum lift force, re gc*
Cxo speed of sound in ambient air at flight altitude, m/s (ft/s)
Co rotor torque in hub plane, re Tp2?R?
Cr rotor thrust perpendicular to tip-path plane, re T RA
D total drag force along wind axis (i.e., parallel to Vi), re 7pQ? R
D, main rotor drag force parallel to hub plane, re npQ2 R
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tail rotor moment arm length (i.e., distance between main rotor
shaft axis and tail rotor shaft axis), re R of main rotor

fuselage drag force along wind axis (i.e., parallel to Vi),
re mpQ2R?

blade flapping hinge spanwise position (figs. 1 and 4; in analysis,
assumed equal to zero), re R

blade section normal force (i.e., normal loading in thrust direction,
perpendicular to hub plane), re pQ?R3

blade section azimuthal force (i.e., azimuthal loading in tangential
direction, parallel to hub plane), re 2R3

fuselage equivalent flat-plate area, re R?
gravitational constant, re RQ?

blade flapwise moment of inertia about hub center, re pR>
blade flapwise moment about hub center due to blade weight,
re pQ2R’

blade section Mach number

blade hover tip Mach number

rotorcraft translational flight Mach number

blade mass-per-unit blade length, re pR?
number of rotor blades

number of azimuthal harmonics, that is, number of equal size
azimuthal increments into which one rotor revolution is subdivided
and has value equal to 2 raised to nonzero integer power

azimuthal harmonic number (in output tables)

airfoil or blade section onset flow dynamic pressure, N/m? (Ib/ft2)
(fig. 2)

rotor radius, m (ft)

required tail rotor thrust (perpendicular to tail hub plane),

re npQ2 R4 _

resultant flow velocity (at blade section), re QR

component of local onset flow velocity (at blade section, directed
perpendicular to hub plane), re QR

component of local onset flow velocity (at blade section, directed
parallel to hub plane), re QR

rotorcraft translational velocity (i.e., airspeed), re QR

component of local onset flow velocity due to rotor rotational speed
at blade section and directed parallel to hub plane (= 7), re QR

effective weight (for main rotors; rotorcraft weight plus vertical
component of rotor drag force per eq. (3)), directed down perpen-
dicular to Vi, re mpQ2R*

weight of a single rotor blade, re TpQ2RA
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Input

Input to the LRP Module consists of several user parameters to specify the blade, rotor, and
rotorcraft characteristics. Additional required input consists of two or three tables (depending
on input option) and the independent variable array values Figures 1 through 4 indicate the

rotorcraft weight (for main rotors directed down perpendicular to
Voo), Te mpQ2 RA

average rotor wake-induced downwash velocity, re QR

blade section angle of attack, rad

hub plane angle of attack, rad

tip-path plane angle of attack, rad (fig. 1)

blade flapping angle (relative to hub plane per egs. (6)), rad
blade section bound circulation, re QR2

maximum blade bound circulation (at a given azimuth angle),
re QR?

blade mass constant (i.e., Lock number (eq. (12)))

blade spanwise coordinate, re R

blade section pitch angle (relative to hub plane), rad

rigid twist angle (at local blade section), rad —

rotor total inflow velocity normal to hub plane (eq. (8)), re QR

mean rotor total inflow velocity normal to hub plane (used in
table III), re 2R

rotor advance ratio along hub plane, Vo cosagp

air density at flight altitude ambient conditions, kg/m3 (slugs/ft3)
local upflow angle at blade section, rad

blade azimuth angle, rad

rotor rotational speed, rad/s

‘Wheatley-Bailey theory

average value

derivative with respect to time

Fourier transform (i.e., Fourier coefficient)

sign convention of the various input quantities.

Blade geometric parameters, including chord length and twist angle as a function of spanwise -
position, are provided by the Blade Shape Table from either the RBS Module or the IBS Module.
Reference collective pitch is measured at the blade root, such that at zero collective pitch, the
root angle of attack referenced to the hub plane is zero. Thus the input distribution of twist

angle in the Blade Shape Table must start with a zero value at the root.
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Input of blade airfoil section lift and drag forces is required, and the choice of table format
is based on whether the improved option is used. If the set of improved modules, IBS, IBA, and
IBL, has been executed to establish blade characteristics, then the improved option is used. If
the improved option is used, the blade airfoil section lift and drag data are input separately to
the LRP Module via the Section Lift Table from the IBA Module and the Section Drag Table
from the IBL Module, respectively. If the improved option is not used, then blade characteristics
must have been established by the original set of modules, RBS, RBA, and BLM. In this case,
the blade airfoil section lift and drag data are input to the LRP Module via a single combined
table, the Section Aerodynamic Force Table from the BLM Module. However, any of the three
aforementioned section lift and drag input tables can also be created by the user from any other
source of airfoil data. Note that the user parameter ¢; max for maximum allowable blade section
lift force governs the reading of lift data from input tables and is a single value representative
of all airfoils on the blade for all local Mach numbers. User parameter ¢jmax functions as a
cutoff limit to prevent unrealistically high lift values from being read from the linear lift-curve
data contained in the Section Lift Table and the Section Aerodynamic Force Table when the
tables are generated by the IBL and BLM Modules. The cutoff limit is needed, because the
airfoil section lift data from the IBL and BLM Modules do not contain any stall (maximum
lift) information. If, however, the user creates the input table of section lift forces with data
containing actual stall information and covering the complete range of angle of attack (0.0° to
360.0° or 0.0° to —360.0°), the input user parameter for maximum allowable blade section lift
should be made larger than the maximum lift amplitude found in the input table. This action
ensures that no lift limit is incurred during reading of the input table, such that the actual stall
information contained within the lift table is used. '

Finally, the computational grids of blade spanwise coordinates and azimuth positions must
be provided. These grids establish the spatial resolution of the computed air loads distribution
over the rotor disk and are provided in Independent Variable Arrays.

All user parameters, tables, and data arrays input to the LRP Module are as follows:

User Parameters

Ag initial guess of collective pitch at blade root and relative to hub
plane (per eq. (7)), rad

B blade tip loss factor

€, max maximum allowable rotor blade airfoil section lift force, re gc*

Coo speed of sound in ambient air at flight altitude, m/s (ft/s)

Diail tail rotor moment arm length (i.e., distance between main rotor

shaft axis and tail rotor shaft axis; input only for main rotor
analyses), re R of main rotor

f fuselage equivalent flat-plate area (input only for main rotor
analyses), re R?

Iy, blade flapwise moment of inertia about hub center (eq. (15) or
(16)), re p(R)°

Ly blade flapwise moment about hub center due to blade weight
(eq. (13) or (14)), re pQ2R5

M, blade hover tip Mach number

My rotorcraft translational flight Mach number

Ny number of rotor blades

R rotor radius, m (ft)
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cg(n, a, M)

M
c(n, o, M)
cq(n,a, M)

e o3

required tail rotor thrust (input only for tail rotor analyses),
re mwp§)2 Rr!
weight of single rotor blade, re pS2 R

rotorcraft weight (input only for main rotor analyses; value input
is weight supported per rotor for analysis of rotor from multirotor
vehicle), re 7pQ? R

air density at flight altitude ambient conditions, kg/ m? (slugs/ft3)

Blade Shape Table
[From RBS or IBS]

blade spanwise position, re R
blade chord length, re R
blade rigid twist angle, rad

Section Lift Table

[From IBA, required if improved option used]

blade spanwise position, re R
blade section angle of attack, deg
blade section Mach number

blade section steady airfoil lift force, re gc*

Section Drag Table
[From IBL, required if improved option used]

blade spanwise position, re R
blade section angle of attack, deg
blade section Mach number

blade section steady airfoil drag force, re qc*

Section Aerodynamic Force Table

[From BLM, required if improved option is not used]

blade spanwise position, re R

blade section angle of attack, deg

blade section Mach number

blade section steady airfoil lift force, re gc*

blade section steady airfoil drag force, re gc*
Independent Variable Arrays

blade spanwise position, re R

blade azimuth angles (specified as fractions of 27 rad, should be
evenly spaced and must range from 0.0 through 1.0)
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Output

The Lifting Rotor Performance Module produces the rotor angle of attack, drag force, thrust,
torque, collective pitch angle, and coning angle as output user parameters. For the main rotor,
the required tail rotor thrust is computed. Also computed as output user parameters for the
main rotor are the lateral and longitudinal cyclic pitch angles, relative to the hub plane assumed
coincident with the tip-path plane. Thus, the output parameters of lateral and longitudinal
cyclic flapping angles are always computed as zero for the main rotor. For the tail rotor,
the lateral and longitudinal cyclic flapping angles, as output user parameters, are determined
relative to the hub plane coincident with the plane of no feathering. Thus for the tail rotor,
the output user parameters of lateral and longitudinal cyclic pitch angles are always computed
as zero.

The LRP Module generates three output tables containing spatial and/or temporal data.
As indicated in the following three paragraphs, these three tables are designed to be used as
input to the LRN Module, the RBN Module, or to a blade-vortex interaction (BVI) analysis.

First is the Rotor Aerodynamic Loads Table, which provides the output aerodynamic force
distribution over the rotor disk corresponding to the final trimmed rotor solution from the
LRP Module analysis. This table can be used subsequently as input to the LRN Module for
tone noise predictions. Specifically contained in the table is total force on the blade section,
resolved into the normal component, perpendicular to the hub plane, and into the azimuthal
or tangential component, parallel to the hub plane. The spanwise blade section locations for
which forces are included in the table match exactly the positions which were specified by the
user in the LRP input spanwise grid. Similarly, the blade azimuthal angles (i.e., temporal
values) for which forces are included in the table match exactly the LRP input spanwise grid
values converted to radians, from 0 through 2.

Second is the Rotor Performance Table, which provides the local onset flow velocities, flow
Mach number, and flow angles corresponding to the final trimmed rotor solution from the
LRP Module. The Rotor Performance Table can be used subsequently as input to either
the LRN Module, for tone noise predictions, or to the RBN Module, for broadband noise
predictions. The spanwise and azimuthal (i.e., temporal) values for which data are tabulated
in the Rotor Performance Table are exactly the same as those included in the aforementioned
Rotor Aerodynamic Loads Table.

Third is the Rotor Maximum Bound Circulation Table, which provides the maximum blade
bound circulation values corresponding to the final trimmed rotor solution from the LRP
Module and applicable to blade-vortex interaction modeling. Basically this table is, for one
blade from the rotor, a time history of maximum bound circulation occurring anywhere on the
blade as the blade rotates through one revolution. Azimuthal angles (i.e., temporal values)
from 0 through 27 radians are represented in the Rotor Maximum Bound Circulation Table,
exactly as found in the other two aforementioned output tables.

Additionally, the LRP Module generates three more output tables. These three tables
contain Fourier harmonic representations of LRP results, as well as blade mass characteristics,
in a format designed specifically for subsequent submission as input to the higher harmonic
loads analysis in ROTONET. Each of these three final tables is discussed in more detail in the
following three paragraphs.

First is the Flapping Angle Table, which provides angles of blade flapping (relative to
the plane of no feathering, i.e., the control plane) in terms of complex Fourier coefficients
@'(n). Table I presents the relationship between the array storage sequence for complex
Fourier coefficients @ (n) (i.e., storage sequence in the output Flapping Angle Table) and the
theoretical complex Fourier series sequence used by the LRP Module (eq. (40)). Complex
Fourier coefficients & (n) in the output Flapping Angle Table are functions of conventional sine
series coefficients as indicated in table I1. For a tail rotor analysis (center column of table IT), the
conventional sine series flapping coefficients ag, a1, and by (eq. (6a)) are used (per egs. (41))
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to generate the output Flapping Angle Table. This is consistent with the assumption that
the hub plane is parallel to the plane of no feathering for tail rotor analyses. For a main
rotor analysis (right column of table II), however, the conventional sine series coning and pitch
control angles ag, A1, and B) (eq. (7)) are used (per eqgs. (42)) to generate the output Flapping
Angle Table. The use of A; and B) in the output for a main rotor analysis is a consequence of
the flapping-feathering equivalence (egs. (33)) employed by the LRP Module, consistent with
the assumption that the hub plane and tip-path plane are parallel. For either a tail or main
rotor, the output Flapping Angle Table from the LRP Module is formatted for direct use as
an initial flapping input estimate to the RLD Module in the higher harmonic loads analysis in
ROTONET. '

Second is the Inflow Velocity Table, which provides the total rotor inflow velocity. The LRP
Module calculates only the uniform mean total inflow velocity over the rotor disk. That is,
only the zeroth harmonic (eq. (38)) of the complex Fourier series representation of total rotor
inflow velocity (eq. (37)) is generated. The Inflow Velocity Table, comprised of complex Fourier
coefficients, contains four array entries (minimum allowable size for such a table in ROTONET)
as indicated in table III. In table III, only the zeroth harmonic, first array entry, is nonzero.
Thus the Inflow Velocity Table from the LRP Module is formatted for direct use as an initial
input estimate to the RLD Module in the higher harmonic loads analysis in ROTONET.

Last is the Mass Density Table, which provides blade mass-per-unit blade length (as a
constant over the entire blade length, per eq. (39)). This table is directly applicable as input to
the RRD Module in the higher harmonic loads analysis in ROTONET if the blade is of uniform

mass.
All user parameters and tables generated by the LRP Module are given as follows:

User Parameters

Ag final value of collective pitch at blade root, rad

A blade lateral cyclic pitch for main rotors only, rad

ag blade coning angle, rad

ay blade longitudinal cyclic flapping angle for tail rotors only, rad

B, blade longitudinal cyclic pitch for main rotors only, rad

by blade lateral cyclic flapping angle for tail rotors only, rad

Co rotor torque, re mpQ22 RS

Cr rotor thrust re mpQ2R4

D, rotor drag force (for main rotor only; parallel to hub plane),
re TpQ R4

T; required tail rotor thrust output only for main rotor analyses,

perpendicular to hub plane, re prQR4

Odp rot)or hub plane angle of attack (positive for hub leading edge tilted
up), rad

Rotor Aerodynamic Loads Table

7 blade spanwise position, re R
P , Qlaﬁdg gzimuth angle, ra(? ,
F.(n,¢) blade normal loading (in thrust direction, perpendicular to hub

plane, positive up), re pQ2R3
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Fy(n,v) blade azimuthal loading (in tangential direction, parallel to hub
plane, positive toward increasing azimuth), re pQ2R3

Rotor Performance Table

i blade spanwise position, re R

¥ blade azimuth angle, rad

a(n, ) blade section angle of attack, rad

M(n,¥) blade section Mach number

Ve(n, ) component of local onset flow velocity (at blade section and di-
rected perpendicular to hub plane; positive up), re QR

Vrin,¢) component of local onset flow velocity (at blade section and di-

. rected parallel to hub plane; positive in direction of rotor rotation),

re QR

o(n,¥) local upflow angle {at blade section and relative to hub plane,

eq. (23)), rad
Rotor Maximum Bound Circulation Table

(4 blade azimuth angle, rad

Tmax() maximum blade bound circulation at given azimuth angle, re QR?
Flapping Angle Table

n azimuthal harmonic number

a'(n) complex Fourier coefficients of blade flapping angle relative to
plane of no feathering, positive up (tables I and II), rad

Inflow Velocity Table

n blade spanwise position, re R
n azimuthal harmonic number
A(n,n) complex Fourier coefficients of rotor total inflow velocity (perpen-

dicular to hub plane, positive up (table III)), re QR

Mass Density Table

7 blade spanwise position, re R
m(n) blade mass-per-unit blade length (constant for all span stations),
re pR2
Method

The primary assumptions underlying the LRP Module have already been stated in the
section “Introduction.” A description of the problem is shown in figure 1. In figure 1, the
various rotor planes are shown in fully general, nonparallel orientations with none of the
assumptions regarding parallel rotor planes or application of flapping-feathering equivalences
from the Introduction having yet been applied. The sign conventions of Gessow and Myers
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(ref. 5) arc adopted. A hclicopter is in steady level flight with airspeed V. The hub plane
of the main rotor is inclined by angle «y, relative to the free-stream velocity; this angle is
typically negative during forward flight (front half of the hub plane inclined below horizontal)
as shown in figure 1. The rotor has N, articulated blades, hinged at the rotor axis of rotation
(e shown in fig. 1 is assumed zero). The coning angle is ay. The first harmonic longitudinal and
lateral flapping angles arc a; and by, shown measured with respect to the hub plane. The rotor
control angles are collective pitch Ay (positive for blade leading edge pitched up) and the lateral
and longitudinal cyclic pitches A} and Bj. The pitches A; and B; are measured from the hub
plane to the plane of no feathering (i.e., control planc). Further details regarding the flapping
angles, control angles, and application of rotor plane assumptions are provided later in the
subsection “Blade Section Dynamics.” The tail rotor moment arm length is D, as illustrated
in figure 1. Rotorcraft weight Wy, fuselage drag Dy, and rotor drag Dy are assumed to act at
the rotor hub center as shown in figure 1; vehicle pitching and rolling moments are neglected
in the analysis. Normal loading F; at a blade section is defined positive up, perpendicular to
the hub plane. This is illustrated in figure 1, where the normal loading at the root section of
a blade is portrayed. Finally, the resultant thrust force Cr generated by the rotor is assumed
normal to the tip-path plane.

Balance of Forces

Dimensionally, the fuselage drag force is the product of fuselage equivalent flat-plate area
and free-stream dynamic pressure. Thus, nondimensionally the fuselage drag force is expressed
in terms of the rotorcraft translational flight Mach number, the rotor blade hover tip Mach
number, and the fuselage equivalent flat-plate area as follows:

1 M2
a7 M

where 7 appears because of the defined nondimensionalizations of Dy and f. The rotor drag
force D, is computed from the integration of the rotor azimuthal forces as described in a later
section. Figure 1 shows the free-stream velocity for level flight and the forces acting on the
main rotor system.

Consider the balance of forces for a main rotor analysis. Referring to figure 1, the required
main rotor thrust must be sufficient to balance the rotorcraft weight, fuselage drag, and main
rotor drag forces as

Cr=VW2+D? (2)

where the effective weight W and total drag force D are given by

W =Wy + Drsinaqp (3)
and
D = Dy + Drcosag, (4)
and the rotor angle of attack agp, is given by
D
agp = arctan W &)

For a tail rotor analysis, equations (2) through (5) are not applied. Instead, the thrust
Cr is trimmed to the known required tail rotor thrust force T3, required to provide sufficient
tail boom torque to balance main rotor torque and calculated from the main rotor analysis as
described in the subsection “Overall Rotor Performance.” For a tail rotor, effective weight W
is not used, and total drag force D equals tail rotor drag force D;. For purposes of computing
tail rotor angle of attack, tail rotor drag D, is neglected such that tail rotor angle of attack
agp is taken as zero.
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Blade Section Dynamics

The blade motion of an articulated rotor relative to the hub plane is defined by the blade
flapping and pitch sine series coefficients. The blade flapping coefficients are the coning angle
ap, the longitudinal cyclic flapping angle a1, and the lateral cyclic flapping angle b;. The blade
flapping angle 3 relative to the hub plane and the blade flapping rate 3 are defined by

B(¥) = ag — aj cos Y — by sin P (6a)
and 5
ﬂ(z/)) = iag/;@ = ay sin 9 — by cos Y (6b)

where 1 is the azimuth angular position relative to the direction of flight.

Similarly, the blade pitching coefficients are the collective pitch Ag, the longitudinal cyclic
pitch By, and the lateral cyclic pitch A;. The blade pitch angle at a local blade section relative
to the hub plane for a twisted blade is defined by

6(n,¥) = Ag — Ay cos ¢ — By sin ¢ + 07 (n) (7)

The blade flapping angle relative to the hub plane varies so that the sum of the moments of the
blade forces about the flapping hinge is zero. These forces include the aerodynamic lift force,
the blade weight force, the centrifugal force, and the flapwise inertial force.

The formulations of Wheatley (ref. 3) and Bailey (ref. 4), as embodied in equations of
the latter, are employed to determine the rotor blade coning angle ag and the corresponding
longitudinal and lateral cyclic flapping angles a; and b; relative to the hub plane. Wheatley
(ref. 3) and Bailey (ref. 4) present an early autogyro aerodynamic analysis employing the plane
of no feathering (i.e., control plane) as the plane of reference, with this plane being coincident
with the hub plane. Then for application of the Wheatley-Bailey results to final LRP Module
cyclic flapping and pitch output, further assumptions about the LRP reference hub plane
orientation are made, depending on whether the rotor under consideration is a main rotor or a
tail rotor. For a main rotor, the cyclic pitch angles A; and Bj, relative to the tip-path plane
are then assigned by applying the assumption that the reference hub plane is parallel to the tip-
path plane such that the final resulting values of @ and b, for the main rotor are zero. For a tail
rotor, conversely, the cyclic pitch angles A; and B are set to zero by applying the assumption
that the reference hub plane is parallel to the plane of no feathering. The values of a; and b;
for the tail rotor are those directly from the Wheatley-Bailey formulations. Details regarding
Wheatley-Bailey formulation calculations are presented in subsequent paragraphs. Further
details regarding conversion of Wheatley-Bailey results to final LRP output are deferred until
a later subsection “Generation of Final Cyclic Pitch and Cyclic Flapping Angles.”

The total inflow velocity A into the hub plane is defined as
A = Vo sin agp —w = ptanag, —w (8)

where w, by assumption, is the average wake-induced downwash velocity through the hub plane
and constant over the hub plane. This average velocity is related to the thrust of the rotor by

w:\/";T , (9)

for hover or for low-speed conditions (low-speed conditions mecting the following assumed
criterion: Vo < +/C1/2). Alternatively the average downwash is given by

_or

w= o (10)

for forward flight conditions (i.e., for Voo > +/Cr/2, by assumption).
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Neglecting g terms of order 4 and higher, the blade coning angle ag is defined by
nondimensionalizing and reexpressing equation (1) of Bailey (ref. 4) as follows:

3 24,2 2 2
7 B o B> +p B L

where subscript wb denotes a Wheatley-Bailey result and where 7, the rotor blade mass constant
(i.e., Lock number), is defined in terms of nondimensionalized quantities as -

y= 22 (12)
h

and B is the blade tip loss factor (blade regions outboard of station 77 = B are assumed to have
drag but no lift), I; is the blade flapwise moment of inertia about the hub center, Ly, is the
blade weight moment (i.e., blade flapwise moment about the hub center due to distributed blade
mass), 07 4y is the average blade twist, cavg is the average chord length, and the constant a
is blade section lift-curve slope. A single value of section lift-curve slope a is calculated by the
LRP Module from the section lift data c;(n, o, M) interpolated from the input tables for the
tip blade section (7 = 1) at M}, with two lift values corresponding to angles of attack of 5° and
—5°. This single tip section value of lift-curve slope a is assumed to be a valid representative
value for all blade sections and all local Mach numbers for application in equation (12). Blade
weight moment Ly, is given by

1
L= [ mmondn (13)
which reduces to 7therf'ollowi7ng édﬁation for a uniform blade mass distribution:

Blade flapwise moment of inertia Iy is given by

1
Iy = /0 m(n) n* dn (15)

which for a uniform blade mass distribution reduces as follows:

W
Iy = 3gB (16)

Neglecting p terms of order 4 and higher, the longitudinal cyclic flapping angle a; is given
by reexpressing equation (2) of Bailey (ref. 4) as follows:

_ A 2, 2|10 v*B® 1
9wb = Bi {23 il [27 (144+7238 t3
chapk Laos ()2 _PB* 1\
370 V""" \B/ |72\ 144+ 288
pN2 |16 7238 : B,
aTravg“{z“L(E) [E (144+72BS +1 (17)

where the subscript wb denotes a Wheatley-Bailey result. Note that equation (17), per
Wheatley (ref. 3) and Bailey (ref. 4) theory, is the longitudinal cyclic flapping relative to
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the plane of no feathering (control plane) for a rotor configuration in which the plane of no
feathering and the hub plane are coincident (i.e., cyclic pitches A; and B) are nonexistent).

Similarly neglecting p terms of order 4 and higher, the lateral cyclic flapping angle is given
by nondimensionalizing and reexpressing equation (3) of Bailey (ref. 4) as follows:

)\[l, 92 2 9 32 7 2 »8
by.o=~[2E 19 7 )1 (2+ L -
Lwb 7(9{B ils {(144+72BS)(3+1627B) 1]}
Bu (B 1 92 7 5.8\ 1
Y il Bl - V(=4 L ol
+ Ao {2 Hls [(144+72B8)(3 +727B)+4]
2 1 7
St () (0 ) )
+45 T,avg u{3 +p 124 1 12B° 180+12'yB +1

55 (5) 2% )

where the subscript wb denotes a Wheatley-Bailey result. Analogous to equation (17),
equation (18) is the lateral cyclic flapping relative to the plane of no feathering (control plane)
for a rotor configuration in which the plane of no feathering and the hub plane are coincident
(i-e., cyclic pitches A; and B; are nonexistent).

For either a main rotor or a tail rotor analysis, the LRP Module performs a self-contained
iterative rotor force trim calculation procedure by equations presented previously in the
subsection “Balance of Forces” and equations presented in the subsequent two subsections
“Blade Section Aerodynamics” and “Overall Rotor Performance.” For either rotor type,
this iterative procedure for obtaining the trimmed rotor air loads uses the Wheatley-Bailey
formulations for blade coning and cyclic flapping (eqgs. (11), (17), and (18)), with cyclic pitch
values A; and By in eq. (7) set to zero per Wheatley-Bailey assumptions regarding coincidence
of the hub plane and plane of no feathering). During the iteration force trim procedure, the
collective pitch Ay is the iterative independent variable, initialized by user input. For a main
rotor analysis, Ag is adjusted iteratively until the force balance equations (egs. (2) through (5))
are satisfied. For a tail rotor analysis, Ag is adjusted iteratively until the resulting tail rotor
thrust Cr equals the required tail rotor thrust force T;, provided by user input.

Blade Section Aerodynamics

The aerodynamic force acting on a rotor blade section depends on the velocity and angle
of attack of the blade section relative to the airflow. For the rotor hub plane tilted forward at
an angle of attack agp, the nondimensionalized free-stream velocity parallel to the plane is the
advance ratio defined by

i = Voo COS 0gp (19)

The onset flow velocity to a local blade section is resolved into two components as indicated
in figure 2. The component lying simultaneously parallel to the hub plane and normal to the
blade is V (positive in the direction opposite the direction of blade section translation due to
rotor rotation), and the component notfmal to the hub plane is Vp (positive up). For a hub
plane inclined by angle of attack agy, from the free-stream velocity, figure 3 illustrates the local
blade section onset flow velocity components lying in the hub plane and resolved radially and
tangentially relative to the blade. The tangential velocity component Vr contributions are those
due to the inplane free-stream velocity component and rotor rotational speed (nondimensionally
given by Vg, numerically equal to 7). Tangential velocity component Vr is thus given by

Vr(n,¢) = psin + 9 (20)

~

Negative values of Vp(n, 1) represent the reversed-flow region.
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For the same blade section, there are four contributions to the perpendicular velocity
component Vp as shown in figure 4. The first contribution is the free-stream velocity component
perpendicular to the hub planc due to hub planc angle of attack and given nondimensionally by
ptan aqp. The second contribution is the average rotor wake-induced velocity w through the
hub plane The third contribution is the component of inplane velocity, parallel to the blade in
figure 3, resolved perpendicular to the hub plane due to the actual flapped orientation of the
blade. The fourth contribution is the perpendicular component of onset velocity produced by
blade rigid flapping rate. Thus the total local perpendicular velocity component Vp is written
as

Vp(n, %) = ptan ag, — w — pcosysin 8 — 73 (21)

Applying small angle approximations and using equation (8) for total rotor inflow velocity,
equation (21) is rewritten as

Vp(n,¢) = X — Bucos ¥ — nf3 (22)

where 3 and J3 are given by equations (6a) and (6b), in which the Wheatley-Bailey values for
ag, ai, and by (per egs. (11), (17), and (18)) are employed.

As shown in figure 2, the local upflow angle ¢ between the blade section resultant onset
flow velocity and the hub plane is given by

: 1 V]
#(n,¥) = tan™! T+ (23)
and the local Mach number M is defined by

M(n,9) = My, V(n,9) = My V3 + VE (24)

For a blade section which has a pitch angle @ relative to the hub plane, the blade section
angle of attack a, as indicated in figure 2, is given by

a(n,¥) = 0(n, %) + ¢(n,v) (25)

where, for the force trim calculations for either a main or tail rotor, 8 is defined by equation (7),
with A; and B set to zero, consistent with assumptions of the Wheatley-Bailey formulations.
In the reversed-flow region, where Vr < 0, the local angle of attack a is assigned a value
opposite in sign from that calculated by equation (25). This sign switch implements a flat-
plate airfoil assumption to provide a crude accounting for reversed flow in utilizing typical
input blade airfoil lift and drag tables produced by the IBA, IBL, or BLM Module. The impact
of this assumption is described in the text immediately following equation (27).

Referring to figure 2, the blade section force in the thrust direction, that is, blade normal
loading, perpendicular to the hub plane is given by

F.(n,%) = 5V2elxa(n, ¥) cos ¢ & ca(n, ¥)sin ¢]

= % (Vlg + Vzg) c[xey(n, ¥) cos ¢  cqg(n, ¥) sin @] (26)

Similarly the blade section force in the azimuthal direction, i.e., blade azimuthal loading,
parallel to the hub plane is given by

Fyn ) = 3 (VB +VE) e {kai(n, w)sin 6 — [eq(n, ) cos 4]} (27)
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The negative sign in the “+” sign option appearing in equations (26) and (27) is applied in
the reversed-flow region. This sign usage is consistent with the angle of attack sign reversal
used in the reversed-flow region as mentioned in the text immediately following equation (25)
by application of the flat-plate airfoil assumption in reading the input tables for airfoil lift
and drag. In the typical input lift and drag tables from the IBA, IBL, or BLM Module, true
reversed-flow information is not present because only a small range of angle of attack about zero
is contained in them. The user is hereby warned, therefore, that if the user has provided input
airfoil lift and drag tables containing measured reversed-flow data (i.e., large angles of attack
near +180° or —180°), the actual input reversed-flow ¢; and ¢4 values will not be utilized by the
LRP Module as a consequence of the angle of attack sign reversal applied in the reversed-flow
region before the input airfoil tables are read for use in equations (26) and (27).

From the Kutta-Joukowski theorem in Karamcheti (ref. 6), the bound circulation distribu-
tion on the blade I' can be written as

D(n,#) = ye(n) a(n,¥) V(1 9) (28)

where the values of ¢; are determined by interpolation from the input table. (Note that in
the reversed-flow region, the warning stated in the previous paragraph regarding obtaining ¢
from the input table still applies.) The maximum value of the bound circulation I'max(%) is
the maximum of the bound circulation values at a fixed value of azimuth angle. An output
table of T'pax values is built. Because the blade tip vortex strength is assumed equal to the
maximum value of bound circulation at a particular azimuth angle, this output table of values
is applicable to blade-vortex interaction modeling.

Qverall Rotor Performance

Given the rotor blade normal and azimuthal loadings (egs. (26) and (27)), the overall rotor
performance quantities are calculated. The rotor thrust is given by

Nb 2 pl
Cr=ob [ [ F:cospanay (29)
2rc Jo Jo

the rotor torque is given by

Nb 2 1
- ' —Fyndnd 30
Co ZWQ/(; /O wn dn dy (30)

and the rotor drag is given by

Nb 27l )
D, = 2?/0 ‘/0 —Fysin ¢ dn dy (31)
Finally, for a main rotor calculation, the required tail rotor thrust is
Co
T, = (32)
Drail

Generation of Final Cyclic Pitch and Cyclic Flapping Angles

After the force trim iteration procedure is completed, the calculation of the final LRP
output values for blade cyclic flapping angles (a; and b;) and cyclic pitch angles (A; and Bi),
suitable for input to noise prediction modules LRN and RBN, remains to be done. These final
output values are obtained from the Wheatley-Bailey cyclic flapping results from the force trim
iteration procedure. However, the specific method used for obtaining the final output cyclic
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blade angles from the Wheatley-Bailey results for a main rotor differs from that for a tail
rotor. In the remaining paragraphs of this subsection, the calculation method for a main rotor
followed by that for a tail rotor is detailed.

For a main rotor analysis, the principle of equivalence of flapping and feathering is applied

to provide final LRP output cyclic blade angle results. Thereby, the cyclic pitch angles A;

and Bj for a main rotor are defined relative to the tip-path plane because the hub plane is

assumed parallel to the tip-path plane. Thus the cyclic pitch angles relative to the tip-path

plane of a main rotor are related to the Wheatley-Bailey flapping angles relative to the plane
of no feathering by :

B1 = ay,ub (33a)

and
Ay = —by (33b)

where this equivalence relationship can be seen in figure 1, if the hub plane is first made parallel
to the tip-path plane and then if the hub plane is made parallel to the plane of no feathering.
In the tip-path plane, the cyclic flapping angles a; and b; are zero. Therefore, the equations
of blade motion in the tip-path plane are

B = ag = ag yb (34a)

and

6(n,¥) = Ag — Aj cos o — By sin ¢ + 0p(n) (34b)

For a main rotor, the LRP Module generates output parameters for rotor longitudinal and
lateral flapping and pitch angles relative to the tip-path plane, suitable for input to the LRN
and RBN Modules for subsequent noise predictions. Thus the parameter output from the LRP
Module for a main rotor includes A per equation (33b), B; per equation (33a), a; = b; = 0,
coning angle ag given by equation (11), and collective pitch Ag set to the final incremented
value which yields force balance.

For a tail rotor, by assumption, the hub plane is parallel to the plane of no feathering, just
as is assumed in the Wheatley (ref. 3) and Bailey (ref. 4) formulations. Thus for a tail rotor,
the cyclic pitch angles A; and B; are taken as zero, and the blades are flapped relative to the
hub plane. Cyclic flapping for the tail rotor is given, therefore, by

a) = a1 ub (35a)
and

by = by wh (35b)
with coning given by

aO = al,Wb (35C)

where the right-hand sides of equations (35a), (35b), and (35c) are given by equations (17),
(18), and (11), respectively. The equations for blade motion in the hub plane (assumed parallel
to the plane of no feathering) for the tail rotor are

B(¥) = ag — aj cos P — by sin ¢ (36a)

and
6(n) = Ao+ 0r(n) (36b)

For a tail rotor, the LRP Module generates output parameters for longitudinal and lateral
flapping and pitch angles relative to the hub plane, assumed parallel to the plane of no
feathering, suitable for input to the LRN and RBN Modules for subsequent noise predictions.
Thus the parameter output from the LRP Module for a tail rotor includes A1 = B} = 0, a1
per equation (35a), by per equation (35b), coning ag per equation (35c), and collective pitch
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Ay set to the final incremented value which yields a tail force Cr equal to required tail force
T;.

Supplemental Parameters for Initializing ROTONET Higher Harmonic Loads Analysis

To provide supplemental parameters suitable for use in initializing the higher harmonic loads
analysis in ROTONET, rotor total inflow velocity, and blade flapping angle are converted
to complex Fourier coefficient format, and blade mass-per-unit span is calculated. These
parameters are presented in the following discussion.

Rotor total inflow velocity may be expressed with the following Fourier series:

Ny./2
Amw)= Y, X n) expliny) (37)

n=—Npn/2

For a uniform inflow, equation (37) reduces to the zeroth (i.e., n = 0) Fourier coefficient term
only. Using equation (8) gives '

which may be used to initialize the Rotor Loads Module in the higher harmonic loads analysis
in ROTONET. The uniform inflow of equation (38) is written to an output table of minimum
allowable size (using N, = 4) in the format shown in table III, transmittable to the RLD
Module.

For a uniform mass distribution, the blade mass-per-unit span is constant and is given by
m=— (39)

which is written to an output table, which may be used as input to the Rotor Rigid Dynamics
Module in the higher harmonic loads analysis in ROTONET. '

Blade flapping relative to the plane of no feathering and accurate to the first sine-cosine
series harmonic of rotor azimuth angle (corresponding to N, = 2) may be expressed by the
following series: g

1
B) = Y d@'(n) exp(iny) (40)

n=-1

For a tail rotor analysis, equating equations (36a) and (40) yields the following expressions for
the complex Fourier coefficients a'

a@(0) = ao (41a)
=7 -a; b
=t 4
a(l) 5 +ig (41b)
and b
(1) = 1231 —ig (41c)

For a main rotor analysis, application of the principle of equivalence of flapping and feathering
(egs. (33a) and (33b)) to egs. (41b) and (41c) yields the following equivalent expressions for

the complex Fourier coefficients @’:
a'(0) = ag (428)

71y = =B _ ;A4 42b
a(l)= 7 ’L2 ( )t
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and B A
_7 — D] .11
)= =14
a(-1) 5 +1 5 (42¢)
Flapping angles in the format of cquations (41) for a tail rotor or equations (42) for a main rotor
may be used to initialize the RLD Module in the higher harmonic loads analysis of ROTONET.
For this purpose, the LRP Module gencerates a table of minimum allowable size (corresponding
to Ny, = 4) in the appropriate tail or main rotor format shown in table II, which can be input

to the RLD Module.
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Table I. Relationship Between Array Storage Sequence and Fourier Series
Sequence for Complex Fourier Flapping Coeflicients a’(m)

Array sequence in output

Flapping Angle Table

Fourier series sequence
(right-hand side of eq. (40))

a'(1) a'(0)

a'(2) a'(1)

@(3) ¥@) + a2 _ g9
a'(4) a'(-1)

Table 1. Contents of Output Flapping Angle Table Generated by LRP Module
in Terms of Conventional Sine Series Coeflicients

Complex Fourier coefficient
(array entry in data table)

Output value for tail
rotor analysis

Output value for main
rotor analysis

a'(1) ag + 10 ag + 10
@' (2) —at b ib -B| - iA
a'(3) 0+10 0+10

(_1'(4) —a; — ib -B) + i4

Table III. Contents of Qutput Inflow Velocity Table Generated by LRP Module

Complex Fourier coefficient
(array entry in data table)

Array entry value

(provided by LRP Module)

Z\(n, 1) %Amean + 10
A(m,2) 0+ i0
A(n,3) 0+1i0
A(n, 4) 0+ i0

% \mean i8 given by equation (38).
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14.2 Lifting Rotor Noise (LRN) Module

Donald S. Weir and Stephen J. Jumper

Lockheed Engineering & Sciences Company
Introduction

A significant noise source for a helicopter in flight is the tone noise generated by the main
and tail rotors. Two noise-generating mechanisms contribute to the tone noise signature. The
thickness noise is created by the displacement of fluid by the rotor blade, and the loading noise
is due to the accelerated forces on the blade. The purpose of the Lifting Rotor Noise (LRN)
Module is to predict the loading and thickness tone noise for a helicopter main rotor, helicopter
tail rotor, or rotor from any other multirotor rotorcraft in flight.

To compute rotor loading and thickness noise, the LRN Module solves the governing Ffowcs-
Williams-Hawkings equation, given by Ffowcs Williams and Hawkings (ref. 1), using the
compact source (i.e., compact chord) formulation and solution method of Succi, as given by
Farassat (ref. 2) and by Farassat and Succi (ref. 3). Quadrupole source terms in the governing
equation are neglected. Shock noise and turbulence and other broadband noise mechanisms
are also neglected. The rotor is assumed to fly in hover or at forward translational speeds for
which the advancing blade tip Mach number remains subsonic. The rotor blades are modeled
as rotating lifting lines with a given cross-sectional area and forces acting at the aerodynamic
center of each blade section. These forces must be provided to the LRN Module as components
parallel and perpendicular to the reference plane for the analysis, which is the hub plane defined
as the plane perpendicular to the axis of rotation of the rotor. The blades are free to flap and
lead/lag, and the rotor collective pitch is assigned. The LRN Module is designed to use blade
geometric information provided directly from one of two sets of other modules. The first
set providing data to LRN consists of the Blade Shape (RBS) Module and the Blade Section
Aerodynamics (RBA) Module, these being documented in sections 10.2 and 10.3, respectively, of
Zorumski and Weir (ref. 4). The second set consists of the Improved Blade Shape (IBS) Module
and the Improved Blade Section Aerodynamics (IBA) Module, both of which are documented
in Nguyen (ref. 5). The LRN Module is also designed to make use of blade force and flapping
information as provided directly by the Lifting Rotor Performance (LRP) Module, though the
required inputs to the LRN Module can be provided from any other user-supplied source of
information. At specified observer locations, fixed with respect to the rotor hub, the resulting
tone noise is provided by the LRN Module as sound pressure levels, mean-square acoustic
pressures, and complex Fourier coefficients of total acoustic pressure as a function of frequency.
The tone noise generated by the LRN Module is in a format suitable for subsequent input to
the Tone Propagation (PRT) Module, given in Zorumski and Weir (ref. 4), for propagation to
far-field ground observers.

Symbols
A blade section area (i.e., blade cross-sectional area), re R?
c speed of sound in ambient air at flight altitude, re QR
Coo speed of sound in ambient air at flight altitude, m/sec (ft/s)
e rotor blade flapping hinge radial offset from center of rotor, re B
F, blade section normal force (i.e., aerodynamic loading on blade in direction

perpendicular to hub plane), re pQ2R3

Fy blade section azimuthal force (i.e., aerodynamic loading on blade in tangential
direction, parallel to hub plane), re szR3

14.2-1



SPL

S TIIR S U

-

X1, X9, X3
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function describing blade surface (f = 0 on blade surface; f < 0 for regions
inside blade surface)

blade passage (i.e., fundamental) frequency, = ELA—}I{EQ, Hz

total blade section force vector exerted by blade section on fluid, re pQ2R3
blade force per unit area vector exerted by blade surface on fluid, re P2 R?
Mach number vector of point on blade

rotorcraft translational flight Mach number

rotor hover tip Mach number

component of Mach number vector M in radiation direction

number of rotor blades

number of sound frequency harmonics (must be a nonzero integer power of 2)
number of time points (must be a nonzero integer power of 2)

harmonic number

acoustic pressure, re pc?,o

complex Fourier coefficients of acoustic pressure, re pc?,o

reference acoustic pressure (eq. (34)), N/m? (1b/ft?)

mean-square acoustic pressure, re p?ca,

rotor radius, m (ft)
rotor blade lead/lag hinge radial offset from center of rotor, re R

nondimensionalized distance from hub to observer (i.e., spherical observer
radius), re R

distance from hub to observer (i.e., spherical observer radius), m (ft)
point source-to-observer positioxi vector, re R

point source-to-observer distance, |7], re R

rotor blade surface area, re R2

sound pressure level, dB

observer time (i.e., reception time), re 1/§2

rotorcraft translational velocity vector, re QR

velocity normal to blade surface, f =0, re 1R

nondimensionalized observer position vector in hub-fixed Cartesian coordinate
system, re R

observer position vector in hub-fixed Cartesian coordinate system, m (ft)
axes of the hub-fixed Cartesian coordinate system (figs. 1, 2, and 4)

Cartesian coordinates of observer position in hub-fixed coordinate system,
m (ft)

observer position vector in medium-fixed Cartesian coordinate system, re R

~
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T1,T2,T3 axes of medium-fixed Cartesian coordinate system (fig. 2)

Y source position vector in hub-fixed Cartesian coordinate system, re R

i source position vector in medium-fixed Cartesian coordinate system, re R
adp rotor hub planc angle of attack, rad

I} blade rigid flapping angle relative to hub plane, rad

Bi Fourier sine/cosine scrics coefficients of blade rigid flapping angle, rad

] Dirac delta function

¢ blade lead/lag angle, rad

G Fourier sine/cosine series coefficients of blade lead/lag angle, rad

m chordwise axis, parallel to hub plane, of blade-fixed rotating coordinate

system; also, blade surface chordwise coordinate in blade-fixed rotating
reference frame, re R

7)) radial axis, parallel to hub plane, of blade-fixed rotating coordinate system;
also, blade surface radial coordinate in blade-fixed rotating reference frame,
‘re R

73 axial axis of blade-fixed rotating coordinate system (i.e., vertical axis, per-

pendicular to hub plane); also, blade surface vertical coordinate in blade-fixed
rotating reference frame, re R

s blade section aerodynamic center abscissa, rec R

3 blade section aerlodynamic center ordinate, re R

8 observer polar directivity angle, deg

o collective pitch angle at blade root, rad

£ blade spanwise coordinate, re R

P air density at flight altitude ambient conditions, kg/m3 (slugs/ ft3)
T source time (i.e., emission time), re 1/Q

¢ observer azimuthal directivity angle, deg

P rotor azimuth angle, rad

o initial azimuth angular position of reference blade, rad
Q rotor rotational speed, rad/s

Subscripts:

f flapping-transformed (matrix subscript)

L loading

l lead/lag-transformed (matrix subscript)

T collectivefrotated (matrix subscript)

ret retarded time

T thickness

Superscripts:

* complex conjugate

derivative with respect to 7
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—~

unit vector

Notation:

| | absolute value

v gradient operator

v2 Laplacian operator
Input

The computation of rotor noise requires input descriptions of the rotor flight conditions,
rotor dynamics rotor blade shape, rotor aerodynamics, observer locations, and computational
grids. These inputs are provided to the LRN Module by user parameters, three or four tables
(depending on input option), and various data arrays. Figures 1 through 6 indicate the sign
convention of most of the input quantities. Sign conventions of other input quantities are
described in the input tables.

Inputs of rotor flight conditions and rotor dynamics are provided by user parameters. Rotor
blade shape input is provided by a combination of user parameters and the Blade Shape Table,
from either the RBS Module or the IBS Module.

Input of rotor aerodynamics is provided by two tables: the Aerodynamic Center Table, from
either the RBA Module or the IBA Module, and the Rotor Loads Table, from the LRP Module.
The Aerodynamic Center Table specifies, for each blade section, the chordwise location at which
the aerodynamic loads act to implement the compact chord assumption used in the analysis.
The input abscissas and ordinates in the Aerodynamic Center Table are with respect to the
blade-fixed rotating coordinate system, as illustrated in figures 4 and 6. Note that the user
must ensure that the blade section geometry in this table is established such that the 72 axis
is coincident with the blade pitch change axis. This is due to assumptions applied in geometric
transformations employed by the LRN Module, as detailed in the section “Method.” The Rotor
Loads Table provides the aerodynamic loading on each rotor blade.

Observer positions relative to the rotor hub must be provided with one of two input options.
First is the spherical input option, where all observer positions are specified in hub-fixed
spherical coordinate format. With the spherical input option, one or more observers are
positioned on a sphere centered at the hub and having a radius given by a user parameter.
As shown in figure 1, the location of each observer on the sphere is defined by polar and
azimuthal directivity angles, which are provided as input via the Observer Directivity Angle
Arrays. Use of the spherical input option is necessary if the noise predicted by the LRN Module
is to be subsequently submitted to the PRT Module for propagation to the ground. Second is
the Cartesian input option, by which all observer positions are specified in hub-fixed Cartesian
format. Employing the Cartesian input option, the Cartesian position vector, relative to the
hub as shown in figure 1, for each observer is input to the LRN Module via the Observer Table
built by the user. If the Cartesian option is employed, then the noise predicted by the LRN
Module cannot be submitted to the PRT Module for propagation. The Cartesian input option
is intended for situations in which the predicted noise is to be mapped at a specific locus of
observers in space, such as the location of the fuselage surface of the rotorcraft, for example,
and subsequent propagation to the ground is not of interest.

For either observer input option and regardless of actual rotor rotation direction, all observer
locations are always input as if the rotor rotation is right-handed. Via an input rotation flag,
selectable by the user, the LRN Module properly accommodates left-hand rotor rotation cases
during calculations in a manner transparent to the user.

Finally, the computational grids of blade spanwise coordinates and blade azimuthal positions
must be provided. These grids establish the spatial and temporal resolution of computation
points over the rotor disk (i.c., hub planc). The spanwise computational grid is input via the
Independent Variable Array. The azimuthal (i.c., nondimensionalized temporal) starting point
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and spacing of computation points over the rotor disk are provided via user parameters iy
and N;. User parameter v specifies the blade azimuth position at which to begin calculations.
This parameter is particularly useful, for example, in the analysis (by two separate executions
of the LRN Module) of two individual rotors from the same vehicle, in which the second rotor
is azimuthally phased by the amount )y relative to the first rotor. Via user parameter N
the azimuthal (i.e., nondimensionalized temporal) spacing employed in the analysis is provided
implicitly as 27 /N; radians.

The user parameters, tables, and data arrays input to the LRN Module are as follows:

User Parameters

Coo speed of sound in ambient air at flight altitude, m/s (ft/s)

e rotor blade flapping hinge radial offset from center of rotor, re R

Mg rotorcraft translational flight Mach number

M, rotor hover tip Mach number

Ny number of rotor blades

Ny number of sound frequency harmonics desired (must be nonzero integer power
of 2)

N number of time points desired in single blade acoustic time history (must be non-
zero integer power of 2; azimuthal computational resolution is 2w /N¢ rad)

R rotor radius, m (ft)

R, rotor blade lead/lag hinge radial offset from center of rotor, re R

Ry distance from hub to observer. (i.e., spherical observer radius; used only for
spherical input option), re R

agp rotor hub plane angle of attack (positive for hub leading edge tilted up), rad

B; Fourier sine/cosine series coefficients of blade rigid flapping angle (per eq. (18),
where positive blade flapping is “up” from hub plane), rad

G Fourier sine/cosine series coefficients of blade lead/lag angle (per eq. (19),
where lag is positive), rad

o, collective pitch angle at blade root (positive for blade leading edge tilted up
from hub plane), rad

o air density at flight altitude ambient conditions, kg/m? (slugs/ft3)

o initial azimuth angular position of reference blade, rad

Blade Shape Table

[From RBS or IBS Module]

3 blade spanwise position, re R

A(£) blade cross-sectional area, re R?

Aerodynamic Center Table

[From RBA or IBA Module]

13 blade spanwise position, re R
77’1 blade section aerodynamic center abscissa, re R
u blade section aerodynamic center ordinate, re R
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Rotor Loads Table
[From LRP]

blade spanwise position, re R
blade azimuth angle, rad

F. (&) blade section normal force (i.e., aerodynamic loading on blade in axial direction,
perpendicular to hub plane, positive up), re pQZR3

<

Fy(€,v)  blade section azimuthal force (i.e., aerodynamic loading on blade in tangential
direction, parallel to hub plane, positive in direction of rotor rotation), re pQ22R3

Observer Directivity Angle Arrays
[For spherical input option only]

0 observer polar directivity angle, deg (fig. 1)
observer azimuthal directivity angle, deg (fig. 1)

Observer Table

[For Cartesian input option only]

X observer position vector (relative to the Cartesian hub-fixed coordinate system
(fig. 1); table actually stores components X, X3, and X} of each observer
position), m (ft) N

Independent Variable Array
£ blade spanwise position, re R
Output

The LRN Module generates two possible sets of outputs. For a given analysis, the set of
outputs actually generated depends on which observer input option (described in the section
“Input”) is in effect. Both of the two sets of outputs are described separately, in turn, in the

following paragraphs.

If the spherical input option is in effect, then the input value of hub-to-observer radius
is converted to a dimensional quantity and provided as an output user parameter. Also, at

each observer position, spectra of mean-square acoustic pressure are generated. These spectra

are in three separate output tables, one each for rotor total noise, rotor loading noise, and
rotor thickness noise. In each of these three tables, the values of observer directivity angles
are identical to the input values. For a left-hand rotor rotation, in which the observers are
converted internally by the LRN code to the left-hand coordinates for proper calculation in
a manner transparent to the user, the directivity angles are reconverted to the original right-
hand input convention for insertion in the three output tables. Each of these three spectra
output tables is in proper format for direct subsequent submission to the PRT Module for
noise propagation to the ground.

If, however, the Cartesian input option is in effect, then the LRN Module generates two
output entities, unique to this option, which are identified as output members rather than
output tables. The first output member provides, at each observer location, the time history
of rotor total acoustic pressure. This member is identified as the Total Acoustic Pressure
Time History in the output. The second output member provides, at each observer location,
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the spectrum of rotor total acoustic pressurc and is identified as the Total Acoustic Pressure
Spectrum in the output.

Regarding the aforementioned outputs, complex Fourier coefficients of acoustic pressure
arc given with the e~ #¥ time harmonic convention in the LRN Module, such that all spectra
are understood to be two-sided, with p(n, 8, ¢) = §*(—n, 8, $) for the spherical input option or

p(n, X) = p*(—n, X) for the Cartesian input option. With this convention, the mean-square
pressure <p2> is 2pp* for cach harmonic.

Regardless of the choice of observer input option in effect, the LRN Module generates, at
each observer location, spectra of sound pressure level (i.c., SPL in dB) corresponding to rotor
total noise, rotor loading noise, and rotor thickness noise. These spectra are provided to aid in
results interpretation. Thus, the SPL spectra are printed only and are not generated as output
tables or output members. Further, these SPL spectra are not cited in the following tables:

User Parameter

[Output only for spherical input option]
R}, distance from hub to observer (i.c., spherical observer radius), m (ft)

Total Mean-Square Acoustic Pressure Spectrum Table

[Output only for spherical input option]

Ji noise harmonic frequencies (i = 1,2,3,..., Ny), Hz
6 observer polar directivity angle, deg (fig. 1)

1) observer azimuthal directivity angle, deg (fig. 1)
<p2> (fi,6,9) total mean-square acoustic pressure, re pzc‘éC

Loading Mean-Square Acoustic Pressure Spectrum Table

[Output only for spherical input option]

fi . noise harmonic frequencies (i = 1,2,3,..., Ns), Hz
0 observer polar directivity angle, deg (fig. 1)
@ observer azimuthal directivity angle, deg (fig. 1)

<p%> (fi,0,9) loading mean-square acoustic pressure, re pQCgO

Thickness Mean-Square Acoustic Pressure Spectrum Table

[Output only for spherical input option]

fi noise harmonic frequencies (i = 1,2,3,..., Ny), Hz
g observer polar directivity angle, deg (fig. 1)
] observer azimuthal directivity angle, deg (fig. 1)

<p%> (£:,0,9) thickness mean-square acoustic pressure, re p?ci,
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Total Acoustic Pressure Time History
[Output only for Cartesian input option]

Jo blade passage frequency (i.e., fundamental frequency), Hz

o(t, ) ) time history of total acoustic pressure (each history contains N; pressure values,

one history per observer location X/ per output record, records implicitly in
sequence corresponding to input sequence of observer locations), re pcgo

Total Acoustic Pressure Spectrum

[Output only for Cartesian input option]

Jo blade passage frequency (i.e., fundamental frequency), Hz
N, number of frequency harmonics
)'d observer position (relative to rotor hub in hub-fixed Cartesian coordinate system;

same values as were specified in input Observer Table}, m (ft)

p(n, X') complex Fourier coefficients of total acoustic pressure (for each observer is a set of
N; complex Fourier coeflicients, each complex coefficient implicitly corresponding
to nth harmonic frequency and in sequence from n =1 to Nj), re pc2,

Method

Acoustic Formulation

The technique used in this module to predict the loading and thickness tone noise is to solve
the Ffowcs-Williams-Hawkings equation (given in ref. 1) without the quadrupole source term
by using a Green’s function solution. The governing equation is presented by Farassat (ref. 2)
as -

o 9

—5 —cVp= [V ] el 6 1

5 ~ SV = 5 ValVAI6 (D] = 5= L I9A16(1) (1)
where the equation f = 0 defines the blade surface. The first term on the right-hand side of
equation (1) is the thickness noise source term and the second is the loading noise source term.
Two compact source solutions presented in reference 2 are used in this module.

The thickness noise solution is derived from equation (38) of reference 2, which is

. 92 1
anc?pr (X, t) = —/ {—] dj 2

where f < 0 represents the region inside the blade surface. The term in brackets is evaluated
at the time of sound emission. The vector § represents the position of a point on the blade, and
the radiation Mach number M, is the component of the motion of that point in the radiation
direction as shown in figure 2. If chordwise compactness is assumed as shown in figure 3, where
the blade is replaced by acoustic sources arrayed on a line which is the locus of blade section
aerodynamic centers, then the volume integral is replaced by a line integral as

. 62 1 A
2, - = Il 3
4drctpr (X,t) 8t2/() [7_(1 — MT)]M d_f (3)

where the absolute value has been dropped, since the source motion relative to the observer is
assumed subsonic. :
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A similar expression can be obtained for the loading noise. Replacing the space derivative
with a time derivative in equation (33) of reference 2, the loading noise is written as

S 19 ol ol
arc?pr (Xt =——/ _ dS+/ —_—— ds 4
L( ) cot Jr=o [rll—Mrl]ret f=0 | 2|1 — M| et )
Again assuming chordwise compactness, equation (4) is rewritten as
imc? (xt)—lﬁf L dz+/1 AR G (5)
PLA® cotto |[T(1—-M)| . o |P2A-M)] .

Equations (3) and (5) are functions of both the source time 7 and the reception time ¢. The
evaluation of the two equations is simplified if the right-hand sides are functions of source time
only. The source time is related to the observer time by

T=1t—- Myr (6)
where r = |7|. Thus, the time derivative in ¢ can be related to a time derivative in 7 by taking

the derivative of equation (6) with respect to 7 and applying the chain rule of differentiation,
which yields

3= 8157 |1- M. or ()

Using equation (7) to evaluate the time derivatives in equations (3) and (5) and carrying out
the differentiation yield

S5 i 0 -5 8) 5

a_aTa_[ 1 a]
ret

v (it - Sv7) 4 € (- Sne?) (1 e amo 4 ME) | 6 ®)
and

s 0= [t b e e 0 5 e o

for the thickness noise and loading noise, respectively. Note that the dot over a variable
indicates differentiation with respect to 7 and that the speed of sound c is nondimensionalized
with respect to RS2 so that ¢ = 1/Mj. Equations (8) and (9) are integral forms of the Succi
method solutions, equations (21) and (23) of reference 3.

Source-to-Observer Geometry

The expression relating the source time to the observer time was given by equation (6).
To efficiently use fast Fourier transform techniques for the solution of the noise harmonics, the
acoustic pressure must be evaluated at evenly spaced observer times as the observer moves with
the rotor hub at velocity V given vectorially as

— ‘—M 9 0, —M Siﬂ
7o (—Mj cos adth ¥ adp) (10)

The source times that correspond to each observer time are not necessarily evenly spaced and
must be determined.
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In a coordinate system fixed to the rotor hub, the observer position is given by the vector X
as shown in figures 1 and 2. If the observer position is input in spherical coordinate format,
then the corresponding nondimensionalized Cartesian observer position is given by

X = (~ Rz cos 8, Ry sin @ sin ¢, — Rz sin 0 cos ¢) (11a)

where the spherical coordinates are illustrated in figure 1. If the observer position is input
directly in Cartesian format, it must first be nondimensionalized with respect to rotor radius

as follows: . Yo
L. X! X! X, X4
X= = (_1 =2 _3) (11b)

The position of a point on the blade relative to the hub-fixed coordinate system is given by
sint cost 07 [m (&)
Y=|-cost sint 0| |m(&7) (12)
0 0 1] Lnz(&7)

where 7 = 0 corresponds to the blade being aligned with the positive X; axis of the hub-fixed
system, as shown in figure 2(a), and where (71,72, 73) are coordinates of a point on the blade
relative to the blade-fixed rotating coordinate system, shown in figure 4. It is assumed that the
7 axis of this coordinate system is coincident with the blade pitch change axis. Transformations
for obtaining (77, 72,7n3) are presented in the next subsection “Blade Motion Description.”

The noise prediction equations (8) and (9) and the source time equation (6) are written
in a coordinate system fixed to the stationary medium. In this, the medium-fixed coordinate
system (fig. 2), the source position at the source time 7 is

g=Y+Vr (13)
and the observer position at the subsequent observer time ¢ is
2=X+Vt (14)
Therefore, the path of sound propagation is defined by the vector
F=Z-—4§ (15)

Squaring equation (6), substituting equations (13) to (15), and rearranging yield the following
quadratic equation:

(1 _ M |17|2) (t-7)2—2MZV - (X = F) (-7 - MF|X —F[ =0 (16)

Applying the quadratic formula, noting that only the root for ¢ > 7 is physically meaningful,
yields

M7 (%~ 7)+ \ﬁM,?V- (2=2)+ (- 22| 7[}) 2| -7

T "

t-71)=

Equation (17) is not an explicit expression for 7 since Y is a function of 7. However, simple
iteration quickly converges to the correct source time, particularly for an observer in the far

field.
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Blade Motion Description

Consistent with the compact chord acoustic formulation, alrcady discussed and as shown
in figure 3, the blade is modeled as a lifting line. The lifting linc is assumed to be the locus
of blade section acrodynamic centers. Further, it is assumed that the lifting linc is coincident
with the blade center of twist. The blade is free to rotate about a flapping hinge and a lead /lag
hinge as shown in figure 5, where the particular case of both hinges having the same spanwise
offset from the center of the rotor is portrayed. However, it is possible for the two hinges to
have differing offsets. The flapping displacement is defined by the angle 3 and the lead/lag
displacement by the angle (. These two angles are expressed in terms of Fourier series of the
form

4
B(r)=PBo—Y_ (Ban—1cosnT + P, sinnr) (18)
n=1
and )
C(r)=¢C— Z (an—1cosnT + (ap Sin nr) (19)

n=1
where the Fourier coefficients in both equations are inputs to the analysis, such that 8 and ¢
are known quantities.

The position of a point on the deflected blade lifting line is given by coordinates (1,72, 73)
relative to the blade-fixed rotating coordinate system of figure 4. The position of a point on
the undeflected blade lifting line (i.e., at a blade section) is given by coordinates (n’l,f,ng),
which are defined inputs relative to the blade-fixed rotating coordinate system and illustrated
in figure 6.

To define the blade motion; the deflected coordinates must be obtained from the undeflected
blade coordinates by applying a suitable transformation. A two-step process is required to
obtain the desired transformation. First, the undeflected blade coordinates must be rotated
to account for the blade pitch displacement. Several assumptions are applied regarding this
rotation. One assumption is that contributions of cyclic blade pitch to the pitch displacement
are negligible compared with the contributions of collective pitch and arc therefore omitted
from the pitch displacement transformation step. Another assumption is that the sweep of the
lifting line is negligible. Still another is the assumption stated previously that the no axis of the
blade-fixed rotating reference frame is coincident with the blade pitch change axis. Further, it
has already been assumed that the lifting line is coincident with the blade twist center so that
blade twist contributes nothing to the pitch displacement of the blade lifting line. Based on
these assumptions, therefore, the pitch displacement rotation is simply a function of the root
collective pitch as follows:

m cosf, 0 sinf.7 7
el = o 1 o ¢ (20)
md, —sinf, 0 cosf.l Lnj

where the subscript r on the left-hand side of the equality indicates the position that results
from pitch rotation. Second, the pitch-rotated blade lifting line coordinates are displaced by
the angles 3(7) and {(7) to result in the final transformation for the fully deflected blade lifting
line coordinates. The expression for the final transformation is a function of the position of
the flapping hinge e, the lead/lag hinge R;, and the spanwise coordinate £ on the blade. The
final transformation expression has several forms that depend on the relative locations of e, Ry,
and . If there is no flapping or lead/lag at spanwise station £, then the final deflected position
is defined by

m m
m|=|¢ (21)
3 né r
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If there is flapping only at spanwise station £, then

m m 1 0 0 m 0 0
ml=|m =10 cos@ -—sing £ — e + le (22)
n3 734 5 0 sing cosf md, 0 0

or if there is lead/lag only, then

m m cos¢ sin¢ 0 7 0 0
m|=|m| =|-sin{ cos¢ 0 El —|Ri |+ | R (23)
m 134y 0 0 1 md, 0 0

where subscripts f and ! on the position matrices indicate final blade positions resulting from
blade flapping and blade lead/lag, respectively. Finally, if both flapping and lead/lag exist and
R; > e, then

m m 1 0 0 m 0 0
ml=1m = (0 cosf —sinf m| —lelp+]e (24)
73 md s 0 sin8  cosf n3d, 0 0

or if B; < e, then

71 m cos( sin¢ 0 m 0 0

m| =1m =|—sin¢ cos¢{ O m| — | R + | Ry (25)
73 md s 0 0 1 n3d g 0 0

where subscript If indicates a position resulting from lead/lag followed by flapping and
subscript fl indicates a position resulting from flapping followed by lead/lag. Table I gives
the appropriate transformation equation to substitute into equation (12), depending on the
values of £, e, and R;.

Evaluation of Noise Integrals
Once the retarded time equation has been solved, accounting for the blade motion, the

thickness, and loading noise defined by equations (8) and (9) is determined. Several terms in
the integrands must be computed. The unit vector 7 in the radiation direction is

')

(26)

~3»
i

ﬁ
=

where 7 is defined in equation (15). The source-to-observer distance 7 is given by the magnitude
of #. The Mach number of a point on the blade is given vectorially by

M=M, (g—};+l7) (27)

where Y is given by equation (12). Similarly, the time derivatives of the Mach number are

- %
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and

! Y
M =Myo— (29)

Mach number M is given by the magnitude of M. The components of the Mach number and
its derivatives in the radiation direction are

M, =M. # (30)

M, = M- (31)
and

M,=M-# (32)

The blade loading is defined by the input axial force F;(£,), which is perpendicular to
the hub plane, positive up, and by the input azimuthal section force Fy, (&,v), which is parallel
to the hub plane, positive in the direction of increasing azimuth angle 1». Note that the
angle 9 equals the dimensionless time 7. These forces are in the rotating coordinate system
and represent forces acting on the blade. However, the acoustic equations require the force of
the blade on the fluid, which is opposite the force of the fluid on the blade. Thus the force of
the blade acting on the fluid in the hub-fixed, nonrotating coordinate system is

Fy(r)sinT
L= —Fy (1) cosT (33)
-F,

Using equations (26) through (33), along with input values of blade cross-sectional area A(§),
hover tip Mach number Mj, and sound speed ¢, the integrands of equations (8) and (9) are
determined. Integrations are performed by using a spline integral technique. These integrations
produce a pressure time history at each observer moving with the rotor hub due to a single
rotor blade.

Multiple Blade Time History and Spectrum

The single blade pressure time history is obtained for a blade aligned with the positive
X, axis at 7 = 0 starting at 7 =1p. The pressure time histories for the other blades are
determined by time shifting by ¢ = 2r/N; for each blade and interpolating the single blade
time history. Then, the single blade time histories are summed to produce the rotor noise
time history for loading, thickness, and total noise. Using a fast Fourier transform technique,
the time histories are converted to spectra in terms of complex Fourier coefficients of acoustic
pressure f)()_(" ,n), if observers have been input in Cartesian coordinate format. The spectra are
in terms of p(Rz, 8, ¢, n) if the observers have been input in spherical coordinate format. The
sound pressure level is computed as

2
SPL = 10logq (255") + 201og (’:—“) (34)

ref

where po; is reference acoustic pressure which, for air, has the value of 0.00002 N/m?
(4.1773 x 1077 1b/ft?). :
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Computational Procedure

The procedure for computing SPL is as follows:

1.

© PN ;e W N

—
=0

12.
13.

For first observer position, reception time, and spanwise position, compute initial guess
for source time based on Y =0

Compute blade position with appropriate equation in table I and equation (12)
Compute new value of source time from equation (17)

Repeat steps 2 and 3 until convergence

Compute terms required for integrands in equations (8) and (9)

Compute value of integrands in equations (8) and (9)

Repeat steps 2 through 6 for all spanwise positions

Integrate for loading and thickness acoustic pressure

Repeat steps 2 through 8 for each reception time

Repeat steps 2 through 9 for each observer

Interpolate for time-shifted pressure for each additional blade and add to first blade time
history

Apply fast Fourier transform to time histories to produce acoustic spectra

Compute sound pressure level by equation (34)

References

. Ffowcs Williams, J. E.; and Hawkings, D. L.: Sound Generation by Turbulence and Surfaces in Arbitrary
Motion. Philos. Trans. Royal Soc. London, ser. A, vol. 264, no. 1151, May 8, 1969, pp. 321-342.

. Farassat, F.: Linear Acoustic Formulas for Calculation of Rotating Blade Noise. AIAA4 J., vol. 19, no. 9,
Sept. 1981, pp. 1122-1130.

. Farassat, F.; and Succi, G. P.: The Prediction of Helicopter Rotor Discrete Frequency Noise. Vertica,
vol. 7, no. 4, 1983, pp. 309-320.

. Zorumski, William E.; and Weir, Donald S., eds.: Aircﬁzft Noise Prediction Program Theoretical Manual—
Propeller Aerodynamics and Noise. NASA TM-83199, Part 3, 1986, pp. 10.1-1-10.2-25.

. Nguyen, L. Cathy: The NASA Aircraft Noise Prediction Program Improved Propeller Analysis System.
NASA CR-4394, 1991.

14.2-14

-



Table I. Blade Position Transformation Equations To Use With Equation (12)

[Equation used depends on values of £, e, and R)]

Hinge position Spanwise coordinate Equation
£<e (21)
Ry >e e < ¢ <Ry (22)
£> R (24)
£<R, (21)
R <e Ry <¢<e (23)
E>e (25)
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15.1 Rotor Loads (RLD) Module

Donald S. Weir and Stephen J. Jumper
Lockheed Engineering & Sciences Company

Introduction

The purpose of the Rotor Loads (RLD) Module is to determine the harmonic air-load
distribution on the rotor disk due to inputs of nonuniform wake inflow and blade dynamics.
The reference plane for the analysis is the hub plane, defined as the plane normal to the axis
of rotation of the rotor. Although this selection is arbitrary, the hub plane is believed to serve
as the most convenient reference plane for a generalized rotor model because all rotational
velocities lie in that plane. In addition, direct interface is possible with most noise prediction
techniques, which use the axis of rotation for reference. The analysis assumes the rotor to be
in steady equilibrium flight so that all azimuthally varying rotor quantities have a period of
271 radians. All inplane flow distortions are assumed small compared with rotational velocity
and can be neglected. Blade dynamics include flapwise motion but exclude lead/lag motion;
lead/lag motion effects on blade airloads are assumed negligible relative ‘to flapwise motion
effects. Small angle approximations are applied in describing flapping angles, rotor control
angles, and angle of attack and displacement changes due to blade flapwise bending. However,
hub plane angle of attack is not limited to small angles. The approximations of lifting-line
theory are assumed valid.

All input quantities are relative to the hub plane except for total inflow velocity, which is
normal to the tip-path plane and provided by the Rotor Inflow (RIN) Module. The tip-path
plane is defined as the plane established by the tips of the flapped rotating blades of the rotor.
The user has the option of providing blade bending and unsteady aerodynamic data.

The input inflow and blade motion data are used to compute the local blade section angle
of attack as a function of radial and azimuthal position. The air-load distribution on the rotor
disk is determined from the local section angle of attack and local section Mach number by
using blade section lift and drag tables. Corrections for unsteady lift effects can also be applied.
Finally, the blade bound circulation distribution is determined. The output distributions of
airload and bound circulation from the RLD Module can be used as inputs to the Rotor Rigid
Dynamics (RRD) and RIN Modules for the computation of updated blade flapping and rotor
total inflow velocity; thereby the RLD Module is employed in conjunction with the RRD and
RIN Modules in iterative fashion.

Symbols

Ag collective pitch at blade root, rad

Ay lateral cyclic pitch relative to hub plane, rad

a complex Fourier coefficient of flapping angle relative to hub plane (eq. (11)),
rad

ag coning angle, rad

ay longitudinal first harmonic flapping relative to hub plane, rad

as longitudinal second harmonic flapping relative to hub plane (eq. (11) and
table III), rad

as longitudinal third harmonic flapping relative to hub plane (table III), rad

aN,, /2 longitudinal (Ny,/2)th harmonic flapping relative to hub plane (table III), rad

By longitudinal cyclic pitch relative to hub plane, rad 7
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lateral first harmonic flapping relative to hub plane, rad

lateral second harmonic flapping relative to hub plane (eq. (11) and table III),
rad

lateral third harmonic flapping relative to hub plane (table III), rad
lateral (Np,/2)th harmonic flapping relative to hub plane (table III), rad
rotor torque in hub plane, re mpQ2R5

rotor thrust perpendicular to tip-path plane, re npQ2 R4

airfoil or blade section chord length, re R

airfoil or blade section chord length, m (ft)

blade airfoil section drag force, re gc*

steady airfoil drag force, re gc*

blade airfoil section lift force, re gc*

steady airfoil lift force, re gc*

unsteddy blade section lift force increment, re gc*

fuselage drag force along wind axis (i.e., parallel to V), re rp2RA
rotor blade flapping hinge radial offset from center of rotor, re R

blade section normal force (i.e., normal loading in thrust direction, perpendic-
ular to hub plane), re pQZR:f

blade section azimuthal force (i.e., azimuthal loading in tangential direction,
parallel to hub plane), re pQ2R3

fuselage equivalent flat-plate area, re R?
blade section Mach number

rotor hover tip Mach number

azimuthal harmonic number

number of rotor blades

number of azimuthal harmonics, that is, number of equal size azimuthal
increments into which one rotor revolution is subdivided and has value equal
to 2 raised to nonzero integer power

airfoil or blade section onset flow dynamic pressure, N/m? (Ib/ft2)
rotor radius, m (ft)
rotor radial coordinate, m (ft)

component of local onset flow velocity at blade section and perpendicular to
hub plane, re QR

component of local onset flow velocity at blade section and parallel to hub
plane, re QR

rotorcraft translational velocity, m/s (ft/s)
rotorcraft weight, re rpQ2 R

blade flapwise bending displacement, re A
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a blade section angle of attack, rad

Aa increment in blade section angle of attack duc to clastic torsional twist, rad
agp hub planec angle of attack, rad

Qtpp tip-path planc angle of attack, rad

8 blade rigid flapping angle relative to hub planc (eq. (11)), rad

r blade section circulation, rc QR2

i blade spanwise position, re R

0 blade section pitch angle relative to hub plane, rad

or rigid twist angle at blade section, rad

A rotor total inflow velocity perpendicular to tip-path plane, re QR
Amean rotor mean inflow velocity perpendicular to tip-path plane, re 1R
U rotor advance ratio along wind axis, = giﬁ

up rotor advance ratio perpendicular to hub plane, = L’%R

ur rotor advance ratio tangent to hub plane, = Vﬁ%‘;{g@

P air density at flight altitude ambient conditions, kg/m3 (slugs/ft3)
o local upflow angle at blade section and relative to hub plane, rad
P blade azimuth angle, rad

Q rotor rotational speed, rad/s

Superscripts:

Fourier transformed (i.e., Fourier coefficient)
updated value

derivative with respect to blade azimuth angle v
Input

The RLD Module requires a significant amount of input data because it produces the
final force distribution on the rotor disk. Figures 1 through 4 indicate the sign convention of
the various input quantities. The control variables and operating state are defined by user
parameters.

The computational grid of blade spanwise positions at which output results are calculated
is provided via the Independent Variable Array specified by user.

Blade geometric parameters, including chord length and twist angle, as functions of span are
provided by the Blade Shape Table from either the Blade Shape (RBS) Module or the Improved
Blade Shape (IBS) Module; the RBS Module is documented in section 10.2 of Zorumski and
Weir (ref. 1) and the IBS Module in Nguyen (ref. 2). Reference collective pitch is measured
at the blade root such that at zero collective pitch the root angle of attack relative to the hub
plane is zero. Thus the input distribution of twist angle in the Blade Shape Table must start
with a zero value at the root.

Blade rigid flapping angles in complex Fourier coefficient form are input to the RLD Module
via the Flapping Angle Table. Table I presents the relationship between the array sequence for
complex Fourier coefficients @(m) (i.e., storage sequence in the input Flapping Angle Table)
and the theoretical complex Fourier series sequence for a(m) (eq. (11)).
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For the first execution of the RLD Module, the input Flapping Angle Table contains an
initial estimate of the flapping and is provided by the Lifting Rotor Performance (LRP) Module
or is built anew by the user with LRP output control angle parameters. Complex Fourier
coeflicients @(m) in the initial input Flapping Angle Table are functions of conventional sinc
series coeficients from the LRP Module as indicated in table II. For tail rotor analyses (table II),
the conventional sine serics flapping angle cocflicients ay, a;, and b (eq. (11)) output from the
LRP Module are used to generate the initial Flapping Angle Table input to the RLD Module.
For main rotor analyses (table IT}, however, the conventional coning and pitch control angles agp,
Ay, and Bj output from the LRP Module are used to generate the initial Flapping Angle Table
input to the RLD Module. This use of ag, Aj, and B; from the LRP Module for initial flapping
input to the RLD Module in a main rotor analysis is a consequence of the flapping-feathering
equivalence em.ployed by the LRP Module in the analysis of main rotors.

For subsequent iterative executions of the RLD Module, the required input Flapping Angle
Table is provided by the Rotor Rigid Dynamics (RRD) Module and contains updated flapping
information. Table III indicates the values of the complex Fourier coeflicients @a(m) in the input
Flapping Angle Table from the RRD Module as functions of conventional sine series flapping
coefficients (eq. (11)). Comparing tables II and III shows that the updated input Flapping
Angle Table from the RRD Module contains higher order flapping terms not present in the
_ initial input table from the LRP Module.

Distribution of rotor total inflow velocity, relative to the tip-path plane, must be input
via the Inflow Velocity Table. For first execution of the RLD Module, the Inflow Velocity
Table contains an initial estimate of the inflow distribution, provided by the LRP Module, and
consists of uniform inflow over the rotor disk. The content of the initial Inflow Velocity Table
input to the RLD Module as provided by the LRP Module is presented in table IV. Note that
the initial uniform mean inflow velocity Apean provided by the LRP Module for the initial
input Inflow Velocity Table is actually perpendicular to the hub plane because of the analysis
method employed in the LRP Module. However, this initial mean inflow velocity in the Inflow
Velocity Table is assumed to be perpendicular to the tip-path plane, as required by the the
RLD Module analysis. This assumption is valid because the initial inflow input is merely a
first estimate and can be approximate.

For subsequent iterative executions of the RLD Module, the Inflow Velocity Table is provided
by the Rotor Inflow (RIN) Module and contains updated inflow information having higher
harmonic content. The relationship between the table storage sequence for complex Fourier
coefficients of inflow velocity A(n,m) and the theoretical complex Fourier series sequence for
X(n, m) per equation (10) is analogous to that for the flapping data as indicated in table L.

~ Input of blade airfoil section lift and drag data is required, and the choice of table format is
based on whether the improved option is used. If the set of improved modules (which includes
the IBS Module, the Improved Blade Section Aerodynamics (IBA) Module, and the Improved
Blade Section Boundary-Layer {IBL) Module, the latter two being documented along with
the IBS Module in ref. 2), has been executed to establish blade characteristics, the improved
option is used. If the improved option is used, the blade airfoil section lift and drag data are
input separately to the RLD Module via the Section Lift Table from the IBA Module and the
Section Drag Table from the IBL Module, respectively. If the improved option is not used, then
blade characteristics must have been established by the original set of modules (which includes
the RBS Module, the Blade Section Aerodynamics (RBA) Module, and the Blade Section
Boundary-Layer (BLM) Module, the later two being documented in sections 10.3 and 10.4 of
ref. 1). In this case, the blade airfoil section lift and drag data are input to the RLD Module
via a single combined table, the Section Aerodynamic Force Table from the BLM Module.
However, any of the lift and drag input tables can also be created by the user from any other
source of airfoil data.

Finally, the user can optionally input to thc RLD Module the Unsteady Lift and Blade
Bending tables if available. Thesc tables contain complex Fourier coefficients. For these

optional tables, the relationship between the table storage sequence of the complex Fourier
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cocficients and the theoretical complex Fourier series sequence of the coefficients is analogous
to that already described for the flapping data as indicated in table L.

The user parameters, tables, and data arrays input to the RLD Module are as follows:

User Parameters

Ag current value of collective pitch at blade root (eq. (2)), rad

Aj current value of lateral cyclic pitch relative to hub plane (eq. (2)), rad

Bj current value of longitudinal cyclic pitch relative to hub plane (eq. (2)),
rad

€ rotor blade flapping hinge radial offset from center of rotor, re R

f fuselage equivalent flat-plate area, re R?

My, rotor hover tip Mach number

Np number of rotor blades

Nm number of azimuthal harmonics in frequency domain (i.e., twice number of

positive frequency harmonics and establishes azimuthal discretization of one
rotor revolution with azimuthal increments of size 2m/Np, in time domain,
thereby satisfying Nyquist criterion relating number of time steps to number
of frequencies; must have value equal to 2 raised to nonzero integer power)

w rotorcraft weight (for tail rotor analysis, value input is tail rotor thrust force; for
analysis of rotor from multirotor vehicle, value input is weight supported per
rotor), re mpQ? R

adp rotor hub plane angle of attack (positive for hub leading edge tilted up), rad

7 rotor advance ratio along wind axis, = gﬁﬁ

Independent Variable Array
n blade spanwise position for output tables, re R

Blade Shape Table
[From RBS or IBS]

n blade spanwise position, re R
c(n) blade section chord length, re R ,
or(n) blade section rigid twist angle (positive for blade section leading edge tilted up

and measured from hub plane), rad

Flapping Angle Table
[From RRD or initialized by LRP]
m azimuthal harmonic number

a(m) complex Fourier coefficients of flapping angle (positive up from hub plane
(tables I, II, and III)), rad
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Inflow Velocity Table
[From RIN or initialized by LRP]
blade spanwise position, re R
azimuthal harmonic number

complex Fourier coefficients of rotor total inflow velocity (perpendicular to
tip-path plane, positive up (table IV)), re QR

Section Lift Table
[From IBA; required if improved option is used]
blade spanwise position, re R
blade section angle of attack, deg
blade section Mach number

blade section steady airfoil lift force, re gc*

Section Drag Table
[From IBL; required if improved option is used]

blade spanwise position, re R

blade section angle of attack, deg
blade section Mach number

blade section steady airfoil drag force, re gc*

Section Aerodynamic Force Table
[From BLM; required if improved option is not used]
blade spanwise position, re R
blade section angle of attack, deg
blade section Mach number

blade section steady airfoil lift force, re qc*

blade section steady airfoil drag force, re gc*

Blade Bending Table

[Optional] -

blade spanwise position, re R '
azimuthal harmonic number

complex Fourier coefficients of blade flapwise elastic bending displacement
(positive up relative to rigid blade position), re R

complex Fourier coefficients of blade e.astic torsional twist angle increment
(positive for blade section leading edge twisted up relative to rigid blade
position), rad |
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Unsteady Lift Table

[Optional]
n blade spanwise position, re R
m azimuthal harmonic number
Ag(n,m) complex Fouricr coeflicients of airfoil unsteady lift force increment, re ge*

Output

The RLD Module produces various updated rotor control and performance parameter
output as user parameters. A table of the acrodynamic loading distribution on the rotor
disk as a function of blade spanwise position and azimuthal harmonic number is produced.
Also produced are tables of bound circulation distribution and unsteady blade motion. Note
that for those output tables containing complex Fourier coefficients, the relationship between
the table storage sequence and the theoretical complex Fourier series sequence of each Fourier
coefficient is analogous to that described previously in the section “Input” for flapping data as
indicated in table I.

The user parameters and tables output from the RLD Module are as follows:

User Parameters

Aa updated value of collective pitch at blade root, rad

Al updated value of lateral cyclic pitch relative to hub plane, rad

ag rotor coning angle (eq. (11)), rad

aj first harmonic longitudinal flapping relative to hub plane (eq. (11)), rad

Bj updated value of longitudinal cyclic pitch relative to hub plane, rad

b first harmonic lateral flapping relative to hub plane (eq. (11)), rad

Cq rotor torque, re wpQ2R®

Cr rotor thrust, re prQR4

Cpp rotor tip-path plane angle of attack (positive for leading edge of tip-path plane

tilted up), rad

Harmonic Aerodynamic Loads Table

n blade spanwise position, re R

m azimuthal harmonic number

F,(n,m) complex Fourier coefficients of blade normal loading in thrust direction
(perpendicular to hub plane, positive up), re Q2R3

Fw(n, m) complex Fourier coefficients of blade azimuthal loading in tangential direction
(parallel to hub plane, positive toward increasing azimuth), re Q2R3

Bound Circulation Table

n blade spanwise position, re R

Y blade azimuth angle, rad

T'(n, ¥) bound circulation, re QR?
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Blade Motion Table

n blade spanwise position, re R

m azimuthal harmonic number

M(n,m) complex Fourier coefficients of blade section Mach number

a(n, m) complex Fourier coefficients of blade section angle of attack, rad
Method

The key assumptions underlying the RLD Module have already been presented in the
Introduction, and a description of the problem is shown in figure 1 with the sign conventions
of Gessow and Myers (ref. 3) adopted. A helicopter is in steady level flight with airspeed V.
The hub plane of the main rotor makes an angle ag, with the free-strecam velocity; this angle
is typically negative during forward flight (front half of hub plane inclined below horizontal),
as shown in figure 1. The rotor has N, fully articulated blades with hinge offset e. The coning
angle is ag. The first harmonic longitudinal and lateral flapping angles are a1 and by, measured
with respect to the hub plane. Higher harmonic flapping angles are expressed in complex form.
The rotor control angles are specified by the collective pitch Ag (positive for blade leading
edge pitched up) and the lateral and longitudinal cyclic pitches A; and Bj, and A; and B
are measured from the hub plane to the plane of no feathering, which is assumed coincident
with the control plane. Further details regarding control angles, the plane of no feathering,
and the control plane are provided later, in the subsection “Determination of Cyclic Pitch
and Collective Pitch.” Rotorcraft weight W and fuselage drag D are assumed to act at the
rotor hub as shown in figure 1 with vehicle pitching and rolling moments being neglected in
the analysis. The resultant thrust force Cp generated by the rotor is assumed normal to the
tip-path plane. The normal loading F; at a blade section is defined positive up, perpendicular
to the hub plane, this is illustrated in figure 1, where the normal loading at the root (hub)
section of a blade is portrayed.

Blade Section Angle of Attack

The first step is to determine the local angle of attack at each blade section. With reference
to figure 2, the local angle of attack at a given blade section is

a(n, ) = ¢(n,¥) + 0(n, ¥) ()

where ¢ is the local upflow angle and @ is the local blade pitch angle, both relative to the hub
plane. Angles a and 6 are positive for blade section leading edge tilted up. The local pitch
angle is expressed in terms of the control angles as

6n. %) = Ao — Ay cos — Busins + 6r(n) + Aalm, ) %)

where control angles Ag, A}, and By are relative to the hub plane; O1(n) is the fixed rigid twist
distribution of the blade (positive for leading edge up relative to the hub plane) adjusted so that
67(0) = 0; and Aa(n, ) is the distribution of blade elastic twist increment (measured positive
for leading edge twisted up relative to the rigid blade position). The onset flow velocity to the
local blade section is resolved into two components as indicated in figure 2. The component
normal to the hub plane is Up (positive up), and the component lying both parallel to the hub
plane and perpendicular to the blade is Ur (positive in the direction opposite the direction of
blade section translation due to rotor rotation). In terms of these velocity components, the
local upflow angle ¢ is expressed as

¢(n,y) = arctan g—? ' 3)
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Finally, the local blade angle of attack increment due to blade elastic torsional twist is
determined from the input Fourier transformed quantity Ad(n, m), if provided, by

Non/2

Aa(n, )= Y, Aa(n,m) exp(imy) (4)

m=—Np /2

Figure 3 illustrates the onset flow velocity components lying in the hub plane and resolved
radially and tangentially relative to the blade.. The tangential component Ur is a function of
rotor rotational speed and forward velocity in the form

QRUp = Qr + Vo cos agp siny (5)
Applying dimensionless quantities yields

Ur(n,¥) =1+ pursiny (6)

where 7 is the normalized spanwise coordinate and g7 is the advance ratio component tangent to
the hub plane, that is, p cos aqp. Negative values of Ur(n, ) represent the reversed-flow region.

The perpendicular velocity contributions are shown in figure 4. Because of hub plane angle
of attack, a component of advance ratio resolved perpendicular to the hub plane exists and is
given by

Voo .
up = S_'l% sin agp (M

or in terms of nondimensional input quantities.

ip = fisin g (®)
The total normal velocity Up is
A .
Up(n,0) = M)~ eran — (900 + 22020 ) st (0= €) B) — Adm ) (9

where the dot over the symbol signifies derivative with respect to azimuth angle 1. Each term
on the right-hand side of equation (9) requires further explanation. The first is the rotor total
inflow velocity, normal to the tip-path plane, computed by the RIN Module. The second term
is the correction of the total inflow velocity from tip-path plane orthogonality to hub plane
orthogonality. The third is the component of the inplane velocity, parallel to the blade in
figure 3, resolved normal to the actual flapped blade position. The last two terms are the onset
velocity contributions produced by blade rigid flapping rate and flapwise elastic bending rate,
respectively. The contribution pp to the velocity Up is accounted for implicitly by the quantity
[A(7, %) — pra1] in accordance with the theory used in the RIN Module for A(n, ). Hence up
does not appear explicitly in equation (9).

The azimuthally dependent input quantities in equation (9) are provided as finite Fourier
series of the form

N /2
Amg)= 3, Anm) exp(imy) (10)
m=—Npn/2
Nm/2
B(¥) = ap — a1 cosyp — by siny — agcos 2y — bysin2¢ —...= Z a(m) exp(imy) (11)
m=—Np/2
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and
N /2

Dz(n, )= Y Az(n,m) exp(imy) (12)

m=—Nmp/2

The longitudinal flapping coefficient a; in equation (9) is given by twice the negative real
part of a(1). With equations (10) to (12), all terms on the right-hand side of equation (9) are
written as Fourier series. Differentiating and summing like terms yield a single Fourier series for
U p(n, m) as shown in the appendix. A final inverse transform yields Up(n, 1). Once Up and U
are determined, then the local blade section angle of attack is computed from equation (1).
The blade section Mach number is

M(n, ) = My\JU3 + U (13)

The local blade section angle of attack is assigned negative values in the reversed-flow region. -

This sign switch implements a flat-plate airfoil assumption to provide a crude accounting for
reversed flow in utilizing typical input blade airfoil lift and drag tables produced by the IBL
Module, the IBA Module, or the BLM Module (discussed in the subsection “Blade Section
Forces”). In such typical input airfoil lift and drag tables, true reversed-flow information is
not present because only a small range of angle of attack about zero is contained in them.
The user is hereby warned, therefore, that if the user has provided input airfoil lift and drag
tables containing measured reversed-flow data (i.e., large angles of attack near 180° or —180°),
the input reversed-flow data will not be utilized by module RLD as a consequence of the sign
reversal of the angle of attack applied in the reversed-flow region before the input airfoil tables
are read.

The Fourier transforms of equations (1) and (13) produce @(n, m) and M(n, m), which are
the quantities, along with the blade shape, that are required to compute chordwise pressure
distributions by using unsteady or transonic theory. These quantities are also required for
implementation of a full surface prediction of rotor noise.

Blade Section Forces

The next step is to determine the section forces (i.e., blade loadings) normal and tangent
to the hub plane. These are determined from the blade airfoil section lift and drag input data.

For cach value of spanwise position 7 and azimuthal position 1, the local angle of
attack a(n,?) and Mach number M (7, ) have been determined. From the input tables of
the steady lift ¢; ;(n, @, M), the steady drag cys(n, &, M ), and, optionally, the unsteady lift
increment A (5, m) for the blade airfoils, the blade section lift and drag are

Nm/2 _ ,
a(m¥) = aslman ), Mo,¥)]+ D> Ag(n,m) exp(imy) (14)
m=—Nn/2
and

Cd(”), 'l/)) =Cd,s [77’ a(n: '/)) 3 M(’h 1/’)] (15)

The bound circulation at a blade section is given by

M 1 —

T(n,¥) = 3ggcalm¥) - 5 U + Upce(n,¥) (16)

The forces given by equations (14) and (15) act normal and tangent, respectively, to the
local relative wind at each blade section. For noise prediction purposes, it is more convenient
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to resolve these forces normal and tangent to the hub plane. When referring to figure 2, the
section normal force is given by

1 M?
2 M}

(3

F.(n,¢) = c[xe(n, ) cos ¢ £ cq(n, ) sin @)

= % (Ulz’ + U’%‘) c[xei(n, ) cos ¢ £ cy(n, ) sin ¢ (17)

and the section azimuthal force is

2
Fyln,¥) = 5 yize (ei(n, ) sin g — eq(n, ¥) cos ¢1}
h
= 1 (U3 + UR) e {ailn,v) sin g — Lca(n, ) cos ]} (19)

The negative sign in the “+” sign option appearing in equations (17) and (18) is applied in the
reversed-flow region. This sign usage is consistent with the sign reversal of the angle of attack
applied in the reversed-flow region, as discussed previously in the paragraph which followed
equation (13). Therefore, any actual reversed-flow lift and drag data which may be present in
the input airfoil tables will not be utilized in equations (17) and (18).

Determination of Cyclic Pitch and Collective Pitch

Force balance requires that the resultant thrust force Cr generated by the rotor be equal
and opposite to the vector sum of the rotorcraft weight (i.e., weight carried per rotor) and
drag. When the assumption that the resultant rotor force is normal to the tip-path plane is
applied, as indicated in figure 1, the balance of forces determines the tip-path plane angle of
attack required for rotor trim as follows:

D

where the rotorcraft drag is assumed to equal the fuselage drag, which is given by D = pf /2,
the constant 7 occurring because of defined nondimensionalizations of D and f.

To provide some further rotor reference plane definitions and to make some additional
assumptions underlying the methodology for computing rotor trim and the associated control
angles are necessary. As illustrated in figure 1, the rotor blades are flapped with respect to the
hub plane, with the plane of the blade tips establishing the tip-path plane. Relative to the hub
plane, the blades also have uniform collective and cyclic (azimuthally varying) pitch 8, which
from equation (2) is

0(n,v) = Ag — Aj cosyp — By sin + Elastic twist (20)

The first additional assumption made is that blade elastic deflections are now ignored; therefore,
only rigid blade pitch relative to the hub plane exists and is given by

0(n, ¥)rigia = Ao — A1cosy — Bysing (21)

Another reference plane exists, relative to which the blades experience only uniform collective
pitch Ag but no cyclic pitch; this is defined as the plane of no feathering. The rotor employs a
mechanical control system for altering blade pitch. Conventionally this is a swashplate system in
which the swashplate position establishes the control plane orientation with respect to the hub
or body axis. Two more assumptions made are that the mechanical control system is perfectly
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rigid and that there is no pitch/flap coupling experienced by the rotor blades. Therefore, by
these two assumptions (ref. 4), the control plane is the same as the plane of no feathering. Given
the spatial orientation of the control plane via pilot-commanded pitch angle control inputs 4,
and Bjp, the rotor blades flap and feather. Thus a new spatial orientation of the tip-path
plane is established, and the hub plane is tilted laterally and longitudinally with respect to the
control plane. As shown in figure 1, the control plane angular tilt relative to the hub plane
is Ap, laterally, and B;, longitudinally. Thus from the aforementioned assumptions, control
inputs A; and B;j (i.e., control plane orientation with respect to the hub plane) command a
particular blade flapping response a; and b; (i.e., tip-path plane tilt with respect to the hub
plane). A final additional assumption made regarding rotor control is that the rigidity of the
control system and rotor blades is such that there is a direct one-to-one ratio between input
pitch control angle and resulting blade flapping angle response; that is, a 1° change in A; yields
a 1° change in b; and a 1° change in B, yields a 1° change in a;.

Based on the aforementioned additional assumptiong, an iterative scheme is employed for
obtaining updated longitudinal cyclic pitch Bf in which one call of the RLD Module represents
one iteration. The scheme is based on longitudinally trimming the rotor to the known required
tip-path plane angle atpp. The known longitudinal flapping a; of the rotor is a result of the
known longitudinal cyclic pitch control input B;. During a given iteration (i.c., call of the RLD
Module), the current known values of B] and a; are inputs to the module, where a; is given by
twice the negative real part of input complex coefficient @(1) in the Fourier series for the flapping
angle 3 (eq. (11)). If By happens to be the correct control input to achieve rotor longitudinal
trim, then the corresponding resulting input value of longitudinal flapping a; is the correct
trim value, such that the relation agp + a1 correct = aipp holds, where this equality is evident in
the geometry in figure 1, in which the side view of the figure portrays a longitudinally trimmed
rotor. During a typical iteration, however, the current input values of B; and a; do not yet
equal the correct values consistent with trim to the known aipp, such that ag, + a1 # atpp.
It is assumed that the difference between the current quantity agp + a1 and the known target
trim value aipp is the amount by which the current longitudinal cyclic pitch control angle B;
must be adjusted to give the updated value Bj, corresponding to longitudinal trim. Thus

B] — By = —[oupp — (aup + a1)] = True or Updated — Current (22)

where the negative sign preceding the quantity in brackets accounts for the opposing relation-
ship between longitudinal cyclic By and longitudinal flapping aj; that is, longitudinal cyclic
pitch control consisting of increasing the value of B; (forward tilting of the control plane caused
physically by forward motion of the pilot’s control stick) results in longitudinal flapping con-
sisting of decreasing the value of a; (forward flapping response). Rearranging equation (22)
gives the following expression for updated longitudinal cyclic pitch:

B’l = B; + Odp — atpp + a1 (23)

Similarly an iterative scheme is employed for obtaining updated lateral cyclic pitch A} in
which one call of the RLD Module represents one iteration. Though rotors, particularly main
rotors, actually produce side forces in the trim condition, this analysis assumes no side forces
are generated. Also the rotorcraft weight acts at the rotor hub, by assumption, such that there
are no rolling moments. Based on these assumptions, the tip-path plane and the hub plane
must be horizontal when lateral trim is achieved which is the trim criterion on which the scheme
for A} is based. For a given rotor lateral orientation, the known lateral flapping &, is associated
with a known lateral cyclic pitch control input Aj, the geometry being indicated in the side
view of figure 1. During a given itcration (i.c., call of the RLD Module), the current values
of A and b; are inputs to the module, where by is given by twice the positive imaginary part
of input complex coefficient @(1) in the Fourier series for the flapping angle 8 (eq. (11)). If A;
happens to be the correct control input to achicve rotor lateral trim, then the corresponding
resulting lateral flapping b; is the correct trim value, given by by correct = 0. During a typical
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itcration, however, the current input values of A; and b; do not yet equal the correct values
corresponding to lateral trim such that by # 0. It is assumed that the amount by which b
differs from zcro is the amount by which the current lateral cyclic pitch control A; must be
adjusted to give the updated value A] corresponding to lateral trim. Thus

A} — A} = [0 — b)] = True or Updated — Current (24)

or rearranging,

A=Ay —b (25)

An iterative scheme is employed for obtaining updated collective pitch Aj in which one
call of the RLD Module represents one iteration. For simplicity it is assumed that a lift-curve
slope of 27 applies everywhere on each rotor blade. This assumption provides a simple direct
proportionality between the current input value of collective pitch Ag and the corresponding
rotor lift force, which is the vertical component of Cz. The trim value of Ap is assumed achieved
when the current total rotor lift force equals the known rotorcraft weight W (i.e., weight carried
per rotor). Thus the required change in collective pitch from the current input value to achieve
trim is proportional to the difference between the rotorcraft weight and the current rotor total
lift (i.e., the vertical component of rotor thrust) as follows:

(A6 — AO) 21 = W — Cp cos app = True or Updated — Current (26)
Rearranging gives the following expression for updated collective pitch:

W — Crcos agpp
27

A = Ao+ (27)

where aypp is given by equation (19) and current rotor total thrust Cr is computed as described
in the subsection “Rotor Thrust and Torque.”

Equations (23), (25), and (27) represent the basic scheme which has been coded into the RLD
Module for updating the control angles. All the quantities involved in these three equations
are user parameters. Thus by judicious use of control statements within the actual computer
prediction input job stream, the user can create any desired iterative procedures for executing
the related RLD, RRD, and RIN Modules to implement other update schemes.

Rotor Thrust and Torque
Equations (17) and (18) define the blade section forces relative to the hub plane that
are required for noise prediction. Additionally, rotor thrust and rotor torque are required

to describe the rotor performance. These two quantities are obtained by integration of blade
section forces. The rotor thrust is defined as

N; 2r 1 : .
Cr= 2—7:’2 /(; /0 [F; cos (agp — atpp) — Fysin (atgp — atpp)] dn d¥ (28)
and the rotor torque as

Ny

CQ - " or?

2r 1
A /{; [F, sin (agp — atpp) + Fyy cos (agp — aipp)] n dn d¥ (29)
In terms of the Fourier series coefficients, the equations simplify to

N, [ _ ,
Cr= §ﬂ_—b2 /(; [F2(n,0) cos (adp — agpp) — Fy(n,0) sin (agp — atpp)] dn (30)
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and

&

N o e

10.

11.

12.

13.
14.
15.

Ny [ , _
Co=-53 /(; [F.(n,0)sin (agp — atpp) + Fy(n, 0) cos (aap — epp)] 1 dn (31)

Computational Procedure

. Compute Up(n, ) (defined by eq. (9)) by following method in appendix
. Compute Ur(n, ) from equation (6)

Apply inverse Fourier transform to A@(n, m) (if input) to get Aa(n,¥), compute 8(n, )
from equation (2), and compute 8(7, %) from equation (3)

Compute a(7,1) by equation (1), with negative values assigned in reversed-flow region
Compute M(n,v) from equation (13)
Interpolate for blade section steady lift and drag forces ¢; ; and cg 4

Apply inverse Fourier transform to Ag(n,m) (if input) for blade section unsteady lift
increment Acy(n,v) and compute total ¢; from equation (14)

Generate @(n, m) and M(n, m) for output table by applying Fourier transform to a(n, ¥)
and M(n, ¥)

Compute (7, %) for output table with equation (16)

Compute blade normal and tangential section forces with equations (17) and (18 and Fourier
transform to get F;(n, m) and Fy(n,m)

For output, determine coning angle ag from complex Fourier coefficients of flapping a(m)
by equation (11), with coning angle being given by value of a(0)

Determine first harmonic flapping angles a; and b; from a(m), as described in paragraphs
immediately preceding equations (22) and (24), respectively, by equation (11)

Compute aypp from equation (19)
Compute integrated rotor thrust Cr and torque C from equations (30) and (31)

Compute updated pitch control angles Aj, A}, and B} from equations (27), (25), and (23),
respectively
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Appendix

Calculation of Perpendicular Velocity

The expression for the local onset flow velocity component perpendicular to the hub plane
involves both sums and derivatives of Fourier series. It is more computationally efficient to
perform the summations and differentiations in Fourier series form and then use the inverse
Fourier transform to yield the perpendicular velocity Up(n, ).

Equation (9) for the perpendicular velocity is

Up(m ) = X0, %) — ppar — |8@) + 2220 iy cosy —(n— ) Bw) — Asn.g) (A1)
n—e

where the terms ), 3, and Az are written as Fourier series as given by equations (10) to (12).
The perpendicular velocity can also be written in Fourier series form as

Nim/2

Up(my)= Y Up(n,m) exp(imy) (A2)
m=—Nm/2

Substituting equations (10) to (12) and (A2) into equation (A1) and summing coefficients
of like harmonics yield a series of equations for each perpendicular velocity harmonic U p(n,m).
Four sets of equations result for four cases: flapping and bending, flapping and no bending, no

flapping and bending, and no flapping and no bending. The result for the first case, flapping
and bending, where n > e, 8(¥) # 0, and Az # 0, is

Tp(n,0) = X(m,0) - urar = 5 [a(=1) +a(D)] - 5 L5 (820, -1 + A2z, 1)) (A3)
and
Up(n,m) = X(n,m) - &7 [a(m ~ 1) +a(m + 1)

BT__(AZ(n,m— 1)+ AZ(n,m+ 1)] — i {m[(n — e)a(m) + AZ(n,m)]}  (Ad)

T 2(n—e)
for
0<m<£2m—
(A5)
—N2ﬂ<m<0
and

gl ) v )

o))} e

The result for the second case, flapping and no bending, where n > e, 8(%) # 0, and Az =0,
is

Up(n,0) = X(1,0) - ppar — £ [a(-1) +a(1)] (A7)
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and

Up(y,m) = Aoy, m) — l—g—‘[ﬁ(m — D +a(m+ )] —i{m|(n—e)a(m)]} (A8)
for N
0<m< 2
A9
e <o "
5 m
and

UP("'»i%) =X(n, %) - %[ﬁ(f\g" - 1) +a(1 - %")]
()

The result for the third case, no flapping with bending, where 7 > e, 8(¥) = 0, and Az # 0, is

-[71’(77’ m) = X(n! m) - #‘?)[AE("L m - 1) + AE("L m+ 1)] - i{m[AE(TI, m)]} (All)

for N N

O (n s ) 25 M) 27 [z 1) 4 (1 - 2
Up(n,:l: 2 )—)\(n, 2) 0 —o) [Az ™ 1)+ Az|n1 5 }

{2 (o2

The fourth case is for no flapping and no bending, which is true when 7 > e, 8(¢) = 0, and
Az = 0 or when 1 < e. The resulting expressions for this case are

and

U p(n,m) = X(n,m) (A14)
for N N
-<m< (A15)
and N N
Up (n, 7Y =3 (0.5 (A16)

The inverse Fourier transform is applied to the function U p(n, m) to yield the perpendicular
velocity U p(n, ¥).
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Table 1. Relationship Between Array Storage Sequence and Fourier Series
Sequence for Complex Fourier Flapping Coefficients a(m)*

Array sequence in input Fourier series sequence
Flapping Angle Table (eq. (11))
a(1) a(0)
a(2) a(1)
a(3) @(2)
(%) (% -1)
a(% +1) {a(®p) +a(-"2)} /2
a(%p +2) a(-% + 1)
a( % +3) a(-% +2)
a(Nm — 2) a(-3)
a(Nm - 1) a(-2)
a(Nm) ] a(-1)

*Tabulated relationship also applies analogously for other input and output tables for
the following complex Fourier coefficients:

-X(Thm)’ Aa_(_’l,m), AZ_(_’L m), aﬂd_AEz(ﬂ»m) (eqs (10)! (4)7 (12)1 and (14)1 respec-
tively) and F,(n,m), Fy(n,m), M(n, m), and G@(n,m) (Fourier series analogous to

that in eq. (12))

Table II. Contents of Initial Input Flapping Angle Table From LRP Module
in Terms of Conventional Sine Series Coefficients

Complex Fourier
coefficient

(array entry LRP value LRP value
in data table) (for tail rotor analysis) (for main rotor analysis)
a(l) ag + 0 ag + 10
5(2) —a;1 + ik —B] - iA]
a(3) 0410 0+10
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Table ITI. Contents of Input Flapping Angle Table From RRD Module
in Terms of Conventional Sine Series Flapping Coeflicients

Function of conventional sine

Complex Fourier coefficient series flapping coefficients
(array entry in data table) (eq. (11))
a(l) ag + 0

a(2) e
6(3) —ag + iby

a( QF) ~O(Nm/2)-1 2+ tb( N /2)-1
E(an + 1) —ay,, /2 + 10
E(I—Vfl " 2) —0(Np /2)-1 2- (Np/2)-1
a( Na 4 3) —O(N/2)-2 = B(Nm/2)-2

Table IV. Contents of Initial Input Inflow Velocity Table
Obtained From LRP Module

Complex Fourier coefficient Array entry value
(array entry in data table) (provided by LRP Module)
A(n, 1) @ Amean + 0
A(n,2) 0+ 10
A(n,3) 0410
A(n,4) ' 0 + 40

. @Mean inflow velocity Amean from analysis by LRP Module is actually perpendicular to
hub plane but for use as initial estimate input to RLD Module is assumed perpendicular to
tip-path plane.
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15.2 Rotor Inflow (RIN) Module

Casey L. Burley and Stephen J. Jumper
Lockheed Engineering & Sciences Company

Introduction

A helicopter in forward flight encounters unsteady flow which produces fluctuating blade
air loads and noise. To calculate the rotor air loads and noise, the flow field about the rotor
must be described. A nonuniform inflow distribution is often required to accurately define the
unsteady loads on the blade and, thus, the acoustics. The purpose of the Rotor Inflow (RIN)
Module is to compute the total nonuniform rotor inflow velocity distribution, relative to the
tip-path plane, from the wake-induced inflow and rotor translational speed and to add in any
optional inflow contribution due to external sources, such as a fuselage, wing, or another rotor.

To compute the induced contribution of nonuniform inflow velocity, elements of the Scully
wake/inflow model (ref. 1) is used. This is a free-wake model in which the wake from each
rotor blade is modeled with vortex lines and vortex sheet elements. Not only is the tip vortex
modeled, but the shed and inboard trailing wake structures are modeled also. Once the wake
is modeled, the Biot-Savart law is used to compute the induced velocity contribution from each
vortex wake element at predefined points on the rotor disk. The bound circulation distribution
on the blades must be input from an external analysis. The Scully method usually is used
in a free-wake mode, where the velocity calculation is followed by a tip vortex convection
calculation and iterated umtil a converged tip vortex trajectory is obtained. Because of the
substantial computational time and expertise necessary for free-wake calculations, the RIN
Module is usually executed just once in a “prescribed-wake” mode by using the tip vortex
geometry predicted by the Rotor Wake Geometry (RWG) Module. Since the inflow computed
depends on the input circulation table, and vice versa, RIN is normally executed within an
iteration loop with the Rotor Loads (RLD) Module.

The Scully method employed by the RIN Module accounts for several flow and wake effects.
Tip vortex roll-up is accounted for by using a linear roll-up model. The wake is divided into
near-field and far-field regions, which are delimited based on the degree of influence each wake
element in a region has on the induced velocity at the blade. Division of the wake into regions
allows a more efficient computational scheme to be used. A simple vortex core-radius method
is used to improve calculation of velocity induced by a very close vortex segment. A simple
vortex core bursting scheme is used to handle blade vortex interactions, where a rotor blade
encounters or passes very near a vortex.

Symbols
@b vectors from point P(n, ) to points P, and P, on vortex element, re R
ag coning angle, rad
Cr rotor thrust, re mpQ2R*
c rotor blade local chord length, re R
¢ vector along vortex line segment from point P, to point P, re R
Ca, Ch distances along segment € at front edge of vortex sheet, re R
Cmean mean or reference rotor blade chord length, m (ft)
D(¢,6) tip vortex distortion, re R
Dy (¢,9) z component of vortex distortion vector f)(¢,5), re R
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Do(4,9)
D3(¢, )
ds

dsy
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y component of vortex distortion vector ﬁ(qﬁ, 8}, re R

-

2 component of vortex distortion vector l_j(qb, ), rc R e
nondimensional length of differential element of vortex line, re R

length of differential element of vortex line, m (ft)

vector representation of differential element of vortex line, re R

nondimensional velocity induced by differential element of vortex
line, re QR

velocity induced by differential element of vortex line, m/s (ft/s)
vortex core bursting factor

fraction of total tip vortex circulation concentrated in tip vortex line of
age 6

tip vortex roll-up rate, re Tid

fraction of total vortex circulation concentrated in tip vortex line of zero
age

uncorrected velocity influence coeflicient corresponding to vortex line
element (ratio of vortex line-element-induced velocity to maximum blade

bound circulation, eq. (61)), re 71{

uncorrected velocity influence coeflicient corresponding to vortex sheet
element (ratio of vortex sheet-element-induced velocity to maximum blade

bound circulation, eq. (62)), re 71;

perpendicular distance from point P(7,) to vortex line element or to ~—
front edge of vortex sheet element (fig. Al), re R

vector from point P(n, %) drawn perpendicular to front edge of vortex
sheet element (fig. B2), re R

integrals in vortex sheet-element-induced velocity expression (eqs. (B10)
and (B11)) S ' I

terms in integral I; (egs. (B56) and (B57))
terms in integral I (egs. (B58) and (B59))
unit vector along z, y, and z axis, respectively

unit vector along %, §j, and % axis, respectively

radial station on ! blade of point P, from which vortex wake element is
shed, re R

radial station on ! blade of inboard edge of inboard trailing wake region,
re R

radial station on ! blade of outboard edge of inboard trailing vortex sheet,

re R ' : =
shed wake region

inboard trailing wake region

tip vortex wake region X

radial station on [ blade of inboard edge of tip vortex sheet, re R
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P(n,v)
QMAT(n, ¥, ¢)

i
a(m:9%,¢, 1, 8)

Rcav Rcb

1

So.c
Sp.f

S

S1,a,51,b

52,a>52,b
Ve(n, ¥)

Wi

distance in tip-path plane from point P, on vortex line segment to 7 blade
or its extension, re R

rotor hover tip Mach number
azimuthal harmonic number
number of wake revolutions
number of rotor blades

number of azimuthal harmonics, that is, number of equal size azimuthal
increments into which one rotor wake revolution is subdivided and has
value equal to 2 raised to nonzero integer power

number of wake segments required to complete tip vortex roll-up
unit vector used in vortex sheet-induced velocity calculations

endpoint of vortex line segment or corner point at front edge of vortex
sheet segment

point on tip vortex line segment (or its extension) which intersects 7 blade
(or its extension) when projected onto tip-path plane

point on [ blade from which vortex wake element was shed
point on 7 blade at which induced velocity and air loads are computed

influence coeflicient matrix for contribution to z component of induced
velocity at P(n, ) from all wake elements generated at azimuth angle ¢,

re b2
blade-vortex interaction factor

velocity influence coefficient (ratio of induced velocity to maximum blade
bound circulation) used in QMAT matrix for obtaining contribution to
velocity induced at P(7n, ) by wake element which is identified by ¢, {,
and ¢ and has circulation T'(¢), re };

blade length (i.e., rotor radius), m (ft)

shorthand functions used in vortex sheet-element-induced velocity integrals,
re R

nondimensional distance from point P(7n, ) to differential element on
vortex line, re R

distance from point P(7n, ) to differential element on vortex line,
(fig. A1), m (ft)

core radius of vortex sheets and unburst vortex lines, re ¢mean
burst core radius size factor (ratio of burst to unburst core radius)
vector drawn lengthwise on vortex sheet element (fig. B3), re R

shorthand functions used in vortex sheet-element-induced velocity integrals,
re R '

shorthand functions in vortex sheet-element-induced velocity integrals, re R

inflow velocity contribution normal to tip-path plane due to external
sources, re IR

contribution to induced velocity at P(n,) by straight vortex line segment,
re QR .
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Vs
Vo

I, Y,z

Za, Yas Za

Ax, Ay, Az

Ty Yobr 2y

z,9,2
AZ

ThyYhs Zh
Ty Yz, 2z
Ty, Yy: 2y
LzyYzy Rz

T1,T2

Zc
Zm

Zp

a,lB

Qtpp

Ty, I‘b

Thy (77, ¢)
Timax(¥)

Ts(e)
I
¥e(0)

contribution to induced velocity at P(n, 1) by vortex sheet segment, re 2R
rotorcraft translational velocity, m/s (ft/s)

right-hand rectangular coordinate system oriented with respect to tip-path
plane with origin at P(n, )

components of vector extending from point P(n,¢) to point P, re R
vortex segment length, re R
components of vector extending from point P(n, ') to point Py, re R

right-hand rectangular coordinate system oriented with respect to each
individual vortex sheet segment with origin at P(n,¢)

length of vortex sheet segment perpendicular to its circulation vector, re R

components of vector % in coordinate system with origin at point P(7, %)
and oriented with respect to tip-path plane, re R

matrix elements for transforming # component to components in tip-path
plane coordinate system (appendix B)

matrix elements for transforming § component to components in tip-path
plane coordinate system (appendix B)

matrix elements for transforming Z component to components in tip-path
plane coordinate system (appendix B)

I coordinates of front and back edges of vortex sheet segment, re R

distance of vortex line segment (or its extension) above or below 7 blade,
re R

mean 2z component of vector from point P(n, ) to endpoint of back edge
of vortex sheet, re R

shortest distance between point P(n,%) and plane containing vortex sheet
element (figs. B2 and B3), re R

shorthand function in vortex sheet-element-induced velocity integrals, re R

angles used to derive induced velocity of vortex lines and vortex sheets
(figs. Al and B1), rad

tip-path plane angle of attack (positive for leading edge of tip-path plane
tilted “up”), rad

bound circulation or circulation of vortex line segment (eq. (A2) and

fig. A1), re QR?
vortex line (or sheet) circulation at point P, and P, respectively, re QR?
rotor blade bound circulation distribution, re QR?

maximum rotor blade bound circulation at given azimuth position ¥,
re QR?

shed wake element circulation, T's(%)) = Tmax(¥ + A%) — Tmax(¥), re QR?

circulation of a vortex line segment, m?/s (ft2/s)

vortex core factor (i.e., fraction of vortex line circulation within distance p
of vortex centerline) :
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6 age of point P; on wake element shed from station / on [ blade, rad

& angle used to derive vortex sheet-induced velocity (fig. B3), rad
Es distance from 7 blade to start of shed wake vortex sheet, M}Vis—”, re R

azimuth angle difference between ith [ blade and 7 blade, rad

i radial position of point P{n,v¢), re R

An radial distance from point P(#, ) to point P, re R

e radial position of vortex line passage (or its extension) above or below
71 blade (or its extension), re R

0 angle used to derive expression for vortex line-induced velocity (fig. A1),
rad

Amean rotor mean total inflow velocity from momentum theory, re QR

A, ) rotor total inflow velocity perpendicular to tip-path plane (positive
“upward,” i.e., in rotor thrust direction), re QR

7 advance ratio along wind axis, = g‘ﬁ

BT advance ratio component tangent to tip-path plane, ucos aypp

p radial distance from centerline of straight vortex filament, re R

Pe vortex core radius, re R

rotor solidity, = Eb%nzw
azimuth angle of [ blade, rad

A azimuth angle increment between successive [ blade positions, rad

¢ angle used to derive expression for vortex line-induced velocity (fig. Al),
rad

P azimuth angle of n blade, rad

AY azimuth angle increment between successive 7 blade positions, rad

Q rotor rotational speed, rad/s

Superscripts:

~

unit vector

Fourier transformed (i.e., Fourier coefficient)

vector quantity
Input

Calculation of nonuniform inflow requires input of rotor flight conditions and blade bound
circulation distributions. Optional inputs are tip vortex trajectory and inflow tables due to
other phenomena external to the rotor. Figures 1 through 6 illustrate coordinate systems and
sign conventions.

The RIN Module requires input from the user as well as from the Rotor Loads (RLD) Module
and from the Rotor Blade Shape (RBS) Module, documented in section 10.2 of Zorumski and
Weir (ref. 2), or from the Improved Blade Shape (IBS) Module, documented in Nguyen (ref. 3).
The input quantities from the RLD Module are the coning angle ag, the rotor thrust Cr, the
advance ratio p, and the tip-path plane angle of attack atpp, which are user parameters. User
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paramcters also supply specific rotor quantities including number of blades Ny, solidity o, and
hover tip Mach number Af),. Additionally, the user provides parameters to sct up the vortex
wake modcling. These include the number of wake revolutions m; to consider, number of
azimuthal harmonics N, in the frequency domain (to establish the blade azimuthal spacing for
the analysis in the time domain consisting of Ny, azimuth increments per rotor revolution cach
of size 2w /N,,,), number of azimuth increments to complete tip vortex roll-up Ny, unburst vortex
core radius Sy, and burst vortex core radius scale factor S, ;. More information regarding
core radius parameters is found in the section “Mecthod.”

The grid of blade spanwisc positions at which the RIN Module results are to be calculated
is provided via an independent variable array.

The bound circulation distribution T, (7, %) is provided via an input table which can be
obtained from the RLD Module. Blade local chord ¢ is input through a table which can be
obtained from either the RBS Module or the IBS Module. The influence cocfficient matrix
QMAT (from a previous cxccution of the RIN Module) can be provided in an optional input
table. Also, the wake distortion D (from a previous exccution of the Rotor Wake Geometry
(RWG) Module) can be provided in a separate optional input table. If, during an iterative air
loads calculation, the inflow and wake shape are assumed not to change despite a change
in air loads from iteration to iteration, then QMAT and D can be calculated during the
initial iteration only and can then be provided as input to the RIN Module during subsequent
iterations. However, in normal practice QMAT and D arc computed anew during each air-
load iteration (i.c., each execution of RIN) and are not provided as input. Finally, the option
exists for input of inflow velocity contributions at the rotor of interest due to other external
sources, such as the fuselage or another rotor. This optional input, if available, is provided in
the External Inflow Source Table.

The user parameters, tables, and data arrays input to the RIN Module are as follows:

User Parameters

ag coning angle (fig. 1b), rad

Cr rotor thrust perpendicular to tip-path plane, re npQ2 R

f% fraction of tip vortex circulation concentrated in tip vortex line at zero wake age
M, rotor hover tip Mach number

my number of wake revolutions

Ny number of azimuth angle increments to complete tip vortex roll-up

Np, number of azimuthal harmonics in frequency domain (i.e., twice number of positive

frequency harmonics and establishes azimuthal discretization of one rotor wake
revolution with azimuthal increments of size 27 /Ny, in time domain, thereby
satisfying Nyquist criterion relating number of time steps to number of frequencies;
must have value equal to 2 raised to nonzero integer power)

Ny number of rotor blades

Spe core radius of vortex sheets and unburst vortex lines, re cmean

So.f burst vortex core radius size factor (ratio of burst to unburst core radius)

Qtpp tip-path plane angle of attack (positive for tip-path plane leading edge tilted
up), rad

7 rotor advance ratio along wind axis, = {fﬁ

o rotor solidity, = E’l%“fﬂ
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Independent Variable Array
7 blade spanwise position for output tables (fig. 1(a)), re R

Bound Circulation Table

[From RLD]
7 blade spanwise position (fig. 1(a)), re R
Y blade azimuth angle (fig. 1(a)), rad
Tpo(n, ) blade bound circulation, re QR?

Blade Shape Table

[From RBS or IBS]
n blade spanwise position, (fig. 1(a)), re R
c(n) blade section chord length, re R

Influence Coefficient Table

[Optional; from previous RIN execution]

7 blade spanwise position (fig. 1(a)), re R
P blade azimuth angle (fig. 1(a)), rad
¢ wake segment azimuth angle (fig. 3), rad

QMAT(n,v,$) influence coefficient matrix (eq. (3a)), re }12

Wake Distortion Table
[Optional; from RWG]

¢ wake segment azimuth angle (fig. 3), rad
6 wake age (fig. 3), rad
D(¢, 6) wake distortion vector, re R
External Inflow Source Table
[Optional]
n . blade spanwise position (fig. 1(a)), re R
Y blade azimuth angle (fig. 1(a)), rad
Ve(n, ¥) inflow velocity perpendicular to tip-path plane due to external
sources (positive for velocity directed upward}, re QR
Output

This module produces a table of the rotor total inflow velocity distribution. The inflow
values are given as a function of the blade spanwise position 7 and the azimuthal harmonic
number m. The inflow velocity values are the components perpendicular to the tip-path plane.
Table I relates the complex Fourier coefficients of inflow from equation (2) to the array element
ordering of the Inflow Velocity Table. Optionally, the module also saves the influence coeflicient
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matrix in a table as a function of blade spanwise position 7, blade azimuth ¢, and wake segment
azimuth ¢.

The output tables generated by the RIN Module are as follows:

Inflow Velocity Table

7 blade spanwise position (fig. 1(a)), re R

m azimuthal harmonic number (eq. (2))

AMn,m) complex Fourier coefficients of rotor total inflow velocity perpendicular to
tip-path plane (egs. (1) and (2), positive inflow being directed upward),
re QR

Influence Coefficient Table
[Optional]

7 blade spanwise position (fig. 1(a)), re R

P blade azimuth angle (fig. 1(a)), rad

] wake segment azimuth angle (fig. 3), rad

QMAT(n,v,¢) influence coefficient matrix (eq. (3a)), re 71;

Method

The mathematics and procedures used by the Rotor Inflow Module are rather involved.
This section breaks up the theory into subsections as follows:

General description of rotor inflow and the harmonic representation thereof

Coordinate systems, analysis assumptions, and nomenclature

Modeling of the rotor wake with ideal vortex sheet and line segment elements, the scheme
for assigning vorticity strengths, and the geometry of those elements

Equations for computing the velocity at the rotor disk due to line segment and sheet elements
Assembly of the velocity relations for each wake element into a matrix system
Modifications of vortex segment properties due to viscous core effects and bursting

Overall procedure combining all of the calculations

Inflow Concepts

The inflow is computed at points P(n, 1)), which are located at blade radial stations  and -

azimuth angles 1, as shown in figure 1(a). The total inflow velocity A(n,v) (perpendicular to
the tip-path plane and directed positive upward) at a given point P(n, ) is written as the sum
of three components:

A, ) = psin agpp + Ve(n, ¥)+ ZZ Z Y Tomax(®) (. ¥,¢, L ¢+ 2mm) (1)
=5

The first component represents the inflow velocity (fig. 1(b)) due to forward flight and is
assumed to be a function of the advance ratio p and the tip-path plane angle of attack atpp.
The second component represents the inflow velocity due to external flow sources such as flow
distortion due to the rotorcraft fuselage or another rotor. The third component represents the
inflow velocity induced by the rotor wake. The bound circulation I'max(¢) is the maximum
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bound circulation magnitude at the azimuth angle ¥ = ¢ as shown in figure 2. Quantities
ax(n, ¥, ¢, 1, ¢ + 2wn) are velocity influence coefficients (velocity per unit bound circulation),
where the velocities are induced from segments of the rotor wake. The rotor wake is modeled
with vortex sheet elements and vortex line clements. Airfoil theory and the Biot-Savart law
are used to formulate the computation of the induced velocities at P(7,1). The total inflow
velocity at each point P(n,) is written in terms of the azimuthal harmonics as

B k=Nm/2
Anym)= 3 Am,4x) exp(—ikiy) (2)
k=—Np /2

The inflow velocity expressed in terms of the complex Fourier series coefficients is the desired
form, since the total inflow velocity distribution is used directly in the calculation of the blade
load harmonics by the Rotor Loads Module.

Coordinate Systems, Analysis Assumptions, and Nomenclature

As computed by the RIN Module, inflow velocity is perpendicular to the tip-path plane
of the rotor. Total inflow velocity is computed at each point P(n, 1) located on the blade at
azimuth angle 1. For each given point P(n, %), computations are performed relative to a local
tip-path plane coordinate system which is shown in figure 1. The origin of this coordinate
system is at point P(7,v). The z axis is directed downstream parallel to the tip-path plane;
the z axis is directed upward perpendicular to the tip-path plane; and the y axis is directed
parallel to the tip-path plane and perpendicular to both the z and z axes; thus, a right-hand
rectangular coordinate system is formed. In this system, inflow is the z component of velocity.
Relative to point P(7, %), the z position of another point on the blade is a function of rotor
coning angle ag, and the r and z positions are functions of n and ¢. For example, the center of
the physical hub of the rotor relative to point P(n,) is located at (r = —pcosyp, y = —7ysinp,
z = —7sinag & —Nag).

Consider a point P(7,1) located at radial station n on the rotor blade at the azimuth
angle . The rotor blade containing the point P(n,) is designated the blade. The velocity
induced at P(7,%) is due to the wake which originates from the 7 blade itself and the other
rotor blades. The rotor blade from which the wake originates is designated the I blade. The
[ blade and 7 blade are separated by the angle {. For a three-bladed rotor, for example, { = 0°,
120°, and 240°, where ¢ = 0 indicates the wake originated from the 7 blade. Figure 3 is a
schematic showing the relation between the n blade, P(n,v), and the wake generated by the
{ blade.

The wake is modeled as a combination of vortex sheet and vortex line segments. Each wake
segment has ar. age & which is the azimuth position of the segment relative to the blade which
generated it. The wake age is computed as 6 =9 + { — ¢, where 1) has been defined as the
current 7 blade azimuth position and ¢ as the [ blade azimuth position at the time the wake
segment was generated.

The circulation of each wake segment is determined from the maximum bound circulation
value on the blade at the time the segment was shed. The circulation value remains constant
over time for each segment of wake.

Each wake segment is referenced to the point P(n,) by the vectors a and 5, as shown
in figure 3. The endpoints of a wake segment are labeled P, and P,. The point P, is also
labeled P;. The point P refers to a point that was originally shed from the radial station ! on
the { blade when it was at azimuth angle ¢.

Equation (1) for the total inflow velocity was derived by assuming steady-state, cquilibrium
flight. The rotor angular velocity €2, the rotorcraft translational velocity Vo, the tip-path plane
angle of attack relative to the wind ayy, and the net thrust and torque of the rotor remain
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constant over time. Furthermore, the rotor blade air loads, the bound circulation, and the
blade motions are assumed to be periodic in azimuth angle over one rotor revolution, which
implies that the wake circulation is periodic in azimuth angle over one rotor revolution and
that the wake geometry is stable.

The first term in the total inflow velocity relation {(eq. (1)) is casily computed. The sccond
term is a defined input. The third term, which represents the inflow velocity induced by
the rotor wake, is much more difficult to obtain. The rotor wake location and its circulation
strength must be known before the induced inflow velocity can be computed. By specifying
a wake model and a wake geometry for a given set of flight conditions, the wake location and
circulation strength are obtained.

The wake geometry specified for this analysis is assumed to be a rigid helix of straight vortex
line segments and plane vortex sheet segments. The tip vortex wake geometry model has the
option of adding distortion to the rigid helical shape. The wake model incorporates, from each
rotor blade, a wake divided into three regions: the tip vortex trailing wake, labeled I3; the shed
wake, labeled {;; and the inboard trailing wake, labeled I3, as shown in figure 2. The circulation
of each vortex element depends on the maximum bound circulation I'max(¢) at the azimuth
position at which the blade generated the wake element.

Using equation (1) to compute the total inflow velocity at the points P(7, 1) requires that the
velocity induced by each wake element be computed to obtain the individual velocity influence
coefficients g;.. The total inflow velocity distribution may be computed several times for a rotor
blade load iteration. To recompute the induced velocity contributions from each wake element
for each iteration is costly in computation time and requires a large amount of computer storage.
The induced inflow velocity term in equation (1) can be reexpressed more compactly to reduce
storage requirements and the computation time for a complete rotor loads iterative analysis.
This reexpression consists of regrouping the individual velocity influence coefficients g, into a
compact influence coefficient matrix QMAT. Equation (1) is then rewritten as

A, %)= psinaipp + Ve(n,%)+ Y Tmax(¢) QMAT(7, %, ¢) (3a)
$

/

with

my—1 I3 -

QMAT(n,%,8)=D_ 3. 4| D a(n ¥, ¢, ¢+ 2mn)

¢ n=0 1=l
+Qk(77, ¢a Ca ll’ ¢ - A¢ + 27"")— Qk('f), ¢’ C, ll s ¢ + 27"") (3b)

in which the last two gy terms are associated with the shed wake region elements and are
paired so that Tmax(¢) QMAT(n, v, ¢) implicitly and properly accounts for shed wake element
circulation I's(¢), which is given by I's(¢) = I'max(¢) — I'max(¢ — A¢). The first g term (inner
summation) in equation (3b) is associated with inboard trailing and tip vortex wake elements.

The QMAT matrix represents the influence on the induced velocity at P(n, ) of all the
wake elements generated by each rotor blade at each azimuth position ¢. The complete induced
inflow velocity at P(n,) is obtained by summing over ¢ the product of the maximum bound
circulation and the QMAT matrix. Since each element of the QMAT matrix is a consolidation of
several individual velocity influence coefficients g, QMAT requires much less computer storage
than would be required to store each gy, coefficient separately. If the wake geometry and the wake
model are unchanged from iteration to iteration during a complete rotor air-load computation,
then the QMAT matrix needs only to be computed once, during the initial iterative cxecution
of this module, and can be saved and reused for each subsequent interative execution. In this
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special circumstance, therefore, the QMAT matrix offers not only a computer storage space
savings but a saving in computation time as well. This circumstance is not typical, however.
Usually the rotor air loads do change every iteration, which changes the wake geometry every
iteration and necessitates computation anew of the QMAT matrix with each iterative execution
of this module. Thus the QMAT matrix typically provides more of a storage space reduction
benefit than an execution time reduction benefit. In essence, the analysis for computing total
rotor inflow velocity is reduced to the problem of calculating the velocity influence coefficients g
associated with cach vortex wake element to generate the QMAT matrix (eq. (3b)).

The next five subsections provide the details for computing each influence coefficient g; for
the QMAT matrix. The first of these subsections details the wake model, includes the geometry
of each vortex line and sheet element and addresses the special flow effects of tip vortex roll-up
and tip wake distortions by incorporating a tip vortex roll-up model as well as wake distortion
in the tip vortex geometric description. With the use of this geometry, the second and third
subsections detail the calculation of velocity induced by a vortex line element and vortex sheet
clement, respectively, to account for the presence of vortex cores to simulate viscous fluid effects.
The fourth subsection, by using the vortex element-induced velocity formulas, provides the
specific formulas for each g; term to be employed in equation (3a). These gj formulas contain
correction factors accounting for the effect of vortex core bursting. The fifth subsection details
the vortex core models and core bursting models, needed for calculating the aforementioned
correction factors.

Wake Model and Geometry

As illustrated in figure 2, the wake generated by a rotor blade consists of three regions: tip
vortex wake I3, shed wake {1, and inboard trailing wake l2. The tip vortex wake region extends
from the end of the rotor blade [ = 1 inboard along the blade to the radial station I = l¢(¢). By
assumption, the radial station [ = l;(¢) is where I'(,9) = 0.9 max(¢). The shed wake region
extends from 1 = Ii(¢) inboard to the radial station ! = I;(¢). The radial station I = l;(¢) is
the next radial position inboard of I = I¢(¢), where I'(n, %) = 0.9 max(¢), by assumption. The
inboard trailing wake region extends from ! = l;(¢) inboard to the blade root cutout =1y

Each wake region is further divided into a near-field wake and a far-field wake relative to the
point P(n, ). Combinations of vortex line elements and vortex sheet elements are employed in
the near and far fields of each wake region as indicated in table II. The near field of the wake
region is the part of the wake just behind the blade which generated it. This part of the wake
has a stronger induced effect on the blade air loads and bound circulation distribution than the
far-field part. Hence, the near field of the wake is modeled in more detail than the far field of
the wake.

Before the velocities induced by the various vortex wake elements can be calculated for
computation of the induced contribution to rotor inflow velocity, first quantifying the geometry
of the various wake elements is necessary. The equations for the geometric description of the
vortex elements in each of the three wake regions, in turn, are described in the following three
subparts and are summarized in table III.

Tip vortex wake: roll-up model and geometry. The tip vortex wake at the instant of
generation consists of a concentrated vortex line plus a distributed region of circulation which
subsequently rolls up into a concentrated vortex line. The near field of the tip vortex wake is
represented as a vortex sheet plus a vortex line, whereas the far field is represented as a vortex
linc only. The near-field wake roll-up process occurs over some multiple of the azimuth angle
increment A¢. The process is described by using the function f;(6) given by

+6- P (Near wake,0 < f(6)< 1)

1.0 (Far wake) @

fi(6)= {

where ft0 , specified in the input, is the fraction of the total tip vortex trailing wake circulation
concentrated in the tip vortex line at zero wake age and § is the age of the point P which is
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on the wake element as shown in figure 3. The function ftD defines the rate at which the sheet
rolls up into a vortex line. For this analysis ftD is defined as

D 1
where N, (a specified input value) is the number of A¢’s over which the near field extends,
where A¢ equals the azimuthal step size for the analysis based on the input-specified number
of azimuthal harmonics. The circulation associated with the tip vortex wake in the near field
at an azimuth angle ¢ is the sum of the vortex line element circulation plus the vortex sheet
element circulation at that ¢. The sum of these circulations must equal the maximum bound
circulation for that azimuth position ¢:

I1(‘15)|line = ft(é) Fmax(¢) (6)
F(¢)Isheet. = [1~0 - ft(6jrma.x(¢) (7)
Fmax(¢) = F(¢)|line + 1ﬂ((f’)lsheet (8)

The far-field tip vortex wake is modeled by vortex line elements with constant strength T'max ()
over the length of each element.

The tip vortex wake geometry is described by using a rigid helix model plus a distortion
term. Each wake segment is located by the vectors @ and b relative to the point P(n,v), as
shown in figures 3 and 4. The vectors @ and b are written as

E = Ia; + ya‘;' + Zak (9)

and . N X .
b=zt + yp7 + 2ok (10)

where 7, j, and k are the unit vectors of the tip-path plane coordinate system. For the rigid
helix model the wake segment position components are defined as

Tq =1 cos ¢ — 1 cos ¥ + prb 11)
va = 1 sin ¢ — 7 sin ¥ (12)
2 = ag(l — 1)+ Amean® (13)
2y =1 cos (¢ — Ag)— n cos ¥ + pr(8 + Ag) (14)
yp = I sin(¢ — Ag)—n sin ¢ . (15)
zp = ag(l — 1)+ Amean(6 + A¢) (16)

where ag is the coning angle, pr is the advance ratio component tangent to the tip-path plane
(1t cos atpp), prd defines the distance the hub moves upstream as the rotor rotates through the
azimuth angle &, and Amean is the rotor mean total inflow velocity. From Gessow and Myers
(ref. 4), the rotor mean total inflow velocity is computed as '

C .
Amean = ——2—:;: + p sin opp (17)

where the advance ratio u along the wind axis is assumed large compared with the rotor total
inflow velocity A. The parameter ! defines the radial position from which the wake element
originated on the generating blade. The tip vortex line element is trailed from the very tip
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(position ! = 1) of the generating blade. The tip vortex shect element is trailed from the
generating blade segment extending from =1 to I =l;(¢). With reference to figure 5, a
vortex sheet element has a front edge and back edge. For a tip vortex sheet clement, the front
edge is the outboard edge of the sheet, such that endpoints P, and F of vectors @ and b are at
radial position { = 1. Thus [ is set to 1 in equations (11) through (16) to obtain the components
of vectors @ and b for both vortex line elements and vortex sheet elements in the undistorted
tip vortex wake.

For a distorted tip vortex wake geometry, an additional term is added to ecach of the
rigid wake components given in equations (11) through (16). The distortion is a vector, the

components of which are the distortions in the 1, 3, and k directions
D(¢,8)= D1($,8)i + Da(9,6)] + Ds(¢, 6)k (18)

The distortion D(¢, §) is an input from the RWG Module. The z component of D(¢, 6) includes
the effect of the induced part of Amean (first term on the right-hand side of equation (17)) but
does not include the effect of the wind relative to the tip-path plane. Hence, the components

of the vectors @ and b, including the distortion terms, are

Ta = lcos ¢ — neosy + ppd + Di(9, 6) (19)
Ya = Ising — nsiny + Da(¢, 6) (20)
2 = ag(l — n)+ Susin awpp + D3(¢, 6) (21)
zp = lcos(¢ — A¢)— ncosyp + pp(8 + Ap)+ Di(é — Ag, 6 + Ad) (22)
yp = Isin(¢ — Ag)— nsiney + Da(¢ — Ag, 6 + Ag) (23)
zp = ap(l — n)+(8 + Ag)usinatpp + D3(¢ — Ag, 6 + Ad) (24)

where [ has a value of 1 in applying these equations to both vortex line clements and vortex
sheet elements in the distorted tip vortex trailing wake.

Recalling that the front edge (fig. 5) of the near-field tip vortex trailing wake sheet clement
is located by the vectors @ and b and has endpoints at the tip radius [ = 1, two additional
quantities are required to complete the definition of the tip vortex sheet element geometry.
First is the sheet width, which is given by

AF = 1.0 — ly() (25)

Second is the average z coordinate of the back edge of the sheet, which is given by
1 .
Zm = §(za + 2zp) — apAx (26)

where ag is the rotor coning angle, a defined input to the analysis.

Shed wake geometry. The far-ficld shed wake is modeled with vortex line elements. Each
shed wake line clement extends radially inward from the intersection of two tip vortex line
segments to the outboard edge of the inboard trailing wake region (at the outboard intersection
of two adjacent vortex sheet segments in the inboard trailing wake), such that the shed wake
line element lies on a line of constant azimuth position, as shown in figure 6. The radial
stations I;(¢) and l;(¢) define the ends of the vortex line at the time it was shed. The length
of the vortex line at an angle ¢ is l;(¢) — 1;(¢). The circulation of each vortex line is based on
the difference in bound circulation between consecutive azimuth positions. For a vortex line
segment at an angle ¢, the shed circulation is

Fs(¢) = Iﬂmax((lb + A¢)‘ Fmax(¢) (27)
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The geometry of the shed wake at the outboard end is the same as that of the tip vortex
wake, which may or may not be distorted. The inboard ends of the shed wake elements have
the same geometry as that of the inboard trailing wake, which is defined as a rigid helix. The
vector @ extends from point P(n, ) to point F,, which is located at the outboard end of the
shed wake element. The vector b extends from point P(7,1) to point Py, which is located at
the inboard end of the shed wake clement. The components of @ are defined in equations (11),
(12), and (13) if the tip wake is undistorted or in equations (19), (20), and (21) if the tip wake

is distorted. The components of b are defined as

zp = lj(¢)cos ¢ — n cos Y + prd (28)
yp = li(¢)sind — n sin ¥ (29)
zp = ag[li(¢) — 1)+ Amean6 (30)

The near-ficld shed wake is modeled with a vortex sheet. The vortex sheet starts a
distance e5(= 0.01257/Ny, re R) behind the point P(n,1) on the 5 blade and extends over
the first azimuth increment A¢. The gap between the blade and the vortex sheet is used to
avoid a singularity at the front edge of the sheet. The length of the vortex sheet is defined by
the distance between adjacent shed vortex lines

. A¢
A 2

i

[Le(@)+ (o) — &5 (31)

The vortex sheet circulation is evenly distributed over the entire sheet. The magnitude of the
circulation is computed using equation (27). Distance €; must be accounted for to obtain the
position vectors @ and b for the near-field vortex sheet. Thus, the x and y components of @
and b for the near-field vortex sheet are obtained from the equations already given for the
vortex line elements as follows:

zq = Equation (11) + &5siny (if wake is rigid) , (32a)
T, = Equation (19) + e5siny  (if wake ié distorted) | (32b)
Ye = Equation (12) — g5cos ¢ (if wake is rigid) (33a)
Yo = Equation (20) — e5cosy (if wake is distorted) (33b)
7, = Equation (28) + e4siny (34)
yp = Equation (29) — g5cos 9 (35)

. - N )
where z, and y, are evaluated at [ = 1.0. The z components z, and 2; of the near-field vortex
sheet are obtained from equations for vortex line elements evaluated at age 6 = €5 and are used
to define the average z coordinate of the back edge of the vortex sheet as follows:

za(¢ — Ad)+ z(d — A¢)

Zm = 5 (36)
where )
2a(¢ — Ag) = ap(1.0 — 1)+ Amean(es + A¢) (37)
and
2p(¢ — A¢) = aplli(¢ — Ad)— N+ Amean(es + A9) (38)
for the rigid wake and
za(¢ — Ad) = ag(1.0 — n)+(es + Ad)u sin app + D3(¢ — A, e5 + Ag) (39)

15.2-14




and

zp(¢ — Ad) = ag[l;(¢ — Ad)— N+ Amean(es + Ag) (40)
for the distorted wake.

In addition to the singularities that may occur at the front edge of the vortex sheet, a
singularity may also occur when point P(7n, ) is near or on the side edge of a vortex sheet.
This may happen for a vortex sheet just shed from the 5 blade (6§ = 0) or for vortex sheets that
are older than § = 0. For the vortex sheet just shed, the edges of the sheet located at I;(¢)
or li(¢$) are redefined to be midway between two adjacent P(n,1) points; thus, the chance of
the singularity is avoided. For the older vortex sheets, the edges at T = z; and T = 9 are
moved until at least 0.1 A% away from point P(7,1) to avoid the singularity. This movement
should not affect the accuracy of the model because the vortex core model assures that the
induced velocity is small near the computational singularity.

Inboard trailing wake geometry. The inboard trailing wake in both the near field and far field
is modeled with vortex sheet elements exclusively. During each time step A¢, a single vortex
sheet is generated by that portion of the n blade extending from the blade root cutout radius g
to the inboard edge of the shed wake at | = I;(#), as shown in figure 2. In the nomenclature of
figure 5, the front edge of each vortex sheet element coincides with the outboard edge [ = I; of
the inboard trailing wake region. Point P is at the older edge of the sheet element and point P,
is at the younger edge of the sheet element. The near field of the inboard trailing wake consists
of the vortex sheet element that has just been generated by the n blade, the blade on which
point P(n, ) lies. Upon generation, the inboard wake vorticity trails locally aft, perpendicular
to the 7 blade for a distance ¢, = l;(¢)A¢. No gap or overlay exists between this vortex sheet
and the 7 blade. It is thus possible for certain P(7, ) to lie on the front or back edges of this
near-field sheet element, such that a numerical singularity would occur during computation of
sheet-induced velocity. To avoid such singularities, the locations of [;(¢) and ly are shifted,
for the near-field wake element only, such that each is midway between two adjacent P(n, )
points. The far field of the inboard trailing wake consists of all the other sheet elements not
touching the 7 blade (i.e., those older than one time step).

By the conservation law for circulation, the inboard trailing wake circulation is equal in
magnitude to the tip vortex wake circulation but opposite in sign. The character of the inboard
trailing wake is also different from that of the tip vortex wake. The inboard trailing wake does
not appear to roll-up into a vortex line (ref. 1) but remains more like a vortex sheet. The
circulation is spread evenly across the sheet and is not concentrated as for a line; this implies
that the blade air loads are not as sensitive to the position of the inboard trailing wake sheet
compared with the tip wake position. For this reason, the classical rigid helix is assumed to be
sufficient in defining the inboard trailing wake geometry, and distortion in this wake region is
neglected. The components of vectors @ and b which locate the vortex sheet elements relative
to P(n,) are

To = l;(¢)cos ¢ —ncosy + uré (41)
Yo = li(¢)sin ¢ — nsiny (42)
za = ag(li(#) — 1)+ Ameand (43)
zp, = Li(¢ — Ag)cos (¢ — Ap)— ncos ¥ + pr(6 + Ag) (44)
v = Li(¢ — Ad)sin (¢ — Ag)—7sin (45)
2 = aolli(¢ — AG)— 7+ Amean(8 + Ap) (46)

The width of the sheet element is given by
Az =1(¢)—lp (47)
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and the average z coordinate of the back (or inboard) edge of the sheet is

A
Zm = Amean (6 + T¢) + a'O(lD - 77) (48)

The foregoing equations for the geometry of the vortex sheet and line elements in each
of the three wake regions provide information necessary to permit calculation of vortex line-
induced and vortex sheet-induced velocities due to all wake elements. (See table III.) The
next two subsections describe the computation, respectively, of vortex line-induced velocity
and vortex sheet-induced velocity and also include details specific to the various wake region
vortex elements.

Velocity Induced at P(n,v) by Vorter Line

Each vortex element in the rotor wake contributes to the induced velocity at the
point P(n,%). The induced velocities resulting from the wake of each [ blade for m, wake
revolutions considered are summed. These are then entered as the elements of the QMAT
matrix, as given in equation (3b). Note that the two I; terms in QMAT arise because of the
definition of the shed wake element circulation.

The wake generated by each rotor blade is made up of a combination of vortex sheet and
vortex line elements. The velocity induced from a vortex line element is computed from the
Biot-Savart law for a straight vortex line segment. The derivation is presented in appendix A,
and the final result is

. o |(a+E)(afe-a-8)( r,-r. ja?-aé
= i 2 1+ 2 -~
i 1al 8] |@ = 8 Fooja? 4[5 —2a-5

Iy —T, |5’-|a| axb (49)
Fe g [5[(l6l2+|5|2—2a-5) (#1)

where VV 1 is the velocity induced at P(7, ¥) by the vortex line segment located by the vectors @
and b relative to point P (n,%). The velocity is directed perpendicular to the plane formed by the
vectors @ and I;; @ and b are defined with respect to the tip-path plane coordinate system. The
k component of equation (49) is the induced velocity component, perpendicular to the tip-path
plane, used to calculate velocity influence coefficients g (discussed in subsection “Calculation
of Velocity Influence Coefficients for QMAT Matrix Terms”) for generating the QMAT matrix
needed to compute the rotor-induced inflow velocity term (eq. (3a)). For constant circulation

Iy = Ty = Cmax (@), the k component of equation (49) reduces to

- n (e i) -o)
T e

and is applied to all vortex line elements, which are modeled in the entire tip vortex wake
region as well as in the far field of the shed wake region.

(Ta¥p — YaTp) (50)

Velocity Induced at P(n,) by Vortex Sheet

The vortex sheet element may be visualized as an infinite number of parallel, coplanar vortex

lines, each of infinitesimal constant circulation. The induced velocity contribution due to the
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vortex sheet is the sum of each vortex line contribution. This sum is an integration which starts
at the vortex line located at the & = z2 edge of the vortex sheet. (See the geometry illustrated
in fig. 5.) The vortex line is located relative to point P(n,¥) by the vectors d@ and b. The
induced velocity contribution from the sheet is obtained by integrating from z = z3 to T = 1.
The computation is done in the Z, §, Z coordinate system, which is oriented with respect to
each individual vortex sheet element. A coordinate transformation is used to obtain the vortex
sheet-induced velocity in terms of the tip-path plane coordinate system (z,y, z). The resulting
velocity component perpendicular to the tip-path plane is (from eq. (B19))

1T
Wil = 7- 3z N1z + I22:) (51)

where Ty is equal to T'max(¢), 27 and z, are the coordinate axes transformations (eqs. (B32)
and (B40)), and I and I are integrals derived in appendix B.

For a vortex sheet element that is just behind the blade in the tip wake region or inboard
trailing wake region, the parameters cq, ¢, 71, T2, and 2zp (to define I and I of eq. (51)) are
computed as follows:

For tip wake region,

cqg =0
=A¢
z1=10—7g (52)
z2 =l(¢)—n
zp =10
and for inboard trailing wake region,
cqg =0
= Agli(e)
r1 =li(¢)—7n (53)
Ty =1lp—7n
zp =0

For a vortex sheet element in the shed wake, in the near field adjacent to the wake genejating
blade, the sheet-induced velocity is computed by equation (51) with the vectors @ and b from
equations (32) to (35) and (37) to (40). However, the integral I; in equation (51) is 0 because
cq = 0 for a shed wake region sheet element. The vortex sheet is shed perpendicularly to the
blade; thus, equation (51) simplifies to

1 T,

Ws =12z — (I222) (54)

for vortex sheet elements in the shed wake region, and the integral I3 is also simplified since
ca =0 = zp. As used in equation (54), therefore, integral I3 (by simplification of equations in
appendix B) is given by

B (PR P R (be>cy)  (55)
Vpc-cb Vpc_cb Vpc‘cb

I = % — (pc = cp) (56)

\/Cb+$2 \/Cb+$1
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where p. is the vortex core radius, which for vortex sheets in all wake regions has the
value Sp,cﬁ;tf. Factor S, is the size of the core radius in fraction of blade reference chord
length and is user specified. More details regarding S, . and core radius arc presented in the
subsection “Vortex Core Model.”

Because the vortex element-induced velocities arc known, to compute the velocity influence
coefficients g required to generate the QMAT matrix is possible, and this matrix is used to
compute the rotor wake-induced contribution to rotor inflow velocity.

Calculation of Velocity Influence Coefficients for QMAT Matriz Terms

Each velocity influence coefficient g used to obtain QMAT matrix terms (eq. (3b)) is
associated with the velocity induced by a particular individual vortex line element or vortex
sheet element in the rotor wake. In the following paragraphs, calculation of coeflicients g for
each of the three wake regions is described.

For the tip wake region, g; corresponding to a uniform strength vortex line element and
including correction factors for vortex roll-up and vortex core effects is given by

Qk(na’ﬁ,C,l,(ﬁ): FCft(é)GVL (59)

and g corresponding to a uniform strength vortex sheet element and including correction
factors for vortex roll-up and vortex core effects is given by

qk(nad)uC)lv(b):—f FC[I - ft(é)]GVS (60)

where Gy, and Gy g are the uncorrected velocity influence coeflicients corresponding to vortex
line and sheet elements, respectively, and are given by

FeGyr = Wi (61)

and
FeGys =Ws (62)

In the foregoing equations applied to the tip vortex region, Vi is the k& component of the
vortex line-induced velocity, obtained by equation (50) and Vy g is the k component of the
vortex sheet-induced velocity, obtained by equations (51) and (52), wherein the vortex core
radius (discussed in a subsequent subsection) is accounted for. The factor fi(6) is the tip
roll-up factor obtained from equations (4) and (5). The factor F in equations (59) and (60)
accounts for vortex core bursting, and the calculation of this factor for the tip vortex wake
region is presented in the subsequent subsection.

For the shed wake region, velocity influence coefficients gy corresponding to shed wake
vortex line elements are given by equation (59) with equation (61), in which Vy/[, is calculated
by equation (50). Coefficients g; corresponding to shed wake vortex sheet elements are given
by equation (60) with equation (62) in which Vi, is calculated by equations (54) through (58).
However vortex roll-up is not considered in the shed wake. Hence as applied to the shed wake
elements, the factor f;(6) in equation (59) is set to 1 and the factor [1 — f;(6)] in equation (60)
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is set to 1. As applied to the shed wake, the factor F¢ in equations (59) and (60) is calculated
as described in the next subsection.

Lastly, consider the inboard trailing wake region. Because this region is comprised only of
vortex sheet elements, values of g corresponding to this wake region are given by equation (60)
with equation (62), in which Vj/g is calculated by equations (51) with equations (53), wherein
the vortex core radius (discussed in the subsequent subsection) is accounted for. Since vortex
roll-up is not modeled in the inboard trailing wake region, the factor [1 — f¢(8)] in equation (60)
is set to —1 for this region; the negative sign is used because the circulation of the inboard
trailing wake has a strength equal in magnitude to that of the tip vortex wake but opposite in
direction. Also for this wake region, the factor F, in equation (60) is calculated as described in
the next subsection.

Table IV summarizes the equations and the values of underlying quantities (most described
in the next subsection) employed for q; computation for each of the various wake region
elements. It remains to describe the vortex core radius and the core bursting correction factor,
both of which are needed to complete the calculation of coefficients g, as just described. These
remaining details are presented in the next subsection.

Vortex Core Model

To introduce viscous fluid effects in the rotor wake modeling, vortex core modeling is
implemented for the various vortex elements of the wake. This core modeling incorporates
two features: (1) a vortex core radius, which eliminates unrealistically high vortex-induced
velocities which would otherwise occur in employing the Biot-Savart law at points very close
to a vortex line or sheet; and (2) vortex core bursting. Core bursting is accounted for by the
vortex core bursting factor F, which is included in equations (59) and (60) for computing
velocity influence coeflicients gy.

The calculation of vortex core radius and core bursting factor F is detailed for each of the
three wake regions, in turn, in the following three subparts.

Tip vorter wake core radius and core bursting model. Vortex core bursting occurs when a
tip vortex line encounters a solid body, such as a rotor blade, and is broken up. The circulation
is no longer concentrated in a thin line but is distributed over a region of much greater radial
extent from the original line. Scully (ref. 1) defines F¢, the vortex core bursting factor, as

F, = Qf’Yc(p) (63)

where ~.(p) is the vortex core factor, which characterizes the effect of a finite vortex core.
The quantity g; (Johnson’s lifting surface correction in ref. 5) characterizes the large variation
in the induced inflow velocity along the span of the blade which is due to close blade-vortex
encounters. Because this aspect of blade-vortex interaction effects along the span of the blade
is neglected in the present formulation, gy is set equal to 1. The factor F, is computed for a tip
vortex line segment by using equation (63), in which the term ~.(p) is calculated as described
in the following paragraphs. However, F¢ is set equal to 1 for a tip vortex sheet, since the
vortex core is already accounted for in the calculation of influence coefficient Gy g (eq. (62)).

The vortex core factor ¥.(p) is the fraction of the total circulation that is within a distance p
of the center of the vortex line element. The core model allows the vortex element to approach
a rotor blade without inducing extremely high unrealistic velocities. The fixed-wing vortex core
model is used, for which ~.(p) is defined as

Yelp)= —£ (64)
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The corresponding velocity profile is shown in figure 7. In terms of known vortex element
geometry, vc(p) is written as
2
ox
(65)

where the vectors @ and b locate the vortex element relative to the point P(n,%); |¢] is the
vortex element length (appendix A); and p. is the vortex core radius, the distance from the
center of the vortex element to where the maximum vortex-induced tangential velocity occurs.
The value of p. before vortex core bursting occurs is computed as

7r
Pc = Sp,cma (66)
and after bursting occurs as
m
pc =5, (S \ —a) 67
c p.f\ Ppc N, ( )

where S, is the unburst vortex core radius expressed as a fraction of blade reference chord,
S, s is the burst core radius scale factor (the ratio of burst-to-unburst core radius), and o is
the rotor solidity needed to correctly nondimensionalize p.. Scully (ref. 1) suggests using an
unburst core radius (for both vortex lines and sheets) of 5 percent of reference blade chord (i.e.,
Sp,c = 0.05) and suggests using a burst core radius 40 times larger than the unburst radius
(i.e., S, = 40.0). The user inputs Spc and S, ¢ and the aforementioned suggested values are
the default input values. However, other values of these two parameters may be employed as
desired. '

Three requirements are necessary before core bursting occurs:

1. The vortex line segment (or its extension) must intersect the 7 blade (or its extension) when
projected onto the tip-path plane. The point of intersection is labeled Fc and is located at
the radial station 7.. Providing a small margin at the tip, the magnitude of 7. must be
within ] . )

0.1<n<1.01 (68)

where

YoTh — Talb
— 69
Tle Azsin¢—Aycos1/z+n (69)

2. The distance that point P, on the vortex line is from the point Pc must be less than Algy,
given by

Tq— Ancos P  yg — Ansin ¢
- = 70
Az Ay (70)

where An = 7. — 7. Since bursting is expected to occur at or behind the 7 blade,

Algy =

0< Aly <10 (71)

3. The vortex line segment (or its extension) must pass within a certain distance below (or
above) the n blade. The distance perpendicular to the tip-path plane between P and the
7n blade is 2z, given by

Ze = 2q + agAn — Al:cy(zb — 2g) (72)
The distance z; must satisfy
2.001 > |2 (73)
Pc
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If equations (68), (71), and (73) are satisfied then bursting occurs immediately; therefore,

bp(0) =6 (74)
If equation (68) is not satisfied but
-15< Al <10 (75)
then bursting occurs at
6+ A (-0.5 < Alzy < 0)
Sp(d)=14 6 +2A¢ (—1.0 < Algy < -0.5) (76)

§+3A¢ (—1.5< Alyy < -1.0)

Vortex core bursting, as modeled by the foregoing equations, is applied to vortex line
elements in the tip vortex wake for obtaining F, to be used in equation (59).

Core bursting is not applied to vortex sheet elements in the tip vortex wake because the
vorticity is distributed over a sheet rather than concentrated into a single line. Unburst core
radius (eq. (66)) is used implicitly in the calculation of Gy 5 (eq. (62)), for vortex shect elements
in the tip vortex wake. Since core radius is already accounted for in the calculation of Gygs,
no other vortex core correction is needed for tip vortex sheet elements. Thus F¢ is set to 1 for
applying equation (60) to vortex sheet clements in the tip vortex wake region.

Table IV summarizes the calculation of vortex core modeling quantities F¢, ¢, and p. for
the tip vortex wake region elements.

Shed wake core radius and core bursting model. Circulation in the shed wake is, in general,
not as intense as that found in the tip vortex wake. The vorticity in shed wake line elements
is assumed not as concentrated as that found in tip vortex wake line elements. Also the
circulation in near-field shed wake sheet elements, being distributed over a sheet, is not as
highly concentrated as it is in the tip vortex line. Therefore, vortex core bursting is not
considered for either sheet or line vortex elements in the shed wake region.

For shed wake vortex line elements, the vortex core factor is computed by using equation (65)
with p. = 0.4 A¢, and F, is sct directly equal to the vortex core factor, for substitution in
equation (59).

For vortex sheet elements, in the near-field shed wake, the unburst core radius (eq. (66))
is used implicitly in the calculation of Gy g (eq. (62)). Since core radius is alrcady accounted
for in the calculation of Gy g and core bursting is ignored, no other vortex core correction is
needed for shed wake vortes: sheet clements. Thus F, is set to 1 for applying equation (60) to
the shed wake vortex sheet elements.

Table IV summarizes the calculation of vortex core modeling quantities Fe, 7¢, and p. for
the shed wake elements.

Inboard trailing wake core radius and core bursting model. In the inboard trailing wake
region, only vortex sheet elements are employed (table II). Since the circulation in a vortex
sheet is dispersed over the sheet and not concentrated in a single line, vortex core bursting is
not considered in the inboard trailing wake.

For vortex sheet elements in the inboard trailing wake, the unburst core radius (eq. (66)),
is used implicitly in the calculation of Gy g (eq. (62)). Since core radius is already accounted
for in the calculation of Gy g and core bursting is ignored, no other vortex core correction is
needed for vortex elements in the inboard trailing wake region. Thus F, is set to 1 for applying
equation (60) to the inboard trailing wake sheet elements. Table IV summarizes the calculation
of vortex core modeling quantities Fy, 7., and p. for the inboard trailing wake region elements.
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Having computed F,. with the aforementioned vortex core modcling, the calculation of

velocity influence coefficients g (previous subsection) can then be completed.  Given the
coefficients g; for cach vortex clement in the rotor wake, the QMAT matrix (cq. (3b)) can
be generated. Finally, the rotor total inflow velocity (eq. (3a)), can be computed.

Computational Procedure

A summary of the computational steps employed in the RIN Module computer code to

implement the theoretical method is as follows:

10.

11.

12.

13.

14.

. Compute mean rotor inflow velocity from momentum theory (eq. (17))
. Compute I'max(¥), maximum bound circulation at each ¢ from input values of Ty (7, )

1
2
3.
4
5

If QMAT exists from previous iteration, skip to step 31; otherwise, initialize QMAT to 0

. Initialize wake age 6 to 0

. For given radial position n at given azimuth angle ¢, compute @ and b associated with

vortex line clement which was trailed from [ blade, having offset ( = 0, and which is in tip
vortex wake segment at ¢; if tip wake distortion input exists, compute distorted geometry;
otherwise compute undistorted geometry (table III)

Compute tip vortex roll-up function f;(8) by using equations (4) and (5)

If tip vortex roll-up is not yet complete, then compute geometric quantities @, 5, AZ, and zp
for distorted (if distortion input is present) or undistorted tip vortex sheet element (table III)

Check for core bursting of tip vortex line element, compute tip vortex line element core
radius p. (eq. (66) or (67)), core factor Yc(p) (eq. (65)); set g5 = 1 as indicated in table IV;
and compute vortex core bursting factor F¢ (eq. (63))

Compute velocity Vi induced at P(n,%) by tip vortex line element by equation (50);
compute Gy 1, by equation (61), with T'q set equal to maximum bound circulation Timax (¢);
compute velocity influence coefficient gx(n,%,6,1,¢) by using equation (59); and add
coefficient g (1,1, 6,1, ¢) to QMAT matrix by innermost summation term on right-hand
side of equation (3b)

If tip vortex roll-up is not yet complete, compute unburst core radius p. (eq. (66)) for tip
vortex sheet element, and set vortex core bursting factor F; to 1 as indicated in table IV

If tip vortex roll-up is not yet complete, then compute velocity Vi/g induced at P(n,¢) by
tip vortex sheet element by equations (51) and (52), with terms derived in appendix B
which are implicit functions of unburst core radius; compute Gygs by equation (62),
with Ty set equal to maximum bound circulation I'max(¢); and compute velocity influence
coefficient gy (7, ¥, 6,1, #), by equation (60), adding it to QMAT matrix term QMAT (7, ¥, ¢)
by innermost summation term on right-hand side of equation (3b)

If ¢ = ¢ =0 (i.e., near-field shed wake is under consideration), for current (7,v) location,
compute geometric quantities @, b, A%, and zy, for near-field shed wake vortex sheet element,
use distorted shed wake sheet element equations (table III) if tip wake distortion exists,
otherwise use undistorted shed wake sheet element equations (table III)

If ¢ # ¢ (i.e., far-field shed wake is under consideration), for current (n, ) location, compute
geometric quantities @ and b for far-field shed wake vortex line element; use distorted shed
wake line element equations (table IIT) if tip wake distortion exists, otherwise use undistorted
shed wake line element equations (table III)

If present shed wake vortex element is sheet (near-field case for current ¢), then compute
unburst core radius p. (eq. (66)) for shed wake sheet element; set vortex core bursting
factor F, to 1 and set factor [1.0 — f¢(8)] = +1 as indicated in table IV
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15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.
28.

29.
30.

If present shed wake vortex element is line (far-field case for current ¢), as indicated
in table IV, compute unburst core radius p. for shed wake line element; compute core
factor vc(p) (eq. (65)) and set vortex core bursting factor Fi = vc(p)

If present shed wake vortex element is sheet (near-field case for current ¢), compute
velocity Vi/g induced at P(7, 1) by shed wake sheet element by equations (54) through (58);
compute Gy g by equation (62), with T'; set equal to maximum bound circulation T'max(é);
compute velocity influence coefficient qx(n, ¥, 8,1, ¢) by equation (60); and apply —gx term
present on right-hand side of equation (3b) to update calculation of QMAT matrix term
QMAT(n, ¢, 9)

If present shed wake vortex element is line (far-field case for current ¢), compute velocity Vy [,
induced at P(n,7) by shed vortex line element by equation (50); compute Gy by
equation (61), with T'; set equal to maximum bound circulation I'max(¢); compute velocity
influence coefficient qx(n, v, 6,1, ¢) by equation (59); and apply —gi term present on right-
hand side of equation (3b) to update calculation of QMAT matrix term QMAT(n, ¥, ¢)

Repeat steps 13, 15, and 17 for shed wake vortex line element which is one step older
(i.e., using ¢ — A¢ instead of ¢ to produce gx(n,¥,6,1,6 — A¢); add it to QMAT matrix
term QMAT(7, 1, ) by second g term present on right-hand side of equation (3b)

If ¢ = ¢ = 0, temporarily shift radially boundaries /;(¢) and Iy of near-field inboard trailing
wake region so that boundaries do not coincide with any computation grid stations 7, to
avoid numerical singularity problems with near-field vortex sheet element; if ¢ # ¢, no
adjustment of inboard trailing wake boundaries is needed because far-field region of inboard
trailing wake is under consideration and no numerica] singularity problems will occur with
far-field vortex sheet element

For current (n,%) location, compute geometric quantities @, b, A%, and 2, for inboard
trailing wake sheet element by using equations as summarized in table III

Compute unburst core radius p. (eq. (66)) for inboard trailing wake sheet element; set vortex
core bursting factor F, to 1; and set factor [1.0 — f¢(6)] = —1.0 as indicated in table IV

Compute velocity Vyg induced at P(n,) by inboard trailing wake sheet element by
equations (51) and (53) with terms derived in appendix B which are implicit functions
of unburst core radius; compute Gy g by equation (62), with [y set equal to inboard trailing
wake element circulation (equal to maximum bound circulation I'max(¢)); and compute
velocity influence coefficient gi(n, v, 6,1, ¢) by equation (60), adding it to QMAT matrix
term QMAT(n, 9, ¢) via innermost summation term on right-hand side of equation (3b) to
complete calculation of particular QMAT matrix term QMAT(n, ¢, ¢)

Reduce ¢ to ¢ — A¢ and increase wake age § to 6 + Ag¢; this is to consider next oldest wake
element, which was generated by current [ blade at ¢ = ¢ — A¢ or at wake age 6 = § + Ag,
repeat steps 5 through 22

Repeat step 23 until all vortex wake elements generated by current [ blade for all m, wake
revolutions have been considered for induced effects at location (7, ) on current 5 blade

Increase ¢ to consider wake generafed by another [ blade, by setting ( = ¢ + %}';

Repeat steps 4 through 25 until wake from each ! blade (N, rotor blades total) has been
considered

Advance 7 blade to next azimuthal position, ¢ = ¥ + Aw; remain at same radial position 7

Repeat steps 4 through 27 until all azimuthal positions 3 over rotor disk have been
considered

Move to next radial position n on 7 blade

Repeat steps 4 through 29 until all radial positions 1 on 7 blade have been considered (i.e.,
wake-induced effects at all locations (77, %) over rotor disk have been obtained); calculation
of QMAT matrix is then complete
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31. Compute rotor total inflow velocity A(n, ) by equation (3a)

32. Compute complex Fourier series coefficients of A(7, ) by equation (2) and generate output
tables
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Appendix A

Velocity Induced by Vortex Line

The velocity induced by a straight vortex line segment ds; is computed by using the Biot-
Savart relation,
T sin 8dsy

dVi =
1 47rr%

(A1)

where dV] is the induced velocity at point P which is located by the vectors @ and b from the
vortex line segment as shown in figure Al. The distance from P to dsj is r1, and the angle
between r; and ds; is §. The vortex line segment has circulation I'y. With the notation of
figure A1, equation (Al) is rewritten in nondimensional form as

1 sin fds
dVyr =T— A2
The perpendicular distance h is defined as
h .
— =cos ¢ =sinf (A3)
T
and the vortex line increment ds is written as
h
/ !
ds = d(h tan ¢ ) = m d¢ (A4)
Equation (A2) is now rewritten in terms of h and ¢’ as
1 cos¢’ |,
dVyr =T— d A5
ve =T ——d¢ (A5)

The circulation of the vortex line is allowed to vary linearly from 'y at P, to T’y at P,. The
variation may be written as

hcota + htan ¢’

A6
hcot a + hcot 3 (A6)

I'=T, +(T, — Tq)

Equation (A6) is then substituted into equation (A5). The induced velocity at P due to the
vortex line segment is found by integrating from ¢/ =a —§ to ¢’ = § - 3

I'yfcosa+cos 3 Ty —Tgsin a—sin - cot afcos a + cos ﬂ))
— ~a AT
Wi 4r ( h + Ta h(cot a + cot f) (AD)

For a constant circulation I'y = I'p, equation (A7) reduces to

r
VVLz_acosa—i—cos,B (A8)
4 h

To find Vi, in terms of @ and b, the following relations are used:

¢=b-a (A9)
—a-c¢=|d||¢|cos o (A10)
b-d= [5] |2l cos A (Al1)
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@ x ¢ = |d]|c]sin a (A12)

bxé= ’EI || sin 3 (A13)
axdé

h = |@|sin a——— Al4

|a E (A14)

By using the definition of & the cross products in equations (A12) and (A13) are rewritten in
terms of @ and b only

|dx6|=lfix(5—{i)‘=16x5‘ (A15)

and IEXEi=|gx(E_6)| - |(—1'xi,'l (A16)

The induced velocity is perpendicular to the rds plane, which is the same as the @ b plane. The
induced velocity in vector form is

<

&

X

Wir=Wi (A17)

St}

X

Q

Substituting these relations into equation (A7) gives the induced velocity due to a vortex line
as

o _r(a+p)(afe-a-8)| r-r. 1at-a-s

BT TR
Tq — T 7] - 1al o
)
For a constant circulation case I'q = Iy, equation (A18) reduces to
o (@ )af a8
Wi dr Il IE‘ Id' y 5]2 (a X b) (A19)

-
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Appendix B

Velocity Induced by Vortex Sheet Segment

The vortex sheet segment is a plane rectangular vortex element. The vortex sheet elements
are located with respect to point P(7,¥) by vectors @ and b, as shown in figure B1. The
vectors @ and b extend from point P(n, %) to points P, and P, located on the front edge of the
vortex sheet. The components of the vectors @ and b are written in terms of the right-hand
coordinate system (%, ¥, 2) whose origin is located at P(n,v¢). The % axis is perpendicular to
the vortex sheet, and the ¥ and § axes form a plane parallel to the sheet. The § axis is parallel
to the front edde, whereas the Z axis is perpendicular to it and directed forward, as shown in
figure B1. The sheet is of length Az, extending from the front edge at & = z; to the back edge
at I = x9. The width is the magnitude of the vector ¢, given by

ol = [5-a| (B1)

The vortex sheet may be visualized as an infinite number of parallel vortex lines each of
infinitesimal circulation. The contribution to the induced velocity at P(#, ) due to the vortex
sheet is obtained by integration of the vortex line contributions. For a constant circulation
vortex sheet the induced velocity contribution is written as

_ 1T, fFlcosa+cosF_, ,,
_ bttt B2
DVS_41rAi/;2 5 ndT (B2)

The angles o and 3 are formed by the vector pairs (@ and &) and (b and &), respectively. The
length h = l}_{l is the perpendicular distance from point P(7,%) to the vortex line Z (or its
extension), as shown in figure B2. The unit vector 7 is perpendicular to both h and the 7 axis.

To integrate equation (B2), the parameters h, 7, o, and 3 must first be defined in terms of Z.
With the aid of figure B2, the following definitions are derived:

h=1/%2+ 22 (B3)
Ca
oSy = —— B4
\/h? +c2 (B9
Cp
cosff = ———— (B5)
h? +cf
~ el i‘:
= —%zi + Eli (Bﬁ)
where
(=¢-a)
= B7
Ca & (B7)
cp = |€] — ca (B8)

and zp is the perpendicular segment from P(n,) to the vortex sheet. The unit vectors iz
and 7; are parallel to the % axis and the # axis, respectively. Equation (B2) is rewritten as two
integrals after substituting equations (B3), (B4), (B5), and (B6) as

; 1Taq,- .
Ws = GE{IHE + Iztz} (B9)
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where

71 c c —2zpdx
L= / e + : e At (B10)
2 \/cg+i2+zg \/c§+:7:2+z§ e+ 2
and
1 c cp zdI
Iy = / 4 + - (B11)
2 \/cg+i2+zg e+ 32+ 22 42z
After integrating equations (B10) and (B11), the integrals are redefined as
I = tan™! LaT2 _ tan~l SaTL 4 gap=l T2 ap-t BT (B12)
ZpS2,a zpsl,a Zp.5‘2’b Zpsl,b
and
1 (51,0 = Ca)(s2,0 + ca)(s1,6 — b)(s2,6 + Cb)
Ip=-In (B13)
2 |(s1,a + ca)(s2.0 — ca)(s1,6 + co)(s2,5 — €8)
where

Sl,a = m (B14)
S1p= \/cg + :c% + zg (B15)
$90=1/c2 +23 + 22 (B16)

83p = cg + 23 + zg (B17)

Transformation From Vortexr Sheet Coordinates to Tip-Path Plane Coordinates

The vortex sheet coordinate system 25, ig, and 3 orients each individual vortex sheet relative
to the point P(n,). In order to add the velocity contributions from each individual vortex
sheet, a common coordinate system must be used. The tip-path plane coordinate system
(z,y,2) is a convenient system, since quantities may be easily converted from tip-path plane
coordinates to hub plane coordinates, to which the air loads are referenced. The coordinate
vectors in equation (B9) are redefined in terms of the tip-path plane coordinate vectors as

’1:5: Tz Yr 2z i
=Ty Yy 2z j (B18)
1?5 Tz Yz 2z i;:

where 13, ig, and 73 are the unit vectors along the %, 7, and % coordinate axes and 2, 7, and k are
the unit vectors oriented along the tip-path plane coordinate axes z, ¥, and z. Equation (B9)
written in terms of the tip-path plane coordinates is

. 1T ) A )
Ws = EA—;(Iwz + Lz, )i+ (hys + Ioy)j +(Iize + I2z2)k (B19)

The coordinate transformation matrix of equation (B18) is obtained by expressing each of
the matrix entries in terms of the vector components of @, b, and ¢ The vectors define the
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vortex sheet location relative to point P(7,) and are defined in terms of the tip-path planc
coordinates as

@=Ta+ yaﬁ' + zafc (B20)
b=y + yp) + zpk (B21)
€= Arxi+ Ayj + Azk (B22)
where
Ax =1xp — Z4 (B23)
Ay =y~ Ya (B24)
Az =2z — 24 (B25)

From figure B2 and these definitions, the quantities ¢, and ¢, are defined as

. _=C-d_ —(zaDT+yaAy +2482) (B26)
«= T3 VAZZ+ Ay + AZ?

and

cp = |¢] —ca (B27)
The derivation of the induced velocity from a vortex sheet (eq. (B9)) assumes the circulation
vector ¢ is oriented along the 3 axis. Thus the unit vector along the ¥ axis 2?-/ may then be
written in terms of the z,y, z coordinate system as

iy = % (B28)
Therefore,

Ty = % (B29)

W= (B30)

= % (B31)

The z, y, and z components of the iz unit vector are found by considering the vector § shown
in figure B3. The vector § is parallel to i3 and has a length of AZ. The z coordinate of § at
the T = r3 end is 2, and the 2 coordinate of § at the Z = z) end is taken to be the average
of z; and z,. Thus the z component of iz is

Zot2p Zm
=—e B32
2z A% ( )
The equations for z,, and AZ for each wake region are given in table III.

The other two components of 7; (z; and y;) are found by using the definition of a unit
vector and noting that ¢z is perpendicular to 15 as follows:

2
=2 +y2+2=10 (B33)

iz
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iz iy == A”yﬁy”‘” 2 00 (B34)

The components z and y; are then found by solving equations (B33) and (B34) simultaneously,
giving

—2; Az Az — Ayy/Az? + Ay? - 22 |
Azx? + Ay?

(B35)

Tr =

-z Az Ay + Ax\/z.ﬁ + Ay? — 22 |
Azx? + Ay?

Yz = (B36)

The x, y, and z components of the unit vector 1; are found by using the vector cross-product
definition for a right-hand coordinate system:

i = iz X i (B37)
which implies
z, = yiA"'l;‘—z“”éy (B38)
Y = Z“”—A—”-”"EI—“—A—Z ' (B39)
2z = &AE%I—AE (B40)

The parameters T, T2, and zp are defined with the aid of figure B3. The vector A is the
perpendicular dropped from point P(n, %) to the £ = z; edge of the vortex sheet

ﬁ = :Ehg + yhj' + Zh’;I (B41)
and from figure B2,
The components of h may then be written as
Tp = Tq + AI%I (B43)
, c
Yn="Ya+ Ayl?f] (B44)
2y = 2g + Az% (B45)

The parameters z; and z, from figure B3 are
z) = lf_{l cos & (B46)

and
zZp = ‘fi‘ cosd (B47)
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From the dot product relations involving H, iz, and i3, the quantities z1 and 2p may be defined
as

iz h= l}llﬁl cosé =13 (B48)

iz h= |1z HI cosf = zp (B49)
Thus,

T1 = Tz + YsUh + 222k (B50)

2p = TTh + YoYn + 2228 (B51)

Ty =11 — AZ (B52)

Effect of Vortex Core on Vortex Sheet Element

The influence of a vortex core is developed for a vortex sheet element having constant
circulation. Equation (B2), for which the vortex core radius is 0 (pc = 0), is modified to
include the core radius from the fixed-wing vortex core model given following equation (58).

The result is 1T o + 8
3 _ 1 Tg cos o + cos s =2\ e

The only difference between this equation and equation (B2) is the inclusion of pZ in the
denominator. This changes the character of the integral such that each integral Iy and Ip
(egs. (B10) and (B11)) is expanded into two parts

Ii=ha+ Iy (B54)
Iy=Ie+ Iy (B55)

where

1 Cg —zpdZI
Tia= / . ; (B56)
) \/c3+5:2+z,2, 2+ 25+ p;

—ZP d:L'

T c
Iy = / _ (B57)
’ 3 ‘/Cg_*_i.z_,_zgz?-l-zf,«}-pg
1 Ca Idx
D= / 2 224 2 B2+ 22+ P2 (B58)
T2 \fck + 2% + 2} p T PC
% dF (B59)

Ty Cp
o= | :
T e ,/c§+i2+zgz2+23+/’g

There are three solutions for each of the integz'rals in equations (B56) to (B59). The solution
depends on the magnitude of pg relative to ¢; and cg. The following definitions are used to

write the solutions to the integrals:

zg + pg - (B60)

2y

Cy,a C¢21 - Pg (Bﬁ’l)
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The integrals are evaluated as

- 2zyRea

Ii o = Cazp

I281,a — T152,a

51,a52,a23

_1 I2C
tan ! H2tva
Zp82,a

— tan

N (2081,0 — 21 Re,a)(2v52,0 + 22Rc,a)
(szl,a + lec,a)(ZvSZa - -Tch,a)

-1 Z1Cv,a
Zy81,a

Iy = n
1b 2zy Rc,b

i

T281b — T152b

51,b52,bz121

—1 T2Cub tan~! T1Cyb

szl’b

tan” - ——
sz2,b

C -1 31 a
= tan~ = —— — tan
R, ( Rea

Ca

Sl,a

(2081,0 — T1Rep)(2v82,6 + T2Rep)
(20516 + 21 Rep) (2052, — T2Reyp)

~1 52,

Rea

9

(Sl,a - Cv,a)(52,a + Cv,a)
(Sl,a + Cv,a)(sz,a - cv,a)

C 1 8
b tan e T tan
b Rep

—1 52

Rc,b)

(s1,6 — cup)(52,5 + Cup)
(51,6 + cup)(52,6 — €u,p)
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(B64)

(B65)

(B66)

(B67)

(B68)

(B69)

(B70)

(B71)

(B72)

(B73)

(B74)

(B75)

(B76)
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Table 1. Relationship Between Array Storage
Sequence and Fourier Series Sequence for
Complex Fourier Inflow Coefficients A(m)

Array sequence in Fourier series
output Inflow Velocity Table sequence (eq. {(2))
1) (0)
A(2) A1)
A(3) A(2)
(%) (5 )
A% +1) {(Z()+3(-2p)} 12
X(’—‘gm+2) X(-—Ngﬂ +1)
X(I—‘gm+3) X(-2p +2)
ANy, — 2) X(‘—3)
XN — 1) A(-2)
X(N) X-1)

Table I1. Vortex Element Types Used for Modeling Rotor Wake

Wake region Near field Far field
Tip Sheet and line Line
Shed Sheet Line
Inboard trailing Sheet Sheet
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Table III. Equations for Wake Element Geometric Description

Equatiohs for—

Wake element type a b Az Zm

Rigid wake tip vortex line (11)-(13) (14)-(16)

Distorted wake tip vortex line (19)—(21) (22)-(24)

Rigid wake tip vortex sheet (11)-(13) (14)-(16) (25) (26)

Distorted wake tip vortex sheet (19)-(21) (22)-(24) (25) (26)

Rigid wake shed vortex line (11)-(13) (28)—(30)

Distorted wake shed vortex line (19)-(21) (28)—(30)

Rigid wake shed vortex sheet (32a), (33a), (34), (35), (31) 1 (36)—(38)
and (37) and (38)

Distorted wake shed vortex sheet | (32b), (33b), | (34), (35), (31) | (36), (39),
and (39) and (40) and (40)

Inboard trailing vortex sheet (41)—(43) (44)-(46) (47) (48)

Table IV. Values or Equation for Core Radius and QMAT Element Calculations

[Equation numbers are shown in parentheses|

Wake region/Element | e | %0) | Fo | 20 | 1-10) | a
Tip/Line (unburst) (66) (65) 2(63) 4) (59)
Tip/Line (burst) (67) (65) 2(63) (4) : (59)
Tip/Sheet (66) . 1 4) (60)
Shed,/Line 04A¢ | (65) | velp) 1 (59)
Shed/Sheet (66) 1 1 (60)
Inboard trailing/Sheet (66) 1 -1 (60)

%In equation (63), gf = 1 in present formulation of RIN Module.
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15.3 Rotor Rigid Dynamics (RRD) Module

Stephen J. Jumper
Lockheed Engineering & Sciences Company

Introduction

The purpose of the Rotor Rigid Dynamics (RRD) Module is to calculate the rotor blade
flapping angles which result from a given set of harmonic airloads on the blade. The reference
plane for the calculations is the hub plane, which is defined as the plane perpendicular to the
rotor axis of rotation. This module is designed to be used in an iterative fashion in conjunction
with the Rotor Loads (RLD) Module and the Rotor Inflow (RIN) Module. Harmonic airloads
from the RLD Module (corresponding to a rotor inflow distribution from the RIN Module)
are provided to the RRD Module for calculation of blade flapping angles. The resulting
flapping angles are used subsequently by RLD (and RIN as desired) to recalculate the airloads
distribution, which in turn is input to a second execution of the RRD Module. This cyclic
pattern is continued until convergence is achieved.

The flapping angles are assumed small and correspond to the rigid displacement of the blade
about the rotor flapping hinge, offset from the rotor axis. This rigid flapping displacement can
be described by a differential equation analogous to one that describes a damped harmonic
oscillator with a forcing term. The forcing term is calculated by using the latest harmonic
airloads and the flapping angles from the previous iteration. Tables of Fourier coefficients for
the harmonic forces and the previous flapping angles are provided, respectively, by the RLD
Module and the previous iteration of the RRD Module. The differential equation is solved
to obtain updated values for the Fourier coefficients of flapping angle. These coefficients are
stored in complex form and printed out as Fourier cosine and sine coefficients. Lead-lag motion
is assumed negligible and not computed, likewise for flap-lag coupling.

Symbols
Ax first harmonic lateral cyclic blade pitch, rad
a,a(n) c;(rinplex Fourier coefficient of blade rigid flapping angle relative to hub plane,
T
a;,a;(n) real-valued coefficient of imaginary part of @, rad
@r,ar(n) real part of @, rad
ag blade coning angle, rad
aj first harmonic longitudinal flapping relative to hub plane, rad
B, first harmonic longitudinal cyclic blade pitch, rad
b slope of linear portion of lift curve, 1/rad
b1 first harmonic lateral flapping relative to hub plane, rad
¢, ¢(n) blade section chord length, re R
e, Ce(M) Fourier cosine coefficient for rigid flapping angle, rad
Lo¥) blade section drag force, re gc*
q blade section lift, re gc*
s, cs(m) Fourier sine coefficient for rigid flapping angle, rad
c*,c*(n) blade section chord length, m (ft)
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D, D(l)
F,

Fz(n, )
fz (Th n)

AF;(n, )
Fy

Fy(l)

g

blade section aerodynamic drag force, N/m (Ib/ft)
rotor blade flapping hinge radial offset from center of rotor, re R “——

blade section aerodynamic force in thrust direction, re p22R3
complete functional representation of F;, re P2 R3

complex Fourier coeflicient of blade section aerodynamic force in thrust
direction, re pQ2R3

complete functional represent';ation of force function, re pQZR3

force due to shaft torque acting at flapping hinge in hub plane, N/m (lb/ft)
spanwise functional representation of Fy,, N/m (Ib/ft)

acceleration due to gravity, re RQ?

acceleration due to gravity, m/s? (ft/s?)

constants defined in text,i=1,...,4

constants defined in text,i=1,...,4

flapwise blade moment due to centrifugal force, re pR®

flapwise blade moment of inertia, re pR5

lift per unit blade length, N/m (Ib/ft)

spanwise functional representation of L, N/m (Ib/ft)

complete functional representation of L, N/m (lb/ft) 3
Lagrangian at blade location P, N-m (Ib-ft)

blade spanwise position outboard of flapping hinge, m (ft)

~ blade tip position measured from flapping hinge, m (ft)

flapwise blade moment dﬁe to blade weight, re pQZR5 -

complex Fourier coefficient of flapwise aerodynamic moment function, re P2 RS
mass per unit length of blade, re pR?

spanwise functional representation of m, re pR?

mass per unit length of blade, kg/m (slugs/ft)

spanwise functional representation of m*, kg/m (slugs/ft)

number of azimuthal hafmonics, that is, number of equal size azimuthal
increments into which one rotor revolution is subdivided and has value equal
to 2 raised to nonzero integer power p

harmonic number

blade section location identifier

natural generalized force with respect to 8, N-m (Ib-ft)

natural generalized force with respect to 3, N-m (lb-ft)

airfoil or blade section onset flow dynamic pressure, N/m? (Ib/ft?)

blade length from hub to tip (i.e., rotor radius), m (ft)
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Vp
Vp(n, )
Vr
Vr(n, ¥)
Voo

Vv

SW
T,Y,2
Az
Az(n, ¥)
(04

a(n, )
adp

Aa
Ac(n, )

B(¥)
68
6(1)

n
0

6(n, )
A

A, ¥)
"

pp

pr

p
¢

unflapped blade spanwise coordinate from hub to tip, m (ft)
differential length 7, m (ft)

kinetic energy at blade location P, N-m (Ib-ft)

time, sec

total onset flow velocity to which blade section is exposed, re 2R
onset flow velocity component perpendicular to hub plane, re QR
complete functional representation of Vp, re QR

onset flow velocity component tangent to hub plane, re (R
complete functional representation of Vi, re QR

rotorcraft translational velocity, m/s (ft/s)

potential energy at blade location P, N-m (1b-ft)

virtual work done on blade location P, N-m (Ib-ft)

location in hub-fixed Cartesian. coordinate system, m (ft) (fig. 1)
blade displacement due to flapwise bending, re R

complete functional representation of Az, re R

blade section angle of attack, rad |

complete functional representation of a, rad

rotor hub plane angle of attack, positive for leading edge of hub tilted up, rad
increment in blade section angle of attack due to torsional bending, rad
complete functional representation of Ac, rad

blade rigid flapping angle (or natural generalized coordinate), rad
azimuthal functional representation of 3, rad

virtual displacement of natural generalized coordinate 3, rad
Dirac delta function

rotor blade flapping hinge radial offset from center of rotor, m (ft)

location on rotor axis of rotation in cylindrical coordinate system, positive in
rotor thrust direction, m (ft)

blade spanwise position measured from hub to tip, re R

blade pitch angle relative to hub plane, rad

complete functional representatioﬁ of 6, rad

rotor total inflow velocity perpendicular to tip-path plane, re QR
complete functional representation of A, re QR

rotor advance ratio along wind axis, = gﬁ

rotor advance ratio component perpendicular to hub plane, = psin agp
rotor advance ratio component tangent to hub plane, = ucos agp

air density at flight altitude ambient conditions, kg/m? (slugs/ ft3)

local upflow angle at blade section and relative to hub plane, rad
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¢(n,¥) complete functional representation of ¢, rad

Y blade azimuth angle (or natural generalized coordinate), rad
o virtual displacement of v, rad

Q rotor rotational speed, rad/s

Superscripts:

derivative with respect to blade azimuth angle ¥
updated value

Fourier transformed (i.e., Fourier coefficient)
Input

The RRD Module requires inputs in the form of user parameters, an independent variable
array, and data tables provided by other modules or provided by the RRD Module during the
first exccution (first iteration). Sign conventions of the various input quantities are presented
in figures 1 through 4 or are described in the present discussion. The user parameters fall
into two categories, those which are input for every execution of the RRD Module and those
which are calculated results from the first execution of this module and are input only for
the second and subsequent executions in an iterative loop. The user parameters input for
every execution of the RRD Module include blade length, hinge location, rotor rotation speed,
and advance ratio. Additionally, the slope of the linear portion of the lift curve must be
provided as a single value assumed to be representative of all airfoil sections of the rotor
blade. The number of azimuthal harmonics N,, in the frequency domain (i.e., the number of
harmonics of blade flapping represented by the output complex Fourier coefficients of flapping
angle and corresponding to an azimuthal discretization of one revolution of the rotor in N, equal
azimuthal increments of size 27 /N, in the time domain) must be provided as well. The user
parameters input only during the second and subsequent executions of the RRD Module are
blade mass-related moments and inertias and other blade chord-related constants, all of which
are computed during the initial execution to build the constant coefficients of the governing
flapping differential equation of motion. Input parameters must remain the samec for every
iterative execution of the RRD Module for a given rotor analysis. All input parameters are
listed subsequently. '

The computational grid of blade spanwise stations must be input; this is provided by the
Independent Variable Array. The remaining input quantities are supplied by four input tables.
First is the Blade Shape Table, which supplies the blade chord length distribution. This table
is provided by the Blade Shape (RBS) Module, documented in section 10.2 of reference 1,
or by the Improved Blade Shape (IBS) Module, documented in reference 2. Second is the
Mass Density Table, which can be provided directly by the user or can be provided, more
conveniently, by the Lifting Rotor Performance (LRP) Module from the ROTONET Simplified
Rotor Analysis. This table supplies the spanwise distribution of blade mass. Third is the
Harmonic Aerodynamic Loads Table, provided by the latest cxecution of the Rotor Loads
(RLD) Module, which supplies the blade normal force distribution for the current itcrative
execution of the RRD Module. Last is the Flapping Angle Table. The contents of this table
depends upon which iterative execution of the RRD Module is about to be done. For input to
the initial iterative execution of the RRD Module, this table contains an initial estimate for the
blade flapping in terms of complex Fourier series coefficients. This initial Flapping Angle Table
can be obtained directly from the LRP Module in the ROTONET Simplified Rotor Analysis.
Alternatively, if the Flapping Angle Table created by the LRP Module is not available, the
initial table can be user-created from LRP rotor trim output in a manner described below. For
input to the second and subsequent itcrative executions of RRD, the Updated Flapping Angle
Table (sce also scction “Output”) output from the previous iterative execution of the RRD
Module must be used.
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To create the initial input Blade Flapping Table when the table from the LRP Module
is unavailable, the user employs a flapping angle cstimate comprised of only the zeroth- and
first-order Fouricr sinc and cosine scrics cocfficients. For inscrtion in the initial input Blade
Flapping Tablec, these sine and cosine serics cocflicients arc recxpressed as four complex valued
Fourier serics flapping cocfficients. These four complex Fourier cocfficients are obtained from
LRP-provided values of coning angle ay, lateral and longitudinal first harmonic flapping relative
to the hub planc b; and a; (for tail rotors), and lateral and longitudinal cyclic pitch A; and B;
relative to the hub plane (for main rotors). For tail rotor analyses, conversion from the LRP
Fourier sine serics format to complex Fourier series format yiclds the following values for the
four complex Fourier flapping coefficients @(n) needed for the initial input Flapping Angle Table
expressed as complex (real value, imaginary valuc) numbers, where 7 is equivalent to the array
sequence number of the coefficient as actually stored in the table, as follows:

a(l) = (a()’ 0)

a(3)=(0,0)
_ a; b
H={-—=,——
a(4) ( 272 )
For main rotor analyses, the flapping-feathering equivalences, a; = Bj and b; = — Ay, must first

be applied to the LRP-generated cyclic pitch values. Thus for main rotor analyses, the four
complex-valued Fourier flapping coefficients @(n) needed for the initial input Flapping Angle
Table are as follows:

a(1)={(ao,0)

_ B A
i@=(-2-3)
a(3)=(0,0)

The relationship between the array sequence for @(n) (i.e., sequence of storage in the Flapping
Angle Table) and the azimuthal harmonic or Fourier series sequence for a(n) employed in the
section “Method” is presented in table I.

All user parameters, tables, and data arrays input to the RRD Module for initial as well as
all subsequent executions are as follows:

User Parameters Required for All Tterations

b slope of linear portion of lift curve, 1/rad
e rotor blade flapping hinge offset, re R (fig. 4)
N, number of azimuthal harmonics in frequency domain (i.e., twice number of positive

frequency harmonics and establishes azimuthal discretization of one rotor revolution
with azimuthal increments of size 27 /Ny, in time domain, thereby satisfying Nyquist
criterion relating number of time steps to number of frequencies; must have value
equal to 2 raised to nonzero integer power)

R blade length from hub to tip (i.e., rotor radius, fig. 1), m (ft)
adp rotor hub plane angle of attack, positive for hub leading edge tilted up, rad

7 advance ratio along wind axis, = ggﬁ

Q rotor rotational speed, rad/s (fig. 1)

15.3-5



e(n)

7
m(n)

3 3

fz (n’ n)

a(n)

Uscr Parameters Required for Second and Subsequent Iterations

constants used in flapping equation of motion, i = 1,...,4 (egs. (52) to (55));
(provided by output from first iteration of RRD)

flapwise blade moment due to centrifugal force (provided by output from first
iteration of RRD), re pR®

flapwise blade moment of inertia (provided by output from first iteration of
RRD), re pR®

flapwise blade weight moment (provided by output from first iteration of RRD),
re pQ2 R

Independent Variable Array
blade spanwise position, re R (fig. 4)

Blade Shape Table
[From RBS or IBS]
blade spanwise position, re R (fig. 4)
blade section chord length, re R

Mass Density Table
[From LRP]
blade spanwise position, re R (fig. 4)
blade mass per unit length of blade, re pR?

Harmonic Aerodynamic Loads Table
[From RLD]
blade spanwise position, re R (fig. 4)
azimuthal harmonic number

complex Fourier coeficients of blade section aerodynamic force in thrust
direction, re pQ2R3

Flapping Angle Table for Initial Iteration Only
[From LRP]
azimuthal harmonic number

initial estimated complex Fourier coefficients of blade rigid flapping angle
relative to hub plane, rad

Flapping Angle Table for Second and Subsequent Iterations

[Use Updated Flapping Angle Table output from last prior RRD iteration]

azimuthal harmonic number

complex Fourier coefficients of blade rigid flapping angle relative to hub plane,
rad
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Output

The output generated by the RRD Module varies, depending on which execution iteration
has been performed. From the initial execution only, user parameter output consists of the
blade flapping moment of inertia I;, flapping moment due to centrifugal force I 5, flapping
moment due to blade weight M, and four constants g; in the flapping equation of motion
used in calculations. These user parameters are to be used as input for all subsequent iterative
executions of the RRD Module, as stated in the section “Input.” Every execution of the
RRD Module generates an updated table of blade flapping angles expressed as complex Fourier
coefficients as a function of azimuthal harmonic number. The updated table is intended for
use as input to the subsequent iterative execution of the RRD Module. This table contains
the final blade flapping results upon completion of the final iterative execution of the RRD
Module. The relationship between the array sequence for a(n) (i.e., sequence of storage in
the Updated Flapping Angle Table) and the azimuthal harmonic or Fourier series sequence
for @(n) employed in the section “Method” is presented in table I. Additionally, the equivalent
real-valued Fourier cosine and sine series coefficients c.(n) and cs(n) of the updated flapping,
as defined in equation (62), are output. However, these coefficients are printed only and are
neither saved as user parameters nor stored in tables.

All user parameters and the table output from the RRD Module are as follows:

User Parameters

[Output from first iteration only]

g constants used in flapping equation of motion, i = 1,...,4 (egs. (52)
to (55))

Is flapwise blade moment due to centrifugal force, re pR®

Ly flapwise blade moment of inertia, re pR®

My, flapwise blade moment to blade weight, re pQ2R®

Updated Flapping Angle Table
azimuthal harmonic number

n
@'(n) updated complex Fourier coefficients of blade rigid flapping angle relative to hub
plane, rad (table I)

Method

Derivation of Equation of Motion

The governing equation of motion for a rigidly flapping rotating rotor blade is derived from
energy considerations using Lagrange’s equation of motion (ref. 3). The initial portions of
the theoretical development which follows use dimensional quantities; subsequently (where
indicated) conversion to nondimensionalized quantities is made to make the rest of the
development.

Consider the geometry of a rigid rotor blade rotating with an angular frequency {2 shown in
figure 1. The blade has a flapping hinge located at a distance ¢ from the axis of rotation. Inplane
lead-lag motion is assumed small relative to flapping motion, and its effect on rotor noise is
assumed negligibly small. Thus lead-lag motion is neglected and no lag hinge is modeled. Only
that portion of the blade outboard of the flapping hinge is assumed to experience lift and drag
aerodynamic forces, and this is considered the working portion of the blade, having length ly;p.
A hub-fixed right-handed Cartesian axis system is defined with z positive aft, z positive along
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the rotor axis of rotation in the rotor thrust direction, and the z and y axes lying in the
reference hub plane of the rotor. The rotating blade is a two-degree-of-freedom system having
motion associated with two natural generalized coordinates. The first coordinate is the rigid
flapping angular displacement 3 about the flapping hinge, and the sccond coordinate is the
azimuthal angular displacement or position ¥ of the blade measured from the positive x axis in
the reference hub plane. A cylindrical coordinate system is defined with ¢, ¢ (coincident with
the hub-fixed z axis), and a radial axis directed along the unflapped blade.

Consider an arbitrary infinitesimal section of the blade at P located a distance [ along the
blade outboard of the hinge and having mass m*({) dl. In cylindrical coordinates, the position
of section P is

T =rcos ¢ (1a)
y=rsin ¢ (1b)
z=( (1c)

However from the hinge location and the definition of flapping generalized coordinate 3, the
following definitions apply

r=ec+lcos 3 (2a)
{=lsin g (2b)

Combining equations (1) and (2) yields the position of the blade section P in terms of the
natural generalized coordinates as follows:

=(e + lcos B)cosy (3a)
y = (€ + lcos B)siny (3b)
z=1Isin g3 (3¢)
The kinetic energy of blade section P is
_ 1 .2 .2 7 :2
T_-z—m(z)dz(z + %+ 22) (4)

which can be rewritten as a function of the natural generalized coordinates by substituting
equations (3a), (3b), and (3c) in the right-hand side to get:

T - %m*(l) dl (e + Leos 0242 + 27 (5)

The potential energy of blade section P is
V =m*(l)dlg*z (6)

which can be rewritten as a function of the natural gencralized coordinates by substituting
equation (3c) on the right-hand side to get:

V =m*()dl g*lsin g (7)
The Lagrangian (ref. 1) for the blade section P is defined as follows:
L=T-V (8)
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Substituting equations (5) and (6) for the kinctic and potential encrgy, the Lagrangian becomes
1 . .
L= m'()d [(e +1cos B)20% + 1252] —m*(l)dlg*l sin 8 (9)

With reference to figure 1 again, the nonconscrvative forces acting on blade section P are the
aerodynamic lift L(l) dl, the acrodynamic drag D(!)dl, and the force Fy, 8(1), which is due to
the torque of the rotor shaft and acts in the planc of rotation. Because the force due to shaft
torque acts only at the blade hinge, [ = 0, the Dirac delta function é({) has been employed.
The virtual work 6W done on the blade section P by the nonconservative forces in virtual
displacements §3 and 8% of the natural generalized coordinates is

§W = L()dL16B + F,, (1) e 54 — D(1) di (¢ + Lcos B) 6y (10)

Rearranging, equation (10) becomes

W = Qg8+ Qy ¢ (11
where Q3 and Q. are the natural generalized forces with respect to 3 and ¢ at blade section P
and are given by
Qs =L({)d (12)
and
Qy = Fy(l)8(l)e — D(IXe + Lcos B)dl (13)

Then the equations of motion for blade section P are Lagrange’s equation (ref. 1) applied
separately to the two natural generalized forces as follows:

d (0L BL
and i (3_1_3_> ) QL_ o ”
it\ap) 98 ** )

where equation (14a) governs the motion in the plane of blade rotation and equation (14b)
governs the flapping motion. These two motion equations are developed further and examined
individually in the following two subsections.

Governing equation for rotational motion in hub plane. Substituting the Lagrangian (eq. (9))
and the generalized force (eq. (13)) into equation (14a) produces the following equation for
inplane rotational motion of blade section P:

m*(1) dl (e + L cos B)2¢ — 2m*(l) dl (¢ + Lcos B)IBsin B
= Fy(1) 6(l)e — D(I)(e + Lcos B) dl (15)

Integration of equation (15) over the entire length of blade outboard of the hinge gives

. fhip
1,b/ m*(1)(e + Lcos B)% dl — 2(34 sin ﬂ/ (e +lcos B)ldl
0

= Fye— / " D) (e + 1 cos B) dl (16)

Shaft torque is assumed to be just sufficient to maintain a constant rotor rotation speed,
such that ¥ = Qt, ¢y = Q, and ¥ = 0, also, 3 is assumed small. Thus, equation (16) reduces to

- é/ﬂl“" D()(e + 1) dl — 2088 /Ol“" m*(z)(1 + é)ldl (17)
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Equation (17) is the final governing equation for the rotational motion of a rigid rotor
blade in which blade lag motion is neglected. The equation indicates that if blade flapping
displacement 3 is zero or flapping rate 3 is zero, then the applied hinge force from shaft torque
just balances the total aerodynamic drag on the blade.

Governing equation for rigid flapping motion. To develop further the equation of motion
for flapping, the Lagrangian (eq. (9)) and generalized force (eq. (12)) are substituted into
Lagrange’s equation for flapping (eq. (14b)) to give

m*(1) dl 123 + m*(I) dl g*1 cos B+ m*(I) dl (¢ + Lcos B)l¢*sin B = L(I)1d! (18)

Recall that rotor blade rotation speed is assumed constant (i.e., ¥ = ) and integrate equa-
tion (18) over the entire blade region outboard of the flapping hinge to obtain

ﬁ/ () 2dl+ g* cosﬁ/ m*(l)1dl

Uy lip
O?sin 8 / P m* (1) i(e + 1 cos B)dl = /O L)ldl (19)
0

The flapping generalized coordinate 3 is assumed to be a small angle; therefore, equation (19)
can be rearranged as follows:

1y Ui Ly L
. tip % D) ) tip * _ tip ox tip *
5/0 m*(1) 12 dl + 8Q /0 m (l)z(e+1)dl_f0 L()ldl—g fo m*()ldl  (20)

Comparing equation (20) for rigid flapping with equation (17) for rigid inplane rotation, no
cross coupling occurs between the two because blade lag motion has been neglected. Because
the purpose of the RRD Module is to compute blade flapping angle 3, the inplane motion
equation (eq. (17)) is not required and is considered no further in this theoretical development.
However, equation (20) for blade flapping can be refined further. Because ¢ = (2, the following
relationship for the time derivative operator applies:

d2 2 d2

Also lij, = R — ¢, where R is the complete span of the blade from the hub to the tip. Recall
equation (2a) and apply the small angle assumption for the following change of variable:

. r=e+l1 (22)

where 7 is the spanwise distance measured from the hub. If li;; is reexpressed and equations (21)
and (22) applied, equation (20) becomes

R 2 R
[92/6 m*(r)(r — €)? d’rjl % + [92 /E m*(r)r(r —¢€) dr]ﬂ
R R
- /E L)(r — &) dr — g* /E m*(r)(r — €) dr (23)

which is the governing equation of motion for rigid flapping in dimensional form.
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It remains to rewrite equation (23) in nondimensional form. The dimensional variables r, dr,
€, g%, m*, and L from equation (23) are reexpressed in terms of nondimensionalized variables 7,
dn, e, g, m, and F}; as follows:

r=nR (24)

dr = Rdn (25)
e=eR (26)

g* = gRQ? (27)
m*(r)=m(n) pR? (28)
L(r,$)= Fz(n,¥) p*R® (29)

where p is dimensional ambient air density, R is the dimensional complete blade length
from hub to tip, the spanwise functional dependency of blade mass distribution is indicated
in equation (28), and the spanwise and azimuthal dependency of blade lift distribution is
introduced in equation (29). Substitution of equations (24) through (29) into equation (23)
yields the rigid flapping equation of motion in nondimensional form:

d*g

1 1
o / m(n)(n — €} dn + B / m(n) n(n - €) dn

1 1
_ / F(m, ¥)(n — €) dn — / m(n) g(n — €) dn (30)

With the definitions of blade flapping moment of inertia, blade flapping moment due to
centrifugal force, and blade flapping moment due to weight, respectively, in nondimensional
terms as follows:

Iy = [ mn - e dn (31)
tey = [ mm)ntn - e)do (32)
and .
R OECEDE, (33)
equation (30) becomes
Ly 327@ + 1B = /e 1 Fy(n,¥)(n — e)dn — My (34)

which is the complete nondimensionalized equation of motion for rigid blade flapping. Unless
otherwise noted, the remaining discussion is written in nondimensional form.

The form of equation (34) is representative of the equation of motion for a simple harmonic
oscillator with a driving term. Equation (34) as written is not a useful expression for solving
the flapping problem because there are no damping (i.e., d3/dv) terms explicitly present in the
left-hand response side of the equation. Thus the flapping response from equation (34) is infinite
when driven at the fundamental frequency. However, what is not evident in equation (34) is
that for a rotating, flapping rotor blade, the aerodynamic lift (7, %) on the right-hand driving
side of the equation is implicitly a function of 3 and B (i.e., d3/di) such that lift introduces
aerodynamic damping into the problem. The aerodynamic lift F;(n, ¢) is now examined further
to show the functional dependence on 8 and d3/dy. This examination allows a reformulation
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of equation (34) in which aerodynamic damping terms are included explicitly and which is
amenable to iterative solution.

Development of F.(n,¢) as a function of flapping and flapping rate. Begin by considering
figure 2 showing the orientation of a blade section of chord ¢ at location (7, ) relative to the
hub plane, defined as the plane perpendicular to the axis of rotor rotation. The velocity of the
onset flow to the local blade section is resolved into two components. The component normal
to the hub plane is Vp (positive up), and the component lying both parallel to the hub plane
and perpendicular to the blade is Vi (positive in the direction opposite the direction of blade
section translation due to rotor rotation). In terms of these velocity components, the local
upflow angle ¢ is expressed as

¢ = arctan Ve (35)
Vi
In figure 2, the local section lift and drag are directed perpendicular and parallel, respectively,
to the local onset flow V. Thus F;(7,v) may be written as

F(n, )= 5 e(n) (VE + VE)(et cos 6% cy sin 9) (36)

where Vp, Vr, ¢, ¢4, and ¢ are all functions of n and % and the minus sign applies for blade
sections exposed to reversed flow (assuming a flat-plate airfoil behavior of the blade section
regarding drag characteristics in reversed flow versus forward flow). Applying equation (35) to
equation (36) gives

F(n,9)= 3 () VA + VR(eiVr % caVp) (37)

To linearize, first assume Vp > Vp, which is the case for typical forward flight and is true in
hover or low-speed forward flight for the more outboard stations on the blade. Equation (37)
becomes

Falm )= () (aVR + caVeVp) - (38)

Next assume that ¢; > ¢y, since ¢; is usually an order of magnitude greater than ¢;. Equa-
tion (38) becomes

1
Fy(n,9)= 5 c(n) oV (39)
Assume ¢; = bag), for the linear portion of the lift curve to get
1
Fo(n, %)= 5 () bV (40)
where the lift-curve slope b is assumed to be a single constant value representative of all sections
of the blade and « is the local blade section angle of attack relative to the hub plane. The local

angle of attack is a function of the local blade section pitch, local inflow angle, and local blade
torsional bending as follows:

a(n, )= 0(n, )+ ¢(n, ¥)+ Aa(n, ) (41)
Assume no torsional bending, Aa = 0, so that
a(n, ¥)=0(n, ¥)+ ¢(n,¥) (42)

Because Vr > Vp, cquation (35) for inflow simplifics to

b= (43)

¢



Inserting equations (42) and (43) into equation (40) gives

1
Fo(n.4) = 5 o) b(6VF + VpVr) (44)

Figure 3 illustrates the onsct flow velocity components lying in the hub planc of a rotor
translating with velocity Vi through the air and rotating at angular speed €. Those velocity
components directed perpendicular to the blade in figure 3 contribute to the tangential
velocity Vr to which a blade section is exposed. Thus V7 is given by the following dimensional

expression:
IRV = Vo cos aq,, sin ¢ + Qr (45)

Applying nondimensionalized quantities to equation (45) yiclds

Vr(n,¥)=n+ pr sin ¢ (46)

where up is the rotor advance ratio resolved tangent to the hub plane (i.c., ur = p cos agp)-

In the side view of the rotor portrayed in figure 4 are shown all of the contributions to
the onset flow velocity Vp perpendicular to the rotor hub plane to which the blade section is
exposed. In terms of the various contributions, Vp is given by the following equation:

2(n, w)) dp(y)  0Az(n.¥)
dyp oY

Each term on the right-hand side of equation (47) requires explanation. The first term is
the total rotor inflow velocity normal to the rotor tip-path plane, which is computed by the
Rotor Inflow (RIN) Module. The sccond term is a required correction to effectively convert the
total inflow velocity from tip-path plane orthogonality to hub plane orthogonality, where a;
is the first harmonic longitudinal flapping relative to the hub plane. The third term is the
component of inplane velocity (the nondimensionalized component parallel to the blade in fig. 3)
resolved normal to the actual flapped blade but (from the small angle assumption applied to
flapping) taken to be normal to the hub plane, where Az is blade flapwise bending deflection
from the rigid flapped position. The last two terms are the contributions existing as a result
of the rigid flapping rate and flapwise bending rate, respectively, of the blade. The rotor
advance ratio pp = p sin agp, which is inherent in the velocity component Vp, is implicitly
accounted for within the quantity [A(n,v) — prai] by the theory used in the RIN Module,
which provides A(n, ). Hence pp does not explicitly appear in equation (47).

Vp(n,w)=/\(n,t/))—u:ra1—(B(¢)+ i cos (1 — ) (47)

n-

This analysis considers rigid flapping only, such that bending is assumed nonexistent,
Az = 8Az/dy = 0. Thus equation (47) simplifies to

1 48®)

Vp(n, %)= A(n,¥)— pra; — B()pr cos ¥ — (1 — s (48)
Substituting equations (46) and (48) for the velocity components in equation (44) yields
Fu(n,9)= 5 c(m) b{8(n, $Xn + ursin )2 + An, 6 + ur sin ¥)
~ BN+ prsin wn - e}~ BN+ i sin W cos v)
~ay[ur(n + sin 7))} (49)

which is the desired expression of aerodynamic loading in terms of flapping-related
contributions.
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Flapping integral equation of motion with aerodynamic damping. Recall the rigid flapping
cquation of motion (eq. (34)), :

d? 1
1y 8 s 140= [ Rn)a - dn- M

The forcing function F, in the equation of motion is comprised of the multiple terms shown in
equation (49). The term dB(y)/dy in equation (49) provides damping to the flapping equations;
this term is the aerodynamic damping. Additionally, equation (49) shows that F; is composed
of contributions due directly to flapping 8 and due to a component of flapping a;; thus there is
a feedback inherent in equation (34). That is, the aerodynamic driving term on the right-hand
side of equation (34) is a function of the flapping response 3, whereas the flapping response
on the left-hand side of equation (34) is a function of driving terms. This feedback, implicit in
equation (34) via equation (49), can be accounted for in solving for flapping by reexpressing the
equation of motion such that aerodynamic damping terms are shown explicitly and the equation
is amenable to an iterative solution. To do this, define AF(n, ) as the function F,(n, ) less
the terms proportional to 3, d3/di, and a;. Thus from equation (49) obtain

AF (%)= Euln, )+ B[ cla) bl + o sim X — )

+ 000§ () b0n + o sin e cos )

1 .
+ a1 [5 c(n) bup(n + pr sin 1/))] (50)
By combining equations (34) and (50), the governing equation of motion is rewritten as

+(g1 + g2sin 111)%@

+(Icf + g3 cos ¢ + g4 cos Y sin w):@l(w)

d*g' (v)

Iif 2

1
1 (g3 + g4 5in P)ag = / AF,(n,9) (7 — €) dn — My, (51)

where AF;(n,) is given by equation (50) and where constants g1, g2, 93, and g4 are given by
the following equations:

1

=7 [ cnntn-o?dn (52
.l

o= [ ctn) (n—e)?dn (53)
1

o= [ ctmntn—erdn 4
2 el

g1 =L [ ctn) (n - e)an (55)

The equation of motion for flapping as given in equation (51) is a differential equation for a
damped harmonic oscillator with a forcing term and is in a form amenable to iterative solution.
The flapping angles in the forcing term on the right-hand side of equation (51), which are shown
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in equation (50), are considered values from an initial estimate or results from the previous
iteration. The response or left-hand side of the equation of motion, as written in equation (51),
now contains explicitly a damping term d3/dy, an a) term, and has a modified 3 term. All the
flapping variables on the left-hand side of equation (51) are written with a prime to indicate
that they are the new updated values determined by the current iterative call of the RRD
Module and are the response due to the forcing function, based on flapping from the previous
iteration.

Conversion of Governing Differential Equation of Motion Into Solvable Matriz Equation

The final step in the method development is to rewrite the differential equation of flapping
motion (eq. (51)), as an equivalent matrix equation containing a system of linear equations
solvable for each harmonic of the flapping response. First, employ the exponential form of a
finite Fourier series to write

Nn/2
By)= D a(n)exp(iny) (56)
n=—Np/2
and
1 Nn/2
[ ARmwm-edn= > B exp(iny) (57)
e n=-Np/2
where .
&M (n)= / &F;(n,n)(n — €) dn (58)

Substitute equations (57) and (58) into equation (51); substitute the exponential forms of the
sine and cosine functions; use a; = —[@(1) + a(—1)]; take the required derivatives, and sum like
harmonics. This procedure gives the following expressions for the Fourier coefficients of the
flapping angles:

e AM(-1)—a(-3) hy — a(—2) hg — a(0) hy — a(1)(hs + %)

“y Rt B (9)
a(0)= ;%[A—M(O)— My, —a(—2) hy — a(—1)(hg — g3))

+ - [-a(1) (e — 90) - 7(2) ) (s90)

a(1) = AM(1)-a(-1)h1 — ggh)a—_am) hy — a(2) hg — a(3) hs (599

a(n) = his [AM(n)— a(n—2) hy — a(n—1) hy — a(n+1) hy — a(n+2) hs]

(_12\[" <n< %‘- except n # 0, :tl)59d)

where

94 60a).
4i (60a)
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he =(n — 1)- + 33 (60b)

2

hy = —Iin® +igin + I s (60c)
=—(n+ 1)— + 7 (60d)
.

hs = (60¢)

By assuming that there are N, harmonics contained in AF;(n,v) and 3(y), equations (59a)
to (59d) in matrix notation yield the final governing system of N, + 1 simultaneous equations
(including equation for zeroth harmonic), written in matrix form, to be solved by this module,
as follows:

rhy hy hs O (I T a’(:g{ll) N (_f;u) .
hy hy hy hs 0 @(=+1) AM (=5 +1)
hy hy hy hy hs 0 @(=gn+2)| | AM(== +2)
0 hy hy kg ke g @ (=5 +3) A—(w”“ 3)
0 hy hg hg hy hs 0 @(-2) AM(-2)
0 hy hy (h3+ %) hy (hs+ %) 0 (1) AM(-1)
0 hy (ha—g3) hg (hg—g3) hs O x @ (0) =| AM(0)— My
0 (h1—%) ho (h3—%) hy b5 O @(1) AM(1)
0 hy ha hs hy hg O @'(2) AM(2)
0 A hy hy hy hs O (% -3) A (% - 3)
0 hy hy hy hg hg @ (% -2) AM(5p -2)
0 hy hy hy hy a(%-1) AaM (% 1)
Lo o n hong I L @(f) 1 L ZM(%) |
(61)

where the first matrix on the left-hand side is constant for a given rotor geometry and operating
conditions; the h coefficients in a given row of the matrix are given by equations (60a)
to (60e) wherein the value for n is the harmonic number associated with the matrix row; the
second matrix on the left-hand side contains the unknown updated values of complex Fourier
coefficients of flapping to be found (a prime introduced to signify updated values); and the
matrix on the right-hand side is a known function of the old (i.e., “prior iteration”) complex
Fourier coefficients of flapping.

Equivalent Sine and Cosine Fourier Series Coefficients of Updated Flapping

Having solved equation (61) for the updated complex Fourier coefficients of flapping @, the
desire is to convert these to the equivalent real cosine and sinc Fourier series coefficients of
flapping c. and cs satisfying the following sinusoidal Fourier series representation of updated

flapping: N2

B )= ay+ Z {—cc(n) cos nyp — cy(n)sin nyp} (62)

n=1
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Begin with equation (56) rewritten for updated flapping

Nu/2
Bw)= Y  @(n)exp(ing) (63)

n=—N,/2

Applying Euler’s identity to convert the exponential to trigonometric functions, equation (63)

becomes
N, /2

B()= Z {@ (n) cos ny + i@ (n) sin nyp} (64)

n=-N,/2

Expanding the series of equation (64), noting that cosine is an even function and sine an odd
function, and rearranging gives

Nu/2
g ()= @ (0) Z {[@'(n)+ @' (—n)]cos ny + i[a'(n)— @' (—n)]sin ny'} (65)
n=1

Express complex coefficient @ as the sum of real and imaginary parts
'(n) = al(n)+ i @(n) (66)

where @ and @, a; are each real-valued. Substituting equation (66) into equation (65) and using

the fact that ’(—n) is the complex conjugate of a'(n) give

Na/2
BW)=2a0)+ Y [2a.(n)cos ny — 2@j(n) sin nif] ) (67)
n=1

Comparing equation (67) with equation (62) shows that the desired real Fourier cosine and sine
coeficients ¢, and ¢s for updated flapping are given as follows:

ce(n) = —2 @y(n) (68a)
cs(n)= 2 al(n) (68b)

where @j(n) and @j(n) are the real-valued real and complex components of @'(n) per
equation (66).

Computational Procedure

1. During first iteration only, calculate moment of inertia I;f, moment due to centrifugal
force 1.7, and welght moment M, from equations (31), (32{ and (33); also calculate four
constants g;(¢ = 1,...,4) from equations (52), (53), (54), and (55)

2. For current iteration, compute AM (n) by using equations (50), (56), and (58), making use
of “prior iteration” complex Fourier coefficients of flapping from input tables

3. Generate matrix equation for flapping (eq. (61)) by using equations (59) and (60) to establish
known matrix coefficients

4. Solve matrix equation (eq. (61)) for updated complex Fourier coefficients of flapping

5. Store updated complex Fourier coefficients of flapping in output table in array sequence
indicated in table I

6. Compute and output equivalent sine and cosine Fourier series coefficients of updated flapping
by using equations (68a) and (68b)
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Table 1. Relationship Between Array Storage
Sequence and Fourier Series Sequence for
Complex Fourier Flapping Coefficients @

Array sequence

Fourier series

in data tables sequernce
a(1) a(0)
a(2) a(1)
a(3) a(2)
(4 ()
a(% +1) PIAF
a(% +2) a(-%p +1)
a(% +3) a(-% +2)
a(Np —2) a(-3)
E(Nn - 1) —(_2)
a(Nn) a(-1)
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15.4 Rotor Wake Geometry (RWG) Module

Casey L. Burley and Stephen J. Jumper

Lockheed Engineering & Sciences Company
Introduction

Helicopter rotors have viscous, vortical wakes which are self-interacting. This self-interaction
modifies the shape of the wake, which complicates the process of predicting the aerodynamic
effect of the wake on the rotor blades. Most wake models use a network of ideal line vortex
segments to model the rotor wake. Were there no self-interaction, the trajectory of the
vortex segments would form a skewed helix. The Rotor Wake Geometry (RWG) Module
uses empirically developed equations to compute the nonhelical wake distortion due to self-
interaction.

The Rotor Inflow (RIN) Module described in section 15.2 calculates the wake-induced
velocity at the rotor disk. To accomplish this, the RIN Module models the wake with a lattice
of straight-line potential vortex segments and planar trapezoidal vortex sheets. These segments
are grouped into an inboard wake sheet and a discrete tip vortex. The tip vortex geometry is
an input to the RIN Module which is provided by the RWG Module.

The most physically accurate methods for determining the wake shape are known as free-
wake methods. These methods iterate between computing the wake-induced velocities at all the
vortex segment nodes and convecting the segments according to the last velocity calculation;
when a reasonably converged shape is obtained, the method stops and computes the downwash
at the rotor disk. Free-wake methods, unfortunately, are very computationally intensive and
require considerable expertise to use. However, for most flight conditions, the wake self-
interactions are such that a simple skewed-helix wake is not accurate enough for detailed airloads
calculations. A fast-executing but physically reasonable method is required.

An empirical method for predicting the wake shape was developed by Egolf and Landgrebe
(ref. 1), which has been implemented in the present module. Wind tunnel measurements of
tip vortex geometry were assembled for a variety of rotors and flight conditions. Inspection
of the data revealed that the distortions of the wake geometry away from the ideal skewed
helical shape were greater in the axial direction than in the longitudinal and lateral directions.
Thus, the empirical model only predicts axial distortion. Likewise, the experimental data
show sensitivity mainly to three parameters: number of blades, rotor thrust level, and the
translational component of inflow. Equations were developed, by using curve fits to the test
data, which predict the wake distortion given the three parameters. The Rotor Wake Geometry
(RWG) Module solves these equations for the given rotor and flight conditions, and determines
the wake geometry. Either the axial distortion or the net tip vortex trajectory may be output
in a table as a function of azimuth.

Symbols
Ag,B)M wake envelope function coefficients
Al wake envelope function exponent coefficient
Cr rotor thrust, re TpQ2 R4
D tip vortex distortion vector (distortion from rigid helical wake
position), re R
Dy,Ds, Dy tip vortex distortion in z, y, and z direction, respectively, re R
E envelope function
G wake geometric shape function
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Qtpp

cosine and sine coefficient, respectively, of wake shape function for one-
or two-bladed rotors for first wake revolution

cosine and sine coeflicient, respectively, of wake shape function for three-
or more-bladed rotors for first wake revolution

zeroth cocflicient of wake shape function for one- or two-bladed rotors

for first wake revolution (i.e., (92,0)1 for n = 0)
zeroth coefficient of wake shape function for three- or more-bladed
rotors for first wake revolution (i.e., (gﬁ,,c)g for n = 0)

cosine and sine cocfficient, respectively, of wake shape function for one-
or two-bladed rotors after first wake revolution

cosine and sine coefficient, respectively, of wake shape functlon for three-
or more-bladed rotors after first wake revolution

zeroth coefficient of wake shape function for one- or two-bladed rotors

after first wake revolution (i.e., (QZ,C)I for n = 0)

zeroth coefficient of wake shape function for three- or more-bladed

rotors after first wake revolution (i.e., (g'n"c)z for n =0)

“unit vector along z, y, and z axis, respectively, of rotor coordinate system

vortex segment index
azimuth position increment index

number of rotor blades

number of azimuthal harmonics in frequency domain (establishes azimuthal

discretization A} in time domain for analysis; must have value equal to 2
raised to nonzero integer power)

number of wake revolutions

harmonic number

distorted tip vortex poéition vector, re R
rotor radius, m (ft)

rotorcraft translational velocity, m (ft/s)

coordinates relative to hub-fixed rotor axis system (x positive aft in tip-path
plane; z positive axially in thrust direction; and y orthogonal to z and 2 in

right-hand sense), re R

z, y, and z component, respectively, of distorted tip vortex position
vector, re R

undistorted axial wake coordinate, re R
axial distortion, re R

rotor tip-path planc angle of attack (positive for leading edge of tip-path
plane tilted up), rad

wake age of given tip vortex wake segment, rad

phased wake age or azimuth position of given tip vortex wake segment, rad

15.4-2



& wake age of kth tip vortex wake scgment, rad
n radial position in tip-path planc (fig. 1), rc R

Amean mean rotor total inflow velocity perpendicular to rotor tip-path planc
(positive in thrust direction), re QR

7} rotor advance ratio along wind axis, = Voo /1R
wr rotor advance ratio tangent to tip-path plane, = ucos agpp
P air density at flight altitude ambicnt conditions, kg/m? (slugs/ft®)
Xtpp skew angle of classical rigid wake (measured positive below tip-path
plane), rad
Y general blade azimuth angular coordinate, rad
Wy rotor blade azimuth position, rad
Ay rotor blade azimuth increment, 27 /Ny, rad
Q rotor rotational speed, rad/s
Input

The RWG Module requires input to define the rotor operating conditions, the number of
blades, and the azimuthal resolution and extent of wake to be considered. Thesec inputs are
provided by user parameters and typically have values equal to or consistent with parameters
in both the Rotor Loads (RLD) and Rotor Inflow (RIN) Modules, since the RWG Module is
intended for use in conjunction with the RLD and RIN Modules. Sign conventions for the
various input quantities are as indicated in figures 1 and 2 or as described in this discussion.
Coefficients for the envelope functions used in the axial distortion model are provided by
the tables for the coefficients Ag, Aj, and M. Fourier series coefficients for the wake shape
functions used in the axial distortion model are provided by the tables for the cosine coefficients,
sine coefficients, and zeroth coefficients. All these coefficients have constant specified values
according to Egolf and Landgrebe (ref. 1). The values with which to build the coefficient input
tables for the RWG Module are given in tables I through XII. These values were extracted from
unpublished work at United Technologies Research Center by T. A. Egolf and D. Edwards.

The user parameters and tables which are input to the RWG Module are as follows:

User Parameters

Cr rotor thrust, re mpQ2 R
Ny number of rotor blades
Ny number of azimuthal harmonics in frequency domain (i.e., twice number of positive

frequency harmonics and establishes azimuthal discretization of each rotor revolution
with azimuthal increments of size Ay = 27 /Ny, in time domain for computations;
thereby satisfying Nyquist criterion relating number of time steps to number of
frequencies; must have value equal to 2 raised to nonzero integer power)

Nrev number of wake revolutions

atpp rotor tip-path plane angle of attack (positive for leading edge of tip-path plane
tilted up, fig. 2), rad

n rotor advance ratio along wind axis, = Voo /QR
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Cr
Ao, Cr)

J7)
Cr
Al (iu': CT)

)
Cr
M(p,Cr)

Table of Coefficients Ag
[From table I

rotor advance ratio along wind axis, = Vo /(IR
rotor thrust, re mpQ2 R

envelope function coeflicients

Table of Coeflicients A
[From table II]

rotor advance ratio along wind axis, = Voo /2R
rotor thrust, re mpQ2R?

envelope function coefficients

Table of Coeflicients M 7
[From table III]

rotor advance ratio along wind axis, = Veo/QR
rotor thrust, re mpQ%R?

envelope function coefficients

Table of Cosine Coeflicients
[From tables IV to VII]

rotor advance ratio along wind axis, = Voo /QR

harmonic number

cosine coefficients of wake shape function for one- or two-bladed rotors for
first wake revolution

cosine coefficients of wake shape function for three- or more-bladed rotors for
first wake revolution -

cosine coefficients of wake shape function for one- or two-bladed rotors after
first wake revolution

cosine coefficients of wake shape function for three- or more-bladed
rotors after first wake revolution

Table of Sine Coefficients
[From tables VIII to XI|

rotor advance ratio along wind axis, = Voo /QR

harmonic number

sine coefficients of wake shape function for one- or two-bladed rotors for first
wake revolution

sine coefficients of wake shape function for three- or more-bladed rotors for
first wake revolution

sine coefficients of wake shape function for one- or two-bladed rotors
after first wake revolution

sine coefficients of wake shape function for three- or more-bladed rotors after
first wake revolution
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Table of Zeroth Coefficients
[From table XII]
i rotor advance ratio along wind axis, = Vo /QR

g(’)’l(,u) zeroth coeflicient of wake shape function for one- or two-bladed rotors for first
wake revolution

g(’),;,(u) zeroth coefficient of wake shape function for three- or more-bladed rotors for first
wake revolution

96’,1(N) zeroth coefficient of wake shape function for one- or two-bladed rotors after first
wake revolution

98’2(;1) zeroth coeflicient of wake shape function for three- or more-bladed rotors after
first wake revolution

Output

Two output options are available for the RWG Module, with the sign conventions of the
various output quantities as indicated in figure 1 or as described in this discussion. With
option 1, the module produces a table of rotor tip vortex distortion components in the z, y,
and z directions. The axial (z) distortion from the axial position of the rigid helical wake
tip vortex is computed; the other two components are output as zero. The distortion values
are given as a function of blade azimuth position and wake age. With option 2, the module
produces a table of tip vortex absolute position components in the z, y, and 2 directions relative
to the hub-fixed reference frame (2 being perpendicular to the tip-path plane and positive up).
The position components are those for the rigid wake helix with the distortion components
included (i.e., the complete distorted wake position). Wake position values are tabulated as a
function of blade azimuth position and wake age. The tables generated by the RWG Module
are as follows:

Wake Distortion Table
[Option 1 output]
Yy rotor blade azimuth position, rad (fig. 1)
6 wake age, rad (fig. 1)

D(4p,8)  tip wake distortion vector, re R

Wake Position Table
[Option 2 output)
Py rotor blade azimuth position, rad (fig. 1)
) wake age, rad (fig. 1)
P, (¥y,6)  tip wake position vector, re R

Method

Frequently, the tip vortex wake shed from a rotor blade in forward flight has been modeled
as a rigid helical filament of vorticity with a trajectory defined by the rotor attitude and flight
conditions. With increased interest in air-load prediction and blade-vortex interaction, an
improved wake model that provides more detail of the tip vortex trajectory is required and is
provided by this module. The wake model used in this module differs from the helical model
in that it provides a method for computing the distorted axial (z) coordinate based on the
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rotor operating conditions. The longitudinal (x) and the lateral (y) coordinates of the wake
are computed from the undistorted wake equations.

A mathematical model developed by Egolf and Landgrebe (ref. 1) is used to predict the tip
vortex axial distortion. Found experimentally to be much smaller than the axial (z) distortion,
the longitudinal (x) and lateral (y) distortions are assumed to be zero. The wake geometry data
used to develop the model was limited to a given set of rotor designs and flight conditions. The
model is based on a rotor design which is representative of nine different rotor systems, which
include existing military and current rotor designs. The characteristics of the “representative”
design and the nine different rotor systems are tabulated in table XIII. The rcpresentative
rotor is either two-bladed or four-bladed with a radius and constant chord which provide rotor
solidity and aspact ratios inclusive of the nine different rotor systems.

Four fundamental parameters were identified as the primary parameters that affect the wake
distortions. They are the nondimensionalized thrust Cyp, the advance ratio p, the number of
rotor blades Ny, and the tip-path planc angle of attack atpp. These parameters were chosen,
based on a wake sensitivity study conducted by Landgrebe and Bellinger (ref. 2). The axial
distortion model is valid over a limited range of these parameters:

005 < <03 (1a)
0.0026 < Cp < 0.0039 (two-bladed rotor) (1b)
0.0052 < Cr < 0.0077 (four-bladed rotor) (1¢)

~10° < aypp < 6° (1d)

For the range of tip-path plane angle of attack considered, the advance ratio computed with
respect to the tip-path plane is approximately equivalent to the advance ratio computed with
respect to the free-stream velocity

Voo COS O Ve
This eliminates the tip-path plane angle of attack as one of the fundamental wake parameters
for purposes of calculating wake distortion. (Note, however, that this small angle assumption is

waived with regard to calculating wake absolute position and momentum inflow (both detailed
later), since wake position is sensitive to small angles of tip-path plane inclination.) With
the fundamental wake parameters and rotor design defined, a model for the tip vortex axial
distortion was developed by curve fitting an appropriate mathematical relation to experimental
wake geometry data.

Note that for more general applicability, the model as implemented in the RWG Module
computer code is assumed to be extendable to much wider ranges of parameters than those
given in equations (1). Specifically, computations may be attempted for the following parameter
ranges: 0.0 < p < 1.0; 0.0 < Cr < 0.05; —90° < aypp < 90°; and blade numbers from one to
eight. However, for inputs greatly outside the ranges in equations (1), module results must be
accepted with caution.

Wake Model for Azial Distortion

The distorted axial wake coordinate z is defined by the addition of the undistorted axial
coordinate z, and an axial distortion Az as follows:

FARS Az + Zy (3)
The undistorted axial coordinate z, is that of the rigid helical wake model and is computed as
Zu = 6 Amean (4)
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where Ajean 1S the mean total inflow velocity perpendicular to the rotor tip-path planc as
calculated from momentum theory. Inflow velocity Apean 18 defined in equation (19) and is
discussed in more detail later. The axial distortion Az is computed from a modecl based on the
experimental wake tests of Landgrebe, Taylor, Egolf, and Bennett (ref. 3) and Lehman (ref. 4).

In the tests of references 3 and 4, the axial distortion was found to be a function of wake
age & and blade azimuth position . For increasing wake age, the peak of the axial coordinate
increased in amplitude at approximately a constant rate. The shape of the wake per revolution
was found to be azimuth-angle dependent. The wake was consistently distorted upward on the
sides (azimuth angles of 90° and 270°), directed downward in the rear (azimuth angle of 0°}), and
remained near the rotor disk in the front (azimuth angle of 180°). From these observations the
mathematical model for the axial distortion is represented as a multiplication of two functions:

Az = EG (5)

where E is an envelope function, and G is a geometric shape function.

The envelope function E serves to generalize the amplitude of the distortion with wake age.
It is exponential in form for the first two tip vortex revolutions and is linear in form thereafter
as shown in the following equations:

E = Agbexp(A4,8) (6 < 4n) (6)
E=M6+B (6 > 4m) (7)

where Ay, A1, and M are known functions of the advance ratio ¢ and the nondimensionalized
thrust Cr. The coefficient B is obtained by matching the second part of the envelope function,
which is the linear function having slope M, to the first part at the wake age é = 47r. The
coeflicients Ag, A1, and M are given in tables I, I, and III, respectively.

The geometric shape function G serves to generalize the azimuthal distribution of the
distortions with wake age. The shape function is in the form of a Fourier series with one
set of harmonic coefficients for the first tip vortex revolution and another set of harmonic
coefficients for the following revolutions. Twelve harmonics were found to be adequate for this
function. For rotors with one or two blades, the expressions for the shape function are

G= g(']’l - 21_2: [(g;l,c)l cosné + (9;;,3)1 sin nS] (0<6<2n) (8a)
n=1
and
G= g(’)',l — i [(g::,c)l cosnd + (g::,s)l sinnS] (6 > 2m) (8b)
n=1

and for rotors with three or more blades the expressions are

12

G=gb2— 3 [(shc)2cosnd +(ghs)2sinnd] (0<6<2m) (92)
n=1
and
G = 98,2 - § [(gxlc)2 cosné + (QZ,S)Q sin n5] (6 > 2m) (9b)
n=1
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The cocflicients g(’),l, (g;l’(:>lv (gil,s)la g(’)’,lr (gz,c)lv (gg,s)h g:)’27 (g;,c)za (9;,3)27 g(,],,27 (gz,c)Z’

and (g;{ys)g arc functions of the advance ratio p and are obtained from input tables. The

angle & is the phased wake azimuth position measured with respect to the positive x axis and
is computed as _

5=6—1 (10)
wherce 1, is the blade azimuth angle measured from the positive r axis in the direction of the
blade rotation. These angles and their relationship to the hub-fixed rotor coordinate system
arc shown in figure 1. The shape function coefficients were determined from data obtained from
two-bladed and four-bladed rotors. The coefficients determined from the four-bladed rotor data
arc used for rotors containing three or more blades. The shape function coefficients are given
in tables IV through XIL

The tip vortex wake is modeled with straight vortex segments each of length Ay and
wake age 8. The axial distortion Az of each vortex segment is computed by equation (5).
This computation requires that the envelope and shape functions be evaluated for each wake
segment. The coefficients Ay, Aj, and M for the envelope function and the Fourier series
coefficients in equations (8) and (9) for the shape function are interpolated from input tables.
The value of the wake age é for a given vortex segment is computed as

b = kAP (11)

where Ay = 21 /Ny, and k = 1,2,3, ..., (NrevNim + 1). The value of 4, which is the azimuthal
position of the blade when a given wake segment was shed, is defined as

Yo =(m—1) Ay (12)

where m = 1,2,3,...,%%.

With these definitions and the input tables of coefficients, the envelope and shape functions
may be computed for each wake segment of the tip vortex wakes shed from blades located at
each 1.

Having computed Az, the tip vortex wake distortion vector is given by

D(p, 6)= D1(3y,8) 1+ Dalthy, 8)  + D3(tp, ) k (13)

where the components (due to the assumption of axial distortion only) are given by
D1 (4, 6)=0 (14a)
Da(p, 8)=0 (14b)

D3(vy, 6)= Az (14c)

Calculation of Distorted Wake Absolute Position

The calculation of the tip vortex wake distortion itself has been presented in the preceding
subscction. Alternatively, the calculation of the actual absolute position of the tip vortex
distorted wake is now presented. Because the absolute wake position relative to the tip-path
plane is sensitive to even small angles of tip-path plane tilt, to waive the small angle assumption
pertaining to classical wake position and momentura inflow calculation is necessary in the
following discussion.

The distorted tip vortex wake position relative to the hub-fixed Cartesian coordinate system
is given by X A i
P‘U(wbsé): xv(¢b16)i+yv(¢b16)j + zv("!b[hé)k (15)
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where the position coordinates are generated by taking the coordinates of the rigid helix of the
classical tip vortex wake and summing with the wake distortion coordinates to give

Zy = cos(~p + 8)+ pré + Di(tp, 6) (16a)
Yo = —sin(~y + 6)+ Da(p, 6) (16b)
20 = — 76 tan xepp + D3 (45, 6) (16¢)

where pur is the exact value of advance ratio resolved tangent to the rotor tip-path plane given
as follows (by waiving the small angle assumption in order to maximize the accuracy of the
rigid wake position computations):

KT = [ COS Qpp (17)

and where xipp is the rigid wake skew angle as shown in figure 2 and given by

A
Xtpp = tan~! Zmean (18)
KT

where the mean rotor total inflow velocity Amean is assumed perpendicular to the tip-path plane
and positive in the thrust direction (fig. 2). From momentum theory (ref. 1 or 5) the mean
total inflow velocity is given by :

. 1 _
Amean = U Sinatpp — ECT (N%‘ + ’\r2nea.n) 1/2 (19)

where the first term on the right-hand side accounts for the component of the rotor translational
velocity resolved perpendicular to the tip-path plane and the second term on the right-hand
side is the induced inflow contribution, a function of Amean. Equation (19) can be solved
iteratively by using the Newton-Raphson method as described in reference 6. The solution
usually converges in less than five iterations.

Computational Procedure
1. If wake position output is selected, calculate mean rotor total inflow velocity Amean (eq. (19))
by using Newton-Raphson iteration as per Johnson (ref. 6)

2. If wake position output is selected, calculate classical rigid wake skew angle xtpp (eq. (18))

3. Interpolate for envelope function coefficients Ap, A1, and M from Tables of Coefficients Ag,
Coefficients A, and Coeflicients M

4. Interpolate for shape function harmonic coefficients from Tables of Zeroth Coefficients,
Cosine Coefficients, and Sine Coefficients

Compute envelope function coefficient B by matching equations (6) and (7) for § = 4=
Set blade azimuth position v = 0; set vortex segment index k to 1

Compute wake age § (eq. (11))

Compute phased wake azimuth position ) (eq. (10))

L ® N oo

Compute value for envelope function E (eq. (6))

10. Compute value for shape function G (eq. (8a) or (8b), depending on blade number)
11. Compute axial distortion Az (eq. (5)) and then wake distortion vector components
(egs. (14))
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12.

13.
14.
15.

16.
17.
18.
19.
20.

If wake position output option is selected, compute distorted tip vortex wake position
coordinates (egs. (16))

Increase vortex segment index k by 1
Repeat steps 7 through 13 until § = 27 has been considered

Replace equation (8a) or equation (8b) in step 10 by equation (9a) or equation (9b),
respectively

Continue to repeat steps 7 through 13 until § = 47 has been considered

Replace equation (6) in step 9 by equation (7)

Continue to repeat steps 7 through 13 until § = (Nrev Ny, + 1) At has been considered
Increase blade azimuth position 1, by Ay; reset vortex segment index k to 1

Repeat steps 7 through 19 until ¥, = 27 — A¢ has been considered
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Table 1. Cocfficients Ay

A() for CT of

U 0.0 0.00257 0.00321 0.00386 0.0052 0.0064 0.0077
0.0 0.0 0.07855 0.08646 0.0949 0.1184 0.1280 0.1378
0.05 0.0 0.0432 0.0508 0.0565 0.0672 0.07621 0.0845
0.1 0.0 0.02582 0.03237 0.03782 0.0523 0.0603 0.06356
0.2 0.0 0.0114 0.01342 0.0153 0.0186 0.0215 0.0243
0.3 0.0 0.0044 0.00599 0.0077 0.0114 0.01509 0.0194

1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table II. Coefficients A;
Aj for Cp of—

U 0.0 0.00257 0.00321 0.00386 0.0052 0.0064 0.0077
0.0 0.0 | =0.4010 —0.4289 —0.4610 ~0.6974 —0.7555 —0.7796
0.05 | 0.0 | —0.0340 —0.0422 —0.0505 —0.0455 —0.04102 | —0.0364
0.1 0.0 | —-0.02744 | —0.03383 | —0.03855 | —0.03733 | —0.0344 —0.03365
0.2 0.0 0.009 0.01123 0.0136 0.0085 0.00429 0.0
0.3 0.0 0.009 0.01155 0.0136 0.0140 0.01483 0.0155
1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table III. Coefficients M
M for Cp of —

i 0.0 0.00257 0.00321 0.00386 0.0052 0.0064 0.0077
0.0 0.0 | —0.00964 | —0.01079 | —0.01182 | —0.0132 —0.0152 ~0.01699
0.05 | 0.0 0.024 0.02569 0.0262 0.0253 0.02301 0.022
0.1 0.0 0.01555 0.01705 0.01793 0.02172 0.0253 0.02819
0.2 0.0 0.0135 0.0160 0.0183 0.023 0.02703 0.0293
0.3 0.0 0.005 0.00681 0.0088 0.0133 0.01754 0.0228
1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

15.4-11




Table IV. Cosine Coefficients for First Wake Revolution With N, = 2

(9‘:,5)1 for n of—

it 1 2 3 4 5 6 7 8 9 10 11 12
00 oo oo | 0o 00 | 00 0.0 0.0 0.0 0.0 00 |00 0.0
0.05]0.543110.2909; —0.1203 |-0.2316 [-0.06058| 0.07023| 0.09355; 0.01095]|-0.03325|-0.03265|0.01414( 0.009648
0.1 10.4142}0.2589;-0.07906| —0.2217 |—0.1085 0.1067 0.1453 }—0.01663|-0.07197|-0.06598{0.01370| 0.05507
0.2 {0.308310.1744| —-0.04839| -0.1171 0.02740| 0.1225 | 0.01640]—0.05421|—0.06648| —0.04870|0.07158( 0.05343
0.3 10.3242}0.2284| 0.09664 | —0.03871]—0.05645|—-0.04245{-0.01551| 0.01150| 0.05188] 0.01872]0.03597|—-0.009544
1.0 U.ON ) 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0

Table V. Cosine Coefficients for First Wake Revolution With N, > 2
(gh,c)2 for n of—
gnc)2 forno

N 1 2 3 4 5 6 7 8 9 10 11 12
0.0 10.0 0.0 0.0 0.0 0.0 B 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.05[0.4868(0.1888]|—0.08617 |—0.1146(-0.02613 0.01188{ 0.03674| 0.04598(|0.02442{—-0.01437 |—-0.02547 {—0.01404
0.1 [0.4446]0.3351{—0.03034 |-0.2356|—0.1299 0.03328{ 0.07490| 0.03498(0.01181] 0.004139(-0.02021 {-0.01559
0.2 10.4478|0.1910|—0.09552 |—~0.1554|—0.00009967{0.1185 |—0.02189{-0.07070]|0.02363| 0.01328 | 0.008995, 0.01249
0.3 {0.3029|0.2061| 0.0034511-0.1682] 0.03129 0.04551] 0.01539|-0.03541(0.00141] 0.03781 |—0.02788 | 0.03380
1.0 |0.0 0.0 0.0 O.Q 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table VI. Cosine Coefficients After First Wake Revolution With N, = 2
(gg’c)l for n of—

u 1 2 3 4 5 6 7 8 9 10 11 12
0.0 0.0 0.0 ) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.05/0.5248|—0.008749|--0.1717 |-0.06714] 0.04930 | 0.03831] 0.008287|—0.01164 |—0.02388| 0.009299|-0.01754; 0.01962
0.1 [0.3508] 0.2351 |-0.07421[-0.1972 |-0.04632 | 0.05132] 0.03535 | 0.01448 | 0.04144(-0.07089 |-0.01845] 0.06633
0.2 10.1685] 0.2641 |-0.03013(—0.1948 | 0.001859] 0.1348 | 0.02723 |—0.01891 [-0.04375(-0.07989 | 0.04345/ 0.06272
0.3 10.2001] 0.2860 0.04542(—0.06488|—0.01604 |—0.1009 |-0.01310 |—0.009694] 0.09275| 0.1009 |[-0.01490/-0.05008,
1.'(,); Q,O 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table VII. Cosine Coefficients After First Wake Revolution With N > 2
(971,c)2 for n of —

I 1 2 3 4 5 6 7 8 9 10 11 12
0.0 oo Joo | 00 0.0 0.0 0.0 0.0 00 |00 0.0 0.0 0.0
0.05[0.5339/0.1284{-0.1186 {—0.07566(—0.04552] 0.01434 | 0.03269] 0.03894 [0.02758 |-0.007546 |—0.04274|—0.01740
0.1 {0.3882/0.3025] 0.003824]/—0.1126 |—0.05105]-0.1382 |-0.04453| 0.04722 [0.05040 | 0.06338 0.00389{—-0.03519
0.2 10.2967(0.3333{—0.02219 |—0.2629 |-0.04067[—0.001034{—0.01643| 0.02821 (0.005693|-0.003044 | 0.05026{ 0.04992
0.3 |0.2763(0.3752{—0.1282 [—0.3081 | 0.05504] 0.03955 [—0.04991|—0.006936(0.09419 | 0.0006683|-0.07517| 0.01335
1.0 |0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Table VIII. Sine Coefficients for First Wake Revolution With N, = 2

(9:;,3)1 for n of—

u 1 2 3 4 5 6 7 8 9 10 11 12

0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 | 00 0
0.05| 0.009857| 0.007551|-0.007716|—0.003229|-0.001285 0.01365 0.01744] 0.02074/—0.008282|—0.03349 |~0.03084 0.0
0.1 |~0.06045 |-0.01903 | 0.09500 | 0.06268 | 0.001792|-0.04711/-0.05932] 0.02373] 0.02441 | 0.003271| 0.005646/0.0
0.2 ] 0.08107 | 0.08467 | 0.08735 | 0.05106 |~0.04208 |-0.04650{ 0.04012| 0.1550 | 0.03234 |-0.08320 |-0.1234 0.0
03| 03316 | 0.09213 | 0.07402 | 0.1003 | 0.1084 | 0.06454/—0.03742|—0.04106/-0.04077 | 0.05107 | 0.0531 |0.0
10| 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0

Table IX. Sine Coeflicients for First Wake Revolution With N, > 2

(g{,,s)z for n of —

u 1 2 3 4 5 6 7 8 9 10 11 12

0.0 [0.0 0.0 0.0 0.0 0.0 00 | 00 00 | 00 0.0 0.0 |00
0.05/0.02058|—0.03543| 0.03062| 0.03357|-0.006712|—0.02410 |—0.02022 |—0.003945{—0.0001208] 0.02687| 0.022410.0
0.1 [0.06965| 0.03261|—0.01534|—0.01918|—0.01597 | 0.01255 | 0.008898 0.01557 |—0.001203 |—0.01014|—0.01902/0.0
0.2 [0.07193| 0.06562| 0.03024| 0.01145/ 0.03581 | 0.03550 |—0.01943 |-0.04488 |—0.04681 | 0.02824| 0.08361[0.0
0.3 |0.1011 | 0.09756 0.01537| 0.07536|-0.01714 | 0.002808|-0.001947| 0.01138 | 0.04197 |—0.04666|—0.074470.0
1.0 |0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 |00

Table X. Sine Coefficients After First Wake Revolution With N, = 2

(9“,.9)1 for n of —

" 1 2 . 3 4 5 6 7 8 9 10 11 12

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.05}-0.02067[0.0099070.01491 | 0.03377 |-0.004170/0.01566|—0.05919; 0.01315| 0.007978| 0.02085 |~-0.007146{0.0
0.1 | 0.07333|0.02085 [0.009696(—0.01893 | 0.02804 [0.03044[-0.05907(-0.03773(-0.01135 | 0.004707] 0.02055 0.0
0.2 | 0.09529/0.04392 [0.04967 |—0.008706|—-0.009263{0.05591| 0.04773} 0.02642(-0.01293 [-0.01388 |-0.07024 0.0
0.3 | 0.3782 [0.1385 |(0.1193 |-0.000525| 0.1550 [0.03596|—0.07089|—-0.05001{—0.08760 | 0.08754 [ 0.1484 [0.0
1.0} 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table XI. Sine Coefficients After First Wake Revolution With N, > 2

(gﬁ{,s)2 for n of—

u 1 2 3 4 5 6 7 8 9 10 11 12

00| 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.05/—0.01715]0.004771}0.01038]—0.01847 | 0.006052| 0.008082| 0.008414|—0.01660 |-0.03608 |-0.007696; 0.01067(0.0
0.1 | 0.08746]0.04367 |0.01236| 0.01366 |—0.02620 [—0.01112 | 0.01808 | 0.005745{—0.001458(-0.02794 |—0.04836{0.0
0.2 | 0.04328/0.06146 |0.08146| 0.04847 | 0.05215 | 0.02386 |-0.06545 |—0.06355 | 0.03739 |-0.002374(-0.01246[0.0
0.3 | 0.1683 [0.09183 |0.1149 |—0.008674] 0.003764] 0.03465 |—0.02036 |—0.05536 |—0.06667 |—0.03945 (—0.05968/0.0
1.0} 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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16. Helicopter Noise Prediction






16.1 Rotor Tone Noise (RTN) Module

Donald S. Weir and Stephen J. Jumper

Lockheed Engineering & Sciences Company
Introduction

Two types of noise generated by a rotor in flight are discrete tone noise and broadband
noise. Rotor tone noise consists of two contributions: first, thickness noise, which is created
by the displacement of the fluid by the rotor blade, and second, the loading noise due to the
accelerated forces on the fluid corresponding to the variation of blade loading. The purpose
of the Rotor Tone Noise (RTN) Module is to predict analytically the loading and thickness
tone noise for a helicopter main rotor, helicopter tail rotor, or rotor from any other multirotor
rotorcraft in flight.

To compute rotor loading and thickness noise, the RTN Module solves the governing
equation of Ffowcs Williams and Hawkings, given in reference 1, by using the full-surface
formulation and solution method of Farassat, given in reference 2, and presented as the second
Farassat method in reference 3. Quadrupole source terms in the governing equation are
neglected. The rotor is assumed to fly in hover or at forward translational speeds with the
blade tip speed always remaining subsonic. Shock noise, turbulence, and other broadband
noise mechanisms are neglected. The complete blade surface is modeled, and aerodynamic
forces distributed over the entire surface are employed such that the acoustic source distribution
covers the entire blade surface. The rotor blades are allowed to undergo unsteady motions due
to blade rigid flapping about a hinge, elastic flapwise bending, collective and cyclic pitch, and
elastic torsional twist. However, the blade motions, as well as blade loadings, are assumed
to be periodic over one rotor revolution, and blade lead/lag motion is neglected. The rotor
reference plane for the analysis is the hub plane, defined as the plane perpendicular to the
rotor axis of rotation. The RTN Module is designed to make use of blade motion and blade
aerodynamic loading information as provided directly by the Rotor Loads (RLD) Module and
the Rotor Rigid Dynamics (RRD) Module, in conjunction with the Blade Section Aerodynamics
(RBA) Module and the Blade Section Boundary-Layer (BLM) Module, which are documented
in sections 10.3 and 10.4 of reference 4, or in conjunction with the Improved Blade Section
Boundary-Layer (IBL) Module and the Improved Blade Section Aerodynamics (IBA) Module,
these two being documented in reference 5. However, the required inputs to the RTN Module
can be provided from any other user-supplied source of information. In particular, the RTN
Module is designed to allow alternate use of externally obtained blade aerodynamic data and
optional elastic blade motion data. At specified observer locations fixed with respect to the
rotor hub, the resulting tone noise is provided by the RTN Module as sound pressure levels,
mean-square acoustic pressures, and complex Fourier coefficients of total acoustic pressure as
functions of frequency. The tone noise predicted by the RTN Module is in a format suitable
for subsequent input to the Tone Propagation (PRT) Module, documented in section 12.2 of
reference 4, for propagation to far-field ground observers.

Symbols
Ag collective pitch angle at blade root, rad
Ay lateral cyclic pitch angle relative to hub plane, rad
A; k coordinate transformation matrix for blade flapping
A;m, tm  coordinate transformation matrices for blade rotation about pitch change axis
AT coordinate transformation matrix for blade rotation in hub plane

1
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ap
a)

az

a3

aNm/2

complex Fourier cocflicient of flapping angle relative to hub plane per
cquation (23), rad

coning angle, rad (cq. (23))
longitudinal first harmonic flapping rclative to hub plane (eq. (23)), rad

longitudinal second harmonic flapping relative to hub plane (eq. (23) and
table II), rad

longitudinal third harmonic flapping relative to hub planc (table IT), rad

longitudinal (N, /2)th harmonic flapping relative to hub plane (eq. (23) and
table II), rad

longitudinal cyclic pitch angle relative to hub plane, rad
blade tip chord length (fig. 2), re R
lateral first harmonic flapping relative to hub plane (eq. (23)), rad

lateral second harmonic flapping rclative to hub plane (eq. (23) and
table II), rad

lateral third harmonic flapping relative to hub plane (table II), rad

lateral (NN, /2)th harmonic flapping relative to hub plane (eq. (23) and
table II), rad

local blade surface viscous shear stress from skin friction due to fluid flow, re q

local blade surface pressure due to fluid flow over blade, 1_5’1—(]_1300’ re q

nondimensional speed of sound in flight ambient air, re QR
speed of sound in ambient air at flight altitude, m/s (ft/s)
functional representation of surface of blade

frequency, Hz

blade passage (i.e., fundamental) frequency EN Mpcoo , Hz

local blade thickness at blade tip (fig. 2), re R
Jacobian of 71,73 with respect to £;,&2
time increment index (eq. (39))

exponent for establishing time step size and used for fast Fourier transform,
defined in equation (40)

force per unit area exerted by blade surface on fluid, re pQ2? R?
Mach number of point on blade

rotorcraft translational flight Mach number

rotor hover tip Mach number

blade section Mach number

azimuthal harmonic number

number of rotor blades

number of azimuthal harmonics (establishes azimuthal resolution per rotor
revolution of data in input tables and must have value equal to 2 raised to
nonzero integer power)
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number of acoustic pressure harmonics desired (must have a value of 2 raised

to a nonzero integer power)

number of time points in single blade acoustic time history (establishes
azimuthal step size of %}Tt- rad for computations; must have value of 2 raised
to nonzero integer power)

acoustic pressure harmonic number
blade surface normal unit vector

normal unit vector with respect to deflected blade surface

local blade surface pressure, Blﬁ_gg%‘i, re pQ2R?
p

blade surface local static pressure, N/m? (Ib/ft?)

free stream ambient static pressure, N/m? (Ib/ft2)

acoustic pressure, re pcZ,

acoustic pressure due to thickness noise, re pc200

acoustic pressure due to loading noise, re pc'g’0

acoustic mean-square pressure, re p2ca,

onset flow dynamic pressure at rotor blade section in flight, N/m? (Ib/ft?)
rotor radius, m (ft)

hub-to-observer distance (i.e., spherical observer radius), re R

point source-to-observer distance (i.e., magnitude of 7), re R

point source-to-observer position vector (i.e., radiation vector), re R

blade surface area, re R2

name assigned to transformation of equations (28), less the V;7 terms, and used

in equations (56) to (61)
observer time (i.e., reception time), re IIZ
unit vector tangent to local blade surface

unit vector tangent to local deflected blade surface
rotorcraft translational velocity, re QR

component of rotorcraft translational velocity vector (eq. (17))
i=1,2 and 3, re QR

rotorcraft translational velocity vector, re QR
source velocity, re QR )
coordinates in hub-fixed Cartesian coordinate system, re R

observer coordinates in hub-fixed Cartesian coordinate system, m (ft)

nondimensional observer position vector in hub-fixed Cartesian coordinate
system, re R

observer position vector in hub-fixed Cartesian coordinate system, m (ft)
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adp
Aa

Ay

M

&1
&2
&

observer position (eq. (8)), re R
coordinates in medium-fixed Cartesian coordinate system, re R

observer position vector in medium-fixed Cartesian coordinate system, re R

source position vector in hub-fixed Cartesian coordinate system, re R
source position vector in medium-fixed Cartesian coordinate system, re R
blade flapwise elastic bending displacement increment, re R

local blade section angle of attack, rad

rotor hub plane angle of attack, rad

blade elastic torsional twist increment, rad

blade rigid flapping angle relative to hub plane per equation (23), rad

rotor azimuth angular resolution implicit in input harmonic tables defining blade
flapping, blade bending, and blade flow conditions (see section “Input”),

E%ﬂ'—, rad

m

rotor blade flapping hinge radial offset from center of rotor, re R
blade surface position (eq. (8)), re R

undeflected blade surface coordinates in blade-fixed rotating Cartesian
coordinate system, re R

deflected blade surface coordinates in blade-fixed rotating Cartesian coordinate
system, re R

deflected blade surface abscissa in hub-fixed rotating Cartesian coordinate
system, re I

deflected blade surface radial (i.e., spanwise) coordinate in blade-fixed rotat-
ing Cartesian coordinate system, re R

deflected blade surface ordinate in blade-fixed rotating Cartesian coordinate
system, re R

blade surface position vector (eq. (6)), re R
observer polar directivity angle, deg

blade angle of rotation about blade pitch change axis (measured from hub plane,
positive for blade leading edge tilted up), rad

blade rigid pitch angle relative to hub plane (eq. (20)), positive for blade leading
edge tilted up, rad

blade surface spanwise coordinate in blade-fixed elliptic coordinate system, re R
blade surface chordwise coordinate in blade-fixed elliptic coordinate system, rad

blade surface chordwise coordinate in blade-fixed elliptic coordinate system,
fraction of 27 rad

air density at flight altitude ambient conditions, kg/m3 (slug/ft3)
blade surface viscous shear stress, re pQ2?R?

source time (i.e., emission time; 7 = ¢), re Ili

observer azimuthal directivity angle, deg
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b rigid twist angle of undeflected blade in figure 4(b); measured from hub
plane, positive for blade leading edge tilted up, rad

Y rotor blade azimuth angle in hub plane; 9 equals 7 (shown in figs. 4(a)
and 5), rad

o initial azimuth angular position of reference blade, rad

¥y initial azimuth angular position of additional blades, rad

Q rotor rotational speed, rad/s

¢ chordwise position on blunt blade tip as shown in figure 2, re R

Subscripts:

b related to blade

b related to blade flapping

i component along ith axis or ith component

J component along jth axis or jth component, also time step index (eq. (39))
k component along kth axis or kth component

L loading
m
n

component along mth axis or mth component

normal
T in radiation direction or related to blade rotation about blade pitch change axis
ret evaluated at retarded (i.e., source) time
T thickness

The absence of a subscript on a quantity that normally has a subscript indicates the magnitude
of the quantity.

Superscripts:

' derivative with respect to source time

Fourier transformed (i.e., Fourier coefficient)

* complex conjugate
vector

unit vector
Input

The computation of rotor tone noise by the full-surface analysis employed by the RTN
Module requires a substantial amount of input, including descriptions of the overall rotor
flight conditions, blade geometry, blade dynamics, blade aerodynamics, observer locations, and
computational grids. This input is provided to the RTN Module by user parameters, five to
seven tables (depending on input options used), and various data arrays. Figures 1 through 5
indicate the sign convention of many of the input quantities. Sign conventions of other input
quantities are described in the following discussion or in the list of inputs.

The first set of inputs are uscr parameters. The user parameters provide inputs of global
rotor characteristics, rotor flight conditions, blade pitch control angles, and analysis resolution
limits. Specific clarification at this point of the purpose of two of these parameters, iy and N,
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is useful. User parameter vy specifics the blade azimuth position at which to begin calculations.
This parameter is particularly useful, for example, in the analysis (by two scparate exccutions
of the RTN Module) of two individual rotors from the same vehicle, in which the second rotor
is azimuthally phased by the amount ¥ relative to the first rotor. For user paramcter Ny,
the azimuthal (i.e., nondimensionalized temporal) spacing cmployed in the analysis is provided
implicitly as 27 /N; rad.

Blade surface geometry is provided to the RLD Module by the Blade Shape Table, from
cither the Blade Shape (RBS) (ref. 4) or the Improved Blade Shape (IBS) (ref. 5) Module. In
this and several other input tables, the blade chordwise coordinates are relative to an clliptic
coordinate system, which is defined fully in the Propeller Analysis System (PAS) and the RBS
Module theoretical descriptions given in sections 10.1 and 10.2 of reference 4. The surface
ordinates and abscissas in the Blade Shape Table describe the undeflected blade shape; that
is, the input blade orientation with respect to the hub plane accounts for rigid blade twist
but does not account for blade pitch, flapping, elastic bending, or clastic twist deflections.
The input ordinates and abscissas in the table are with respect to the blade-fixed rotating
coordinate system, illustrated in figure 4. The user must ensure that the blade section geometry
in the Blade Shape Table is established such that the axis 7 is coincident with the blade pitch
change axis because of assumptions applied in gcometric transformations employed by the RTN
Module, detailed in the section “Method.”

Specification of blade rigid flapping is required. Blade rigid flapping angles in complex
Fourier coefficient form are input to the RTN Module by the Flapping Angle Table from the
RRD Module. Blade rigid flapping angle is measured from the hub plane, positive up. Table I
presents the relationship between the array sequence for complex Fourier coefficients a(m) (i.c.,
storage sequence in the input Flapping Angle Table) and the theoretical complex Fourier series
sequence (right-hand side of eq. (23)) for a(m) employed. If the user possesses blade rigid
flapping information expressed in conventional sine-cosine series form, as scen in the center of
equation (23), then the input Flapping Angle Table can be user gencrated with this information
by referring to table IT, which indicates the values of the complex Fourier coeflicients a(m)
needed in the Flapping Angle Table as functions of conventional sine-cosine series flapping
coefficients (center of eq. (23)). Note that the azimuthal resolution implicit in the flapping
data contained in the Flapping Angle Table is given by Ay = 27/N,, rad, where Ny, is the
total number of azimuthal harmonics, including the zeroth harmonic, (i.e., number of complex
Fourier coefficients) contained in the table.

To refine the required input descriptions of blade rigid flapping and pitch, both blade
flapwise elastic bending displacement and elastic torsional twist information (if available) can
be provided to the RTN Module by the Blade Bending Table. Note that this table is an optional
input, and the RTN analysis can be performed without this blade clastic deflection data. If
employed, the Blade Bending Table is user created from any available outside source of the
data. The table contains complex Fourier coefficients of the blade incremental displaccment
(perpendicular to the hub plane and positive up) resulting from flapwise clastic bending of
the blade. The table also contains complex Fourier coefficients of the incremental change in
blade pitch (positive for the blade leading edge tilted up) resulting from elastic twisting of the
blade. For a given spanwisc location, the relationship between input table storage sequence
for complex Fourier coefficients of elastic bending displacement Az(£1,m) and elastic torsional
twist Ac(£1,m) and the theoretical complex Fourier series sequence for Az(&,m) (eq. (24))
and Aa(€,m) (eq. (22)) is analogous to that for the rigid flapping data as indicated in table I.
The azimuthal resolution implicit in the data in the Blade Bending Table must match that of the
data in the Blade Flapping Angle Table; that is, the resolution is given by Ay = 2x/N,, rad,
where Ny, is the total number of azimuthal harmonics, including the zeroth harmonic, (i.e.,
number of complex Fourier coefficients each for the elastic flapping and elastic torsion) contained
in the input table for each spanwise location.

For the rotor in trimmed flight, local flow conditions at each blade section at any location on
the rotor disk (i.e., for each blade azimuthal location during one rotor revolution) for the blade
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must be provided. This information is input to the RTN Module via the Blade Motion Table
from the RLD Module. Specifically, this input table provides, for each spanwise coordinate,
the blade section angle of attack and blade section Mach number in terms of complex Fourier
serics coefficients; therefore, an azimuthal history in the frequency domain is supplied. Blade
section angle of attack is positive for the blade leading edge tilted up. All local blade section
Mach numbers are less than one, consistent with assumptions of the RTN Module analysis. For
a given spanwise location, the relationship between input table storage sequence for complex
Fourier coefficients of angle of attack @(£;, m) and Mach number M 4(£;,m) and the theoretical
complex Fourier series sequence for @(£),m) (eq. (45)) and M (&1, m) (eq. (46)) is analogous to
that for the rigid flapping data as indicated in table I. The azimuthal resolution implicit in the
data in the Blade Motion Table must match that of data in the Blade Flapping Angle Table;
that is, the resolution is given by Ay = 2w /Ny, rad, where Ny, is the total number of azimuthal
harmonics, including the zeroth harmonic, (i.e., number of complex Fourier coefficients each
for angle of attack and Mach number), contained in the input table for each spanwise location.

Blade surface aerodynamic loading information must be provided to the RTN Module by
using one of two input paths, identified as the nonempirical input path and the empirical input
path. The nonempirical input path employs input tables supplied by the RBA Module, IBA
Module, BLM Module, or IBL. Module. The empirical input path employs user-created input
tables.

Using the nonempirical input path, aerodynamic pressure distribution on the blade surface
(suction being negative) is required input to the RTN Module by the Local Surface Pressure
Table, obtained from either the RBA or the IBA Module. Additionally, if the nonempirical
input path is used, blade surface viscous shear stress (tangent to the local surface and positive
if directed toward the blade trailing edge) can be input to the RTN Module by using the Local
Skin Friction Table, obtained from either the BLM or the IBL Module. Note that input of the
Local Skin Friction Table is optional. Viscous shear stress input data is useful for maximizing
the accuracy of the noise prediction by the RTN Module, but the analysis can be performed
without these data. In both the Local Surface Pressure and Local Skin Friction Tables, the
blade chordwise coordinates are relative to the elliptic coordinate system defined in section 10.2
of reference 4. Note that in usage, the Local Surface Pressure and Local Skin Friction Tables
are tied to the Blade Motion Table as follows: The Blade Motion Table provides the required
angle of attack and Mach number information (at a given location on the rotor disk) which
is used to extract the proper pressure or- viscous shear stress values from the Local Surface
Pressure and Local Skin Friction Tables.

By using the empirical input path, the user has the opportunity of supplying blade pressures
or shear stresses obtained empirically or from analyses other than those of ROTONET modules.
If the empirical input path is employed, empirical blade surface pressure input to the RTN
Module is required and is provided by the Rotor Pressure Data Table, built by the user,
containing a time history {over one rotor revolution) of the surface pressure existing at each
point on the blade surface, with suction pressure being negative. Optionally, within the
empirical input path, externally obtained blade surface viscous shear stress data, if available,
can be input to the RTN Module via the Rotor Shear Stress Data Table. If provided, this’
table contains a time history (over one rotor revolution) of viscous shear stress on the blade
surface acting tangent to the local surface, positive toward the blade trailing edge. In either of
the empirical data tables, the blade chordwise coordinate is relative to the elliptic coordinate
system defined in section 10.2 of reference 4.

Observer positions relative to the rotor hub must be provided by using one of two input
options. First is the spherical input option, by which all observer positions are specified in hub-
fixed spherical coordinate format. Employing the spherical input option, one or more observers
are positioned on a sphere, centered at the hub and having a radius given by a user parameter.
In figure 1, the location of each observer on the sphere is defined by polar and azimuthal
directivity angles, which are provided as input via the Observer Directivity Angle Arrays. Use
of the spherical input option is necessary if the noise predicted by the RTN Module is to be
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subsequently submitted to the Tone Propagation (PRT) Module, documented in reference 4,
for propagation to the ground. Second is the Cartesian input option, by which all observer
positions are specified in hub-fixed Cartesian format. Employing the Cartesian input option,
the dimensional Cartesian components of each observer position X (fig. 1) are input to the RTN
Module via the Observer Table, built by the user. If the Cartesian option is employed, the noise
predicted by the RTN Module cannot be submitted to the PRT Module for propagation. The
Cartesian input option is intended for situations in which the predicted noise is to be mapped
at a specific locus of obscrvers in space, such as the location of the fuselage surface of the
rotorcraft, for example, and subsequent propagation to the ground is not of interest.

For either observer input option and regardless of actual rotor rotation direction, all observer
locations are always input as if the rotor rotation is right-handed. Via an input rotation flag,
selectable by the user, the RTN Module properly accommodates left-hand rotor rotation cases
during calculations, in a manner transparent to the user.

Finally, the blade surface spanwise and chordwise computation grids must be input. The
coordinates in the chordwise grid are relative to the elliptic coordinate system defined fully in
the theorectical descriptions of the propeller analysis system (PAS) and the RBS Module given
in reference 4. These grids are provided by the Independent Variable Arrays.

The user parameters, tables, and data arrays input to the RTN Module are as follows:

User Parameters

Ag collective pitch angle at blade root (eq. (20)) (positive for blade leading edge
tilted up), rad - '

Ay lateral cyclic pitch angle relative to hub plane (eq. (20)), rad

B longitudinal cyclic pitch angle relative to hub plane (eq. (20)), rad

M; rotorcraft translational flight Mach number

My, rotor hover tip Mach number

Ny number of rotor blades )

Ny number of acoustic pressure harmonics desired (must have value equal to 2

raised to nonzero integer power)

N; number of time points desired in single blade acoustic time history (establishes
azimuthal step size of %’ﬁ rad for computations; must have value equal to 2
raised to nonzero integer power and cannot be less than 4Nj)

'R rotor radius, m (ft)
R; hub-to-observer distance (i.e., spherical observer radius, used only for spherical
input option), re R
agp rotor hub plane angle of attack (positive for hub leading edge tilted up), rad
€ rotor blade flapping hinge radial offset from center of rotor, re B
p air density at flight altitude ambient conditions, kg/ m3 (slugs/ft3)
Yo initial azimuth angular position of reference blade, rad
Q rotor rotational speed, rad/s
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Blade Shape Table
[From RBS or IBS]

& blade spanwise coordinate, re R

& blade chordwise elliptical coordinate, rad

m(€1,€2) undeflected blade surface abscissa in blade-fixed rotating coordinate system
(fig. 4(b)), re R

n3(€1,€2) undeflected blade surface ordinate in blade-fixed rotating coordinate system
(fig. 4(b)), re R

a(m)

&

m

Az(&1,m)

-A—a(gl ’ m)

3

@(&1,m)

HS (El ’ m)

Blade Flapping Angle Table
[From RRD]
azimuthal harmonic number

complex Fourier coefficients of flapping angle (positive up from hub plane
(tables I and II)), rad

Blade Bending Table
[Optional]
blade spanwise coordinate, re R

azimuthal harmonic number

complex Fourier coefficients of blade flapwise elastic bending displacement
increment perpendicular to hub plane (positive up (table I)), re R

complex Fourier coefficients of blade elastic torsional twist increment
(positive for blade leading edge tilted up (table I)), rad

Blade Motion Table
[From RLD]
blade spanwise coordinate, re R
azimuthal harmonic number

complex Fourier coefficients of blade section angle of attack (positive for
blade leading edge tilted up (table I)), rad

complex Fourier coefficients of blade section Mach number (ta-
ble I)

Local Surface Pressure Table

[From RBA or IBA; required only for nonempirical input path]

&1
&2

x
M,

CP(€11 521 «, MS)

blade spanwise coordinate, re R
blade chordwise elliptic coordinate, rad
blade section angle of attack, rad

blade section Mach number

local blade surface pressure due to fluid flow, I—DL_(IA (i.e., negative for

suction acting on blade surface), re ¢
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Local Skin Friction Table

[From BLM or IBL; optional for use with nonempirical input path only]

blade spanwise coordinate, re R
blade chordwise elliptic coordinate, rad
blade section angle of attack, rad

blade section Mach number
flow (positive for shear directed toward blade trailing cdge), re g

Rotor Pressure Data Table
[Required only for empirical input path]
blade spanwise coordinate, re R

blade chordwise elliptic coordinate, rad

time at source, re §1f

empirical blade surface pressure, 1—31?2:2%?%0— (i.e., negative for suction on
P
local surface due to fluid flow), re PSP R?
Rotor Shear Stress Data Table
[Optional for use with empirical input path only]
blade spanwise coordinate, re R

blade chordwise elliptical coordinate, rad

time at source, re Klf

empirical blade surface viscous shear stress from blade skin friction due to
fluid flow (positive for shear directed toward blade trailing edge), re pQ2R?

Observer Directivity Angle Arrays
[For spherical input option only]
observer polar directivity angles (fig. 1), deg
observer azimuthal directivity angle (fig. 1), deg

Observer Table
[For Cartesian input option only]

observer position vector relative to hub-fixed Cartesian coordinate system
(fig. 1, table actually stores components X{ , where i = 1, 2, and 3, of each
observer position), m (ft)

Independent Variable Arrays
blade spanwise coordinates, 0 < & <1, re R
blade chordwise elliptic coordinates (specified as fractions of 27, in range

0<é<1)
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Output

The RTN Module generates two possible sets of outputs. For a given analysis, the set of
outputs actually generated depends on which observer input option (described in the section
“Input”) is in effect. Both sets of output are described separately in the following paragraphs.

If the spherical input option is in effect, spectra of mean-square acoustic pressure are
generated at each observer position. These spectra are in three separate output tables, one
cach for rotor total noise, rotor loading noise, and rotor thickness noise. In each of these three
tables, the values of observer directivity angles are identical to the input values. For a left-hand
rotor rotation, in which the observers are converted internally by the RTN code to left-hand
coordinates for proper calculation in a manner transparent to the user, the directivity angles
are reconverted to the original right-hand input convention for insertion in the three output
tables. Each output spectra table is in a format suitable for subsequent input to the PRT
Module for noise propagation.

For the aforementioned spectra outputs, complex Fourier coefficients of acoustic pressure
are given with the exp(—ift) time harmonic convention in the RTN Module, such that all
spectra are understood to be two-sided with p(—n, 8, 4) = p*(n,8,¢). With this convention,
the mean-square pressure (p2) is 2pp* for each harmonic.

If the Cartesian input option is in effect, the RTN Module generates an output member
rather than a table. This member provides, at each observer location, the time history of rotor
total acoustic pressure and is identified as the Total Acoustic Pressure Time History.

Regardless of the choice of observer input option in effect, the RTN Module generates, at
each observer location, spectra of sound pressure level (i.e., SPL in dB) corresponding to rotor
total noise, rotor loading noise, and rotor thickness noise. These spectra are provided to aid in
results interpretation. Thus the SPL spectra are printed only and are not generated as output
tables or output members. :

The tables and data members generated by the RTN Module are as follows:

Total Mean-Square Acoustic Pressure Spectrum Table

[Output only for spherical input option]

I noise harmonic frequencies (n = 1,2, ..., Ns), Hz
0 observer polar directivity angle (fig. 1), deg
¢ observer azimuthal directivity angle (fig. 1), deg

(p®)(f!,0,4)  total mean-square acoustic pressure, re p2cd,

Loading Mean-Square Acoustic Pressure Spectrum Table

[Output only for spherical input option]

I noise harmonic frequencies (n = 1,2,...,N;), Hz
0 observer polar directivity angle (fig. 1), deg
¢ observer azimuthal directivity angle (fig. 1), deg

(p%)( fl,8,¢) loading mean-square acoustic pressure, re pzc‘éo
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Thickness Mean-Square Acoustic Pressure Spectrum Table

[Output only for spherical input option]

1 noise harmonic frequencies (n = 1,2,...,N;), Hz
0 observer polar directivity angle (fig. 1), deg
¢ observer azimuthal directivity angle (fig. 1), deg

(p2T)( fl,8,4)  thickness mean-square acoustic pressure, re p2ct,

Total Acoustic Pressure Time History

[Output only for Cartesian input option]

fo blade passage frequency (i.e., fundamental frequency), Hz

p(t, )l )} time history of total acoustic pressure, re pct, (each time history is a series of Ny

acoustic pressure values implicitly a function of observer time ¢, re 317, in sequence
corresponding to t = g, ¥ + (1/Ne), ¥o + (2/Nt), . - -, %o + [(Ne — 1)/N¢]; one
time history per input observer location per output record with output records
implicitly in sequence corresponding to input sequence of observer locations X’)

Method

Acoustic Formulation

Blade tone noise can be predicted by using the full-surface blade formulation found in
reference 3 with a correction for unsteady blade motions. Beginning with the Ffowcs-Williams—
Hawkings equation (inhomogeneous acoustic wave equation with multipole source terms), the
quadrupole term is discarded and nondimensionalized quantities are used to give

R L a%[mm 5() (1)

Here function f = f(y,7) = 0 describes the surface of the blade with f > 0 outside the blade;
p, the acoustic pressure; vy, the normal velocity of the surface of the blade; and [;, the force
intensity (force per unit area) acting on the surrounding fluid at the surface of the blade. The
repeated subscript convention is used to denote the scalar product of two vectors.

The first term on the right is the monopole source term, which has become known as the
thickness noise term in aeroacoustics because it results from the blade having a finite thickness.
The sound generated by the fluid motion normal to the blade as the blade travels is described
by this term. The second term is the dipole source term, known as the loading noise term in
aeroacoustics. It describes the sound generated by the local aerodynamic force per unit area
acting on the fluid at the surface of the blade. This local surface stress includes the surface

pressure and the viscous shear stress.

The spatial derivative in the loading noise term can be converted to a time derivative
as described by Farassat (ref. 2). Equation (1) can then be solved with a Green’s function
to obtain equation (12) in reference 3 for subsonic blade motion, which is given in terms of

nondimensionalized quantities as follows:

0 18 [ cvn + 1y ] / [ lr ]
no19 SnTr | gs | dS 2
4mc”p(Z,1) cdt Jr—o [7(1 — Mr)]ret * f=0l72(1 = Mr)]res ®
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Separating thickness and loading noise gives

o vy
2, (2 _ 09 vt
ancpr(@0=75 [ ) ®)
and 18 L7 L7
et pL(@,t)= T £=0 LT(1 — M;#;)] ret f=oLr3(1 = Mifi)]ret @

A position on the blade surface in three dimensions is given vectorially by

i =[m (&1, €2), &1, m3(61, €2))

where the items in the brackets are components 7;, for i = 1, 2, or 3. Thus, the differential
surface element area can be written in terms of the spanwise and chordwise parameters by
using a Jacobian,

dS = J d¢; d&s (5)

where the Jacobian of 01,73 with respect to &2, &2 is given by

7 = dmms) _ @x@' (6)
a(&1,&) 1064 96

The spanwise and chordwise parameters §; and £ are relative to an elliptic system described

fully in the descriptions of the Propeller Analysis System and the RBS Module in refcerence 4.

Note that &7 in radians is obtained from the normalized input quantity £ as & = 27r€5. In

order to solve these noise equations, it is necessary to write them in terms of 7 only. This is

done with the retarded time relation

T=1t— Myr )
which when differentiated yields
o) o) [ 12 ] -
at z,m 6t 87' z,m (1 - Mr) 8T z,n ret

The derivatives are taken inside the integrals, and the integrals are evaluated with the following
relations:

0 .
(9_: = —y;f; = —cMy (9a)
ory ——’f‘jvjf'i — v
ory _ _ 9b
or r (%b)
oM 1 ov; R
to obtain
1 L L, — UM,
dmc? z,t)= —/ S A E— d5+/ [—————l R b ] ds
pL( ) ¢ f:()['f‘(l - Miri)2 ret f=0 T2(1 - Miri)2 ret
N 1 / l,'f‘l (TA"[i;'i + CMi'Fi — CMl'Mi) S (10 )
2 a,
cJr=0 r2(1 — M#;)3 ot
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and

X
o
e () / M (r AL + Mty = MM R, + M, s .
e T, t)=rc — - —— [¢ )
pr f=0 7‘2(1 - ]\[,'7'.,')“ 7‘(1 - ]\'[,17‘,,;)2 rot ( )
Equation (10a) is the same as cquation (16a) in reference 3 but in nondimensionalized form.
Equation (10b) is the same as equation (16b) of reference 2 except for two additional terms in
equation (10b) that account for the unsteady motions of the blades and equation (10b) is in
nondimensionalized form.
The final step in solving equations (10} is to describe the quantity I;. The force per unit
area of the blade acting on the surrounding fluid is given by
l; = P + ot; (11)
so that )
li=Pﬁi+Pﬁi+ézi+Uzi (12)
The loading noise becomes
1 5 . : P
4mc? ",t:—/ ———( PA; + Pn; + 61, t-] as
wcl pr(E,t) - f:O[T'(l — ]Mif"z‘)z( n; + £n; + ot;o 1) et
+ / {————2 ! P [P’fl,‘f‘i + C"i,'f“i - (Pfli + O"t\i)fwi]} ds
F=0 L r*(1 — M;#;) ret
] ] ~—
- o (Pt + o) r My + e My + cMiM; )| d 1 :
+ /f 0[r2(1 — Mﬂ”‘i):’( i + 0 Zrz)(r i + MR + cM; l)] i S (13) :

and equation (10b) for thickness noisc remains the same.

Equations (10) describe the entire surface of the blade if it is curved across the tip. If,
however, the tip has a flat surface (fig. 2), the differential surface area as given in equation (5)
is undefined. In that case, separate noise integrals at the tip are required which use the
differential area for the blade section at £ = 1. Writing the integrals for the tip in terms of &
gives

n ii.i Ins(1
4"02Pnp=%/0‘ [m] m(1, &) 2B 42) ?73( §2) dé

oLd - LM, 613(1 52)

2 [ (XT3 .
1 L (r M7 + c M7 — cMi M, Ol
/ [ (r24f )] m(l,&)—7—= it 52)
0 ret

c r2(1 — M;#;)3 9&;

1 My (TMx'f"z‘ + eMii; — eMiM;)  Nia; + My Inz(1,£2)
”/U [ 21— My7,)? o aap | M T e (14)

The surface normal and tangential unit vectors are also defined differently on the blunt tip.
The definitions for these unit vectors on the tip and main surface of the blade are given in the
next section. The assumption is made that the surface loads for the most outboard spanwise
blade section provided in input tables can be used for the loads on the tip.

Ll
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Coordinate Systems and Geometry

First in this section are descriptions of the Cartesian coordinate systems involved in the
analysis. Second is a description of observer geometry. Third is a description of the source
position geometry and the multistep transformation to obtain it. Fourth is a description of the
radiation geometry, and last is a description of unit vectors on the blade surface.

Coordinate system descriptions. There are three Cartesian coordinate systems to consider.
First is the hub-fixed system with axes X;. The acoustic predictions are ultimately desired and
obtained with respect to the hub-fixed system as discussed in the subsection “Computational
Considerations.” Figure 1 illustrates this system and the directivity angles that locate the
observer in it. )

The second system is one which is fixed to the undisturbed fluid medium and consists of
axes z;. In this, the medium-fixed system, the acoustic predictions are actually calculated.
As shown in figure 3, initially (¢ = 0) the hub-fixed and medium-fixed systems are coincident.
Then the hub-fixed system translates at rate V with respect to the medium-fixed system.

The third Cartesian system is the blade-fixed rotating system, with axes 7;, which is
illustrated in figure 4. The X3 and 73 axes, perpendicular to the rotor hub plane, remain
coincident. Initially (7 = 0) the 77 axis (spanwise and assumed coincident with the blade pitch
change axis) is aligned with the X; axis. The blade-fixed system rotates about the 73 (or X3)
axis at rate . At any instant of time, the 7o axis is rotated azimuthally to position 7 with
respect to the X; axis. Thus at time t = 7 =0, the blade axis 7 is coincident with both
the X; and z; axes, and the 73, X3, and z3 axes are coincident. The blade-fixed rotating
system is used to describe the position of the source on the blade as it rotates and undergoes
unsteady motions. Hence, it is also identified as the source coordinate system. Surface stresses
and vector quantities are originally obtained in this source coordinate system, but they must
subsequentially be transformed to the medium-fixed reference frame for performing actual noise
calculations. '

Because the acoustic calculations are made in the medium-fixed coordinate system, it is first
necessary to transform observer position and source position to this system. These geometric
considerations are presented in the rest of this subsection.

Observer position. It is necessary to convert the observer position from the hub-fixed
reference frame to the medium-fixed reference frame. As illustrated in figure 5, the hub-
fixed coordinate system and the hub-fixed observer translate with respect to the medium-fixed
coordinate system at rate V. Thus at sound reception time ¢, the position of the hub-fixed
observer relative to the medium-fixed system is given by

F=X+Vt (15a)
or with index notation for the ith vector component,

=X+ Vit (15b)
where X is the observer position vector relative to the hub-fixed system as shown in figures 1
and 5. If the observer position is input in spherical coordinate format, the corresponding
nondimensionalized Cartesian observer position is given by

X =(—R; cos 0, Ry sin @ sin ¢, —Ry sin 6 cos @) (16a)

where the terms in parentheses are the components X;, for ¢ =1, 2, and 3. If the observer
position is input. directly in Cartesian format, it must first be nondimensionalized to give

X:
= # (:=1,2, and 3) (16b)
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The velocity of the hub-fixed system with respect to the medium-fixed system in equation (15a)
(i.e., the rotorcraft translational velocity) is given vectorally by

- _Mf _‘Mf .
=< A cos agp, 0, M, sin adp) 17

where the terms in parentheses are the components V;, for ¢ =1, 2, and 3.

Source position overview. The source position, that is, the position of a specific point on the
blade surface, must be obtained relative to the medium-fixed reference frame at source time 7.
This requires a lengthy transformation from the blade-fixed rotating reference frame to the
medium-fixed reference frame which also accounts for the deflected blade position due to blade
dynamics. The necessary transformation is developed in four steps: first, a transformation
from the hub-fixed coordinate system to the medium-fixed system; second, a transformation of
the deflected blade source location from the blade-fixed system to the hub-fixed system; third,
within the blade-fixed system, a transformation from the undeflected blade surface position
to the deflected blade surface position; fourth, the combining of the three aforementioned
transformations for the final desired transformation from undeflected blade source position
in the blade-fixed reference frame to the deflected blade source position in the medium-fixed
reference frame (needed to perform acoustic calculations). Each of these four transformation
steps is detailed in the following discussion. - :

Step 1—hub-fixed to medium-fixed source position transformation:

In figure 5 at sound emission time 7, the source position Y relative to the hub-fixed system
transforms to the position 7 relative to the medium-fixed system as follows:

=Y +Vr ~ (188)

or in index notation, -

yi =Y; + Vi - (18b)
where the velocity vector V is given by equation (17). The positions Y and Y; are obtained
from the second transformation step. o '
Step 2—blade-fixed to hub-fixed transformation of deflected blade source position:

The source position on the deflected blade surface relative to the blade-fixed coordinate
system has coordinates 7}, where i = 1, 2, and 3. At source time 7, n; transforms vectorally

to Y relative to the hub-fixed system as follows:

sint cosT 07 ni(61,é2,7)

Y=|-cost sinT O |nh(&1,82,7) (19a)
0 0 1l Lns(&1,82,7)
or in index notation,
)fi(gl,£2,’7)= AL(T) 7);‘(51,52,7') (lgb)

where the deflected coordinates 7] are obtained from the third transformation step, which
follows.

Step 3—undeflected blade-to-deflected blade source position transformation:

The coordinates n£ describe a point on the surface of a blade that has been deflected (i-e.,

displaced) due to blade pitch 6,(7), flapping 5(7), elastic torsional twist Aa(£1, 7), and flapwise .

elastic bending Az(¢1,7). Before proceeding to the transformation, each of these four blade
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deflection contributions must be defined. Blade pitch angle 8, (positive for the blade leading
edge tilted up from the hub plane) is given by

Op(1)=Ag— Ajcos T — By sinT (20)

where A is the collective pitch at the blade root; A;, the lateral cyclic pitch; and Bj, the
longitudinal cyclic pitch, and all three are known inputs. Blade pitch and elastic torsional
twist are combined to give blade rotation angle 6, (positive for leading edge rotated up) about
the blade pitch change axis as follows:

0r(&1,7) = Op(7)+ Aa(&y, 7) (21)
where
Nim/2
Aalé, )= Y Ba(ér,m)exp(imr) (22)
m=—Nmn/2

defines the blade elastic torsional twist angular displacement increment. This twist increment
is an optional input to the analysis, by supplying the Fourier coefficients, the right-hand side
of equation (22), by an input table. Blade flapping (positive up from the hub plane) about a
flapping hinge positioned with spanwise offset ¢ is described by

B(t)=ap —ajcos T — bysin T —aycos 27 — bysin 27 — ...

N, N, N2
— ap,, /2 os “Rr—by /2sin = Z a(m) exp(im7) (23)
" 2 " 2 m=—Np, /2

where the Fourier coefficients on the right-hand side are known inputs. The incremental blade
linear displacement (positive up from the hub plane) due to blade flapwise elastic bending is
given by
Np /2
Az(é,7)= Y Az(&1,m)exp(imr) (24)

m=—Np, /2

and is an optional input to the analysis, it being provided by supplying the Fourier coeflicients
on the right-hand side by an input table.

The source position on the undeflected blade surface relative to the blade-fixed coordinate
system has coordinates 7; (given by [n;(&1,&2),&1,m3(€1,&2)] for i =1, 2, and 3) which arc
known inputs to the analysis. Within the blade-fixed reference frame, it is necessary to
make a transformation from undeflected blade position 7; to deflected blade position 7/, this
being the third step in developing the overall source position transformation. This third step
transformation is made by applying rotations through angles #.(£;,7) and G(7) and then
translating by displacement Az(&;,7). To implement the rotation through angle 6.(1,7),
the assumption is made that the blade pitch change axis is coincident with the no axis of
the blade-fixed rotating coordinate system, as indicated in figure 4(b). Then the rotation
through 6,(€;, 7) is implemented as follows:

m (511 627 T) Cos 07‘ (gla T) 0 sin 07‘(61 3 T) m (gla 62)
& = 0 1 0 3 (25a)
n3(&1, 62, 7)1, —sin 8,(€1,7) 0 cos 6:(€1, 7)1 Ln3(&1,82)

or in compact index notation,

M (€1, €2, 7) = ALy, (€1, 7) 1 (€1, €2) (25b)
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Then if the source position is located radially outboard of the flapping hinge (i.c., if & > ¢),
the rotation through 3(7) is implemented as follows:

m(é.§2.7) 1 0 0 m (&1, 62,7) 0 0
(€, &.7)| = |0 cos B(r) —sin B(r) & —lej ¢t |e (26a)
n3(€,&2.7)d p L0 sin B(r)  cos () m(é2, 7, Lo 0
or in compact index notation,
ni(61,62,7)= AL (Thme(61, €2, 7) - exl + ¢ (26b)
Lastly, the translation by the amount Az(£;,7) is implemented as follows:
m (€1, €2,7) m(€1,€2,7) 0
M€, €, 7)| = | m(é,ée,7)| + 0 (27a)
7)1’3(61’52:7-) 773(51’5277-) f AZ(&I,T)
or in compact index notation,
13 (€1, €2, 7) = n;(€1, &2, )+ Dz(6, T) (27b)

where the first term on the right-hand side is given by equation (26b). Equations (27) are the
desired transform from undeflected to deflected coordinates; thus blade dynamics is accounted
for. Note that if £; < ¢, equations (26) are not applied, and 7, (€1, €2, 7) from equations (25) is
used in the right-hand side of equations (27).

Step 4—final transformatlon from blade-fixed undeflected blade source position to medlum-
fixed deflected blade source position:

By successive application of the aforementioned three transformation steps, the final overall
transformation is obtained. This final transform takes the undeflected blade source position
relative to the blade-fixed coordinate system (an input), applies the known blade dynamics
displacements to generate the deflected source position, and converts the deflected source
position to the medium-fixed coordinate system as needed for acoustic calculations. For §; > ¢
(i.e., for an undeflected source position outboard of the flapping hinge), this final overall
transformation in compact index notation is given by

AL (TR AL (VA (€1, ) M (1, ©2) — ekl + 65 + Bz (@M} + Vit (289)

and for £; < ¢ (i.e., for a source position at or inboard of the flapping hinge, where flapping
angle (3 is zero) is given by

= AL (| Al €1, 7)m (&1, €2) + Az (61, 7)] + Vir (28b)

where the transformation matrices A;-rj(r), Ajfk (7), and A}, (&1, 7) are given in equations (19),
(26), and (25), respectively, and where A;m(gl, 7) is given by equations (25) with sub-
script k replaced by j.  (This replacement is valid because equation (26b) reduces
to n;(&1,62,7) = (€1, €2, 7) for & < e due to the absence of flapping.) Quantities ¢;
and Az(&l,T) are shown in equations (26) and (27), respectively, and velocity components V;
are given by equation (17). Note the transformation described in equations (28) for 7, (€1, €2)
can be used to transform any vector from the undeflected blade surface to the medium-fixed
coordinate system.
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Radiation vector. Summarizing from equations (15) and (16}, if the spherical observer input
format has been used, the observer position coordinates relative to the medium-fixed system
are given in index notation as follows:

z; = Xi(Rz,0,4)+ Vit (29a)
or if direct Cartesian observer input format has been used, then the observer coordinates in
the medium-fixed system are given as follows:

X!
;= =24 Vit (29b)
R
where V; is given by equation (17).
The source-to-observer position in the medium-fixed coordinate system is given by the
radiation vector 7, which is defined as
r=%-¢ (30)

where the components of ¥ and ¥ are given by equations (29) and (28), respectively. The
corresponding magnitude of the radiation vector and the unit vector in the radiation direction
are given by

r =|7] (31)

and

[y

(32)

-
fl

Normal and tangential unit vectors on blade surface and blunt tip. The normal unit vector 7
and tangential unit vector ¢ are obtained on the surface of the undeflected blade and relative
to the blade-fixed rotating reference frame by using the surface coordinates 7;{£;,€2) from the

input table as follows:
Oni /061 x Oni /B2

(&1, &) = |3m/6§1 X a'rh'/afZI )
) _
an e 60)= L2 >
L5820 (9n: /063

The tangential unit vector given by equation (34) is multiplied by a negative sign for integration
over the bottom surface (7 < € < 27) to ensure the correct signs of [; (eq. (11)) and I; (eq. (12)).
On a blunt tip surface, the normal and tangential unit vectors are given by

ﬁ(€17§2)=(0’ 1’0) (35)

and .
2(61762):(1’070) (36)

The tangential unit vector is multiplied by a negative sign over the bottom surface (1 < €9 < 2m)
when integrating for the tip. To obtain expressions for 7(£1, &q,t) and t(£;, €2,t) in the medium-
fixed system, the transformation described by equations (28), less the V;T term, is used.

Retarded Time

Once the given observer and source positions have been obtained in the medium-fixed
coordinate system, the source time must be determined for a given observer time. The emission
time is related to the observer time in equation (7), which is repeated here:

T=1t— Myr
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Substituting equations (15), (17), and (18) into equation (7), squaring, and rearranging yield
a quadratic equation for the quantity (¢ — 7) as follows:

(1 - M2|7* )t - 72 — 220 (X — ¥ )t - ) - ME|X - 7" =0 (37)

Since only a solution for ¢ > 7 is physically meaningful, the solution is

M7 (% - %)+ g7 (% -2V + (1 - a7 ) | % - 77

1- M,flﬂ? (38)

t—7)=

Since ¥ is a function of 7, equation (38) must be solved numerically. Muller’s method in
reference 6 provides quick convergence.

Computational Considerations

One important concern is that the Ffowcs-Willlams-Hawkings equation is valid only
for an observer that is fixed with respect to the medium. The acoustic prediction is
of interest, however, for an observer moving in a fixed relation to the hub such that
the signal is periodic. This problem is resolved by solving the acoustic wave equation
(evaluating egs. (IOb) (18), and optlonally (14) for a single observer time t and loca-
tion (—Ry cos 6, Ry sin #sin ¢, — Ry sin fcos ¢) or for Cartesian input (X{/R, X3/R, X3/R)).
The pressure solutlon includes the sound generated by all the points on the surface of
the blade at the various source times that reaches the observer at time t. The wave
equatlon is then solved for the next observer time but with the observer location shifted

o [~Rgcos § — (Mytcos agp)/Mp, Ry sin@sin ¢, —Rysin 6 cos ¢ — (Mytsin agp)/Mp] or for
Carte51an input ([X]/R] — [Mjytcos adp]/Mh,X2/R [X3/R] [Mytsinag,/My) to simulate a
moving observer. Each pressure value is collected to give a time pressure history for a given
input (Rz, 8, ¢) or given X ’/R. Although the calculation of the acoustic pressure is done in the
coordinate system fixed to the undisturbed medium p(Z,t), the observer always has the same
position with respect to the moving hub so that the pressure history can be written as p(X t),

a more desirable time history form, because Z is a function of ¢, whereas X is not.

Another point to note is that this analysis is done in the time domain; therefore all quantities
that are represented as harmonic series need to be evaluated for the required value of 7. These
quantities include the blade flapping angle 8, blade flapwise elastic bending Az, blade elastic
torsional twist A, blade section Mach number Mj, and blade section angle of attack a.

The time increments used to evaluate the noise integrals must be determined. They are
obtained by dividing a single revolution of a blade into evenly spaced time increments using

G-12r /. k
t] —W (]—1,2,3,,2) (39)
where
k = INT[logy () (40)

Although these increments are evenly spaced in observer time, they are not equally spaced in
emission time measured at the source. The number of increments 2% is required to facilitate
the use of the fast Fourier transform method to obtain the acoustic spectrum. :

The time history of acoustic pressure for one blade (the reference blade) is obtained

beginning at 7 =1)y. The rotor noise time history can then be obtained by interpolating
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the acoustic pressure time history for that single reference blade shifted in time, 27/N,, for
each additional blade and summing as follows:

N
P(f(,tj)=§l’b(f(,tj +1l)b) (41)

where 7 = 1 is the initial position of each blade.

Once the rotor noise time history is known, the fast Fourier transform is used to obtain
the pressure spectrum ﬁ()? ,n), where n is the sound harmonic number, the first harmonic
frequency being the fundamental (i.e., blade passing) frequency. To obtain the mean-square
acoustic spectrum,

() = 2pp"* (42)

is used. The sound pressure level is computed as

Pref

2
SPL = 10 10g10<p2>+ 20 log(‘-’-cﬁ) (43)

where pef is reference acoustic pressure which, for air, has the value of 0.00002 N/ m?
(4.1773 x 1077 Ib/ft?).

Several quantities remain to be calculated in order to generate loading intensity (eq. (11)),
loading intensity derivative (eq. (12)), and the integrands of the noise solution equations
(egs. (10b), (13), and (14)), all with respect to the deflected blade surface, relative to the

medium-fixed reference frame. Specifically, the quantities to be calculated are P, o, P, g, 7,

n . 1 .
¥, ﬁ,’, t, M;, and M;, where the prime denotes a deflected blade surface.

The blade surface pressure P and shear stress o, used in equations (11) and (12) for
computing loading intensity and intensity rate on the fluid in the noise calculations, can be
obtained in one of two ways. The first way is to use the nonempirical input path, where
pressure P and the shear stress ¢ are calculated by using the input analytical values of pressure
and skin friction shear stress Cp and C'y, obtained from input tables generated by the RBS and
BLM or the IBS and IBL Modules. The calculations use the following equations:

M, \?
P(El)f?fr): %(—M—}:) CP(€1,£27Q»M8) (44)
and LM
o(£1,62,7)= E(m) C(&1, 82, 0, Ms) (45)
where Norj2
a=a(f,7)= Y alf,m)exp(imr) (46)
m=—Ny, /2
d
o N"l/2
Ms = Ms(fl,'r): Z —M—S(glv m) exp(z’m'r) (47)
m=—N,,/2

The second way to obtain pressurc P and shear stress ¢ is by using the empirical input
path, where externally obtained data (via direct specification of P(£;,£2,7) and o(€1,82,7)
in empirical input tables) are provided.
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All the derivatives required are taken with respect to source time relative to the medium-

fixed coordinate system. From cquations (44) and (45), the derivative of blade surface

pressure P and the derivative of blade surface shear stress ¢ are given by

: 1AM, 1(M\?/3C, OM, ac;aa)

d “hﬁvﬂ—ﬁgwcﬁz(m) (vt 5+ “48)
and :

: 1 M, 1/ Ms\2/3Cy M, OCyda\ o

M= 3 Cf+§(Mh) (BMS g da 5?) (49)

where & = a(é1,7), My = My(1,7), Cp = Gplé1, €2, @, My), and C = Cy (&1, €2, @, My). These
expressions for p and & can be evaluated with a finite difference method applying module input
tables.

The normal and tangential unit vectors at the deflected blade surface are 7’ and #, relative to
the medium-fixed reference frame. These vectors are obtained by applying the transformation
given by equations (28), less the V;7 term, to the undeflected surface unit vectors 7 and £,
relative to the blade—ﬁxed rotating reference frame. To find source Mach number M;, and the

derivatives n t and M;, all relative to the medium-fixed reference system for the deflected
blade, it is necessary to obtam the time derivative of the entire transformation (egs. (28)), used
to transform 7, £, and n; to 7', ¥, and y;. Since none of the quantities #, ¢, and 7; are dependent
on time when descrlbed in relatlon to the undeflected blade in the blade—ﬁxed rotating reference
frame obtaining the derlvatlve of the transformation in equations (28) and applying that to A/,

!, and nm(&1,£2) to obtain n t and M; is sufficient. The derivative of the transformation is
now developed by examining source Mach number. Source Mach number is given by

. ) 0AT.
=u_ 1% %( U(T){Afk(T)[AZm(ﬁl,T) mm(€1,€2) — ekl + €5 + AZJ’(&’T)}

or

oAf QAL (€1,
+ A:,-m{ P NS EMCIAREN I AL i & LI TS
Az (€1, 7T)
HR }“") o0

The derivatives of the various transformation matrices are:

BAT cosT —sint 0
6T(T) =lsint cosT O (51)
0 0 0
8AL (1) 0 0 0
;: - Bgir) 0 -sin B(r) —cosB(7) (52)
0 cosfB(r) -—sing(r)
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where

Nm/2
-67[;—‘(’;) =1 Z ma(m) exp(imr) (563)
m=—Np/2
and
AT —sin@, 0 cosé,
e | o -
—cos @ 0 —sin 6y
where
N /2 .
%I’T) = AysinT— Bjcos T+1 Z mAa(¢;, m) exp(imT) (55)
T m=~Npn/2
The derivative of the bending is given by
N /2
0Az; —
—?—é——(slﬂ =1 Z m Az(&;, m) exp(imr) (56)
T m=—Np,/2

If T, denotes the transformation given by equations (28), less the V;7 term, equation (50) can
be written concisely as

&

10T
M; = [a—r_ﬂm(fl,&)'*' Vi] (57)

The normal and tangential unit vectors relative to the deflected surface transform to the
medium-fixed reference frame as follows:

7' = A; = Tim fim (€1, £2) (58)

and
t' =1 = Timtm(&1, &) (59)

where the unit vectors on the right-hand side are given by equations (33) and (34). The
derivatives of the normal and tangential unit vectors in the medium-fixed reference frame are
given by

N on' 0Ty, .

A = a—t = W;Enm(&,&) (60)
and

I BT

P=5 =5 tm( &) (61)

Note that equations (58) through (61) are employed in equations (11) and (12) for calculation

of force intensity I;(£),&2, 7) and its derivative I;(€1, &2, 7). Vector components of M transform
to the medium-fixed reference frame as follows:

. 10%,; 10°T;
M; = Z@T; = EaTgnnm(ElaE2) (62)
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or

__132?!1
YT e 012

82AT
= % [ . {Af (TN AL (€1, 7) M (€1, §2) — €x)+ €5 + Az (&1, T)}

Zm(gla T) Tlm(glv 62) - Ek]

AT (r) [ 04 ! (7)
+ or { (;'r 4

dA o
k( )[_k_m(&_’)nm(&, 52)] &Zaagl’_)}

OAT (1) [ 8AL () :
+ afrT{ éf, (AR (€1, 7) im (&1, €2) — €]

0A} , 0Az; (£,
+ A,fk(f)[—maggl—ﬂnm(€1,£2)} + —%fl—ﬂ}

+ AT (T){ ( )[ m(€11 T) 77‘m(£1, €2) - Ek]

oA T)[A; ,T
) 6D 1,60)
BA T)[OAT T
éi( )[ kg(fl )nm(§1,€2)]
2Az;i (&1, T
Al(r )[—i"“l—’)nm(fl,sz) i—a’—(f—‘)}] (63

where

=| cosr —sintT 0O (64
or?

—sint —-cost O
5247;(r) [ ]

0 0 0

524! ( 0 0 0 0 0 0
ai’; it [Bgi‘r)] [ —cos B(r) sin G(7) :I s ﬁ('r) [O —sin B(r) —cos ﬁ('r)] (65)
0 -—sin B(r) —cos B(T) 0 cosB(r) —sinp(r)

Non/2
@_(_T_) = — Z m? a(m) exp(imr) (66)

2 -
or m=—Np/2
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—sinfd, 0 cosé,

P AL, (61,7) _ 0%6r(61,7)

and

or? or? 0 0 0
—cos @ 0 —sin O,
) ~cos @ 0 —sin 6,
+ [———60'((;7" T)] o 0 o0 (67)
sing, 0 -—cosé,
2 Nm/2
ao#sgl’ﬂ = Ajcos T+ Bysin 7 — Z m? Aa(€y, m) exp(imr) (68)
m=—Ny, /2
Nim/2
?Az(&, T — .
%—) =— Z m? Az(&, m) exp(imt) (69)
m=—Np, /2

Computational Procedure

. Determine observer time increments by using equation (39)

. For first input observer position (Ry,#, (spherical format) or X’/r (Cartesian format))

and for initial observer time ¢, make initial estimate for source time 7 based on Y =0

. Find source location coordinates (7;(£1,£2),£1,m3(€1,£2)) on undeflected blade relative to

blade-fixed coordinate system

Find dynamic source location coordinates 7;(£1, €2, 7) on dynamically deflected blade, given
in equations (27) in blade-fixed coordinate system; specifically apply equations (25), (26),
and (27) to surface location found in step 3

. Find source and observer locations in medium-fixed system § and Z, respectively; for §, use

equations (18) with equations (17) and (19); for Z, use equations (15) with equations (16)
and (17)

6. Determine radiation vector by using equation (30) with equations (28) and (29)

10.

11.

Apply Muller’s method to equation (38) to obtain 7

Find P(&;,&2,7) and optionally o(£), &2, 7); for empirical data input option, P(£1,&2,7) is
obtained directly from Rotor Pressure Data Table and o(£;, €2, 7) is obtained directly from
optional Rotor Blade Shear Stress Data Table, if provided; otherwise o(£;,€2,7) = 0; for
nonempirical input option, P(£;,&2,7) is computed by equation (44), whereas o(€1,£2,7)
is computed by equation (45), if optional Local Skin Friction Table is input, otherwise
o(&1,&2,7) = 0; if I; is required on blade tip (blunt tip case), averages are take of P(1,&,7)
and P(1,1 — &, 7) and of o(1,&2,7) and o(1,1 — &2, 7)

. Calculate unit vectors 7 and ¢ for undeflected blade surface by using equations (33) and (34),

respectively, and transform to mecium-fixed system for deflected blade using transformation
described by equations (28), via equations (58) and (59)

Find derivatives with respect to source time P and ¢ from equations (48) and (49) with

Y .
finite differences and 'r‘z’, t, M;, and M; in the medium-fixed reference frame by using
equations (60), (61), (57), and (63), respectively

Compute [;{(£),&2,7) and éi(ﬁl,.fg,‘r) by using equations (11) and (12), via equations (44),
(45), (48), (49), (58), (59), (60), and (61)
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12.

13.

14.
15.
16.
17.

18.
19.

20.

21.

Calculate integrands in cquations (10b), (13), and optionally (14), including vector
operations

Repeat steps 3 through 12 for cach &2 at present £ with previous 7 for cach ncew initial
estimate

Repeat steps 3 through 13 for cach §;, using last 7 for new initial estimate
Calculate integrals in equations (10b), (13), and optionally (14)
Repeat steps 3 through 15 for each observer time

For cach additional blade, interpolate time-shifted acoustic pressure history; sum over all
blades with equation (41) to obtain acoustic time history for complete rotor

Apply fast Fourier transform to obtain acoustic spectra

Calculate mean-square acoustic pressurc spectrum and sound pressure level according to
equations (42) and (43)

If spherical observer input format option is used, repeat steps 3 through 19 for each observer
polar directivity angle 8; otherwise, repcat steps 3 through 19 for each remaining input
Cartesian observer position (X'/R)

If spherical observer input format option is used, repeat steps 3 through 20 for each observer
azimuthal directivity angle ¢
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Table I. Relationship Between Array Storage Sequence and Fourier
Series Sequence for Complex Fourier Flapping Coeflicients

[ Tabulated relationship also applies analogously for other input
tables for following complex Fourier coefficients: Az(&,m),
Aa(é1,m), a(f1,m), and M,(§1,m) (see egs. (24), (22),

| (46), and (47), respectively)

Array sequence in Fourier series
input Flapping Angle Table sequence (eq. (23))
a(1) ~a(0)
a(2) a(1)
a(3) a(2)
—( N, —{ N,
(%) a(%-1)
E( %" + 1) E(Nm/2)+25(—Nm/2)
a(’—"gn + 2). a(—’—vgn + 1)
a(ip +3) a(-2p +2)
a(Np, — 2) a(-3)
a(Nm - 1) a(—-2)
a(Nm) a(-1)
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Table II. Contents of Flapping Anglé Tainlei"rom RRD'Module
‘in Terms of Conventional Sine;Series Flapping Coeflicients

Complex Fourier coefficient

Function of real-valued
sine series coefficients

(array entry in input data tables) (eq. (23))
a(1) ag + 10
6(2) —a]+z:b]
a(3) —-a2+1b2
a ( J_Vf) ~O(Nim/2)-1 ;’ib(Nm/z)—l
a( M +1) —ap,, 3 +10
a (I_Vfu n 2) —a(Nm/2)—12_ib(Nm/2)—l
E(Lvin n 3) —a(Nmﬂ)—22-ib(LVm/2)"_2
a(Npn — 2) i
(N — 1) —aih
a(Nm) —a)—ib)

16.1-28



“(aued Cx-ly s1 ouerd qny) woysAs sreurproos
URISalIe)) PAXy-qny PuUe WI)SAS )euIpIood [esudyds JoaIssqQ [ am3ig

L] ‘SDIpEI 10A35q0 ¥y
(%x sAmisod 10§ aanisod
‘2081 5 9 5 081-) dueid x-'x o1 auerd 'y-£x aanesou

woly painseau a[Sue 10 ajfue AnAndanp [eypnunze ¢
(:081 5 0 5 o0 ‘2ued x-lx ur pamsew) x pue

stxe 'y sanedou usomioq u—mca 1o 9[3ue Lytanoamp rejod g

mmmmmmmeml e ad

(8ed o)
'

(uonejol
Jo sIxe I0jox)

Ex

16.1-29



du 1eyy yim spelg "z Sy

16.1-30



" (0 = 1 Je 9pe[q 20UDIAJAI) () = 2 =/ SW] I8 JUIPIOUIOD UMOYS

Am.ﬁma.—b WIDISAS QJBUIPIOOD PAXIJ-WIpaul pue Amk.mx,_ X) WasAs 91euIpI00D paxy-qny ‘¢ aindig

Ix (o'

(wasks paxij-qny
O . Jo el uone|suen)

/00“:0 w

- -

-

@m = svm

dpy,
uornejol IV/.' 4 - ./
ape|g Ao-.a_m qny)
D—.—M—Q le 1 e
Aﬁwa Oﬂcmv
X (0)x

tx(0)ex

16.1-31



(Elrfue ) worsAs oreurpioos uersoue)) unelol paxij-opelq ‘¢ amSi]

(ExTx*ly) wasAs areurpioos ue1SaLre)) paxy-qny o1 10odsar yim (SLCl ) wssAs jo uoneruouo Suimoys mara aanoadsisg ()

(a3ed jo 1n0)
0

- . —————

16.1-32

(8edowry e/ | s
W e e pR

(o8ed o)
X

sueyd guy

mc..hmk




"papnIouU0) “f N3y

._w = ClL uoness [eIpRI 1B UONDAS SPR[Q JO UOTBIUSLIO SUIMOYS PUE SIXE U 01 [o[fered Suroo] MIIA [RIPEI premIng (q)

oueld qny

(sixe a8ueyd
yond yum JuapIduIod
pue a3ed o) sixe i

16.1-33



-+ "19um uondadsar pue 2 JWIM UCISSTWS 0q I8 uonisod J9AI95q0 pax1y-qny pue uonisod 50mos yoq Sunensnyp (SxCxly)
WSAS 9JeUrpI000 Areuones paxyy-wnipour 03 oauea (ExCy*ty) ureysAs oreurproos PAXIJ-qny JO SWM s UonR{suRl], ¢ amSny

(0 = 2wn 1 219y ST WNSAS
paxy-qny ‘ooeds ur Areuoneis)
W3ISAS JBUIPIOOD PAXTJ-WINIPIN

(o3ed o)
(4%

(2 = ouwIy UOISSIW

punos je uonisod porefsuesn)
WISAS JeUTPIOOD PAXTJ-qnH

1 oW} UOISSTWS JB

\I uonisod 10A135q0

~

R T

Je 90IN0g

(23ed o)

(7 = swn uondooax
punos e uonisod pajersuen)
WIGISAS JJRUIPIOOD PAXY-qn

1 owmn uondaoar je

uonisod J1aA15G0)
/o
I
I

VX

16.1-34



16.2 Rotor Broadband Noise (RBN) Module

Cascy L. Burley, Donald S. Weir, and Stephen J. Jumper

Lockheced Engineering & Sciences Company
Introduction

Helicopter rotors generate broadband as well as tone noise. As tone noise has been reduced
by way of rotor design, the relative broadband content of rotor noisc has increased. The
Rotor Broadband Noise (RBN) Module uses empirical methods for modeling four broadband
noise mechanisms that contribute to the rotor noise. Figure 1 illustrates the underlying flow
phenomena responsible for the four mechanisms modeled herein: (1) turbulent-boundary-layer-
trailing-edge noise—separated-flow noise, (2) laminar-boundary-layer vortex-shedding noise,
(3) trailing-edge-bluntness-vortex-shedding noise, and (4) tip vortex formation noisc.

Firstly for the turbulent-boundary-layer—trailing-edge noise- - scparated-flow noise contribu-
tion, two alternative prediction methods are available in the RBN Module. One method is
that developed by Schlinker and Amiet (ref. 1) and is identified as the TBLCAL model in the
RBN Module. The other, newer method was developed by Brooks, Pope, and Marcolini (ref. 2)
and is labeled the TETCAL model in the RBN Module. The distinctions between these two
methods are apparent in their descriptions found in the section “Method.”

Secondly for the laminar-boundary-layer—vortex-shedding noise contribution, one prediction
method is available. Tt was developed by Brooks, Pope, and Marcolini (ref. 2) and is identified
as the LBLCAL model in the RBN Module.

Thirdly for the trailing-edge-bluntness—vortex-shedding noise contribution, two prediction
methods are available in the RBN Module. One is by Grosveld (ref. 3) and is labeled the
TEBCAL model. The other, newer method was developed by Brooks, Pope, and Marcolini
(vef. 2) and is identified as the TB2CAL model. The distinctions between these two methods
are apparent in their descriptions found in the section “Method.”

Fourthly for the tip vortex formation noise contribution, one prediction method is available
in the RBN Module. This method was developed by Brooks and Marcolini (ref. 4), also
presented in reference 2, and is identified as the TVFCAL model.

Each of the six prediction models for the four broadband noise mechanisms is based on
scaled empirical data. For each prediction model, the founding empirical database has been
developed either solely or partly from two-dimensional airfoil tests, where the NACA 0012
airfoil or another similar airfoil type typical of rotor blade sections has been used. Because of
the data scaling inherent in these prediction models, each model is assumed applicable to airfoil
shapes different from the ones used to create the model. Though the basis of each model is
purely two-dimensional test data, the methods as implemented in the RBN Module are assumed
valid for application to three-dimensional rotating rotor blades by considering the flow at each
differential blade section to be locally two-dimensional. Additionally for implementing each
prediction model in the RBN Module, the acoustic source associated with each blade section
is assumed to be regarded as a point source situated at the blade section trailing edge.

Applying the prediction models to a rotor analysis, the assumption used in the RBN Module
is that the rotor is in hovering or steady equilibrium flight at translational speeds for which
the blade tips remain subsonic. The reference frame for the analysis is the hub plane, defined
as the plane perpendicular to the rotor axis of rotation. The RBN Module accounts for all
retarded time effects and for blade motion effects in the analysis. Specifically, the blade is
assumed to undergo rigid flapping about a hinge and to undergo collective and cyclic pitch
motions. However, rigid blade lead/lag motion and all elastic blade deflections arc neglected.
Note that other sources of rotor broadband noise, such as noise due to rotor turbulent inflow,
are not considered in the RBN Module.
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The RBN Module is designed to use input from either the Simplified Rotor Analysis or

the Higher Harmonic Loads Analysis of ROTONET. From the Simplified Rotor Analysis, local
blade scction flow conditions are supplied by the Lifting Rotor Performance (LRP) Module.
Alternatively from the Higher Harmonic Loads Analysis, local blade section flow conditions
and blade flapping are supplied by the Rotor Loads (RLD) Module and the Rotor Rigid
Dynamics (RRD) Module, respectively. Additionally, the RBN Module uses blade geometric
information supplied by either the Blade Shape (RBS) Module or the Improved Blade Shape
(IBS) Module, documented in references 5 and 6, respectively. Furthermore, the RBN Module
employs blade section boundary-layer information from either the Blade Section Boundary-
Layer (BLM) Module of reference 5 or the Improved Blade Section Boundary-Layer (IBL)
Module of reference 6. However, user- supphed inputs from outside sources of information may
be substltuted

The noise analysis in the RBN Module has been developed for two different observer
conditions, one of which can be used with a choice of two different observer input formats.
Firstly is the standard flyover condition, in which the rotor translates with respect to a spherical
array of observers fixed in space with respect to the fluid medium. This condition properly

introduces all existing Doppler-shift contributions (1nc]ud1ng that of hub translational speed)
in the RBN—predlcted noise necessary for subsequent noise propagation. Secondly is the wind
tunnel condition, in which the array of observers is fixed in position with respect to the rotor
hub. In applying the wind tunnel condition, two format choices for specifying the observer
array are available. One choice is the standard spherical array specification. The other choice
is the arbitrarily shaped array specification in which observer coordinates are provided by direct
Cartesian input (useful for mapping noise on the surface of a rotorcraft airframe, for example).
When used with either choice of observer array specification format, the wind tunnel condition
properly introduces Doppler-shift contributions of rotor rotation and flow speed only; this
condition is the desired choice when the RBN-predicted noise is to be compared with wind
tunnel test data and noise propagation is not of interest. However, for a hover analysis the
RBN-predicted noise is in a form suitable for subsequent propagation when the wind tunnel
condition is used in conJunctlon with the sphencal observer array specification format

For a given RBN analys1s the user may selectively choose the broadband noise mechanisms
to be included by activating or deactivating each of the pertinent prediction models available
in the module. If the observers are specified by using the spherical array format, then the
result of the selected models is a single table of mean-square acoustic pressure as a function
of one-third-octave band frequency, observer polar directivity angle, and observer azimuthal
directivity angle. This table is in a format suitable for subsequent submission to the Propagation
(PRO) Module, documented in reference 7, for propagation to far-field ground observers. If the
observers are specified by using the direct Cartesian input format, where the RBN-predicted
noise is not to be subsequently propagated, then the result of the selected models is a single
output data member, containing mean-square acoustic pressure as a function of one-third-octave
band frequency and Cartesian observer coordinates.

Symbols
Ag collective pitch angle at blade root, rad
Al lateral cyclic pitch angle relative to hub plane, rad
a complex Fourier coefficient of blade rigid flapping angle relative to hub
plane, rad
By longitudinal cyclic pitch angle relative to hub plane, rad
C€1,C2,C3 coefficients in retarded time equation
Coo speéd of sound in ambient air at flight altitude, m/s (ft/s)
c blade section chord length, m (ft)
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ctip

fma.x

f max,3s f max,4

fo
fs
G

Ga
Gs
G4, G5

h*
K3(f), K4(f)

Nm

blade section chord length, re R
blade tip chord length, re R

directivity function in turbulent boundary-layer trailing-edge noise mod-
eling, tip vortex formation noise modeling, and trailing-edge bluntness
noise model TB2CAL

directivity function in trailing-edge bluntness noise model TEBCAL
rotor blade flapping hinge radial offset from center of rotor, re R
spectrum function

frequency, Hz

center frequency Hz (in table III, frmax3 or fmax,4 as appropriate)

center frequencies for calculating constants K3(f) and K4(f) in model
TEBCAL (eqgs. (63) and (64)), Hz

observer frequency, Hz
source frequency, Hz

function related to Strouhal number in laminar-boundary-layer—vortex-
shedding noise model LBLCAL '

function related to Reynolds number in laminar-boundary-layer—vortex-
shedding noise model LBLCAL

function related to angle of attack in laminar-boundary-layer-vortex-
shedding noise model LBLCAL

spectral shape functions in trailing-edge-bluntness-vortex-shedding noise
model TB2CAL

blade section trailing-edge thickness, re R
blade section trailing-edge thickness, re ¢

constants for given frequency, used in trailing-edge bluntness—vortex-
shedding noise model TEBCAL (table III)

spanwise extent of blade tip vortex separation region at trailing
edge, re R

blade section Mach number

turbulence convection Mach number, re M
rotorcraft translational flight Mach number
rotor hover tip Mach number

Mach number along separation streamline
Mach number vector of source relative to fluid medium

Mach number vector of source relative to observer

azimuthal harmonic number (summation index in complex Fourier
series)

number of rotor blades

number of azimuthal harmonics, that is, number of equal size azimuthal
increments into which one rotor revolution is subdivided and has value
equal to 2 raised to nonzero integer power h
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summmation index in Fourier sine/cosine series for flapping

reference pressure for dB conversion, N/m? (1b/ft?)

coordinates of reception-time source position relative to observer in local
blade section trailing-edge-fixed Cartesian coordinate system, re R

mean-square acoustic pressure, re pgocéo

2 .4
PooCoc

mean-square acoustic pressure per unit span, re

mean-square acoustic pressure at single instant in time, re pgocgo

rotor radius, m (ft)
hub-to-observer distance (i.e., spherical observer radius), re R

Reynolds number

R
reference Reynolds number, = C%

distance from observer to source (i.e., magnitude of 7), re R

components of source-to-observer position vector 7 in local blade section
trailing-edge-fixed Cartesian coordinate system, re R

components of source-to-observer position vector 7 in medium-fixed
Cartesian coordinate system, re R

source-to-observer position vector (i.e., radiation vector), re R
unit vector in direction of 7
sound pressure level, dB

sound pressure level associated with pressure side of blade section in

model TETCAL, dB L

sound pressure level associated with suction side of blade section in
model TETCAL, dB

sound pressure level due to nonzero angle of attack in model
TETCAL, dB

Strouhal number
Strouhal number related to tip vortex formation noise

Strouhal number for trailing-edge bluntness noise model TB2CAL

. . ) 1
observer time (i.e., reception time), re —

)
maximum velocity along separation streamline, re R
rotorcraft translational flight velocity vector, re QR

axes of hub-fixed Cartesian coordinate system (figs. 2, 3, and 5 through 8)

observer position vector in hub-fixed Cartesian coordinate system, re R

axes of local blade section trailing-edge-fixed Cartesian coordinate
system (fig. 4) , P ,

axes of medium-fixed Cartesian coordinate system (figs. 2 and 6
through 8)
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observer position vector in medium-fixed Cartesian coordinate system
(figs. 6 through 8), re R

source position vector in hub-fixed Cartesian coordinate system (figs. 5
through 8), rc It

source position vector in medium-fixed Cartesian coordinate system
(figs. 6 through 8), re R

blade section angle of attack, rad

blade tip angle of attack correction factor

rotor hub plane angle of attack, rad

blade tip effective angle of attack, rad

blade tip geometric angle of attack, rad

blade section angle of attack at zero lift (i.e., angle of zero lift), deg
blade rigid flapping angle relative to hub plane, rad

real-valued Fourier sine/cosine series coefficient of blade rigid flapping
angle relative to hub plane, rad

boundary-layer thickness, re R

lower surface boundary-layer thickness at blade section trailing
edge, re c

boundary-layer thickness on pressure surface side of blade section at
trailing edge, re R

upper surface boundary-layer thickness at blade section trailing
edge, re c

boundary-layer displacement thickness, re R

average boundary-layer displacement thickness for trailing-edge blunt-
ness noise model TB2CAL (egs. (66)), re R

lower surface boundary-layer displacement thickness at blade section
trailing edge, re ¢

upper surface boundary-layer displacement thickness at blade section
trailing edge, re c

blade section trailing-edge angle, deg
empirical constant for surface pressure integral scale

deflected blade source position vector components in blade-fixed rotating
Cartesian coordinate system, re R

undeflected blade section leading-edge abscissa in blade-fixed rotating
Cartesian coordinate system, re R

undeflected blade section leading-edge ordinate in blade-fixed rotating
Cartesian coordinate system, re R

undeflected blade section trailing-edge abscissa in blade-fixed rotating
Cartesian coordinate system, re R

undeflected blade section trailing-edge ordinate in blade-fixed rotating
Cartesian coordinate system, re R
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Subscripts:
f

fp
LBLCAL
peak
TB2CAL
TETCAL
tot

1/3

Superscript;:

Input

deflected blade source position vector in blade-fixed rotating Cartesian
coordinate system, re R

observer polar directivity angle relative to medium-fixed reference frame
for flyover condition option or relative to hub-fixed reference frame for
wind tunnel condition option, deg

observer polar angle in local blade section trailing-edge-fixed source
coordinate system (fig. 4), rad

blade root pitch angle relative to hub plane (positive for blade leading
edge tilted up), rad

blade section rigid twist angle (positive for blade leading edge tilted
up), rad

power spectral density function of unsteady surface pressure
kinematic viscosity of ambient air at flight altitude, m?/s (ft2/s)
blade spanwise coordinate, re R

air density at flight altitude ambient conditions, kg/m3 (slugs/ft3)
shorthand term in directivity function in TBLCAL model, (eq. (43)
or (47)), re R

source time (i.e., emission time), re a
observer azimuthal directivity angle relative to medium-fixed reference
frame for flyover condition option or relative to hub-fixed reference
frame for wind tunnel condition option, deg

observer azimuth angle in local blade section trailing-edge-fixed source
coordinate system (fig. 4), rad

rotor blade azimuth angle in hub plane, 7 (figs. 5, 7, and 8), rad
rotor rotational speed, rad/s

blade flapping-transformed coordinates (matrix subscript)

blade flapping- and pitch-transformed coordinates (matrix subscript)
associated with LBLCAL model

peak or maximum value

associated with TB2CAL model

associated with TETCAL model

summed or resultant contribution from all selected noise prediction
models :

associated with one-third-octave band

Fourier transform (i.e., complex Fourier coefficient)

The computation of rotor broadband noise by the RBN Module requires inputs consisting
of descriptions of the overall rotor flight conditions, blade planform and section geometry,
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blade dynamics, blade local flow conditions and aerodynamic boundary-layer profiles, observer
locations, frequencies for calculation, and computational grids. This input is provided to the
RBN Module by user parameters, input tables, and several data arrays. Sign conventions of
the various input quantities are shown in figures 2 through 10 and/or are described in the list
of inputs.

The first set of inputs are user parameters. These quantify the global rotor geometry, rotor
flight conditions, blade flapping and blade pitch control angles, and the size of the spherical
locus of observers. Blade flapping is typically supplied by input parameters; however, if an
alternate optional input table of flapping angles is used from the Rotor Rigid Dynamics (RRD)
Module, then the user parameters for flapping are ignored. Two of the user parameters provide
the reference Reynolds number of the flow and the turbulence convective Mach number, both
required by the prediction models TBLCAL and TETCAL in the RBN Module. The single
input value of turbulence convective Mach number is assumed representative for all rotor blade
sections. Details regarding turbulence convective Mach number are given in the TBLCAL and
TETCAL model descriptions in the section “Method” and in references 1 and 2.

A geometric description of the rotor blade is required by the RBN Module and is provided
by both the Blade Shape Table, from either the RBS Module or the IBS Module, and the
Trailing-Edge Thickness Table, which is user generated or obtained from the IBS Module. The
Blade Shape Table provides the undeflected blade section surface location relative to the blade-
fixed rotating reference frame (fig. 3). Undeflected geometry is that which includes the installed
blade section position, with rigid blade twist, but excludes displacements due to blade flapping
and pitch control. Note the user must ensure that the blade section geometry in the Blade
Shape Table is established such that the 72 axis is coincident with the blade pitch change axis
because of assumptions applied in geometric transformations employed by the RBN Module,
detailed in the section “Method.” When the geometric description of the blade section trailing
edge is refined, the Trailing-Edge Thickness Table provides both the finite thickness of the
blade section trailing edge and the trailing-edge angle (fig. 10).

Local flow conditions at each blade section at any location on the rotor disk (i.e., for each
blade azimuthal location during one rotor revolution) for the rotor blade with the rotor in
trimmed flight must be provided. This information is provided by a choice of two paths as
described in the next paragraphs.

With the first input path, the local flow conditions are input to the RBN Module by the
Rotor Performance Table from the LRP Module. Specifically, this input table provides, for
each spanwise location, the blade section angle of attack and blade section Mach number in the
time domain. Blade section angle of attack is positive for the blade leading edge tilted up. All
Mach number values for the local blade section are less than one, consistent with assumptions
of the RBN Module analysis. This first input path is the default and enables the prediction of
broadband noise, based on rotor performance calculated by the ROTONET Simplified Rotor
Analysis.

Optionally, the second input path provides local flow conditions to the RBN Module by
the Blade Motion Table from the Rotor Loads Module. Contrary to the Rotor Performance
Table, the Blade Motion Table contains angle of attack and Mach number information in the
frequency domain for each spanwise location (with sign conventions the same as those in the
Rotor Performance Table).

Specifically the input tabulated data are in the form of complex Fourier coefficients
describing one rotor revolution, which has been discretized into Ny, equal-size azimuthal
increments in the time domain so that fast Fourier transform (FFT) techniques have accurately
provided N, azimuthal harmonics in the frequency domain. The quantity Ny, must always
have a value which is equal to an integer multiple of 2; the actual value is obtained implicitly
from the size of the Blade Motion Table during input to the RBN Module. The form of the
Fourier series associated with these tabulated complex Fourier coefficients is shown in table [.
Table I also presents the relationship between the array sequence for the complex Fourier
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coefficients M (€, m) and @(¢, m) (i.e., storage sequence in the input Blade Motion Table) and
the theoretical complex Fourier series sequence. This second input path is offered to enable the
prediction of broadband noise, based on rotor performance calculated by the ROTONET Higher
Harmonic Loads Analysis. If the Blade Motion Table has been input to the RBN Module, the
Rotor Performance Table, if present, is ignored; then the RBN computer code automatically
(transparently to the user by performing inverse fast Fourier transforms) converts the frequency
domain input of the Blade Motion Table to time domain data necessary for use in the broadband
noise analysis.

If the aforementioned optional, second input path is in effect, blade rigid flapping data
(as predicted by the ROTONET Higher Harmonic Loads Analysis) must be provided by the
Flapping Angle Table, from the RRD Module. This table provides blade rigid flapping angles in
complex Fourier coefficient form. Table II presents the relationship between the array sequence
for complex Fourier coefficients @(m) (i.e., storage sequence in the input Flapping Angle Table)
and the theoretical complex Fourier series sequence (right-hand side of eq. (25b)) for @a(m)
employed in the section “Method.”

The Fourier coefficients in the Flapping Angle Table describe the flapping over one rotor
revolution, which has been discretized into N, equal-size azimuthal increments in the time
domain so that fast Fourier transform techniques accurately have provided Ny, azimuthal
harmonics in the frequency domain. The quantity N, must always have a value which is
equal to an integer multiple of 2; the actual value is obtained implicitly from the size of the
Flapping Angle Table during input to the RBN Module. If the Flapping Angle Table has been
input to module RBN, then the input user parameters [;, if present, are ignored.

The two-dimensional aerodynamic characteristics of each blade section are required by the
RBN Module. These characteristics are provided by two input tables. First is the Zero Lift
Angle Table, which must be created by the user or is obtained from the IBA Module. For each
given blade section, this table provides the zero lift angle of attack ag, an implicit function
of the airfoil shape installed at the blade section. Second is the Boundary-Layer-Thickness
Table, generated by either the BLM module or the IBL module. This table provides the flow
boundary-layer thickness and boundary-layer displacement thickness existing at the trailing-
edge upper and lower surface locations at each blade section. The RBN Module uses the
Boundary-Layer-Thickness Table in conjunction with the Rotor Performance Table to obtain
the in-flight boundary-layer properties on the blade as follows: at a given blade section location
on the rotor disk, the actual flow conditions of angle of attack and Mach number extracted
from the Rotor Performance Table are used in the Boundary-Layer-Thickness Table to get the
actual blade section boundary-layer-thickness properties existing during flight.

Germane to predicting the contribution of the tip vortex formation noise to broadband
noise, the RBN Module also requires a three-dimensional aerodynamic correction factor, which
is provided by the Tip Angle Correction Table. In this user-created table (for each blade
azimuth position) the blade tip angle correction o used to correct (by simple scaling) the free
air blade tip section angle of attack for the effect of flight in other than free air (i.e., for wind
tunnel conditions) is given. This correction factor has a value of 1 if frec air angles of attack
without correction are desired. Further details regarding this input correction factor are found
in the TVFCAL model methodology, described in the section “Method.”

As previously mentioned in the Introduction and detailed in the section “Method,” the
RBN Module offers a choice of two conditions for considering obscrvers during a given analysis:
the flyover condition and the wind tunnel condition. The flyover condition requires the
specification of observers in spherical coordinatc format. The wind tunnel condition allows for
the specification of observer coordinates in cither sph-rical coordinate format or in Cartesian
coordinate format. For a given analysis in the RBN Module, the user selects, with an input flag,
the combination of observer condition and observer coordinate format to be employed. The
flyover condition (spherical observer format required) can be selected for either a hovering rotor
or a rotor in translational flight. The flyover condition must be sclected if the RBN-predicted
broadband noise output is to be subscquently propagated to the ground, by the PRO Module,
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to simulate a rotorcraft flyover. The wind tunnel condition (with cither observer format in
effect) must be selected if the RBN-predicted noise is to be compared with wind tunnel test
measurcments of broadband noise, a situation in which subsequent propagation of the RBN-
predicted noise is not of interest. However, if the spherical observer format is in effect, then the
wind tunnel condition can be sclected for the situation in which the rotor is in hovering flight
and propagation of thc RBN-predicted noise is subscquently done by using the PRO Module.

For a given analysis all observer positions must be provided by onc of two formats: the
spherical coordinate format or the Cartesian format. The permissible format choice depends
on the observer condition that is in effect. Spherical coordinate input format is required if
the flyover condition in is effect, so that RBN-predicted results can be propagated with the
PRO Module. Either the spherical coordinate format or the Cartesian format can be used
when the wind tunnel condition is in effect, the spherical format being the one more commonly
used. The Cartesian format allows any arbitrary locus of obscrvers (not necessarily a spherical
locus) to be specified and is applicable, for example, to an RBN analysis in which broadband
noise is predicted at the locus of observers on the surface of the rotorcraft fuselage and noise
propagation to the ground is not of interest. If the Cartesian format is selected, RBN-predicted
noise cannot be subsequently propagated correctly with the PRO Module.

To employ the spherical observer format, one or more observers are situated on a sphere
having a fixed radius defined by an input user parameter. For input specification of the
observers, the center of the sphere is coincident with the initial (¢ = 7 = 0) spatial location of
the rotor hub. In figure 2, the location of each observer on the sphere is defined by polar and
azimuthal directivity angles measured with respect to the hub-fixed Cartesian coordinate axes.
These observer directivity angles are input to the RBN Module by the Observer Directivity
Angle Arrays.

Alternatively to employ the Cartesian observer format, the input parameter for observer
radius and the Observer Directivity Angle Arrays are ignored. The three Cartesian coordinates
of each observer relative to the hub-fixed Cartesian axes (fig. 2) are directly input to the RBN
Module by the Cartesian Observer Table.

For any combination of observer condition and observer input format and regardless of
actual rotor rotation direction, all observer locations are always input to the RBN Module as
if the rotor rotation is right handed. With an input flag, selectable by the user, the RBN
Module properly accommodates left-hand rotor rotation cases during calculations, in a manner
transparent to the user.

It is also necessary to provide the one-third-octave band center frequencies (i.e., observer
frequencies) for which the broadband noise spectral values are to be computed. These
frequencies are input to module RBN by the Frequency Array. Section 5.1 in reference 7 offers
a list of the proper one-third-octave band center frequencies to be included in the Frequency
Array. Note that the minimum frequency value input in the Frequency Array should not be
greater than the rotor fundamental (i.e., blade passage) frequency.

Computational grids of blade spanwise coordinates and blade azimuthal positions must be
provided to the RBN Module. These grids establish the spatial resolution of computation
points (i.e., distribution of noise sources) over the rotor disk. Both the spanwise computation
grid and the azimuthal grid are input by the Independent Variable Arrays.

Finally, the RBN Module computer code has input flags (not shown in the list of inputs),
which allow the user to select and deselect each of the six prediction models contained in the
module. Thus the user can selectively include or exclude noise contributions from any of the four
broadband noise mechanisms during a particular RBN analysis. Regardless of the combination
of models selected for a particular prediction, all the aforementioned input quantities must be
input to the RBN Nodule.

All user parameters. tables. and data arrays input to the RBN Module are as follows:
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User Parameters

collective pitch angle at blade root (eq. (24)) (positive for blade leading
edge tilted up), rad

lateral cyclic pitch angle relative to hub plane (sign per eq. (24)), rad
longitudinal cyclic pitch angle relative to hub plane (sign per eq. (24)), rad
speed of sound in ambient air at flight altitude, m/s (ft/s)

rotor blade flapping hinge radial offset from center of rotor, re R

turbulence convection Mach number employed by TBLCAL and TETCAL
models

rotorcraft translational flight Mach number
rotor hover tip Mach number

number of rotor blades

rotor radius, m (ft)

hub-to-observer distance (i.e., spherical observer radius, used only when
spherical observer input format is in effect), re R

reference Reynolds number used by TBLCAL and TETCAL models,
co R
v

il

rotor hub plane angle of attack (positive for hub leading edge tilted
up), rad

real-valued Fourier sine/cosine series coefficients of blade rigid flapping
angle (per eq. (25a), where blade flapping is positive up from hub plane;
note that this input is ignored if the optional Flapping Angle Table is
input), rad

air density at flight altitude ambient conditions, kg/m3 (slug/ft3)

Blade Shape Table
[From RBS or IBS]
blade spanwise position, re R

undeflected blade section leading—edge' abscissa in blade-fixed rotating
Cartesian coordinate system (fig. 3(b)), re R

undeflected blade section leading-edge ordinate in blade-fixed rotating
Cartesian coordinate system (fig. 3(b)), re R

blade section chord length, re R
blade section rigid twist angle, rad (fig. 3(b))

Trailing-Edge-Thickness Table
[User generated or from IBS]
blade spanwise position, re R
blade section trailing-edge thickness, re ¢ (fig. 10)
blade section trailing-edge angle, deg (fig. 10)
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Rotor Performance Table
[From LRP; ignored if Blade Motion Table is used]
blade spanwise position, re R
blade azimuth angle, rad

blade section angle of attack (positive for blade section leading edge
tilted up with respect to local onset flow), rad

blade section Mach number

Blade Motion Table
[From RLD; optional; if used, replaces Rotor Performance Table]
blade spanwise position, re R
azimuthal harmonic number
complex Fourier coefficients of blade section Mach number (table I)

complex Fourier coefficients of bla.de'section angle of attack (positive for
blade section leading edge tilted up with respect to local onset flow), rad
(table I)

Flapping Angle Table
[From RRD; optional; if used, replaces user parameters ;]
azimuthal harmonic number

complex Fourier coefficients of blade rigid flapping angle
(blade flapping is positive up from hub plane, see eq. (25b)
and table II), rad

Zero-Lift Angle Table
[User generated or from IBA]
blade spanwise position, re R

blade section angle of attack at zero lift (positive for blade section
leading edge tilted up), deg

Boundary-Layer-Thickness Table
[From BLM or IBL]
blade spanwise position, re R
blade section angle of attack, deg
blade section Mach number

blade section upper surface trailing-edge boundary-layer thickness, re ¢
(fig. 10)

blade section lower surface trailing-edge boundary-layer thickness, re c
(fig. 10)

blade section upper surface trailing-edge boundary-layer displacement
thickness, re ¢
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6;(€,a,M) blade section lower surface trailing-edge boundary-layer displacement
thickness, re ¢

Tip Angle Correction Table
L/ blade azimuth angle, rad
ac(¥) blade tip angle of attack correction factor (eq. (73))

Observer Directivity Angle Arrays
[Used only when spherical observer input format is in effect]

(5] observer polar directivity angle relative to hub-fixed reference
frame at initial time, deg (fig. 2)

P observer azimuthal directivity angle relative to hub-fixed refer-
ence frame at initial time, deg (fig. 2)

Cartesian Observer Table

[Used only when Cartesian observer input format is in effect]

X observer position vector relative to hub-fixed Cartesian coordinate
system, m, (ft) (fig. 2; table actually stores X1, X, and X3 axis
components of each observer position vector)

Frequency Array

fo one-third-octave band center frequencies (i.e., desired observer

frequencies), Hz
Independent Variable Arrays

£ blade spanwise position, re R

Y blade azimuth angles (specified in fractions of 27 rad; should
be evenly spaced over one rotor revolution, with values ranging
from 0 to 1)

Output

The RBN Module generates two possible sets of outputs. For a given analysis, the outputs
actually generated depend on which observer input format (described in the section “Input”)
is used. Both sets of outputs are described separately.

If the spherical observer input format is used, then the RBN Module produces a single table,
identified as the Broadband Noise Table. This output table contains the summed one-third-
octave band mean-square acoustic pressure spectrum containing the contributions from each of
the broadband noise mechanisms which have been activated by the user for a particular RBN
analysis. In the table, the mean-square pressure is given as a function of requested observer
frequency, observer polar directivity angle, and observer azimuthal directivity angle. If the
flyover condition (refer to the Introduction) regarding observers is in effect, proper accounting
of Doppler shifting due to both rotor rotational speed and rotorcraft (i.e., hub) translational
speed has been made in the output noise. Hence, if the flyover condition is in effect, the output
table can be directly input to the PRO Module for correct propagation to far-field ground
observers. If the wind tunnel condition regarding observers is in effect, proper accounting
of Doppler shifting due to rotor rotational speed and flow speed (no hub-to-observer relative
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translational motion contribution exists) has been made in the output noise. Hence, if the wind
tunnel condition is in effect for the analysis of a hovering rotor, then the noise results in the
output table from the RBN Module can be subsequently propagated to ground observers via
the PRO Module. If the wind tunnel condition is in effect for the analysis of a rotor not in
hovering flight, then the RBN-predicted noise results in the output table can be compared to
wind tunnel measurements of rotor broadband noise, and this is a situation in which subsequent
propagation of the predicted noise to ground observers is neither of interest nor appropriate.
Note that for a left-hand rotor rotation configuration, the observer directivity angles, which
were all input to the RBN Module in a right-hand convention and subsequently converted
automatically by the RBN code to a left-hand convention during computations, are correctly
restored by the RBN code to the original right-hand convention for insertion in the output
table.

If the Cartesian observer input format is used, then the RBN Module generates an output
data member rather than a table. This member is identified as the “Broadband Noise Data
Member.” This output data member contains the summed one-third-octave band mean-square
acoustic pressure spectrum containing the contributions from each of the broadband noise
mechanisms which have been activated by the user for a particular RBN analysis. In the data
member, the mean-square pressure is given as a function of requested observer frequency and
observer Cartesian coordinates. Because only the wind tunnel condition (refer to the section
“Input”) is in effect if the Cartesian observer input format is used, proper accounting of Doppler
shifting due to rotor rotational speed and flow speed (no hub-to-observer relative translational
motion contribution exists) has been made in the acoustic pressures in the output data member.
Thus the RBN-predicted noise results in the output data member can be compared with wind
tunnel measurements of rotor broadband noise. However, the acoustic results in the output
data member cannot be subsequently propagated (by the PRO Module) to far-field ground
observers because of the format of the data member and the type of Doppler shifting applied
to the predicted noise contained in the data member. Finally it must be noted that for a left-
hand rotor rotation configuration, the Cartesian observer coordinates, which were all input to
RBN in a right-hand convention and subsequently converted automatically by the RBN code
to a left-hand convention during computations, are correctly restored by the RBN code to the
original right-hand convention for insertion in the output data member.

The output table and data member produced by the RBN Module are as follows:

Broadband Noise Table

[Output only when spherical observer input format is used]

fo observer frequency (requested one-third-octave band center frequency
values), Hz

S observer polar directivity angle (same as input specification,
fig. 2), deg

i observer azimuthal directivity angle (same as input specification,
fig. 2), deg

<p2>( f0,8,®)tot  TOtor broadband mean-square acoustic pressure (containing contribu-
tions from those noise mechanisms which have been user-activated for
particular analysis under consideration), re p2cg0

Broadband Noise Data Member
[Output only when Cartesian observer input format is used]

fo observer frequency (requested one-third-octave band center fre-
quency values), Hz
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observer position vector relative to hub-fixed Cartesian coordinate
system, m, (ft) (fig. 2; each output record storing X1, X2, and

X3 axis components of an observer position vector, one observer
per output record)

»dy

<p2>( fos X Jtot rotor broadband mean-square acoustic pressure (containing con-
tributions from those noise mechanisms which have been user-
activated for particular analysis under consideration), re pocd,

Method
Synopsis

The major assumptions underlying the RBN Module have been given in the Introduction.
Before detailing the necessary geometric calculations and each of the six prediction models,
summarizing those aspects of the RBN methodology which are common to all the models is
useful. In each noise model, an empirical correlation exists for the noise source based on a local
blade section-fixed rotating reference frame, to be detailed further in the next subsection. The
source-to-observer geometry must first be obtained in a reference frame fixed with respect to
the fluid medium (described later), and the retarded time equation is solved for the source. The
source-to-observer geometry must then be transformed to the local blade section-fixed rotating
reference frame while ensuring that rigid blade motions due to flapping and cyclic pitch are
accounted for. By applying the appropriate Doppler-shift correction, the observer frequency
(the input-specified frequency at which final predicted noise is to be presented) is converted to
the corresponding source frequency at which the noise calculations must actually be performed
(the noise mechanism model formulas are derived as a function source frequency). The Doppler
frequency shifting applied depends on the choice of observer condition and source/observer
kinematics, all to be detailed later. With a given noise model, individual source-generated
noise spectra are computed at the source time for the specified observer frequency by using the
appropriate source frequency. For each selected noise model, the individual source-generated
spectra are summed over blade span (except for the case of tip vortex formation noise, for which
the spectra are generated only at the blade tip section) and averaged in the blade azimuthal
direction, with all rotor blades accounted for. This summing and averaging process produces
a rotor-integrated spectra of the broadband mnoise contributed by the selected noise model.
Finally the rotor-integrated spectral contributions from _each of the selected noise models are
summed to produce the final resulting total rotor broadband noise signal at each observer.

The remainder of the section “Method” is topically divided into 11 subsections to provide
details of the aforementioned RBN methodology. The first five subsections establish the source
frequencies as well as source position and observer position, both relative to the local blade-
section-fixed (i.e., source) coordinate system and necessary before each noise prediction model
can be applied. More specifically, these first five subsections define the reference frames, detail
the generation of source-to-observer geometry including required transformations between axis
systems, present two choices of observer condition and the retarded time equation for each,
and present Doppler shift corrections for obtaining the source frequency corresponding to the
requested observer frequency. In the sixth through ninth subsections, the four broadband noise
mechanisms employed in the RBN Module are considered, with the methods underlying each
of the six prediction models presented. The tenth subsection describes the calculation of the
final rotor broadband signal by combining the various noise mechanism contributions. The last
subsection summarizes the computational steps implemented in the computer code of the RBN
Module for performing the complete broadband noise prediction.

Coordinate System Descriptions

There are four Cartesian coordinate systems to consider in the RBN Module. It is simplest
to describe the first two together. First is the hub-fixed Cartesian coordinate system, with axes
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X1, X9, and X3. Second is the system which is fixed with respect to the fluid medium and is
called the medium-fixed system, with axes T, 1, Tm,2, 8nd T, 3. Initially (t = 0), the hub-fixed
and medium-fixed systems are coincident in figure 2. Then the hub-fixed system translates at
rate V with respect to the medium-fixed system. Employing either the flyover condition or the
wind tunnel condition, each detailed in the next subsection, the position of observers remains
fixed with respect to either the medium-fixed system or the hub-fixed system, respectively.

For the hub-fixed and medium-fixed systems, consider first the spherical observer input
option, usable for either the flyover condition or the wind tunnel condition and by which a
spherical locus of observers is specified. Initially, as input, this spherical locus of observers is
centered at the coincident origins of the hub-fixed and medium-fixed systems. The location of
each observer relative to the two initially coincident reference frames is specified by directivity
angles as shown in figure 2. For each observer in the spherical format, the directivity angles
remain constant with respect to the Cartesian reference frame where the observer sphere
remains fixed; thus, the observer directivity angles serve as an identifier of observer position
unchanged with time. Consider second the Cartesian observer input format, usable only for
the wind tunnel condition where the locus of observers is of arbitrary shape. Initially, as input,
and at all subsequent times, this arbitrarily shaped locus of observers is fixed with respect to
the hub-fixed Cartesian coordinate system (fig. 2).

The medium-fixed coordinate system is the reference frame to which all blade section source
coordinates and all observer coordinates are transformed for solving the retarded time equation,
needed to obtain the source time corresponding to a given observer time.

The third Cartesian coordinate system in the RBN Module is the blade-fixed rotating
system, as illustrated in figure 3, with axes 7, 72, and 73 and with the origin remaining
coincident with the origin of the hub-fixed reference frame. The axes X3 and n3, perpendicular
to the hub plane, remain coincident. Initially (7 = 0), the 79 axis (along the blade span and
assumed coincident with the blade pitch change axis) is aligned with the axis X;. The blade-
fixed system rotates about the axis 713 at rate Q. At any instant of time the axis 73 is rotated
to azimuthal position 7 (numerically equal to ) with respect to the axis X) as shown in
figure 3(a). The undeflected blade section geometry is input to the RBN analysis with respect
to the blade-fixed rotating system. Also, this system is the most convenient one for introducing
the deflected blade position (position including blade flapping and pitch motion) to facilitate
transforming deflected blade position to other coordinate systems.

The fourth and final Cartesian coordinate system in the RBN Module is the local blade
section trailing-edge-fixed coordinate system, with axes z, y, and 2, illustrated in figure 4.
Because the origin of this local reference frame is at the blade section trailing edge, which is
the assumed acoustic point source location for the blade section, this reference frame is also
called the local source coordinate system. In figure 4, a segment of blade is shown; the blade
has an arbitrary deflected (flapped/pitched) orientation with respect to the hub plane. The
axis z is parallel to the blade section chord line and directed positive aft relative to the blade
section. The axis y is directed along the blade segment trailing edge, positive toward the blade
tip. The axis z is perpendicular to the plane of the blade segment, positive up, forming a right-
hand coordinate system. In the local source coordinate system the actual broadband noise
calculation is performed by each of the prediction models. A local source coordinate system is
established at each blade section to compute the noise from that section.

To transform source-to-observer geometry to the local source coordinate system is necessary
before implementing each of the noise models. The necessary transformations are described in
a subsequent subsection. First, however, we must establish the source-to-observer geometry in
the hub-fixed and medium-fixed reference frames in order to calculate retarded time.

Source-to-Observer Geometry and Retarded Time

To develop the retarded time equation, obtaining the observer and source position coor-
dinates relative to the hub-fixed reference frame is necessary. Then for each of two separate
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observer conditions, the source-to-observer geometry is transformed to the medium-fixed refer-
ence frame and the retarded time equation derived.

In figure 5, the acoustic point source on a blade section is at source position Y relative to
the hub in the hub-fixed frame at source time 7. The sound emitted by the source at time
7 radiates along the path defined by the source-to-observer position vector 7 (i.e., radiation
vector) and is received by the observer at time t, when the observer is at position X relative
to the hub-fixed frame. A retarded time equation is required to relate the source time 7 to
the observer time t. The required time for sound to travel from source to observer is given in

dimensionless form as
t—7=Myr (1)

where r = |F]. -

The source position at a section of the deflected blade is defined by the vector 7j(¢, 7)
in the blade-fixed rotating coordinate system centered at the rotor hub and is obtained by
transforming the input undeflected blade geometry detailed in the subsequent subsection. The
coordinates of position vector 7(£,7) are transformed from the blade-fixed rotating reference
frame to the hub-fixed reference frame by

sint cosT 077m(€7)
Y=|-cos7 sint O||n(7) (2)
0 0 1lLns(€, 7)1

where matrix subscript fp indicates flap- and pitch-transformed blade coordinates (i.e., the
deflected blade position). If the spherical observer input format is used, then from figure 2 the
observer position in the hub-fixed coordinate system at time ¢ = 0 is

X = (~R; cos ©, Ry sin Osin @, — Ry sin O cos ) 3)

where R; = |X| is the input initial observer distance from the hub (i.e., the radius of the
spherical locus of observers), © and ® are the input values of the polar and azimuthal directivity
angles, and the terms in parentheses are the X;, X2, and X3 components, respectively. If the
Cartesian observer format is employed, then hub-fixed Cartesian components of the observer

position X are supplied directly from user inputs.

Initially (at time ¢t =0), as shown in figure 6, the origin of the hub-fixed coordinate system is
coincident with the origin of the medium-fixed coordinate system. Then with time, as indicated
in figures 7 and 8, the hub (i.e., hub-fixed coordinate system) translates at a constant forward

velocity V', which is given by

. 1 i
V= —JVT}—; (—Mf cos agp, 0, —Mj sin adp) )

relative to the medium-fixed reference frame. The first two velocity components in equation (4)
are parallel to the hub plane, and the third component is perpendicular to the hub plane.

Two options exist for defining the observer position as a function of time. The first option is
the flyover condition, where the input observer remains fixed with respect to the fluid medium,
and the hub moves with time with respect to the input observer position. Thus, the flyover
condition accounts for flight velocity-induced Doppler shifting of broadband noise computed
at the observer, such that the broadband noise predicted by the RBN Module is suitable for
subsequent input to the PRO Module for simulating rotor flyovers. The second option is the
wind tunnel condition, where the observer remains fixed with respect to the hub, and both
the hub and observer move together with respect to the fluid medium. Thus with the wind
tunnel option, the Doppler shifting contribution due to relative translational motion between
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hub and observer does not exist, such that the computed noise can be compared with wind
tunnel test measured noise. Note that the two observer condition options are cquivalent if the
rotor is in hovering flight, provided that the spherical observer input format is used with both
options. Details of Doppler frequency shifting are presented in a later subsection. For cach of
the two observer condition options, the transformation of source-to-observer gcometry to the
medium-fixed reference frame differs, such that cach of the two options results in a different
retarded time equation.

Flyover condition: geometry and retarded time. Initially (at time ¢ = 0), as shown in figure 6
and in the right-hand side of figure 7, the hub is coincident with the origin of the medium-fixed
coordinate system. At the time of sound emission 7 (center of fig. 7), the hub has translated a

distance V7 relative to the fluid medium, and the reference blade has rotated by an azimuth
angular amount numerically equal (due to nondimensionalization of time) to 7. Thus relative
to the medium-fixed coordinate system, the position of the source on the reference blade at
emission time 7 is given by

In=Y+Vr (5)

Subsequently at the time of sound reception ¢ (left-hand side of fig. 7), the hub has translated
a distance V't relative to the fluid medium. However, the input observer position is kept fixed

for all time with respect to the fluid medium, such that the position of the observer relative to
the fluid ‘medium is given by the initial input hub-fixed position as
T =X (6)

By referring to figure 7 and using equations (5) and (6), the vector 7 defining the source-to-
observer position relative to the medium-fixed reference frame is given at a given instant in
time for the flyover condition by

7 =(Zm —fm)=X ~¥ - Vr (7
Thus in the medium-fixed reference frame, the retarded time equation (eq. (1)) becomes

t—7=My|X-Y -Vr (8)

Squaring equation (8) and rearranging yield a quadratic equation of the form

Cit2+Cyr—C3=0 9)
where the coefficients are
Cr=1-M}|7|? (10)
Cy = - [2M}(V - X)- 7 + 2] (11)
C3=—M,f|?—)?|2+t2 (12)

Applying the quadratic formula yields the final form of the retarded time equation applicable

to the flyover condition as. follows:
—Cy —/C2 - 4CC;
2 =0 (13)
2C,

T —

where the negative sign in front of the radical is selected to ensure that only the physically
realistic case of 7 < t is selected. Equation (13) cannot be explicitly solved for 7, since Y is
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a function of T as given by equation (2); however, it will converge to a solution quite rapidly
with Muller’s method given in reference 8.

Wind tunnel condition: geometry and retarded time. Initially (at time ¢ = 0), as shown
in figure 6 and in the right-hand side of figure 8, the hub is coincident with the origin of the
medium-fixed coordinate system. At the time of sound emission T (center of fig. 8), the hub

has translated a distance V7 relative to the fluid medium, and the reference blade has rotated
by an azimuth angular amount numerically equal (due to nondimensionalization of time) to
7. Thus relative to the medium-fixed coordinate system, the position i, of the source on the
reference blade at emission time 7 for the wind tunnel condition option is the same as that for
the flyover condition option and is given by equation (5), which is repeated here:

gm el ? + ‘77—
Subsequently at the time of sound reception ¢ (left-hand side of fig. 8), both the hub and the
observer (the observer remaining hub-fixed for the wind tunnel condition) have translated a
distance V't relative to the fluid medium. Thus relative to the medium-fixed coordinate system,
the position of the hub-fixed observer at reception time ¢ is given by

En=X+Vt (14)
By referring to figure 8 and using equations (5) and (14), the vector 7 defining the source-to-
observer position relative to the medium-fixed reference frame is given at a given instant in
time for the wind tunnel condition by

F=@m—Fm)=X+Vt-Y -Vr (15)

With equation (15) used in equation (1), the retarded time equation becomes

t-r:M,,IX'-?+V(t—T)] (16)

Squaring equation (16) and rearranging yield a quadratic equation of the form

Citt—71)2+Ct—7)+C3=0 (17)
where the coefficients are
_ 21y712
Cy = (1 - Mh]V] ) (18)
Cy=2MV (¥ - X) (19)
Cy = —M,%]? - )”(12 (20)

Applying the quadratic formula yields the final form of the retarded time equation applicable
to the wind tunnel condition as follows:

—Cy +4/C% — 4C1C:
2 2 1 3=0 21)

2C,

t—7—

where the positive sign in front of the radical is selected to ensure that only the physically
realistic case of 7 < t is selected. As is true with equation (13), equation (21), cannot be
explicitly solved for 7 but will converge to a solution quite rapidly by using Muller’s method
given in reference 8.
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Blade Motion Description and Undeflected-to-Deflected Blade Surface Coordinate
Transformation

To complete the transformation found in equation (2), the position 7j(€,7) of the blade
section trailing edge (i.e., acoustic source) on the deflected blade must now be obtained with
respect to the blade-fixed rotating reference frame. A transformation for this deflected position
is obtained from the input undeflected blade position by applying blade dynamics.

First consider the undeflected blade. Relative to the blade-fixed rotating coordinate system,
the geometry of each undeflected blade section is defined as shown in figure 3(b) by specification
of the blade section leading-edge abscissa 7, ;, leading-edge ordinate 73, chord length c*, and
rigid twist angle 07, each of which is obtained from an input table. The blade section trailing-
edge position is of interest because, by assumption, the acoustic point source is situated there.
In figure 3(b), the trailing-edge coordinates at a section on the undeflected blade are the
abscissa, defined from input quantities as

m,(€) = m(§) + c*(§) cos 7(€) (22)

and the ordinate, given by

m3,4(8) = m3,4(§) — c*(§) sinOr(§) - (23)

Consider next the blade dynamics. As it rotates, the blade undergoes pitching motion
(positive for leading edge tilted up from the hub plane) about the blade pitch change axis. The
blade pitch angle is given by

0r(r) = Ay — Ajcos T — Bysin T (24)

where Ap is the collective pitch at the blade root, A is the lateral cyclic pitch, and B is the
longitudinal cyclic pitch, all three of which are known inputs to the analysis. Additionally, the
rotor blade is free to flap about a flapping hinge located a distance e from the rotor hub as
shown in figure 9. Flapping angle 3 (positive for flapping up from the hub plane) is defined by
the finite Fourier series having either sine/cosine form or complex exponential form, depending
on the choice of module inputs, as follows:

4
B(T) = Bo — Y [Ban—1cos (nT) + B2q sin (n7)] (25a)
n=1
or
(Nm/z)_l
B(r) = Z a(m) exp(imr) (25b)
m={—Npn/2)+1

where equation (25a) applies if standard module input is used, in which the real-valued Fourier
coefficients are inputs to the analysis by user parameters; alternatively, equation (25b) applies
if optional input from the Higher Harmonic Loads Analysis of ROTONET is used, in which the
complex Fourier coefficients are obtained from the optional input flapping table and the value
of Ny, is given implicitly by the size of the input table. The summation limits in equation (25b)
are set to exclude the a(Ny,/2) and @(—Np/2) coefficient terms. These terms are excluded,
because the individual values of the complex Fourier coefficients @(Ny,/2) and @(— Ny /2) are
not provided in the input flapping angle table. Instead as indicated in the right column of
table I, only the real-valued arithmetic average of the complex Fourier coefficients a(Nm/2)
and @(— Ny, /2) is available in the input flapping angle table, and this average value is not valid
for use in equation (25b). Regardless of whether equation (25a) or (25b) is applicable, £ is &
known quantity for the analysis.
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Relative to the blade-fixed rotating coordinate system, a transformation from undeflected
source (i.e., trailing edge) position to deflected position is done in two steps. In the first step,
undeflected position coordinates (1 +(€), &, m3,.(£)) are displaced by application of flapping.
For blade sections outboard of the flapping hinge (i.e., £ > e), this transformation step is

m(,7) 1 0 0 m t(§) 0 0
m(&,7)| =|0 cos 3 -—sing £ —lell+]e (26)
m(€,r)lf L0 sing cosf n3,.¢(£) 0 0

where the matrix subscript f denotes flap-rotated position. Otherwise, if the blade section is
inboard of the flapping hinge (i.e., £ < ) or for any spanwise station where no flapping occurs,
then the first transformation step is simply

m(§, 7) m ¢(§)
mEn)| =1 ¢ (27)
m(&m)f Lnge(€)

In the second step, the flapped blade position is rotated by the root blade pitch angle. In

making this rotation, the blade pitch change axis is assumed coincident with the axis 7 of the
blade-fixed rotating coordinate system, as indicated in figure 3(b). This gives

m(&, ) cos @ 0 sin@-17rm(7)
n2(€,7) = 0 1 0 n2(é,7) (28)
n3(&,7)ifp L-sin6, 0 cos b Jlng(§,7)]s

Equation (28) provides the source position (i.e., blade section trailing-edge position) coordinates
of the deflected blade relative to the blade-fixed rotating reference frame. The deflected blade
source position Y relative to the hub-fixed reference frame is then obtained from input blade
coordinates by substituting equation (28) into equation (2). The final necessary geometric
transformation to consider is one which converts the source-to-observer geometry from the
medium-fixed reference frame directly to the local trailing-edge fixed source coordinate system.

Transformation to Source Coordinate System

As in the preceding two subsections, the source-to-observer geometry has been obtained
relative to the medium-fixed reference frame. Specifically the source-to-observer position vector
7 is given by equation (7) for the flyover condition and equation (15) for the wind tunnel
condition. Vector 7 is given at source time 7, which is obtained by solution of the retarded
time equation (eq. (13) for the flyover condition or eq. (21) for the wind tunnel condition).

To establish this geometry in final format necessary for actually carrying out noise predic-
tions by the various prediction models, transforming vector 7 at time 7 to the local source
coordinate system (fig. 4) fixed to the trailing edge of the blade section under consideration
is necessary. This transformation is the same regardless of the choice of observer condition
(flyover or wind tunnel) and is carried out in four steps. Firstly, the components (ry, 72, 73)
of 7, which are in the medium-fixed reference frame, are converted to the blade-fixed rotating
reference frame. Secondly, a rotation is made to account for blade root pitch angle. Thirdly,
a rotation is made to account for blade flapping angle. Finally, a rotation by the rigid twist
angle at the blade section is made for alignment with the local blade section chord line. These
four steps are accomplished by inverting the transformations applied in equations (2), (28),
and either (26) or (27); carrying them out in the sequence of equations just stated; and then
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rotating by rigid twist angle. For a source situated on a blade scction inboard of the flapping
hinge (i.e., £ < e), the complete transformation is

Tr cosfp 0 —sinfpircosf 0 —sinb.J[sint —cos7 077
Ty | = 0 1 0 0 1 0 cost sint 0|7y (29)
T2 sinfr 0 cosfr sinf, 0 cos@ 0 0 11lLlrg

and for a source situated outboard of the flapping hinge (i.e., £ > €), the complete transforma-
tion is

T cosfr 0 —sinfr7(r0 1 0 0
Ty | = 0 1 0 el+|0 cosfB sing
T, sinffr 0 cosfr L0 0 —sinf8 cosf
cos@, 0 —siné.1rsinT —cost 07[7m 0
x 0 1 0 cost sint Of|r2fj—]e (30)
sin@ 0 cos@, | 0 0 1ilrs 0

Note that lengths are preserved in the transformation given by equation (29) or (30}, such that
the magnitude of ¥ is unchanged and is given by

r=|7"’[=\/r%+rg+r§ (31)

based on coordinates in the local source coordinate system. It is not valid for the observer
to be coincident with the local noise source (i.e., with the trailing edge of the blade section
under consideration); thus, r must be nonzero. The position of the observer relative to the
local source coordinate system is oriented (fig. 4) by the polar angle # and azimuthal angle ¢
which are calculated, respectively, by

cos 8 = Tz (32)

T

and r
tan ¢ = —= (33)

Ty

If the source-to-observer position is such that ry = r, = 0, then @ = 0 and ¢ is arbitrary.
The angle ¢ is assigned a value of zero in this case. Equations (31), (32), and (33) provide
the source-to-observer geometry in the form required for implementation of the various noise
models.

Finally, before actually applying the noise models, it is necessary to calculate the source
frequency (at which the actual noise calculation is made) corresponding to the specified observer
frequency for which the noise is desired. This calculation is done by applying Doppler shifting
to the observer frequency.

Doppler Frequency Shift and Source/Qbserver Kinematics

To predict the noise in terms of the standard one-third-octave band frequency values at
the observer is desired. The computed source frequency must include a Doppler frequency
correction to yield the proper noise result at the corresponding observer frequency. As presented
by Roy (ref. 9), the general expression relating the source frequency to the observer frequency
for a source in motion relative to the observer and the fluid medium is

Jo_ 4 M7 (34)
fs I-Msm'r
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where the right-hand side is the Doppler-shift correction. In equation (34), M. is the Mach

number vector of the source relative to the fluid medium and A_/'ISO is the Mach number vector
of the source relative to the observer, as shown in figures 7 and 8. The unit vector 7 points
in the wave normal direction. For the low subsonic forward speeds of helicopters, the wave
normal direction and the propagation direction are assumed the same; therefore, ¥ = 7/r.
Separate implementations of equation (34) are required for the flyover condition and wind
tunnel condition as detailed in the following two subsections.

Flyover condition: Doppler correction. For the flyover case, the observer is at rest with
respect to the fluid medium so that My, equals Mgy. Thus, equation (34) reduces to

A 1
%zl—ﬂ 7 (35)

The motion of the source relative to the observer is described by -
» ¥ -
Mg, = My, (E—T— +V (36)

where ¥ and V are defined by equations (2) and (4), respectively. Taking the time derivative
of Y requires successive application of the chain rule to equations (2), (28), and either (26)
or (27) to produce the derivative term in equation (36).

Wind tunnel condition: Doppler correction. For the wind tunnel condition, the Doppler
shift is calculated directly by using equation (34), which is repeated here:

&=1+»M

fs I_Msm‘?

and the Mach number vectors are given by

—

- dYy
Mg = My, —
{so h dr (37)
and . . .
Msn = My + MpV (38)

In equations (37) and (38), ¥ and V are defined by equations (2) and (4), respectively. Taking
the time derivative of ¥ requires successive applications of the chain rule to equations (2), (28),
and either (26) or (27) to provide the derivative term in equation (37).

The necessary source frequency is calculated. Division of the input-specified observer
frequency f, by equation (35) or (34) yields the necessary source frequency f, for noise
calculations for the flyover condition and wind tunnel condition, respectively.

To this point in the discussion of the RBN method source/observer kinematics, source
frequency, and source-to-observer geometry relative to the local source reference frame have
been established. Application of the various noise prediction models can now be performed.

Turbulent- Boundary-Layer-Trailing-Edge Noise—Separated-Flow Noise

There are two methods available in the RBN Module to predict turbulent-boundary-layer—
trailing-edge noise— separated-flow noise. The first is that of Schlinker and Amiet (ref. 1) and
is implemented as the TBLCAL model. The method underlying model TBLCAL is detailed
completely. The more recent method is that developed by Brooks, Pope, and Marcolini (ref. 2).
This method is based on the analysis of Ffowcs Williams and Hall (ref. 10) but includes recently
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developed spectral scaling for the dependence of airfoil size, airfoil angle of attack, and airfoil
local onset flow velocity, where the airfoil is taken to be the local blade section in the usage
of the RBN Module. Implemented as the TETCAL model in the RBN Module, only the final
governing noise equation associated with this second method is presented in this report because
the method is derived fully in reference 2.

TBLCAL model. The first model, TBLCAL by Schlinker and Amiet (ref. 1), employs a
scaling law developed from theoretical and empirical results for a two-dimensional airfoil. The
rotor blade is divided into a series of two-dimensional sections. The noise is predicted based
on the local angle of attack and Mach number for each section at the appropriate source time
using the scaling law. The noise produced by the entire rotor is then computed by integrating
along the blade, averaging over one revolution, and accounting for all blades.

The scaling law developed in reference 1 is written in the form of the mean-square pressure
per unit span expressed in terms of nondimensionalized quantities as

(%) (€,1,54,0,®) = (5.279 x 1077) 5, M5 D0, 6) F(SY) (39a)

if the spherical observer input format is used, or as
2 7 -7\ 6 A5
<p >(g, t,5t, X) = (5.279 x 10 )r—zM D(8, ¢) F(St) (39b)

if the Cartesian observer input format is used, where r is the source-to-observer distance, given
by the magnitude of either equation (7) or (15) (depending on the choice of observer condition)
and where 6 is the turbulent boundary-layer thickness at the blade section trailing edge. The
boundary-layer thickness § is given by

5= (6 + 60) (40)

where c* is used to convert the nondimensionalization from one based on c to one based on R.
The boundary-layer thicknesses &; and &, on the lower and upper surfaces at the trailing edge,
as shown in figure 10, are determined by interpolating the input table using the appropriate
values of ¢, a, and local flow Reynolds number for the blade section. The Reynolds number,
based on blade section chord length, is defined in terms of nondimensionalized quantities as

Re = c*MRex (41)

The correct values of @ and M are interpolated from the input performance table. The
directivity function D(#,¢) and the spectrum functions F(St) are defined by using the high-
frequency directivity function, found in reference 1, and the Fink spectrum function in
reference 11. The directivity function is expressed in the current notation as

_ sin? @ sin? ¢ (]'/MC)2
D®.9) = T M cos 08 {(1/32) + [1/(1 = MM = (pa/ )1}

(1/Me) + [1/(1 — MD){M + g2 + (1 - M?)p2|V/%/o}
8 (1/Mo) + [1/(1 - M)] ~

o(M+1)
><{px+[p%+(1 —M")pZ]l/z} #)

where 6 and ¢ are obtained by equations (32) and (33) and o is defined as
o=l 1 W )" @
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and pz, py, and p; are identified as the reception-time position coordinates of the blade section
trailing-edge source relative to the observer. The reception-time position accounts for the
motion of the source which occurs during the delay time between sound emission and sound
reception by the observer. Coordinates p;, py, and p; are relative to the local source coordinate
system (fig. 4) and are given by

pr = (M + cos 6) (44)
py = Tsin fcos @ (45)
p, = rsin &sin ¢ (46)

Using equations (44), (475), and (46) in equation (43), the quantity o simplifies to
o =r(1+ M cos 0) (4n

The directivity function given in equation (42) is singular for the case of p, =0and p; £ 0;
however, the equation reduces to a finite limiting form by applying I'Hopital’s rule. For p; <0
and Pz = 0, »

N am?
D(6,0) = r2(1 + M cos 0){(1/Mc) + [1/(1 — M?)|[M — (pz/0)}}?
y { (1/Mc) + [1/(1 = M?)[(M + Ips|/0) } 2lpslo (18)
(1/Mc) +[1/(1 — M) 1-M
and for p; > 0 and p, =0,
D(6,0)=0 (49)

The spectrum function F(St) is written in the current notation as
F(St) = 0.613(10St)*[(10St)%/2 + 0.5]* (50)

where the Strouhal number St is given by

o= J(R) -

The scaling law given in equations (39) is evaluated for each value of the blade spanwise
coordinate £ and azimuth angle ¢ = t. Integrating for all sources over the rotor disk, accounting
for all rotor blades, and employing the source frequency corresponding to the given observer
frequency, the rotor-integrated mean-square sound pressure at a given observer and for a given
observer frequency value is

() (0,0, 9) = T2 /_’; /O 1<p2'>(§,t,St,8,<I>) de dt (52a)

if the spherical observer input format is used, or

(Yo By =2 " [(7) e 150, %) et (520)

if the Cartesian observer input format is used, where St, being a direct function of &, t, and fs,
is also an implicit function of f,, via the applied Doppler-shift correction. Equations (52) are
the desired rotor broadband noise contribution from the turbulent-boundary-layer—trailing-edge
noise—separated-flow noise mechanism, as predicted by model TBLCAL.
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TETCAL model. The second and newer method for turbulent-boundary-layer trailing-edge
noise—separated-flow noise is by Brooks, Pope, and Marcolini (ref. 2). Development of this
method, implemented as the TETCAL model in the RBN Module, was motivated by rescarch
which showed that, contrary to what was assumed in the method of Schlinker and Amiet (ref. 1),
the normalized levels, spectral shape, and Strouhal number are dependent on airfoil size, airfoil
angle of attack, and airfoil local onset flow velocity, where the airfoil is taken as the local blade
section in the RBN Module usage.

In this newer model the desired noise spectrum in a one-third-octave presentation, for a
given observer and observer frequency, generated by the trailing-edge source at a given blade
section is predicted by

SPLTETCAL =10 10g(IOSPL"/10 + IOSPL“‘/IO + IOSPLP/H)) (53)

where the term containing SPL,, is the noise for nonzero angle of attack; the term containing
SPL; is for noise associated with the suction side of the blade section at an angle of attack of
0°, and the term containing SPL, is for noise associated with the pressure side of the blade
section at an angle of attack of 0°. The quantities SPL4, SPLg, and SPL,, are all functions of
blade section size, onset flow velocity at the blade section, boundary-layer thickness at the blade
section trailing edge, and the directivity function D(0, ¢). All three of the SPL quantities are
evaluated at the source frequency corresponding (by Doppler shifting) to the desired observer
frequency.

As implemented in reference 2, the directivity function implicitly contained in equation (53)
is given by a combination of a high-frequency approximation expression and a low-frequency
approximation expression. However, as implemented in the RBN Module, the directivity
function implicitly contained in equation (53) is given by the more general expression (eq. (42)),
where angles § and ¢ are given by equations (32} and (33).

In reference 2, the model for turbulent-boundary-layer-trailing-edge noise--separated-flow
noise is developed for airfoils at zero or positive angles of attack only. As implemented in the
RBN Module, however, the TETCAL model is extended to negative angles of attack. Therefore
to compute the TETCAL model noise caused by a blade section having a negative value of angle
of attack, the absolute value of blade section angle of attack is used and the directivity function
D(6, ¢) is computed as if the observer is moved from its input position relative to the blade
section to a position on the opposite side of the blade section chord line. To effect this special
D(8, ) computation for negative angle of attack situations, the quantity —r, is employed in
the calculation of ¢ (eq. (33)) for use in computing the directivity function (eq. (42)).

Because the derivation of equation (53) is presented in section 5.1 of reference 2, it is not
included here. With the exception of the aforementioned implementation of the directivity
function D(8,¢), the details of equation (53) are implemented as presented in section 5.1 of
reference 2; therefore, they are not included here.

Corresponding to the sound pressure level given by equation (53) is a value of mean-
square pressure generated by the local source. In a manner analogous to that given in
equation (52), the source-generated mean-square pressure is integrated over the rotor disk
to account for all sources on all blades at the source frequencies corresponding to the desired.
observer frequency. This integration yields the desired rotor-integrated mean-square pressure

<p2>( f0,0,®) or <p2>( fo, X), depending on the choice of observer input format, at a given

observer for the desired observer frequency, which is the desired rotor broadband noise
contribution from the mechanism for turbulent-boundary-layer—trailing-edge noise—separated-
flow noise, as predicted by model TETCAL. This model is an improved alternative to the
Schlinker and Amiet model (TBLCAL) discussed previously.
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Laminar-Boundary-Layer-Vortez-Shedding Noise (LBLCAL Model)

Vortex-shedding noise can occur when a laminar boundary layer exists over most of at
lcast one side of an airfoil (i.e., blade section). The vortex shedding may become part of an
acoustically excited aerodynamic feedback loop between the trailing edge and a source on the
blade surface where Tollmien-Schlichting instability waves originate in the laminar boundary
layer. The spectrum of the resulting noise is composed of quasi-tones which are related to the
vortex-shedding rate and to the laminar-boundary-layer thickness at the trailing edge of the
blade section.

A single method for predicting laminar-boundary-layer-vortex-shedding noise is imple-
mented in the RBN Module as the LBLCAL model and is summarized here. The scaling
approach used in this model is similar to that used for the turbulent-boundary-layer-trailing-
edge noise—separated-flow noise method in section 5.1 of reference 2. A universal spectral
shape and Strouhal number dependency are modeled in terms of boundary-layer parameters,
Mach number, angle of attack, and Reynolds number. .

In a one-third-octave band noise spectrum presentation, the laminar-boundary-layer—vortex-
shedding noise at a given observer generated by a source located at the blade section trailing
edge is predicted by

SPLypLcAL = 10 log( +G1+Ge+Gs - (54)

M5é8,¢* D(9, ¢))
r

where the equation is taken from reference 2, with the logarithm argument rewritten in terms of
nondimensionalized quantities. In equation (54), G is a function of Strouhal number, which is
a function of the source frequency corresponding (via Doppler shifting) to the desired observer
frequency of the final noise result, G is a function of blade section Reynolds number (eq. (41)),
and Gj is a function of blade section angle of attack. Also in equation (54), & is the boundary-
layer thickness existing on the pressure surface side of the blade section at the trailing edge.
The blade section angle of attack determines which side of the blade section is the pressure
side. Thus if & < 0,

8y =6y (55)

and if « > 0, .
bp =6y (56)

where &, and § are input values of upper and lower surface boundary-layer thickness at the
blade section trailing edge, and the input value c* is required for proper nondimensionalization.
As implemented in reference 2, the directivity function D(8, ¢) is given by a high-frequency ap-
proximation expression. However, as implemented in the RBN Module, D(6, ¢) in equation (54)
is given by the more general expression (eq. (42)), where 8 and ¢ are given by equations (32)
and (33). If a < 0, angle ¢ is computed by using a value of —r, in equation (33), and D(6, ¢)
(eq. (42)) is computed as if the observer is moved from the input position to a position on the
opposite side of the chord line of the blade section having the negative value of a. This special
accommodation for negative angles of attack is needed in the RBN Module because the model
as developed in reference 2 is formulated only for zero and positive angles of attack. With the
exceptions of the aforementioned implementations of 6, and D(6, ¢), the details of equation (54)
and the associated functions are implemented as shown in section 5.2 of reference 2.

Corresponding to the sound pressure level given by equation (54) is a value of mean-square
pressure generated by the local source. In a manner analogous to that given in equations (52),
the source-generated mean-square pressure is integrated over the rotor disk to account for all
sources on all blades at the source frequencies corresponding to the desired observer frequency.

This integration yields the desired rotor-integrated mean-square pressure <p2>( f0,6,®) or

p2>( fo, X), depending on the choice of observer input format, at a given observer for the

desired observer frequency, which is the desired rotor broadband noise contribution from the
mechanism for laminar-boundary-layer-vortex-shedding noise, as predicted by model LBLCAL.
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Trailing- Edge- Bluntness—Vortez-Shedding Noise

Trailing-edge-bluntness—vortex-shedding noise is a result of the fluctuating pressure differ-
ential at the blade section trailing edge. The fluctuating pressure differential is due to the
vortex shedding caused by a blunt trailing edge. Two prediction methods are provided for this
noise mechanism. The first method is that developed by Grosveld (ref. 3) and is implemented
as the TEBCAL model in the RBN Module. The second and more recent method is that of
Brooks, Pope, and Marcolini (ref. 2) and is implemented in the RBN Module as the TB2CAL
model. These two models are described individually in each of the following two subsections.

TEBCAL model. Grosveld (ref. 3) used the data of Brooks and Hodgson (ref. 12) to obtain
a scaling law for the trailing-edge-bluntness—vortex-shedding noise. For the vortex shedding
frequencies for flows behind thick struts, wings, and flat plates, the peak Strouhal number
is 0.25, based on the trailing-edge thickness h. For flows about these geometries, the turbulent-
boundary-layer-displacement thickness §* is much smaller than h, and the associated trailing-
edge bluntness noise follows a velocity dependence U 6. For flows where 6* is approximately
equal to or less than h, the peak Strouhal number was found to be approximately 0.1 (ref. 12).
In this case, the noise generated from the blunt trailing edge follows a U5-3 dependence.

For rotor blade noise, h is blade section trailing-edge thickness and is defined as follows:
h = h*c* (57)

where h* is the input value of trailing-edge thickness at a particular blade section, non-
dimensionalized with respect to blade section chord length, and input quantity c* is required
so that h is nondimensionalized with respect to rotor radius, as necessary for use in the RBN
analysis. At the trailing edge of the blade section, the turbulent boundary-layer-displacement
thickness 6* is given by
* *
g = Gut ) (58)
2

where 6}, and 6] are input values of blade section boundary-layer-displacement thickness at the
upper (i.e., suction surface) and lower (i.e., pressure surface) sides, respectively, at the trailing
edge. Input quantity c* is required to convert the nondimensionalization from one based on
blade section chord length to one based on rotor radius.

With the aforementioned velocity dependencies as well as directivity patterns presented by
Howe (ref. 13), model TEBCAL uses scaling laws derived for the mean-square pressure per
unit span generated at an observer in the acoustic far field due to a source at the blade section
trailing edge and given in the following relations:

For h/6* > 1.3,
(p¥ )6 t, f2,6, ) = 3.0867 x 1077 [M,Z—h D5(8, 6) Ks( f)] (59a)
if the spherical observer input format is used, or
(") (& t, for X) = 3.0867 x 107° ["—”;:—" Dy(8, ¢) K3( f)] (59b)

if the Cartesian observer input format is used, where

sin? @sin? ¢

(1 + M cos 9)® (60)

D2(0a ¢) =
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and for h/6* < 1.3,

M53p
(¥ )(,t, £2,0,8) = 26072 x 1077 [ —— D2(6,9) K4(f)} (612)
if the spherical observer input format is used, or
5 _7| M53h
(p?) (6., for X) = 2.6072 X 10 7[ - D2(6,9) K4(f)] (61b)

if the Cartesian observer input format is used, where

2 sin? (8/2) sin? ¢

D2(0,¢) = T3 Moo 0)3(1 + (M — M) cos 0)2 (62)

In equations (59) through (62), 8, and ¢ are given by equations (32) and (33). Note that r is
given by the magnitude of equation (7) or equation (15), depending on the choice of observer
condition in effect. Quantities M and M, are obtained from module inputs.

The frequency-dependent constants K3(f) and Ky(f) in equations (59) and (61) were
obtained from trailing-edge-bluntness noise measurements of Brooks and Hodgson (ref. 12).
The measurements show that the bluntness noise is significant for a limited range of frequencies;
thus, the constants K3(f) and K4(f) are given only over that range. The range of frequencies
is centered around the frequency at which the constant K3(f) or K4(f) is a maximum. For
K3(f), this frequency is

0.25M /cxo
fmax,3 = m(_ﬁ’) (63)
and for K4(f), M
Fruaea =017 (52 (64)

where the turbulent-boundary-layer thickness é is given by equation (40).

Values of K3(f) and K4(f) are given in table III for the seven one-third-octave band source
frequencies centered at frax3 OF fmax4. The mean-square pressure for the bluntness noise
given in equations (59) or (61) is computed at each of these frequencies for each blade spanwise
coordinate ¢ and azimuth angle ¥ = t. To obtain the mean-square pressure as a function of
the specified observer frequency, the value of the mean-square pressure actually computed at
each given source frequency is assigned to the observer frequency which is closest to the source
frequency. The Doppler-corrected source frequency used for actual noise calculation is obtained
by applying the Doppler frequency correction (eq. (35) for the flyover condition or eq. (34) for
the wind tunnel condition) to the specified observer frequency. When integrating for all sources
over the rotor disk and accounting for all rotor blades, the rotor-integrated mean-square sound
pressure for a given observer position at the desired observer frequency f, is

() (/0. 9) = 32 / /0 ()6t £0,0,9) et (652)

if the spherical observer input format is used, or

Pt =352 [ [ )6t fon R) dE (65b)

if the Cartesian observer input format is used. Equations (65) give the desired rotor broad-
band noise contribution from the trailing-edge-bluntness—vortex-shedding noise mechanism, as
predicted by the TEBCAL model.
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TB2CAL model. The second and more recent mecthod, by Brooks, Pope, and Marcolini
(ref. 2), for predicting trailing-edge-bluntness- vortex-shedding noise is similar to that of
Grosveld (ref. 3) in that both include a scaling on Mach number and Strouhal frequency.
However, the new method includes an additional scaling factor based on the trailing-edge angle
and includes empirical factors and functions based on a new set of data. The final scaling law
from this method, implemented as the TB2CAL model in the RBN Module, is presented here.

In a one-third-octave band noise spectrum presentation, the trailing-edge-bluntness-vortex-
shedding noise at a given observer due to a source at the blade section trailing edge is predicted
by

M>35h D(6, h h St

SPLtgacaL = 10log ——g(—i) + Gyl 6t |+ Gs *—»Et,T‘) (M <0.45)
T 6&Vg 6an S peak

(66a)

and
SPLTRoCAL = —00 (M > 0.45) (66b)

where equation (66a) is taken from reference 2, with the logarithm argument rewritten in terms
of nondimensionalized quantities, and M is the local blade section Mach number, a direct input
quantity. As implemented by equation (66b), the bluntness noise contribution by a given blade
section is ignored if the Mach number of that blade section exceeds a cutoff value of 0.45.
The noise cutoff given by equation (66b) is a refinement of the TB2CAL prediction model as
recommended in appendix C of reference 2. In equation (66a), r is given by the magnitude of
equation (7) or (15), depending on the choice of observer condition. Also in equation (66a), St”
is the Strouhal number computed as a function of three quantities: (1) the source frequency fs
corresponding (via the appropriate Doppler-shift correction) to the desired observer frequency
fo, (2) the blade section trailing-edge angle ¢, and (3) the ratio h/83,,. Trailing-edge angle ¢; is
an input quantity converted to radians and is illustrated in figure 10. Trailing-edge thickness h
(fig. 10) is given by equation (57). The average value of boundary-layer-displacement thickness
at the blade section trailing edge 83, is given by

8+ 6
Bavg = — ; Le* (67)

where 6;, and 6] are input values of upper and lower surface boundary-layer-displacement
thickness at the blade section trailing edge, and the input value of c¢* is required for proper
nondimensionalization. The functions G4 and G5 in equation (66a) define the spectral shape
for a wide range of h/6},, as functions of the trailing-edge geometry and as functions of other
empirical functions basecf on Strouhal number. As implemented in reference 2, the directivity
function D(#, ¢) is given by an expression based on a high-frequency approximation. However,
as implemented in the RBN Module, D(4, ¢) in equation (66a) is given by the more general
expression (eq. (42)); and angles # and ¢ are obtained by equations (32) and (33). If a <0,
angle ¢ is computed by using a value of --r, in equation (33), and D(8, ¢) (eq. (42)) is computed
as if the observer is moved from the input position to a position on the opposite side of the
chord line of the blade section having the negative value of a. This special accommodation
for negative angles of attack is needed in the RBN Module because the model as developed
in reference 2 is formulated only for zero and positive angles of attack. With the exception of
D(6, ¢), the implementation of the functions contained in equation (66a), is exactly as detailed
in section 5.4 of reference 2.

Corresponding to the sound pressure level given by equations (66) is a value of mean-square
pressure generated by the local source. In a manner analogous to that given in equations (65),
the source-generated mean-square pressure is integrated over the rotor disk to account for all
sources on all blades at the source frequencies corresponding to the desired observer frequency.

This integration yields the desired rotor-integrated mean-square pressure <p2>( f0,©,®) or
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<p2>( fo X ), depending on the choice of observer input format, at a given observer for the
desired observer frequency, which is the desired rotor broadband noise contribution from the
trailing-cdge-bluntness—vortex-shedding noise mechanism, as predicted by model TB2CAL.
This model is an improved alternative to the TEBCAL model described previously.

Tip Vortex Formation Noise (TVFCAL Model)

Tip vortex formation noise has been identified with the turbulence in the separated flow
induced by the formation of the blade tip vortex (ref. 14). The flow over the blade tip consists
of a vortex with a thick, viscous, highly turbulent core. The passage of the turbulent core over
the trailing edge at the blade tip region and into the wake is regarded as the mechanism of
noise production. ' ’

The prediction model TVFCAL incorporates the method developed by Brooks and Marcolini
(ref. 4) and is also found in reference 2.

The study of Brooks and Marcolini isolated the tip vortex formation noise by comparing
the aerodynamic and acoustic test results of two-dimensional (2D) and three-dimensional (3D)

airfoil models. The premise is that the 3D models produce both tip noise and turbulent-
boundary-layer—trailing-edge noise (TBL-TE), whereas the 2D models produce only TBL-TE
noise. The TVFCAL prediction model resulting from the study is in general agreement with
the model of George, Najjar, and Kim (ref. 14).

The exbréésion for the one-third-octave band sound pressure level predicted at an observér
due to tip vortex formation noise radiated from a point source positioned at the blade tip
trailing edge is

M2M3 12 D(8, ¢) 0.2308¢% p2, \ [ M \?
SPL1/3 - IOIOg[ m7‘2 ( = 1010g 6471’3—5)02:0 (—ATC) +10 log[A(St”)] (68)
re;

where [ is the spanwise extent (inboard from the blade tip trailing edge) of the region of
separation due to the tip vortex, M is the input blade section Mach number at the tip, M,
is the input turbulence convection Mach number, M, is the Mach number corresponding to
the maximum velocity Uy, along a separation streamline, r is the source-to-observer distance,
A(St”) is the power spectral density function of the surface pressure, ¢ is an empirical constant,
and D(6, ¢) is the directivity function. The directivity function D(6,$) used for tip vortex
formation noise is assumed to be the same as that for turbulent-boundary-layer-trailing-edge
noisc- -separated-flow noise (per model TBLCAL). Equation (68) is written such that the left-
hand side represents a scaled one-third-octave band sound pressure level and the right-hand
side contains the undetermined parameters A(St”) and ¢. Instead of trying to define these
parameters directly, Brooks and Marcolini obtained tip vortex noise spectra for a range of flow
velocities, aspect ratios, and angles of attack. From these spectra, a representative spectrum
was chosen and scaled by the second term on the left-hand side of equation (68). The spectrum
was then curve fit with a parabola centered about a peak Strouhal number of 0.5. The curve
is given as

Scaled SPL; /3 = 126.0 — 30.5[log(St") + 0.3]? (69)
The Strouhal number St” is defined as
l
t” — f3
8t = 7+ (70)

where fs; is a one-third-octave band source frequency corresponding (via the appropriate
Doppler-shift calculation per equation (34) or (35)) to the desired observer frequency, and

{ and Uy, are obtained from :
tip
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Mp =~ (1 +0.036|a:|) M (72)

where c;‘ip is the chord length of the blade tip section and M is the Mach number at the tip.
Both equations (70) and (71) were suggested by George and Chou (ref. 15). Equations (70)
and (71) have been modified by Brooks and Marcolini to be proportional to the “effective”
angle of attack at the tip, which is defined as

ar = ac(¥) atip(¥) (73)

where, as the theory of reference 2 is implemented in the RBN Module, aip(%) is the geometric
angle of attack of the blade tip measured with respect to the zero-lift line of the blade tip airfoil
section and «.(v) is a correction factor which accounts for the lift distribution over the blade tip
region. Tip angle correction factor o (v) is the ratio of the spanwise lift distribution slope for
the actual rotor blade tip region to the spanwise lift distribution slope for the reference blade,
employed by Brooks, Pope, and Marcolini in reference 2 for the original theory development.
This tip angle correction factor is determined from analysis as outlined in reference 4 and is
input to the RBN Module as a function of azimuth position. When the spanwise lift distribution
approximates that of large-aspect-ratio blades of rectangular planform at spanwise uniform
inflow velocity (i.e., blades like the reference blade used in ref. 2), a.(¥) = 1.0. Depending on
the choice of module inputs, the geometric angle of attack oy;p(1) at the blade tip is given by

ip(®) = (6 = 1, ) — a5 a0l = 1) (742)
or
(Nm/2)-1 -
ap@)=| Y alE=1,m) explimy) | - 155 a0l =1) (74b)
m=(=Nm/2)+1

where o(€ = 1) in both equations (74a) and (74b) is the zero-lift angle of attack of the blade
tip airfoil and is provided by an input table; a(£ = 1,%) is the blade tip section angle of attack
(measured with respect to the chord line of the tip airfoil section), which is provided by the
Rotor Performance Table if standard module input is employed; @({ = 1,m) is the complex
Fourier coefficient of blade tip section angle of attack (measured with respect to the chord
line of the tip airfoil section), which is provided by the optional input Blade Motion Table if
the input from the Higher Harmonic Loads Analysis of ROTONET is employed; Ny, is given
implicitly by the size of the Blade Motion Table; and the factor /180 converts the input value
of g to radians.

Equation (74a) or (74b) is used in equation (73) to obtain a;, needed to compute the various
terms in the sound pressure level equation (eq. (68)). By substituting the right-hand side of
equation (69) into the right-hand side of equation (68), using the logarithm, the relating source
time T to observer time t via the retarded time equation (eq. (13) or (21)), the tip vortex
formation noise generated by the blade tip at a given instant in time is expressed in terms of
mean-square pressure as

22432 ]
<p2n>(t’5tn,e’¢)= M Mmi2D(9, ®) 10{~2108(Pooc /Pref)+12.6-3.05(log(St")+0.3?} (758)

if the spherical observer input format is used, or

< p2//>(t’ st X’) _M ZM%iZD(G, ) 10{~2108(Poock /Prer) +12.6-3.05[log(St")+0.3]%} (75b)

if the Cartesian observer input format is used, where the exponent containing pies is required
for the proper nondimensionalization of <p2” >, Pref is reference acoustic pressure, which has a
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value of 0.00002 N/m? (4.1773 x 1077 Ib/ft?) for air, and r is the source-to-observer distance
given by the magnitude of either equation (7) or (15), depending on the choice of observer
condition. If ¢ is zero or positive, the function D(, ¢) is given by equation (42), (48), or (49),
with @ and ¢ obtained from equations (32) and (33). If a; is negative, the quantity —r; is
employed in equation (33) to compute directivity angle ¢ such that D(8, ¢) is computed as if
the observer is moved from the input position to a position on the opposite side of the chord line
of the blade section having the negative value of ;. This special accommodation for negative
values of a; is needed in the RBN Module, because the tip vortex formation noise model as
developed in reference 2 is formulated only for zero and positive airfoil angles of attack.

By integrating over the rotor azimuth angle (i.e., over time) and accounting for all blades,
the rotor-integrated mean-square pressure for a given observer position and desired observer
frequency f, is o '

T
<p2">(t, St”,©, d) dt (76a)

-

(#)(fo,0,2) = 2

if the spherical observer input format is used, or

™

<p2>(fo,)?) = gf/_ﬂ(;;”’ﬂt, St”, %) dt (76b)

if the Cartesian observer input format is used, where St”, being a direct function of I, Up,, and
fs, is an implicit function of f,, by the applied Doppler-shift correction. Equations (76) give
the desired rotor broadband noise contribution from the tip vortex formation noise mechanism,
as predicted by the TVFCAL model.

At this point in the RBN methodology description, each of the individual contributions
to broadband noise due to the four noise mechanisms modeled in the RBN Module have
been presented. Having computed the individual noise contributions due to each mechanism,
combining the contributions to obtain the final total rotor broadband noise result is now done.

Findl Rotor Broadband Noise

The foregoing subsections have described the methods for obtaining broadband noise
contributions of each of the four broadband noise mechanisms. For any given single noise
prediction by the RBN Module, contributions from all four noise mechanisms are not necessarily
included simultaneously. Any combination of mechanisms can be selected for a given prediction.

For a given analysis, the resulting total mean-square acoustic pressure at a given observer
position and observer frequency is obtained by summing the rotor average mean-square acoustic

pressures calculated by each of the selected noise mechanism models: TETCAL (<p2> that
comes from integration of the individual acoustic pressures that correspond to eq. (53)) or
TBLCAL (eqgs. (52)); LBLCAL (<p2> that comes from integration of the individual acoustic

pressures that correspond to eq. (54)); TB2CAL (<p2> that comes from integration of the

individual acoustic pressures that correspond to egs. (66)) or TEBCAL (egs. (65)); and/or
TVFCAL (egs. (76)). This summed mean-square pressure containing all selected mechanism

contributions is <p2 (f0,©, ®)tor oOF <p2>( fo, X Jtot, depending on the choice of observer input
format. Finally, the total rotor broadband noise is expressed as a one-third-octave band sound
pressure level as

2
SPLiot (for ©, @) = 1010g(p? ) (fo, ©, B)rot + 20l0g (’L:—Oﬁ) (772)

ref
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A

if the spherical observer input format is used, or

ref

2
- = C
SPLuot(fo, X) = 1010g(p? ) (for X)tor + 20 1og(f’ﬁ£9) (77b)

if the Cartesian observer ingut format is used, where p,f is reference acoustic pressure, which

has a value of 0.00002 N/m

10.

11.
12.

13.

14.

15.

(4.1773 x 1077 1b/ft?) for air.

Computational Procedure

. For given observer polar directivity angle, polar azimuthal angle, and radius of observer

sphere, compute observer position X by equation (3), if spherical input option used,;
alternatively, obtain observer position X directly from input array, if Cartesian observer
option used

Obtain first blade spanwise location and initial observer time value from input spanwise
position £ and azimuth angle ¢ arrays; compute initial estimate for retarded time 7 by
using equation (13) or (21) with Y =0

Iteratively solve equation (13) or (21) in conjunction with equation (2) by using Muller’s
method to obtain converged retarded time solution 7 and source position Y

. Compute 7 with equation (7) or (15) and transform the coordinates to local trailing-edge-

fixed source coordinate system by equation (29) or (30)
Compute angles § and ¢ by equations (32) and (33)

Compute frequency correction by equation (34) or (35) and obtain source frequency f,
(needed in noise models) corresponding to desired observer frequency f, under consideration

Compute turbulent-boundary-layer—trailing-edge noise due to the source situated at the
current spanwise position by equation (53) and expressions derived in section 5.1 of
reference 2 if TETCAL model selected; alternatively, use equations (39) if TBLCAL selected

If TVFCAL is selected, compute tip vortex formation noise by using equations (75) if last
spanwise position (i.e., blade tip section) under consideration

If LBLCAL is selected, compute laminar-boundary-layer—vortex-shedding noise due to
source at current spanwise position by using equation (54) and equations developed in
section 5.2 of reference 2

If TB2CAL is selected, compute trailing-edge-bluntness—vortex-shedding noise due to source
at current spanwise position by using equations (66) and other related equations developed
in section 5.4 of reference 2 '

Repeat steps 6 to 10 for each source frequency

If TEBCAL (instead of TB2CAL) is selected, compute bluntness noise due to source at
current spanwise position by using equations (59) or (61) for one-third-octave band source
frequencies given in table III

Repeat steps 3 to 12 for each blade spanwise position (for initial estimates in step 3, use
results of previous step 3 calculation from previous spanwise position)

Repeat steps 3 to 13 for each observer time value, equal to values in input azimuth angle ';b
array (for initial estimates in step 3, use results of previous step calculation from previous
observer time)

If TETCAL is selected, integrate over rotor disk for rotor-integrated turbulent-boundary-
layer—trailing-edge noise—separated-flow noise contribution for each observer frequency for
observer position under consideration (specifically, integrate mean-square pressures due to
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16.

17.

18.

19.

20.

21.

22.

23.

10.

cach blade source obtained from all repetitions of step 7); alternatively, if TBLCAL is
selected, integrate equations (52) for rotor-integrated noise contribution for each frequency
for observer position under consideration

If TVFCAL is sclected, integrate for rotor average tip vortex formation noise contribution
for cach observer frequency for observer position under consideration by using equations (76)

If LBLCAL is selected, integrate over rotor disk for rotor-integrated laminar-boundary-
layer vortex-shedding noise contribution for each observer frequency for observer position
under consideration (specifically, integrate mean-square pressures due to each blade source
obtained from all repetitions of step 9)

If TB2CAL is sclected, integrate over rotor disk for rotor-integrated trailing-edge-bluntness—
vortex-shedding noise contribution for each observer frequency for observer position under
consideration (specifically, integrate the mean-square pressures due to each blade source
obtained from all repetitions of step 10); alternatively if TEBCAL is selected, integrate
equations (65) for rotor-integrated noise contribution for each observer frequency for
observer position under consideration

Sum rotor-integrated mean-square acoustic pressures from each selected noise source
model for each observer frequency for observer position under consideration to obtain
<P2>(f 0, 8, ®)tor OF <p2>(f 2, X )tot, depending on choice of observer input format, and insert
result in output table ' '

Calculate final one-third-octave band spectrum of total rotor broadband noise in form of
sound pressure level by equations (77) by using results of step 19

If spherical observer input format used, repeat steps 1 to 20 for each input observer polar
directivity angle

If spherical observer input format used, repeat steps 1 to 21 for each input observer azimuthal
directivity angle

If Cartesian observer input format used, repeat steps 1 to 20 for each input observer
position X
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Table I. Relationship Between Array Storage Sequence and Fourier
Series Sequence for Complex Fourier Coefficients of Local Mach
Number M (¢, m)*

For complex Fourier coefficients of blade section angle of attack
@&(&,m), tabulation and Fourier series apply analogously

Array sequence in input
Blade Motion Table Fourier series sequence
M(g,1) M(¢,0)
M(¢,2) M(¢,1)
M(¢,3) M(¢,2)
M(e % +1) [ (e %)+ 776 =5 )} 2
H({, Na 4 2) H({, —m 4 1)
M (¢, X +3) M (¢, =5m +2)
M(& N —2) M(¢,-3)
M€, Ny — 1) M(¢,-2)
M(¢, Nm) M, 1)
Nen /2
*Fourier series is as follows: M(¢,9) = Y.  M(£,m) exp(imy), where

m=—Np/2
N, number of azimuthal harmonics, is defined implicitly by size of input Blade
Motion Table.
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Table II. Relationship Between Array Storage Sequence and Fourier
Series Sequence for Complex Fourier Flapping Cocfficients a{m)

Array sequence in input

Fourier scries sequence

&(Nm — 2)

&(Nm — 1)
a(Nm)

Flapping Angle Table (cq. (25b))*
a(1) a(0)
a(2) a(1)
a(3) a(2)

(%) a(” 1)

a(~3)
a(-2)
a(-1)

*The value of Ny,, number of azimuthal harmonics, is defined implicitly
by size of input Flapping Angle Table.

Table ITI. Frequency-Dependent Scaling Factors Used in Bluntness
Noise Computation

Relative one-third-octave
band source frequencies Ks(f) Ky(f)
10793 firax 1.38 x 1073 2.63 x 102
10792 £ ax 2.88 x 1072 5.75 x 101
10701 f oy 2.24 x 107! 4.27
: frnax 4.79 x 1071 9.33
1091 fiax 8.91 x 1072 1.78
1092 firax 4.27 x 1073 8.32 x 1072
1003 froax 5.25 x 107° 1.00 x 1073
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16.3 Multirotor Source Noise (MSN) Module

Donald S. Weir and Stephen J. Jumper

Lockheed Engineering & Sciences Company
Introduction

A variety of propeller and rotorcraft configurations have similar or identical tone noise
sources. The far-field noise due to the sum of these sources has interference patterns with
constructive and destructive interference, governed by the relative geometry between the
observer and the various noise sources and their relative phases. Because propeller and rotor
tone noise is a predominantly linear phenomenon, noise predictions for each isolated source
can be superimposed. The Multirotor Source Noise (MSN) Module performs this superposition
for identical tone noise sources (i.e., rotors or propellers) and facilities translation of observer
coordinates between the individual rotor/propeller coordinate systems and the aircraft system.

To have identical sources, as assumed by the MSN Module, requires that (1) the sources
operate at the same rotational speed and (2) the sources have the same number of blades.
Meeting these two requirements ensures that the acoustic time histories of the two sources, as
generated by source noise modules, are of equal length and that the two signals contain the
same fundamental frequency and multiples thereof; thus, the signals are correlated and can be
summed directly.

Propeller configurations in which the superposition principle is valid and to which the
MSN Module is applicable include traditional two and four wing-mounted propellers, pusher-
puller configurations, and counterrotating propellers. Rotor configurations to which the MSN
Module is applicable include coaxial rotors, scissors-type rotors (treated as multiple rotors
having a common hub location but different phases), synchromeshed rotors, tandem rotors,
and side-by-side rotors such as those used on tilt-rotor aircraft.

Although the MSN Module code will perform calculations based on the tone noise acoustic
pressure input from any two sources, the results are valid only if the sources are similar, as
defined above. Therefore before attempting to use the MSN Module, it is incumbent upon the
user to ensure a priori that the two signals to be combined are from similar sources. Note, for
example, that the MSN Module is not applicable for combining the tone noise from the main
rotor and the tail rotor of a conventional helicopter, because of dissimilar rotational speeds of
main and tail rotors; the MSN results obtained from such an application would not be valid.

The MSN Module can be used with predictions from the Lifting Rotor Noise (LRN) and
Rotor Tone Noise (RTN) Modules for helicopter rotors, and the Subsonic Propeller Noise
(SPN) and Transonic Propeller Noise (TPN) Modules for propellers; these two propeller-related
modules are documented in sections 11.1 and 11.2 of reference 1. The MSN Module is designed
to combine the tone noise from two sources (i.e., rotors or propellers); by recursive use of MSN,
additional sources can be combined as required. Broadband noise sources are considered to
have random phase, and thus will not have interference effects. Thus, combining broadband
noise sources is performed subsequent to noise propagation, by using the Noise Level (LEV)
Module, presented in section 6.1 of reference 2. Likewise, the combining of tone noise signals
from two or more dissimilar sources, which is not a valid application of MSN, is performed
subsequent to noise propagation, by using the LEV Module.

In the remaining sections the word “rotor” (except when used to identify a specific coordinate
system type) can be interpreted to mean either a rotor, propeller, or any other rotating source
of discrete tone noise.
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Symbols |

Coo

f
fo

r1,¥1,%1
I2,Y2,22

aq

az

speed of sound in air at flight ambient altitude, m/s (ft/s) e
frequency, Hz

blade passage frequency (i.e., fundamental frequency), Hz

observer index

total number of acoustic pressure harmonics (must have value equal to 2

raised to nonzero integer power)

harmonic number

total acoustic pressure, re PCoo

acoustic pressure of rotor 1, re PCoo®

acoustic pressure of rotor 2, re PCoo?

mean square acoustic pressure, re pPeso?

radius of first rotor, m (ft)

radius of second rotor, m (ft)

vehicle origin-to-observer distance (i.e., spherical observer radius), m (ft)

fraction of blade passing period

rotorcraft translational velocity (i.e., free-stream velocity, figs. 1

and 2), m/s (ft/s) 7
desired observer position in vehicle coordinate system, m (ft) ~
first rotor hub position relative to vehicle coordinate system, m (ft)

second rotor hub position relative to vehicle coordinate system, m (ft)

axes of vehicle coordinate system (fig. 1); also coordinates of desired observer

position X, m (ft)

coordinates of first rotor hub poéition X1, m (ft)

coordinates of second rotor hub position X,, m (ft)

observer position relative to first rotor coordinate system, m (ft)

observer position relative to second rotor coordinate system, m (ft)

coordinates of observer position Z1, m (ft)

coordinates of observer position Zg, m (ft)

angle of attack of first rotor hub plane (i.e., first rotor hub plane incidence

angle with respect to second rotor hub plane and/or with respect to vehicle Ny
X-Y plane), rad

angle of attack of second rotor hub plane (i.e., second rotor hub plane

incidence angle with respect to first rotor hub plane and/or with respect to

vehicle X-Y plane), rad

observer polar directivity angle, deg

air density at flight altitude ambient conditions, kg/m? (slugs/ft3) ﬁ\

observer azimuthal directivity angle, deg
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Superscripts:

Fourier transformed

complex conjugate
Input

The MSN Module has two different sets of input data requirements depending on whether
the first or second execution, referred to as mode 1 or mode 2, respectively, is being performed.
Figures 1 and 2 indicate the sign convention of the various input quantities. The first execution
sets up observer arrays, and the second sums the tone noise. Furthermore, each mode has two
different sets of input data requirements depending on whether spherical or Cartesian overall
observer input format is used. Note that the observer input format used for mode 1 must then
also be used for mode 2.

The mode 1 inputs define the position of the two rotor systems and the desired overall
observer positions relative to a reference vehicle coordinate system. The vehicle coordinate
origin may be placed at any convenient location relative to the vehicle but is typically placed
between the two rotor hubs. Rotor system position and the angular orientation of the rotor
hub plane with respect to the vehicle are input via user parameters. As shown in figure 1, the
hub-fixed rotor system axes and the vehicle coordinate system axes may be in either the rotor
standard Cartesian convention or the propeller Cartesian convention. Rotor standard Cartesian
convention applies to helicopters or tilt rotors operating in helicopter mode. Propeller Cartesian
convention applies to vehicle configurations such as twin-engine airplanes or tilt-rotors operating
in airplane mode. Propeller Cartesian convention is used for analyses employing the SPN or
TPN Module (ref. 1).

Regardless of the Cartesian axes convention selected, the desired overall observer positions
relative to the vehicle coordinate system are provided to the MSN Module by using one of two
input options. First is the spherical input option, where one or more observers are positioned
on a sphere, centered at the vehicle coordinate origin and having a radius given by a user
parameter. As shown in figure 1, the location of each observer on the sphere is defined by polar
and azimuthal directivity angles, which are provided as input via the Observer Directivity Angle
Arrays. Use of the spherical input option is necessary if the summed tone noise calculated by the
MSN Module is to be subsequently submitted to the PRT Module (ref. 2) for propagation to the
ground. Second is the Cartesian input option, where all overall observer positions are directly
specified in Cartesian coordinates relative to the vehicle coordinate origin. With the use of the
Cartesian input option, the Cartesian position vector relative to the vehicle coordinate origin,
as shown in figures 1 and 2, for each observer is input to the MSN Module via the Cartesian
Observer Positions Table, built by the user. If the Cartesian input option is employed, then the
summed tone noise calculated by the MSN Module cannot be submitted to the PRT Module for
propagation. The Cartesian input option is intended for situations in which the summed noise
is to be mapped at a specific locus of observers in space, such as the location of the fuselage,
for example, and subsequent propagation to the ground is not of interest. The spherical input
option is the default. The Cartesian input option is activated by the presence of the Cartesian
Observer Positions Table in the MSN input stream. Note that if both the Spherical Observer
Angle Arrays and the Cartesian Observer Positions Table are present in the input stream, then
the spherical input option is ignored and the Cartesian input option takes effect.

The mode 2 inputs provide information required for summing the pair of individual rotor
acoustic time histories. The desired number of harmonics of summed tone noise is input via a
user parameter. The overall observer locations relative to the vehicle coordinate system must be
re-input with the same option (spherical or Cartesian) that was employed previously in mode 1.
Thus for the spherical input option, the same observer radius user parameter and Spherical
Observer Angle Array values are input for mode 2 as were previously input for mode 1. For
the Cartesian input option, the same Cartesian Observer Positions Table is input for mode 2
as was previously input for mode 1.
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Lastly, the acoustic time historics for cach rotor are input for mode 2 via the Rotor 1 Acoustic
Pressure Time History and Rotor 2 Acoustic Pressure Time History input data members.
Usually these input acoustic pressure time history data members arc provided by one of the
source tone noise modules LRN, RTN, SPN, or TPN, which will have been executed (after
mode 1 execution of MSN) for cach individual rotor at cach of the transformed hub-fixed
observers produced by mode 1 MSN exccution. (See scction “Output.”) However, these input
acoustic pressure time history membecrs may be composed of measured data, provided that cach
input member contains rotor data at cach of the transformed hub-fixed observers produced by
mode 1 MSN execution. Note that all individual input time histories contained in the two
Acoustic Pressure Time History input data members must include the same number of time
points. The number of time points must be a nonzero integer powcer of 2 and be at lcast four
times as large as the desired number of noise harmonics.

The user parameters, data arrays, and data members input to the MSN Module for mode 1
and mode 2 calculations are as follows:

User Parameters for Mode 1 Input

r; vehicle origin-to-observer distance (i.e., spherical observer radius), m (ft)

Ry radius of first rotor (informational only), m (ft)

Ra radius of second rotor (informational only), m (ft)

X1 first rotor hub position relative to vehicle coordinate system, m (ft)

X, second rotor hub position relative to vehicle coordinate system, m (ft)

ay angle of attack of first rotor hub plane (i.e., first rotor hub plane incidence angle

with respect to second rotor hub plane and/or with respect to vehicle X -Y plane;
hub leading edge “up” is positive for rotors, and hub upper edge aft is positive
for propellers), rad

ag angle of attack of second rotor hub plane (i.e., second rotor hub plane incidence
angle with respect to first rotor hub plane and/or with respect to vehicle
X-Y plane; hub leading edge up is positive for rotors, and hub upper edge aft is
positive for propellers), rad

User Parameters for Mode 2 Input
Ts vehicle origin-to-observer distance (i.e., spherical observer radius), m (ft)

N total number of acoustic pressure harmonics to be generated in summed tone
noise results (must have value equal to 2 raised to nonzero integer power)

Spherical Observer Angle Arrays
[Mode 1 and mode 2 input; for spherical input option only]
observer polar di;qctivity angle, deg

¢ observer azimuthal directivity angle, deg

Cartesian Observer Positions Table

[Mode 1 and mode 2 input; for Cartesian input option only]

X (k) overall observer position relative to vehicle coordinate system (kth table record
contains observer corresponding implicitly to kth observer index; each record
actually contains components X, Y, and Z of observer position), m (ft)

16.3-4

Pl



Rotor 1 Acoustic Pressure Time History for Mode 2 Input
[From LRN, RTN, SPN, or TPN]
5 blade passage frequency (i.e., fundamental frequency), Hz

pi(t, 21(k)) time history of acoustic pressure for first rotor (each history record contains
series of acoustic pressure values, each value implicitly function of fraction ¢
of blade passage period, with history duration being 1 complete rotor revolu-
tion period; in kth history record there is 1 complete time history implicitly
function of kth transformed first rotor hub-fixed observer position Z;(k),

corresponding to kth input overall observer X (k)), re pcoo?

Rotor 2 Acoustic Pressure Time History for Mode 2 Input
[From LRN, RTN, SPN, or TPN]
b blade passage frequency (i.e., fundamental frequency), Hz

p2(t, Za(k)) time history of acoustic pressure for second rotor (each history record con-
tains series of acoustic pressure values, each value implicitly function of
fraction ¢ of blade passage period, with history duration being 1 complete
rotor revolution period; in kth history record there is 1 complete time history
implicitly function of kth transformed second rotor hub-fixed observer
position Z3(k), corresponding to kth input overall observer X (k)), re pcoo?

Output .
The output from the MSN Module consists of two sets: One from mode 1 execution and
the other from mode 2 execution. Output from the two modes is discussed separately.

Mode 1 Output

In mode 1 the MSN Module produces tables of transformed observer positions (always in
Cartesian coordinates) which have been transformed from the overall vehicle reference frame
to the rotor hub-fixed reference frame in either the standard rotor or the propeller coordinate
system convention. Two such tables are generated, one for the first rotor and one for the second
rotor, identified as the Rotor 1 Observer Positions Table and the Rotor 2 Observer Positions
Table. The sequence of observers in these output tables corresponds to the sequence of original
input overall observer positions for which the combined acoustic signature is to be obtained in
mode 2.

Mode 2 Output

In mode 2 the MSN Module produces a time history of multirotor (first rotor plus second
rotor) acoustic pressure. One such time history is generated for each input overall observer
position relative to the vehicle reference frame. Contained in the multirotor pressure time
history is the sum of the two individual rotor time histories, each of which was provided by a
tone noise module prediction for the same observer, the position of which had been transformed
(MSN mode 1 output) relative to the respective individual rotor hub-fixed reference frame for
the individual rotor prediction. The multirotor acoustic pressure time histories are output in a
data member, rather than a data table, identified as the multirotor time history member. This
output member is always generated during mode 2 MSN calculations, regardless of the type of
observer input option in effect.

If the spherical input option (see section “Input”) is in effect, then the MSN Module also
generates the Multirotor Source Noise Table during mode 2. This table contains the multirotor
acoustic signature, for each input overall observer, expressed as multirotor mean-square acoustic
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pressure as a function of frequency, observer polar directivity angle, and observer azimuthal
directivity angle. This output table is suitable for subsequent submission to the PRT Module
for sound propagation to the ground.

Additionally for Mode 2, the MSN Module provides spectra of sound pressure level (i.e.,
SPL in dB) to aid in results interpretation. However, these spectra are printed only and are
not provided as output user parameters, tables, or arrays. Spectral output is always generated,
regardless of the type of observer input option in effect.

Output tables and data members generated by the MSN Module for mode 1 and mode 2
are as follows:
Rotor 1 Observer Positions Table
[Mode 1 output]

Z1(k) observer position relative to hub-fixed coordinate system of first rotor (kth table
record contains observer corresponding implicitly to kth observer index of origi-
nal input overall observer; each record actually contains components 11, y1,
and z; of observer position), m (ft)

Rotor 2 Observer Coordinates Table
[Mode 1 output]
k observer index

ZFo(k) observer position relative to hub-fixed coordinate system of second rotor
(kth table record contains observer corresponding implicitly to kth observer
index of original input overall observer; each record actually contains
components T3, yo, and z2 of observer position), m (ft)

Multirotor Time History Member
[Mode 2 output]
e blade passage frequency (i.e., fundamental frequency), Hz

p(t, X(k)) time history of multirotor total acoustic pressure (each history record contains
series of acoustic pressure values, each value implicitly function of fraction ¢ of
blade passage period, with history duration being 1 complete rotor revolution
period; in kth history record there is one complete time hlstory implicitly
function of kth input overall observer position X (k)), re pcoo?

Multirotor Source Noise Table
[Mode 2 output, only if spherical input option is in effect]
f ~ frequency, Hz
0 observer polar directivity angle, deg
¢ observer azimuthal directivity angle, deg

<p2( 1,9, ¢)> multirotor mean-square acoustic pressure, re p?coo?

Method

The method for obtalmng the acoustic interaction between the two rotor systems is based
on the key assumptions of rotor similarity and equal length correlated signals, the requirements
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for which have already been described in the Introduction. In addition, the number of equally
spaced time points in the pressure time histories must be identical.

The MSN Module contains two separate calculation modes, called mode 1 and mode 2,
which must be performed chronologically. The method for mode 1 is a transformation of input
overall observer coordinates from the vehicle reference frame to the individual rotor reference
frames. This transformation must account for the relative positioning of the rotor hubs and
the differences in angle of attack of the two rotors. Thus, mode 1 establishes the observer
geometry allowing for individual rotor tone noise predictions to be done for each observer.
Having performed the mode 1 calculations of the MSN Module, the source noise due to each
individual rotor is predicted at each transformed observer location generated by mode 1. Other
source noise modules of choice (LRN, RTN, SPN, or TPN) are used for these individual rotor
predictions. The user must execute the source noise modules with the proper direction of rotor
rotation, initial blade azimuthal position, rotor hub plane angle of attack, and number of time
points. Then the MSN Module is reexecuted by using mode 2. The method for mode 2 is a
simple summing of the acoustic time histories for each rotor as predicted by the appropriate
source noise module. This summing produces the desired multirotor noise at each overall
vehicle-fixed observer. The methodologies for mode 1 and mode 2 are discussed in more detail
in the following sections.

Mode 1 Methodology

As shown in figure 1(a) and (b) (rotor standard axes convention and propeller axes
convention, respectively), a reference vehicle coordinate system is established (axes X, Y,
and Z), which is a body axis system at zero angle of attack (axes X and Z in fig. 1(a) and (b),
respectively, aligned with the free stream). Associated with each individual rotor is a hub-fixed
Cartesian coordinate system with axes z1, y1, and z; and T2, y2, and 2z for the first and second
rotor, respectively. Relative to the vehicle coordinate system, the specified hub positions X 1
and X 2 provide the relative positioning of the rotors. The individual rotor orientation angles ay
and az are specified as shown in figure 1. These angles are used to define the inclination of
the installed rotor hub plane relative to the vehicle coordinate system or to define the relative
inclination of the first rotor relative to the second. Also, each desired observer position is
specified with respect to the vehicle reference axis system in either spherical format (rg, 6, ¢)

or direct Cartesian format X, to be discussed later.

Typically in spherical observer input format analyses in which the objective is to compute
multirotor acoustic pressure at an array of observers for purposes of subsequent propagation
to distant ground observers, the angles a; and a3 represent relative inclinations between rotor
planes, and rotor orientations with respect to the fuselage are irrelevant (a; = ay = 0 are used).
However, in Cartesian observer input format analyses, in which the objective is to compute
multirotor acoustic pressure at specific points in space, such as fuselage surface locations, the
angles a; and aj refer to the fixed installed inclination of each rotor hub plane relative to the
vehicle coordinate system (i.e., a7 and a9 are not necessarily zero).

The mode 1 transformation to be developed transforms each desired observer position from
the vehicle-fixed system to the individual hub-fixed system of each rotor. If the desired observers
have been provided in spherical format, it is first necessary to convert the observer radius,
observer polar directivity angles, and observer azimuthal directivity angles to vehicle-fixed
Cartesian coordinates of observer position X. Referring to figure 1(a), if the rotor standard
axes convention is applicable (i.e., noise from the LRN or the RTN Module is to be summed in
mode 2), the conversion of observer position (in the vehicle-fixed reference frame) from spherical
to Cartesian format, is given by

X =(~75cos @, rssin @ sin ¢, —rg sin § cos p) 1)
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Similarly (fig. 1(b)), if the propeller axes convention is applicable (i.c., noise from the SPN or
the TPN Module is to be summed in mode 2), the conversion is given by

X = (—7ssinfcos ¢, Ty sin @ sin ¢, 75 cos §) (2)

For the rotor standard axes convention for the first rotor, the vehicle-fixed position X is
translated by the vector X = (X1,Y1, Zy), followed by a rotation through the rotor orientation
angle a;. Thereby (fig. 2(a)), the required transformation to compute the observer position
with respect to the hub-fixed (source) coordinate system of the first rotor Z; is

T1 cosa; 0 —sinog X X
Hr=|nl=| 0 1 0 Yi-|h (3)
21 sinay; 0 cosag VA Z1

Similarly for the second rotor, the transformation is

2 COS (x2 0 -—sin 9 X X2
To=|y2 | = 0 1 0 Y| —-| Y (4)
z9 sinag 0 cosap VA Zy

For the propeller coordinate system convention, the same translation and rotation occurs.
Referring to figure 2(b) (note the change in hub-fixed axes label notation from that employed
in the SPN and the TPN Module documentation of ref. 1), the transformation for each rotor
is the same in the propeller coordinate system axes convention as that in the rotor standard
coordinate axes convention. Thus, equations (3) and (4) are valid for both the rotor standard
or propeller axes system conventions. However, the user must ensure that the translations (hub
positions) X, and X, are defined consistent with the applicable (propeller or rotor standard)
axes convention.

Mode 2 Methodology

During mode 2 calculations in the MSN Module, the predicted time histories from the two
rotors are summed to yield the desired multirotor acoustic time history. The noise prediction
for each rotor must be performed at the proper blade passage frequency, blade initial position,
and hub plane angle of attack to ensure compatibility. The summing is done on a value-by-value
basis for a given observer identified, regardless of the frame of reference, by observer index &
as follows:

p(t, X (k) = prlt, &1 (k) + palt, Z2(k) (5)

for all values of t. Next, the Fourier transform of the summed time history is performed with
a fast Fourier transform. The transform convention is : :

N
p(£, X (k) = 3_ p[t, X (k] exp(~int) (6)
n=1

Finally, the multirotor mean-square acoustic pressure <p2 { X (k)]>= 2pp*, where 7* is the
complex conjugate of p. Multirotor mean-square acoustic pressure is computed only if the
spherical format of observer input is used. If mean-square acoustic pressure is computed,
then an output table of these values is built using (1) the input values of directivity angles 6
and ¢, which correspond to the appropriate overall observer index and (2) the frequency values
f = nfy, where n is the harmonic number.
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