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SUMMARY

A comprehensive analytical design procedure for the installation of simple
pendulums on the blades of a helicopter rotor to suppress the root reactions is
presented. To achieve this goal, a frequency response analysis is conducted of typical
rotor blades excited by a harmonic variation of spanwise airload distributions as well as
a concentrated load at the tip.

The structural modeling of the blade includes elastic degrees of freedom in flap and
lead-lag bending plus torsion with a hingeless hub constraint. Simple pendulum
absorbers are individually considered for both flap and lead-lag types of motion. The
inertial reaction forces and mements at the pendulum hinge are formulated. On the
basis of a rational ordering scheme the general nonlinear equations of motion for the
rotor-pendulum system are linearized in the perturbation elastic blade displacements
and pendulum angle. These linearized equations include the effects of spanwise airload
distributions assoclated with the elastic deformations and the cyclic pitch environment
of forward flight. A quasi-sieady aerodynamic representation is utilized in the
formation of these airloads. The solution of the system equations is based on their
representation as a transfer matrix.

The numerical results presented here pertain to both uniform and nonuniform
hingeless rotor blades. These results include the effect of pendulum tuning on the
minimization of the hub reactions. It is found that a properly designed flapping
pendulum attenuates the root out-of-plane force and mement whereas the optimum
designed lead-lag pendulum attenuates the root in-plane reactions. A properly tuned
pendulum can attenuate the vibratory loads by generating appropriate forces at its
attachment point with the blade. These for ces redistribute the loads on the blade so
that only a small portion of the reactions are transmitted to the hub.

For optimum pendulum tuning the parameters to be determined are the pendulum
uncoupled natural frequency, the pendulum spanwise location and its mass. It is found
that the optimum pendulum frequency is in the vicinity of the excitation frequency. In
the case of an off-tuned pendulum the result can be either a slight-to-moderate
degradation in pendulum absorber effectiveness or a drastic increase in hub reactions.
Although the uncoupled natural frequency of the pendulum is independent of the mass of
the pendulum, a proper choice of the mass is required to generate an optimum force to
attenuate the root reactions.

A pendulum can be tuned and its optimum mass determined by excitation with a
concentrated simpll narmonic load at the tip. However, it is necessary to utilize
distributed airloads to accurately determine the attenuation of the root reactions. The
damping at the pendulum hinge has a small effect on the hub reactions once the
optimum pendulum tuning is established. For the optimum pendulum a parametric study
is conducted. The parameters varied include prepitch, pretwist, precone and pendulum
hinge offset.

INTRODUCTION

Vibration has always been a significant detriment to helicopters which is not
surprising in view of the fact that a major percentage of a helicopter's mass consists of
rotating components such as engines, rotors, gearboxes and drives. These revolve at
different frequencies, though most are multiples or submultiples of the main rotor
frequency, and any out-of-balance forces are easily transmitted to the light airframe.
There is also the possibility of damaging beat frequencies arising in those few cases
where rotational rates are not synchronous.



In addition to the inertially induced vibratlons, the unsteady air loads on the main
and auxiliary rotors significantly contribute to the vibratory environment, These
unsteady aerodynamic reactlons are caused by the local periodic dynamic pressure on
the main rotor blades in forward flight and the cyclic pitch changes imposed by the
rotor head. In response to these unsteady loads the elastic blades are contlnually
deforming which induces additional unsteady aerodynamic loading.

An increasing demand for the reduction of helicopter vibration has been dictated by
the expansion of flight envelopes coupled with more stringent requirements for crew
and passenger comfort as well as improved reliability and maintainability.

The rotor system, which transmits the vibratory airloads to the fuselage through
the rotor shaft, Is one of the most significant contributors to the vibrations of the
helicopter. The rotating blades create vibratory airloads containing all harmonics of
the rotor rotational frequency. As the loads from the individual blades combine at the
rotor hub, some harmonics cancel each other while others are additive. The loads that
are additive are passed from the blades to the pylon and then to the cabin through
complicated dynamic load paths. These loads are felt as vibratory forces and moments
whose frequencies are integer multiples of the blade passage frequency (number of
blades times rotational frequency).

Dynamic systems that reduce the vibration in helicopters may be classified into
five groups:

1) Excitation reducers (blade aerodynamics)
(2) Attenuators (blade dynamics with or
without hub motion)
(3) Absorbers (hub dynamics)
(#) Isolators {pylon dynamics
\ WY J 4
(5) Cabin Suppressors (fuselage dynamics)

These systems are described below and specific examples are given.

Excitation reducers are devices that either reduce aerodynamic forces on the
blades, or alter the hub moments and shears by generating counter-influencin
aerodynamic forces on the blades. Higher harmonic blade pitch control devices (ref. 1
fall into this category. In reference | a wind tunnel test has been used tv evaluate
higher harmonic blade pltch for the reduction of helicopter vibration. The higher
harmonic pitch was obtained by higher harmonic oscillation of the swashplate. The test
results indicated reduction of fuselage vibratory loads.

The attenuators are thos¢ dynamic devices that result in low hub shears and
moments while the blades are subjected to specified aerodynamic excitation forces. An
example of this category is a midspan or tip weight that may move the natural
frequency of a mode away from exciting harmonics or reduce the modal forces at the
blade root.

Absorbers are devices that are incorporated at the hub (or blade root) and absorb a
large portion of the hub shears or moments causing transmittal of only the remaining
forces to the mast. Examples are the simple and bifilar pendulums.

Isolators are generally integral to the pylon assembly and reduce greatly the forces
and moments transmitted to the fuselage with respect to the forces applied on top of

* the mast.

Cabin suppressors reduce the vibration in the cabin for prescribed forces and
moments applied by the pylon on the fuselage.

One of the five categories, the pendulum absorber, has proven to be quite
successful as reported in references 2 to 6. Such a technique consists of mounting a
simple or bifilar pendulum on each rotor blade near the hub. The blade-mounted
pendulum absorbers modify the response dynamics of the blades, and reduce the
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helicopter vibrational levels, All reported work has consisted of an expensive and time-
consuming flight test program to establish a set of acceptable pendulum parameters.
As the flight tests become more and more expensive, an analytical study is needed for
pendulum design.

Murthy and Hammond (ref. 7) have studied the effect of a pendulum absorber on
the natural frequencies and mode shapes of a rotor blade. A vibration analysis of rotor
blades undergoing coupled flapwise bending, chordwise bending, and torsional vibrations
with a spherical pendulum absorber was presented. A portion of the investigation
included a reduction of the spherical pendulum to a simple flapping pendulum, It was
shown that the pendulum absorber displaces original blade natural frequencies that are
in the vicinity of the pendulum tuning frequency(ies). The spherical pendulum
introduces two modes between the displaced original modes of the blade, whereas the
simple flapping pendulum introduces one mode. Mode shape results were not presented
in the report. It is worth mentioning that the equations of motion were based on the
linear analysis presented by Houbolt and Brooks (ref. 8), and no damping terms were
Included. Also the damping at the pendulum hinge was not considered.

The principal aim of the present study is to establish comprehensive analytical
design procedures and criteria for the installation of simple pendulums on the blades of
a helicopter rotor to suppress the force and moment reactions at the hub during forward
flight conditions.

The objectives of the present investigation can be stated as follows:

(1) Develop a mathematical model to represent the blade-pendulum system. A
single nonuniform rotor blade with a hingeless hub restraint undergoing coupled flapwise
bending, chordwise bending, and torsional vibratlons is considered. Simple pendulum
absorbers are Individually treated for both flap and lead-lag types of motion. The blade
is excited by an azimuthal harmonic variation of spanwise airload distributions
associated with the elastic deformations and the cyclic pitch environment of forward
flight.

8 (2) Find the dynamic response characteristics of the blade-pendulum system, using
the transfer matrix method (ref. 9).

(3) Determine the optimum pendulum tuning to suppress the hub reactions. This
entails the minimization of these reactions by appropriate variations of the pendulum
parameters for a given excitation frequency. The pendulum parameters include the
uncoupled pendulum frequency, hinge spanwise loaction and pendulum mass.

(#) Conduct a parametric study of the optimum tuned configuration. The
parameters to be varied include pendulum hinge offset, precone, prepitch and pretwist.
The intention of this investigation is to document the effects of these parameters on
the optimum configuration previously established and thereby provide useful design
criteria for future installations of pendulum absorbers.

SYMBOLS
a airfoil lift-curve slope
a8 reference frame which rotates with speed @ with
respect to the stationary inertial frame %
C pendulum hinge friction coefficient, equation (35)
Cr rotor thrust coefficient
c blade chord



alrfoil profile drag coefficient

Young's modulus of elasticit,

mass centroid offset from elastic axis, positive when
forward of the elastic axis

aerodynamic loads vector, equation (133)

components of aerodynamic forces per unit length in y', {
y'y 2! directions

shear modulus

acceleration due to gravity

"fixed" unit vectors with K in direction of rotation cf  J
GBino?, figure A-1

blade cross-section moment of inertla about y' axis

blade cross-section moment of inertia about z' axis

unit vectors assoicated with undeformed blade coordinate
system, figure A-!l

unit vectors assocliated with deformed blade coordinate
system, figures 1, A-2

torsional rigidity constant

radius of gyration of blade cross section

mass radius of gyration of blade cross section

mass radil of gyration about n and § axis, respectively
components of generalized nonconservative (aerodynamic)
forces in y and z directions

length of pendulum

mass of the pendulum

twisting mement about the x and x' axes

bending moment about y and y' axes

bending moment about z and z' axes

generalized nonconservative (aerodynamic) moment about
x axls

mass per unit length of the blade

time independent average normal force on the pendulum
bearing, equation (35)

fixed point inGBandHFat the root of the blade, figure A-l
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u,v,w,

Vx’ vx'

Vor Vo

XyY,2

xl, yl’ z!

{z(x,1)}

point transfer matrix of the pendulum

length of blade

inertial reference frame

transfer matrix of the blade from 0 to x

initial radial blade tension, equation (10)

time

radial, tangential, and perpendicular components of
velocity for blade airfoil section

elastic displacements in the x,y,z directions,
respectively, figure A-2

wind velocity

axial force (tension) in the x, x' directions,
respectively

shear force in the y, y' directions, respectively

shear force in the z, z' directions, respectively
induced downwash velocity at rotor, positive
downward

pendulum weight

inertial axis system with origin at hub centerline and
Z normal to hub plane, figure A-1

mutually perpendicular axis system with x along the
undeformed blade and y toward the leading edge,
figures A-1

a set of Cartesian coordinates with origin at a point
along the deformed blade with x' remaining tangent
to the elastic axis and y' and z' along principal axes
for the cross section, figures 1, A-2

state vector, equation (1)

shaft angle

precone angle, figure A-1

small parameter of the order of the bending slopes,
also airfoil section pitch angle with respect to free-
stream velocity, figure 7

sectional coordinate normal to n axis at elastic axis
(same as z'), figure 1, also damping ratio
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Subscripts:
A
P

Superscripts:

L
R
T
-1
Notations:

¢y

[«

sectlonal coordinate corresponding to major principal

axis for a given point on the elastic axis (same as y"),
figure 1

pitch angle, equation (125)

collective pitch, equation(125)

cyclic pitch components

pretwist, equation (126)

pretwist per unit span, positive when tip angle is
larger, equation (126)

inflow ratlo, positive upward

slope of deflection curve in the plane of rotatlon,
dv/dx

advance ratio, QR =V, cosa,

slope of deflection curve normal to the plane of
rotation, dw/dx

mass density of blade, also mass density of air

elastic twist about the elastic axis

blade azimuth angle measured from downwind position
in direction of rotation

rotational speed of the blade

uncoupled natural frequency of the simple pendulum

at the pendulum hinge location
at the pendulum mass lecation

immediate left
immediate right
transpose of matrix
inverse of matrix

differentiation with respect to x, also deformed
coordinate system

differentiation with respect to time

amplitude of simple harmonic quantity
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BLADE EQUATIONS OF MOTION

The equations of motion which are used to represent the structural dynamic
characteristics of the helicopter blade are based on the development reported by
Hodges and Dowell In reference 10, ‘Ine mathematical model chosen to represent the
rotor blade consists of a straight, slender, variably twisted, nonuniform beam ::ich can
undergo combined flapwise bending, lead-lag bending and torsion, The elastic axis, the
mass axis, and the tension axis (area~-centroid axis) are taken to be noncoincident. The
elastic axis Is inclined to the plane of rotation at a small angle in order to accommodate
any built-in coning (precone). The use of an actual helicopter rotor blade as a model
would be a more formidable task %“ecause of the nonhomogeneous, anisotropic
structures found in typical blades.

Several orthogonal coordinate systems and coordinate transformations (Appendix A)
are employed in the derivation of the equations of motion. The beam cross section is
shown in figure 1 before and after deformation. The n and g axes are the principal axes
of the cross section for the shear center. The cross sectlon is assumed to be symmetric
with respect to the n axis. The deformed beam is shown In figure 2(a) with force and
moment resultants acting on the face of a cross section. The x, y, z coordinate system
is the preconed undeformed system. At any point along the deformed beam, x' is
tangent to the deformed elastic axis., The y' and z' are identical to the n and § axes,
respectively, when the beam is deformed.

A mathematical ordering scheme which is consistent with the assumption of a
slender beam is adopted for the purpose of systematically discarding elastic and
dynamic terms which are of higher order in the equations of motion. The ordering
scheme is consistent with the small deformation approximation in which the strains are
negligible compared to unity and the dimensionless axial deflection u/R is generally
taken to be of the same order of magnitude as the square of v/R or w/R and thus Is
small with respect to unity. These assumptions can be systemized by introducing ¢, a
parameter of order v/R or w/R. The ordering scheme associated with the above
consideration is Eummarized in Table 1. Within the force and moment expressions,
terms of order € “ are neglected with respect to uq}ty. Thus, if the largest terms of the
force expressign are O(e '), then all terms of O( € ') are retained (first-order terrrbs), all
terms of O( ¢”) are retained (second-order terms), and generally terms of O(€”) are
discarded.

The blade equations of motion will be written in terms of the state vector { Z }
where

{Z0}T = Lvw o uvm, My M, Y, Vy vl (1)
It may be noted that the above state vector does not include the axial deflection, u. In
order to obtain a set of linear equations for the state vector components, u must be
zliminated. The components of the state vector, {Z}, can be chosen several ways, but
they are chosen here such that they represent the physical quantities of deflections,
slopes, moments, and shears. This is not absolutely required but highly preferable for
application of the transfer matrix to obtain the dynamic response characteristics.

The equilibrium of the forces and moments that act on a differential beam element
is now considered., In this consideration the element is formed by slices parallel to the
yz-plane, because this choice leads to rather simple results. The forces that act on such
an element are shown in figure 2(a); the moments, in figure 2(b). The quantities p_, p,,
Py 49.s q, and q_ are resultant force and moment loadings. Summation of the mo ents
afiouf® t Xo=y f-, and z-directions lead to the following equilibrium conditions for
moment and shear:
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M'x+Vzv'--Vy'.v'+qx = 0 (2a)
M'y-Vz+wa'+qy = 0 (2b)
M'z+Vy~va'+qz = 0 (2c¢)
Vi * Py = 0 (2d)
Vi, +py =0 (2e)
V., +p, =0 (21)

The applied loads p P, P.,» 9,1 9, 9., due to inertial and aerodynamic loadings ace
functions of v, w, ¢ and'a l&ngﬁu inalradial deformation u in the x direction. The only
effective aerodynamic loading to be considered in this analysis will be forces in the y
and z directions given by L and L_, respectively, and moment about the x - axis given
by M, . The inertia loadngs, whith consist of the forces and moments which oppose
accelg’rations of the blade elements, are derived in reference 10 whereas the
aerodynamic loadings L, L., and M, are left in this symbolic form. These
aerodynamic loads are derivdd later 115? this text. The procedure that follows Is
employed in the derivation of the inertia loading which is given in reference 10. The
acceleration of any mass particle on the vibrating, rotating blade is derived and the
components in the x-, y~ and z- directions are obtained. These component accelerations
include terms for the Coriolis, transverse and centripetal accelerations along with
higher order terms. The inertia force and moment loadings are then obtained by
integrating over the cross section. By dropping higher order terms in accordance with
tlll)e adopted ordering scheme, the following resultant loadings to second order are
obtained:

v- 2 e
P, = m(Q x+2$2V)-mecw (3a)
Py = -mV +me ¢ sin 6 +m@2[v+ecos(® +¢)] (3b)
+2m Q(BPCW-GM 2m Qe (V' cos 8 + W'sin @) + L,
. X 2 .
p, ==-mW -me $cos 6 -m Q° B, X -ZmQBPCvH.W (3c)
qy = me(V sin 6 -W cos 8) -m 2%v sin 6 -m e chx cos 6 (3d)
2. 1 2,2 2 ;
~mk_ ¢ ->m Q (km2~km1)51n 2(o +£) + M¢
- 2. si - (3e)
q, = me( Q"x sin( 0+ ¢) + 2 QV sing)
qz=~me(92xcos(e+¢)+2fz\'rcos6) (31)

The underlined higher-order terms could be dropped consistent with the ordering
scheme, but this would eliminate torsional inertia. In the special case of rotor blade

9



configurations of very low torsional rigidity, these terms may contribute substantially
i%)the magnitude of the torsiona' natural frequency; hence, they will be retained (ref.
There are now 6 equilibrium equations, equations (2a) - (2f), and 10 unknowns, u, v,
w, ¢, M, M, M, V,V, and Vz. In addition, # force and moment deformation
relations Are r{'quir%d t5 ex%ress Mx’ M, M,V interms of u,v,w, . The force and
mement resultants are expressed” in Yerrfs % the deformations by resolving the
distributed stresses Into a resultant force and moment system acting at the elastic axis.
These relations given in reference 10 are written i the deformed body axls system as

2 2
vx' = EA{U‘+%~+ %’-‘rkf\e'¢'-eA[v"cos(6+¢)+ w' sin (0 +4>)] (4a)
) 2 Vbt v'2 w'2 2
My = @I ¢.+ EAkiy (0 +:¢:) (u'+ 5=+ =5) + EB* 6'%¢ (4b)
-EB% 8'(v" cos @ + w"sin0)

My, = EL, [v" sin( 9+ ¢)-w"cos (8 + ¢)] (ke)
M,= EI [v"cos(e+ )+ w" sin (0 + )]-EA ("+-‘-’-'3+ﬂ-12) EBs6' ¢

o 2! o sin ¢ ep (U + 5+ =) -EBY (4d)

where B and BY are sectlon constants defined by

st = Jf (n?+ tB%anas
A

By = ffatn?+cHanas
A

and A is the blade cross-section area effective in carrying tension,

The underlined terms may be neglected according to the ordering scheme.
However, as discussed before, these terms are important for configurations with low
torsion stiffness. In equations (4a) - (4d), the terms which come from the warp effect
are omitted due to its relative smallness for closed cross sections.

The force and moment deformation relations, equations {4a) - {4d), can be readily
transformed into the undeformed body axis system using the transformation matrix of
Appendix B. The resultant moments are:

10



2 2
M, = GJ ¢'+ EAKA (8 + ) (w + % + %)

+EBY 0'° ¢'-EBY 0'(v"cos 6 + w" sin )

2 .2
-EAeA(u'+yiL+-w-2-) (v'sino ~w'cos 6 )

+ (Elz. -Ely.) [:i; (v'v" ~w'w") sin 2 © + (v'w"

+ wiv') sin2 6] + E.Iy, v'w" -EL , viw!

2 2
M, = GJ ¢iv'+ EBS 0'¢'sin 0 +EAe, (0 + 5 + )

+sin (9 + ¢) ~(EL, -EI,) [w" sin (9 + o)
+ 3V sin 2 (0 + )] -EL, w"

M, = GJ¢'w'-EBS 0'¢'cos § -EAe, '

vl2 wiz

S+ )cos(0+¢)+ (EIZ, -EI )

+2 y

. %—[w" sin2(6+¢)-v" sinz(e + ¢)] + ELv"

The resultant axial force in the undeformed body axis system is

X

(5a)

(5b)

(5¢)

Ve = Vi -Vy, [v' cos (0+¢) + w'sin (6 +¢)] -V, |V'sin (6 +¢ ) + w'cos {0 +¢)]



For rotor blade applications the second and third terms on the right-hand slde are
negligible to second order (ref. 10); thus,

2 2
Ve = Vi = EA u'+y§'— +-‘%1 +kf\ 0'¢t-epn [v"cos(e+¢)+w"sln(6+¢>)]} (6)

In the above expressions all terms above second order have been neglected. As a final
step the following definitions are introduced.

v = m (78.)

w E Vv (7b)

Equations (2), (5), (6), and (7) represent 12 independent equations for the 11 state
variables and the elastic elongation, u. In order to obtain a set of linear equations for

the state vector components, u must be eliminnied. This will be accomplished by
defining the time Independent tension, To’ as

R

2
To [mﬂ xdx

e

In the process of linearization, the following approximations will be made

sin(0+¢) = sin O+ ¢ cos 6 \

cos (0 +¢) = cosB-¢ sinb

1 1 ’ (8)
5sin2(8+¢) = 55in 20+ ¢ cos 26
. 2 . 2
sin“(6 + ¢) = sin“9 +¢sin28 )
Equation (6) can be rewritten as
2 2V
u'+%——+—“—§-= ——’ﬁx-kf\e'cp'-reAp'cose+eA\:'sin9 (9)

The left-hand side of equation (9) appears in equations (5) with both constant and linear
coefficients, When the coefficient is constant it shall be represented as written above
but with a linear coefficient it will be approximated as

v'2 w'2 To

PRI (10)

12
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In the process of linearization, all steady-state values are neglected except the
initial radial tenslon, and only the linear terms In the state variables are retained.
These steady-state values would correspond to an equilibrium flight condition in hover.
It Is anticipated that these equilibrium hover values would have little effect on the
dynamic response charactetistics in the forward flight condition of this study. The set
of linearized first-order differential equations are given below

Vs (11)
w' =V (12)

§1(GI 4 KA T, +EBY 0 = k%, 01V +EAGS 097

-EAkf\ e'eA (n'cosB +visind) + EB;_,* o' p'cos 6

+V'sin @) + e T {using -vcos 0) + M, (13)

ut (EL, cos?g +Elyisin26) = M, +EBY0'd'cosd +epcos0 V,

-EAk2 e, 0'¢'cos 8 + ?ti/\e2 ( 'cosze +v'sinfcos g)
ASA AH

-ep T ¢ sin 0 -(BL, -Ely.)v 'sin 20 (14)

\)'(Ely.cosze + EL, sinze) = -My+EB§e'¢'sine tep Vv sin @

..E.Akf\ epd'¢'sing + EAei (u'sin @ cos® + v! sin29 )

rep To ¢cos0-%(512.—E1y.)u'sinze (15)
M, = mQ %e x(vcos § - usin® )+ (e T cos@)'v ~(e, T sind)' u
+ mk?‘nc}; + me [(92v V) sin 8 + W cos 6]
20,2 2
+mf (kmz-kml)dx cos 20 -M(b (le)
M‘y = Vz -Tov—-z mne\}sine—mﬂzexducose (17)
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M!z = 'I'o p-Vy + 2 m ey cos § ~mf 2ex¢> sing (18)
W = -2mQv (19)
V'y = mv -mezﬁslne-mszszn nze¢sine -2m szapc W

-2 mQe jicos B2 mide {)sine-—Lv ' ( 20)
V'zzm\‘v+meif:cose+2m98pc VL, (21)

It may be noted that the three equations for the elastic slopes (egs. (13), (14), and
(15)) are coupled in their derivatives and must be solved simultaneously, These
equations are decoupled by a straight forward application of Cramet's rule to obtain a
set of linear first order differential equations in terms of the state vector so that the
transfer matrix method can be applied as discussed later in this study.

Excitation of the blade is due to various simple harmonic airloads. The solution to
the set of equations will be treated as individual contributions assoclated with each
harmonlic of the excitation loading. Such a solution for the nth harmonic of the state
vector can be written in complex form as )

(2, (0} = Re ({Z, () ) (22)

where { Zn(x)} is the amplitude vector of the nth simple harmonic response, and

w = n Ethe frequency of the excitation loading
=V

The above solution will be discussed in more detail with respect to the aerodynamic
loading. Substituting equation (22) into equations (11) to (21) yields the following matrix
equation for {Z}, the nth harmonic,

(Zw} = [A®] {ZM} + {F, ) ( 23)

where{?a} is the amplitude vector of the aerodynamic loads, defined by

{(F,}T =|oooo0 - 000.-L -]

14



Note that the matrix, [ A], includes complex terms due to retaining the linear rate
terms (Corlolis intertial forces).

Evaluatlon of the order of magnitude of the individual elements of the complex
matrix [A] is made. Consistent with the adopted ordering scheme, only terms of first
and second order are retalned, It may be noted that in the process of decoupling eqs.
(13), (14), and (15), terms of higher order are encountered, The resulting nonzero
elements of [A7] become

Aly = L

Aps = L

Ay, =  EL(BLrEAcA)e, T sino /D

A35 = --A:w cot 9

Ay = Ely.(Elz,-EAef\)/D

Ay = EL, 0 (EAKS e A -EB3) sin 6/D

A38 = -A37 cot ©

Ay = ELL, 0 '(EBS e, -EL, k2)/D

Ay, = -Gl e, T, (EL, ~EA ¢4) sin 6/D

Ay = Asg

Ay = GI (Bl -EL,, -EA e ) sin 8cos0/D
A = -Ayysin /(e T) + GI EL, cos? §/D
A49 = GJ Ely, ep cos8 /D

A53 = "Aqa cot 0

Asg = Ay

s, = A3 cos 0 cot 8/(ep T) -GI EL, sin?8 /D
Asg = Bz

A59 = A49 tan 0

15
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Als =

where

2
D= GJ E.Iy, (EL,, -EA ep)

PENDULUM EQUATIONS

The pendulum configurations considered are of the simple type which are free to
oscillate in the flap and lead-lag modes. The free vibration equations of motion for
simple pendulums In both the wiap and lead-lag degrees of freedom are developed in an
Identical fashion. These equations are formulated by first determining the acceleration
of the pendulum mass in the Inertial system and then transforming it to the deformed
blade system. The absolute acceleration is used to express the inertial reaction force
and moment at the pendulum hinge. Setting the reaction moment abhout the pendulum
hinge to zero yields the equation of motion. These nonlinear equations of motion are
subsequently linearized by assuming small oscillations for the pendulum about the
steady-state condition. By assuming a simple harmonic solution for the linearized
equation of motion of the free pendulum, the deflection of the pendulum is obtained in
terms of the blade defléction. The point transfer matrix at the pendulum hinge station
on the rotor blade is derived by simple equilibrium considerations of forces and
moments across the pendulum after linearizing the inertial forces and moments.

Acceleration Components

The acceleration of the pendulum mass is determined with respect to an inertial
reference system. This entails appropriate transformations from the inertial to the
rotating system, to the preconed system, and finally to the deformed blade section. The
derivation of the acceleration components is given in Appendix B. Equations (B-18) to
(B-20) for these acceleration components are reproduced here as

(1}

§~2$2\"~92(x+ E)+2Qrsing-20n cosd (24)

1]

n +(92xv+i\}+nzspcx)sin6 +(V+2$2é -2y

2

+ sz u)cose-—s‘zzncos 0 +%S}2 rsin2o (25)
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T

a, = z =(V + ZQé -ﬂzV+ ﬂzxu)sin9+($’22xv + W .

+ 92 chx)cose -nzcsinze +-% Zn sin 20 (26)

where (E,n,Z) is a general point relative to the deformed blade coordinate system, It
may be noted that the gravitational contribution to these accelerations has been
neglected.

Flapping Pendulum
The blade-mounted pendulum absorber is shown in figure 3. The pendulum after ‘
deformation is shown in figure #. The deformed coordinates of the pendulum hinge and
mass can be related from figure # and are given by

= 8 cos A
Ep 0 )
Mo = Na (27)
Cp = CA+ & sin A

where

%

1]

the pendulum arm length

A = rotation about (0, A gA) in the x' z' - plane

£ =0(c) ; A=0W

Differentiating equations (27) with respect to time yields

L33 &
i

-%A sin A (28a)

~04 sin A-% A2 cos A (28b)

(s &1
]

18
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= 0 (28¢c)
= 0 (28d)
= % A cos A (28e)
= 2( A cos A-A%sina) (28f)

Substituting the above expressions into equations (24) to (26), the acceleration
components to the first order (second and higher order terms are discarded) for the

flapping pendulum become

xl

]

e -2 R 2
~%Asin A= A cosA-ZQvA-Q X
-2 cos A+20 8 A cos A sin 0 5 (29)
(2%, v, + W + Q%8 x,)sin @
A A A pc "A A
+ (v -2QEZssinl\-$22v +92x ) cos 9
A | A A Ha A

26A+~%92(;A+2 sin A) sin 2 0

(30)

2
-8 Npcos

2

% Acos A- 8 A®sin A

. .- 2 2 ,
~(Vg -22 8 AsinA-Q7vp + Qx4 up)sin g

+(92xA\;A+\'ﬁA+ 522 {3pch)coseA

2 2 1.2
-Q (L;A+ % sin A) sin Oa+t52 nysin20,
(31)

19



These acceleration components will be used to express the inertial reaction force and
moment at the pendulum hinge. ,

The total inertial reaction force acting on the pendulum mass, M, can be \,v’rigftgn in
terms of the above acceleratlon components whose associated unit vectors are 1, j',k' as

» -+
F =M @, FU By '+ a, kY (32)

P P p

The position vector of the pendulum mass with respect to the hinge point is

T = g(cos Al'+ sin Ak (33)

and the inertial moment reaction about the hinge point is

Mo=rxE
O S
= -M2 cos A 0 sin A
ax,p ay.p az.p
or
Moo= May, sin Af

p

+M 2 (az, cosA—-ax, sin A)?’
P P

-M R.ay, cos AR (34)
P

In addition to the inertial reaction moment, there is a moment due to damping at
the pendulum hinge. This damping will be presumed to be of the linear viscous type.
The corresponding moment reaction about the hinge can be represented as

20
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K&A = CNAT’ . (35)

where
N =steady-state normal force on the bearing due to F Ax! and F Ay’
C =pendulum hinge friction coefficlent
Since the flapping pendulum is free to rotate about the y'-axls, the y' component of

the inertial moment reaction Is In equilibrium with the dampihg moment. Using
equations (34) and (35), the equilibrium equation can be written as

M R,(ax,P sin A --az.p cos A)-CN A=0 (36)

Equation (36) provides the pendulum equation of motion. The other two components of
the inertial moment, the damping moment, and all three components of the force
reactlon provide the pendulum reactions which act on the blade at the hinge point as

FAX' = -Max, (37)
p
FAy' = 'Mayl (38)
P
Fsz i 'Mazv {39)
P
Mp, = Mi ay,psin A (40)
Mpy = -CNA (41)
Moz = -mp
2 =-Mha,, cos A (42)
P
21



Substituting for the acceleration components In equation (36), the pendulum
equatlon can be written as

24 -(VA-QZ vAMz2 XA ;JA) sineAcosA

+(572XA "A* WA»rQZBp xA)cos OAcosA
c

2

+ Qzﬁ,cos eA cos Asin A

207, hG x) sin A

v (-2 gpsinf0, + 5 0% 0, sin20,) cos A= -CN A/M2 (43)
It may be noted that in the above equation the rotary inertia of the pendulum is
neglected. This implies that the pendulum consits of mass, M, which has very small
dimensions (point mass) in comparison with the pendulum arm.

The nonlinear equation of motlon given by equation (43) Is linearized for small
angular oscillations, &, about the steady-state equilibrium angle of the pendulum, SG,

where

bE8+ 8§ (44)

Since the perturbation angle, §, will be fairly small as

62 « |
the following approximations can be used.
Ccos A = cos 60—-531n60 (45)
sin § =sin 6+ §cos & (46)

The steady state equilibrium angle, §_, is obtained from equation (4#3) by setting
the acceleration and velocity terms to zero (assuming that the elastic deformations are
zero). This process yields

2 22 1 ,
Xptan 8+ cos” B hsin § = L sin® 0, -5 nAsmzeA-chxAcos GA (47)

In the above equation 0, is the steady-state value of the pitch angle at x 4. It may be
noted that the steady eé\:ilibrium angle, §, is independent of the rotor speed. This

22

5



H

result Is due to neglecting the gravitational force in equation (36), The effect of the
gravitational force on the steady equillbrium angle and the uncoupled pendulum
frequency is very small (ref, 7).

Substituting equations (45) and (46) into equation (#3) and subtracting the steady-
state relation, equation (47), from the resulting equation, the following equation of
motion for the perturbation penduium angle is olytained.

v CN g o2 o %A 2 2 ;
%6 * W S+ 0 s(cos 60*9‘ cos eAcos 60)4- ZavAslnso

+ ZQVA Scos 60- 6[(92xA Vp * %A)coseA

.(VA-QZVA+ SzzxAuA)sineA] sin §,=0 (48)

In equation (48) the 6th and 7th terms (underlined terms) are nonlinear, Comparison of
the 7th term with the 5th term illustrates that this nonlinear term is of order § tan §
compared to unity for the linear term. Since both § and 60 will be falrly small then
the 7th term can be rationally neglected, Comparison of the nonlinear 6th term with
the linear 4#th term Indicates that they are of the same order of magnitude since

Both of these terms will be fairly small. In the interest of linearization and the desire
to retain an explicit damping term, the 6th term will be dropped and the 4th term
retained.

The steady-state normal force on the bearing can be written as

=2 =7 1/2
N = [ Fay Y (49)

where F,_,, and F,_,, are the steady-state values of F,_, and F Az respectively. It
may be R‘&‘ced that% is generally a time-dependent foré\exbut is apﬁroximated here by
the steady-state value. Substituting for the acceleration components (eqgs. (29) and (31))

{)n equations (37) and (39) and retaining only the steady-state terms, equation (49)
ecomes

2 .
N=MQ (xA+ % cos éo) (50)
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It may be noted that high order terms are neglected. Substituting equation (50) into
equation (48), the linear pendulum equation of moticn becomes

X , X
98 +an(1=6+cas 6°)<S+ 1) -635-%-»4-2, coszeAcoszso)s
0
+29\7Asln 6°+(»'\'/A+ nzxAvA)coseAcesso

- (- 0%V, + 2%x, wy)sin 0, cos & = 0 (51)

The uncoupied pendulum equation can be obtained from equation (51) by dropping
the blade deflection terms. The resulting equation can be written as

6+2cwp6+w;6=0 (52)
where
_ ( Xa 2 2 )1/2
wp = N\ 5 + cos” § cos” 0 4 (53)

CR(xp/% + cos§
= Ea o) (54)

X
2% (T—é?%-s;—- + C0$2 50 !:'ail‘)2 QA)UZ

It may be noted that the pendulum hinge coefficlent, C, in =quation (54) can not
normally be speclfied, but representative values of the damping ratio, ¢ , can be
estimated.

The inertial reaction loads applied to the blade due to the pendulum will be
considered to act at the elastic axis pendulum hinge location, (x ,,0,0). These reactions
will be treated as discontinuities in the tension, shear, and bending moment distributi.ns
along the blade. The values of these discontinuities can be written in terms of the
component reactions as
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AMX; MAxv"' nAFAZ"‘CAFA)" (55)

My = Mput EpFay (56)
MMy = Mpz=Ma Fax (57)
AV, = Fp, (58)
BV, = Fp, (59)
AV, = Fp (60)

Substitution of equations (29) to (31) and equations (37) to (42) into the above equations

yields

AM_,/M

. 2 . 2 .
(2 sin A + CA)[(Q Xp Va*Wat O BPCXA)sm Oa

+ (VA-—ZQ !LAsinAunsz+ SzzxA ”A) cos 6 5
- o2 HACOSZ eA+é- 522( z;AHz.sin A) sin zeA]

- N [}LZ\' cos A- & 132 sin A—(VA-ZSZ % Asin A

2 2 . 2 .
=%, + 0% xy uA)sm6A+(§2 Xp Va + Wp

2 . 2 . 2
+ 8 BprA)coseA-Sz Lpsin® 0,

2 l o2

2., . . \ y
- ” & sin Asin 6A+-2-9 nAstOA_I (61)
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MMM s gy [zb‘. sin A+ 2 A% cos A+ 2Q Vg 92"!\

2

+ R°%cos A-20 R AcosAsinBA]

-CQZ(xAHL cos A) A

2

AMZ./M = =My [&K_slnA»r % A“cos A+ ZQVA

2 2

+ Xp t Q" cos A-ZQSLAcosAsin 6/\]
2 L 2 .
- % cos A[(Q Xp VAt Wat f chxA)sm eA

+ (VA ~2Q % Asin A~ szA+ szzxA “A) cos 0,

"anAcoszeA+%92(cA+,Q,sinA)sinZGA]
AVX,/M = & Asind+ & A% cos A+ 29\'/A
2. 2 : \
+ 9 Xp * Q° % cos A2 R & Acos Asin 6}\
AV.IM = «(0%%, v, +W,+ R%B _ x,)sin0
y' XA VA t Vg pc XA A

o s 2 2
-(VA-ZQSLAsmA-Q vat Q Xp uA)cos GA

+ 3’22 nAcos2 GA-%QZ(CA} R sin A) sin 2 eA

26
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(65)

P



g

3
7

A Vz./M = - Acos A+ & Azﬁ.'in A+(VA—2$2 % Asin A
-92VA+ nzxA uA)sin BA-(SZZXA vp t i*'/A
+stpc xA) coseA+ 92 :zAsin2 eA

2

2 : !
+ 2% 8sin Asin? 8, -2 9% ny sin2 0, (66)

where M is the pendulum mass.
Using the adopted ordering scheme given by Table | and equation (28), the orders of
magnitude of the above expressions are as follow

MMM~ Ofe
AMy,/M " O(e) (67)
AM /M~ O(e)
AV /M ~ o)
AVy./M ~ Ofe ) (68)

sz,/M ~ O(e)

For inclusion in the blade equations, the shear and moment reactions must be
transformed into the undeformed x, y, z system using the transformation matrix of
Appendix B, The transformations consistent with the above orders of magnitude are

AM /M = (AM /M) - (4 My,/M)( My €OS 84 + vp SING A)
+ (AM_,/M) ( 1y sin 85 = vy cOS 0 ,) (69)
AMy/M = (AMy,/M) (cos 6 p - ¢y sin 6,) - (AM_,/M) (sin 6, + ¢p cOS 0) (70)

AMZ/M = ( AMy,/M) (sin Bt ¢p COS eA)+ ( AMz'/M) (cos 8y - da sin eA) (71)
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where only O (ez) terms and larger are retained, Similarly

A vx/M
A Vy/M

AV, /M

]

[ H

‘1

AVX./M (72)
(A Vx,/M) My + (A Vy./M) cos 8 4 -(AVZ,/M) sin 0 (73)
(Avx,/M) Vp + (AVy,/M) sin 8, + (A Vz,/M) cos 0, (74)

where only O (€) terms and larger are retained.

Substituting equations (61) to (66) into equations (69) to (74) and retaining only the
linear time dependent terms (to be compatible with the completed time dependent
blade equations), the shear and moment reactions in the undeformed preconed system
are obtained after making use of equations (44) to (46).

AMX/M =z [(251n 8+ ;A)sin O - n:,\‘cose/\_]\'l(lA

28

+ [(R.sin 60+ z;A)c;os 0A+ nAsin OA] [VA-ZRSLésin Go
2 2 2
- Va Q Xp Mgt 7% Scos Gosln BA]
2 . 2 2
+ 9,8 cos 60 [Q BprAsmBA-Q Np COS GA
2 . . .
+ Q( gt &sin Go) Sin 8, cos eA] - nASL § cos 60

-szA(nAsin 6A+ Lp COS BA) Ma

\ 2 :
+8sin 8 Q7 x, vy sin 8y (75)
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Kocwmairnson

A My/M

AMJM

(nAsin 6A+ T COS OA) [SL d sin 6°+ ZQVA
-022 §sin & -29280056 sin 0 ]
o} (¢} A
. 2 X
+& cos §  sin OA[(S‘& xAvA+wA)sln Bp
. a4 2 2
+ (Vo -2008sin § - Qv+ Q7 xy uA)cos 0a
+ 222 §cos § sin 0, cos 0 ]—szasin 8 sin 8
0 A A (o] A
.[B Xp Sin 8, - Ny COS2 B, + (&
pc XA SIN 94 =Ty At {Ep
+ &sin 8 ) sin 8, cos © ]+ 0% x (n,cos 6
() A A AYTA A
..z;Asin GA) ¢A-ané(xA+2.cos Go)cos OA (76)
(= Ny €Os 6A+ La sin GA) [SL § sin 60
+29v, - 9°8 6sin§_-22 8 cos & sin 8, |
A o 0 A
- % cos Gocos GA [( 2 Xp vA+\'w'/A) sin BA
o Lo 2 2
+(VA-ZQSL65m 60-S2 Va Q Xp uA)cos GA

2

+ 9“8 6 cos 8 sin 8, cos eA]

+ QZ!L § sin Gocos BA [chxAsin GA

A cos2 0y + ( Tatd sin 6‘0) sin eA cos GA]

+

QZXA( nAsin 9A+ z;AcoseA) ¢A

2. : .
-C Q7 8(xp + Rcos &)sin 8, (77)
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AV /M = L8sin & +2 Qi -0°8 §sin 6 -2 04 8cos § sin 0, (78)
AVy/M = ~VA+29£ésln 8yt QZVA

-szdcosdosin 6A+2§cos § sin 6, (79)
AV M = -WA-SL.G'cos 5, cos 8y (80)

Since these discontinuous load reactions contain the time dependent pendulum
angle, it must be related to the elastic displacements for its elimination. This can be
accomplished by using the linearized pendulum equation (eq. (51). By seeking the
simple harmonic motlon of the form

iwt

§(t) = Se (81)

and corresponding harmonic solutions for the state variables, the pendulum deflection
can be written as

§ = vA6v+wA 8W+ uA6u+ \)AGV (82)
where
§, = -[(92+ w?) cos & sin 8, +2iRuwsin GJ/a (83)
v o A ()
§ = wZcos 8 cos 8,/a (84
W (3 A )
§ = 0%x,cos 8 sin8,/a (85)
u A o A
§ = -0%x, cos 8 cos 0,/a (86)
\Y A 0 A
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X
a = R.(wg-wz)+iC$22m(-€+cos 60) (87)

where C can be determined from the estimated damping ratio of equation (54) as

X
A 2
2 Rﬂ;(m + cos” § | cos

Q(y:A/JL + COS 60)

2 A\1/2
eA)

The discontinuous load reactions associated with the presence of the pendulum are
used to relate the bending moment and shear force state variables on the right side
(outboard) of x, to those on the left side (inboard). These state variables are indicated
in figure 5. The state variables are related as

R _ L )
MY = ME-aM VRovE Ly
R L R L

- MEoam vR - vk _ay
My y ANy y y ~%y (88)
R _ L R _ L
MY = ML aM Voo vE gy, )

All other state variables must be continuous across the point x ,.
Substituting for the shear and moment reactions, given/\oy equations (75)to (80),
with the explicit time dependency, the above relations can be described by

ng} - [p] {z"} (89)

where [P] is a "point" transfer matrix. The elements of [ P] are all zero except for
Pij = | i=7
. : 2 2
P61 = M[(R,sm 8, + z;A)cos B4 + Np sin eA] (% +w )--SVMX6
P, = M[(%sin § + z,)sin 8, - nycos 6, w2 & M
62 o A A A A w o x$

2

P64 =z =M & sin Socos GA Q XA'GquG
e n s 2
P65 = -M%sin 60 sin GA 1) xA-Sv MxG
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71

72

73

74

75

31

82

&3

84

85

91

92

94

12

i

[ H]

1

"

-M [( A sin 9A+ 5 cos GA) 2iw Q

2 2
- R cos Sosin eAcos eA(m + 0 )] -GVMYG

2 2
Mw™2 cos Gosin eA-GwMy(s

—M(nAcoseA-z;AsineA)szA

2

-MQ xAzcos GOsin OAcos OA-GuM

y§

—Mﬂzx % cos § sin26 -6 M
A 0 A “viys$

-M [!L cos (‘3)0052 GA(w2+ Qz)

~(ny cos B, - Ty sin 6,) zmsz] - 8, M,

2 - .
-Mw “% cos 60 cos GA sin eA- Gw Mz 5
-M(n,sin 8, + cose)ﬂzx
A A A A A
M%x, & cos 8 cos? B, -8 M
A o A "uzé
2

MQ xAR. cos Socos eAsin 6,,\--6\)MZ6

2MinQ - 6v VX(S

—6wvx6

'Guvxﬁ
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where

10,1°
Plo,2*
10,47
10,57
1,17
P11,2°
Plis

11,5%

2, g2
M2 2% 8V

M { [(R,Sin §,* ;A) cos B+ M p sin BA](Q cos §_sin GA

-iwsin 8 )28 &-% 1 4 cos 8, (22w 2)

A

+ QZBPCR, Xp COS 60 sineA

(90)

33



34

y §

MzG

4}

-M{(nAsin GA + Lp cOS GA)zsln 6°(w2+ ﬂ?‘)
+ [(zsin 8, * ;A) sin 84 - np co8 eA]
2, .,
0“4 sin Gosln eAcos 9A+(XA chsin 60
2 2 2 ,.
- % cos GOCOSGA)Q L sin 6A+ [(Jboin 60
+z;A)cos 6A+ nAsin OA] 2iw & cos tSosin GA
2
+ IC Q% (xA+ 2 cos Go)cos GA} (91)
M{(n,cos0,=-2,sin6,)8siné (w2+$22)
A A PA A o
+[(2,sin 8, + T,A)sin B - Np COS OAJ
-Qzﬁ,sin 8 cos2 O, +(x, B __sin §
0 A A" pc 0
-!loc:os2 8§ cos 6,) Qzﬂ.cos 8, sin 0, + [(n cos O
o A A A A A

- I;A sin GA) sin 6A+ L sin 60 c052 GA:I

«2iwf % cos 60~1C92w(xA+2cos Go)sin GA} (92)



3 2. .2
VXG = =M [g,sln So(w + 0+ 21w Lcos Gosln GAJ (93)
v = -M[fcos & sin0, @2+ 29 -21u0 4 sin 5 ] (94)
y$ ) A 0

2
Vza = Muw "% cos §,c0s 8 (95)

Lead-Lag Pendulum

The lead-lag pendulum after deformation is shown in figure 6. The equations of
motion for the lead-lag pendulum can be derlved by following the procedure used in the
flapping pendulum case. This process ylelds the following equations for the lead-lag
pendulurn:

The relation between the pendulum mass and hinge in deformed coordinates

E;p = fRcos A
Mo = Mp+ % sin A (96)
Cp = La }
Pendulum angle
A =6+ 8 (97)
where
60 £ steady-state equilibrium angle
§ = time dependent perturbation angle

The equation for determination of the steady-state equilibriurn angle, becomes
X, tan § 4—5Lsin2 0, sin § =3 sin2 0, + cosze-ﬁ X, sin 0 (98)
A 0 A 0="2%A AT Na A "pc”A A

The pendulum deflection in terms of the blade deflections

§ = VA GV+WA 6W+ }JA 6u+ \’A 5 (99)
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where

Gv = {(522+ wz) cos 60 cos GA ~2lw R sin 6°]/a (100)
. 2 .
§, = w cos§ s eA/a (101)
Gp = -nzxAcos Socos eA/a (102)
6\, = -nzxAcos 60 sin e,\/a (103)
X
a = z(wz-w2)+icszzw(-é+cos s.) (1o4)
P L °
- ~/ x}_\‘ 2 2 \ (1 )
we =g +cos” §_sin” 0 05
P L(gcos So ) A)
- Xp 2 2 1/2
2 %z Roos 8 + COS 6°sin OA
(9]
€ = 7] (xA/z 4+ COS 60) (106)
§ = gseltt (107)

The nonzero elements of the point transfer matrix hecome

) . 2. 2
Pgr= M [;Acos eA+(nA+,Q,sm so)sin eA](m + ‘Q)"'SVMXG
P.,h = M[; sin 8, ~( +R,sin8)cose]w2~6M
62 A AT A ) A w x§
PG#‘ ~-M &sin Gosme'AQZXA'Gqus
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Masin & cos 6, o2 XA~ GvaG

-M [( Np Sin 84 + T p cOS GA) 2iwf +% cos § cosf
+sin eA(w2+ 92)] - 8, MyG
M& cos § cos? BAw?‘- Gw Mys

~M ( Np Cos 64 = L4 sin GA) szA
M% cos § cos 8, sin GAS.ZZXA- GuMy 5
~M & cos § cos? Oa nzxA- 6\) My 5

-M [}L cos § sin? eA(w2+ 22

( Ny €08 By = Ly sin BA) Ziwﬂ] —GV M, s

Mmz

2 cos Gosin 6, cos eA'GwMza
-M(nAsin6A+ z;AcoseA)szA

M3 %xpR cos 6, sin” 0, - 8 M, ¢
-MQZxAILcos Gosin GAcos GA- § M, s

v
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where
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Plo,1®
P1o,2°
Prou®
P10,5"
Pi,1®
Py),2°
ST

Piy1,5°

M, o= -M{ [CAcos Oyt (Mg + Xsin 8 ) sin eA]

M)'G: -M{(nAsin 04+ LpcOS BA)zsinGO(w2+ Q

2 2
~Mw”*+ 0 )'vayé

pys

(9 cos Gocos 6A+iw sin 60)25’22

-% ;Acosso(QZ_ w2)+ QZBPC Rxp cos §  cos eA§ (108)

+ [- z;Asin 6A+( Ny * % sin 60) cosGA] ﬂzzsin Gosin eAcos 0
, 2 2 2

+(xp chsm §, = &cos® & sin GA)SZ % cos” 0

- [(HAH?« sin 60) sin Bat L cCOS eA] 2iwf Rcos Gocose

. 2 .
-icQ m(xA+ % cos Gc)sm OA}

o o Ex



*

fa ¥
‘

)

M{( Ny €5 eA- ,Asin eA)z sin 60(w2+ 522)

MzG

4 [t;Asin GA-( nA+zsin Go)coseA]R 2Jl,sin Gosin?‘eA
(X, B __sin§_ -8 cos? & sin 8,) Q24 cos 0 4 sin 8
“XA Ppe SN O oo VA A A

- [( Ny COS GA- Zp, sin OA) cos eA-»R,sin 60 sin2 BA]

"
+2iw & cos § -iC SZ“w(xAMLcos So)ces eA} (110)

Vos = M [g, sin 6°(w2+ 92)-2im92cos GocoseA] (111)

Voo = M[!Lcosé cos 8, (w 2+ 92)+21w9ksin6] (112)

yé = o A o

V.5 = sz.""cos 6°sin B4 (113)

AERODYNAMIC FORCES

This section is concerned with the calculation of the aerodynamic loads on a
helicopter rotor blade in forward flight. Due to the complexity of the flow field
involved and the interaction of different effects in the flow, a completely general
solution to the problem has not been obtained. There are a large number of
approximate methods available. These methods range in complexity from simple blade
element representations to lifting surface models with freely distorted vortex wakes,
with associated ranges in computational expense, accuracy and detail of the solution.
Commonly used is an approach based on a combination of simple momentum theory and
the blade element description. This method is adoptes! for the present study. The
method takes no note of the reverse flow and stall.

The aerodynamic forces are formulated from two-dimensional, incompressible,
quasi-steady, strip theory in which only the velocity components perpendicular to the
spanwise axis of the deformed blade are assumed to influence the aerodynamic loading.
Account is taken of the varying freestream velocity associated with the rotating blade
by employing Greenberg's extension (ref. 11) of Theodorsen's unsteady theory for
determining the aerodynamic lift and pitching moment acting on the blade. The
resulting expressions are specialized to the case of quasi-steady flow by setting
Theodorsen's circulation function te unity. Simple momentum theory is used to
calculate the steady flow induced by the rotor. The expressions for the aerodynamic
loading are based on the analysis reported in reference 12.
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In Theodorsen's theory a two-dimensional airfoil is assumed to be pivoted about an
axis which may be distinct, in general, from the aerodynamic center. The airfoil Is
pitched at an angle e(t) to the freestream flowing at constant velocity V. The airfoll is
vertically displaced with velocity h (t) as shown In figure 7. Greenberg (ref. 11) has
extended Theodorsen's theory for a varying free-stream velocity V(t). The lift and
moment acting on an element section of the blade may be expressed in terms of the
circulatory and noncirculatory components as

L =L, + L

c ™ "NC
(L114)

M= MC+MNC

With the airfoil pivot axis (analogous to the rotor blade elastic axis) at the airfoil
quarter chord (the airfoil aerodynamic center) the relations for the aerodynamic loads
per unit length may be written as (ref. 12), '

2

1 S (1 .S
Lye = geag (U +ge) (115a)
L = LpacU(-U_+S¢)
1 2 \ . 30.
Mye = -§-pac(-§) (—UP-UTe+-—8-C-e) (115¢)
1 2 .
Mg = -zpac(2Uge (115d)

The profile drag force acts parellel to U and is given by

1 Cdo 2
D-'-z-pac—g—'U (116)

The components of the aerodynamic forces in the deformed coordinate system can
be written as

gs]
1"

-Lcsin a =D cos a
(117)

™I}
il

Lc cos o + LN C—D sin o

where

sing = U /U
) p/
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Cos O = UT/U

o /2 2
U = U.[.+UP

Substituting equations (115a), (115b) and (116) into equations (117) yields

_ L 2. Sy 5. do z]
(118)
= L o SU + &%
F, = 5pac [—UPUT+ 5 eUT-»ZUP+ ) e.] ’
From equations (115¢) and (115d) the pitching moment can be written as
.l 2 . ’ 3 .o
My (M) =g pac @ [upe -0+ F¢ (119)

where

U p’ UT = relative velocity components in the deformed coordinate system (fig. 7)

m.
il

angular velocity of the blade about the x' - axis

e ——

2 2
ta‘»\/U
V(t) ’I'+Up

The assumed orders of magnitude of the quantities used in deriving the aerodynamic
loads are

U

£ = 0o(e)
Ur €
[of

_g_g_ = 0(82)
-f-{ = O(e)
vi

OR = Ofe)
6 = Of(e)
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The aerodynamic forces in the undeformed coordinate system are obtained by using
the transformation given by equation (A-#). To second order, the aerodynamic loads can
be written as

L, (=F) = For-Fu(6 +9¢)
L, F) = Fuo@ + )+ F (120)
Mx = qu

In equations (118) and (119) the blade aerodynamic loads are expressed in terms of
Ury Uy, and €. In order to use the expressions for blade aerodynamic loads in the
blade equations of motion, U, Uy, and & must be expressed in terms of the blade
bending and torsion deflections v, w, and ¢ . The blade velocity is easily expressed in
the x, y, z coordinate system. The deformed blade coordinate transformation, which
relates the x,y, z and x', y', z' coordinate systems, is given by equation (A-4). This is
used to express the U.. and Uy velocity components in terms of v, w, and ¢ .

The total flow velocity ‘seen by a point on the elastic axis can be written from
reference 12 as

<t
1

(ug@Rcosy+ QRAB -+ avl

+(QB WV -Q(x+u)- quRsinxp)T

p

N -+
+(QR)\-ufﬂRchcos Y- - Qchv)k (121)

where

V cos Ots
2 R

=
()
!

Vsina_ v,
A - —S L
- 2R
and the aerodynamic velocity components are shown in figure 8.
The tangential and perpendicular velocity components, UJ‘ and Up, are obtained

from equation (121) using [ T] from equation (A-4). To second order in the dependent
variables they have the form
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e SR vIcosd+ R x+ g QRsinY+Vv (122)

C
]
1

C
1

g RR W' cos -y QR V'6 cos
“(u; @ Rsiny + Qx) 0 + ¢) V0

+ Uy RRBPccosw ~QRA + W+ nspcv (123)

It may be noted that the nonlinear terms are neglected.

The angular velocity about the x' axis, € , is now considered. It can be regarded as
being composed of three parts: the first part due to the rigid-body angular velocity of
the hub in space, the second part due to the control inputs, and the third due to the
angular velocity associated with the elastic deformations. The total sectional pitching
velocity can be written as (ref, 12.)

€ = (B _ _+w+ elcsin q;-el cosw)+&> (12 4)

pc s

It may be noted that the total geometric pitch angle, 0 , is given by

86 = 0 t+ec'el

b cos\lJ-Blssin\P (125)

Cc

a\%}

where @ _, is the built-in twist angle (pretwist), © _ is the collective pitch angle
measured &f the tip, and 61 and © g are the first harfonic cyclic pitch components.
The built-in twist is a linearinear f\}nction of x and may be written as

Opt = -et(R-X) (126)

The induced veloctiy, v., is caiculated by equating the integral thrust to the thrust
from momentum theory using the relations

CTSZR
sy 1 2*]_1%.{. >\2

¥

(127)
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2m R
b 1
C O A W— L dXdlll (128)

where L Is the steady-state value of L_.

Subgvtxtuting equations (118) and (119 into equations (120) and using expressions for
U., Uy, and &, given by equations (122) to (124), the aerodynamic loads to second order
can be written as

L, = -é—p ac[—(9x+ Mg 2 R siny)e +2(quRBPCCOS\P

-QR)\)]W+-%p ac[~($2x+ prRsiml))
o( quRBPCcosanR}\)] ) +-% pac[-(ﬂx
+ufs”2Rsinw)6 +2(pfszRchcos xp-QRA)]

‘¥, QR cos lp\)+%pac [-(Qx+ prRsintp)

f
(1. ARB__cosy -RRA) 6 - 92 (gx
My pc a

+ ug R sin¥)? 4+ (U QR B cos ¥ QRN )’ | (129)
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)

%pac [—(ﬂx+ uIQRsinw)ﬂ ch]v

1
+ 5 pac [2(ax+ uiﬂRsln\p) ) -(quRchcosxp
. 1 . . Coee
JZRA)] v+-2-pac[~(9x+ pfﬂRsmtlJ)w-Ew]
+-é—pac [-(9x+ quRsimlJ)z

chosxp]cb +-é-pac[%9(§2x

+-Z= Mg Q
* Uy QRsin\p)] ¢ +—é— pac [Z(Qx
+ufﬂRsin¢)9 -(ufSZRB Pccosw—QRA )]
-(pfs‘ZRcosq;) U +—é—pac {-(Qx

+ g R siny) quRcoqu%ﬂ(ax

stin\p]v

+ quRsin\p)w& He @
1 c .
*5pac [-E quRcosw] v

1 : .
+5 pac [-( ufSZR chcostlz -9 R)\)+(quRs1n ¥

+Rx) 6] (Qx+ pg Q Rsiny)

+%pac[%(ﬂspc+%é)(ﬂ x+ ug OR sing)

2 c 2 .
+§-pr R cos y @ t U Q Rspcsmw]



M¢= --é-pac(ﬁ-)2 [-i\'u- prZRcos\M’
. 2 2 \
+2(0x+ quRsin\p)cp + (9 X+ 2 g 2 R sind) v
~uf$2Rcosx',:\')]
-%pac(ﬁ)z[(9x+ quRsiml))
p 2
QB +28)% ne 27RO cos P

+uf$22Rchsin v] (131)

The above expressions can be rewritten in matrix form as (retaining only time-
dependent terms)

‘{Fa} = [B (x, t)] {i(x, t)} + [C (%, t)] {Z (x, t)} + [D (x, t)] {‘i (x, t)}

+ 23: [Bc(x, t)] 0 {Z (%, t)} cosn ¥

n=1

+n§;l [cct 0], {20} cosn v

+nj§1[ss (0], {2060} sinny

; nf;l [c,n], {zo 0} sinn v

. f}{pc W} cosn ¥ + 5:1 {P; 0} sinn ¥ (132)

n=1 n=
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where 12 } Is the state vector, defined by equation (1), and

{FtTzlooooo My 00 0mn,1,] (133)

The nonzero elements of the elastic-deformation-independent aerodynamic load
vector, P, are:

For n = |;
= L 2
Pc6 = 2pac(q)SZ [-Zﬂx 915+ Mg 9R(6t+ BC)]
; 1 [
Pclo = -5 pac @R -Zﬁpc HeQ RA -(6t+ ec) ch pfﬂx
1 2
+q chuf QRQIS-')\QXGI(:]
P, = . acS'zR[ B Qx+S@ ,+0)
cl1 = 2P Pc Mt 4 Wgf
~F R 0 (R*a“f“R) O1c
_ 1 cZ
Pg = 2pac:() [29x6l0+298pcuf ]
P .= -Lijacar 2-—9’-9- Qx+ (8 .+ 0) u.0 RA
sl0 ~ 2 P Mg t ¢ Hf
” A0x0, ++8 uZaRe ]
1s T 4 P pc Mg lc
P .= -4 acszR[é-‘ie Qu,+ AR u R
sl ~© 2 P b Ppc Mg e

@

2
+2(0 +9)uf52x &R -Z—u? SZR)G15

3c A (X

28
K
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For n=2;

cb

clo

cll

s6

si0

sll

For n=3;

clo

cll

sl0

sll
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H]

é p ac (4)29 (3-2'3" QR 0) )

1 2 1,2
-zpacﬂR[z = Hf @ R+3 fspcufnk

! 1
2 AUGAR B 458 0 npAX elc]

L 1 2
-3P acQR[-2(6t+ ec)uf 9R+Qufx 85

"% Mg 9 6lc:]

c\2 -3
2pac() Q (?prR L)

roa ” [
2 - 4 i
-5 pac QR L A ec)chquR+28pc HeSEX 6

1
TRTRION

2

L [.1. 1
-7 PacOR|-7 B8 WfOR-5c1,00  Ru;x0, ]

L 1 2
-5 pac @R (- Bpc HgQ R 6 )

--é-pacsm(%;ufmz 6, )

Ic

1 Ly 2

1 1,2
-5 DacQR(4 By @R 915)



The first seven terms in equation (132) represent the aerodynamic loads due to
elastle deformatlons. The coefficlents of the corresponding matrices are given in
Appendix C.

The aerodynamic loads as represented by equation (132) are to be included in the
blade equations of motion. It may be recalled that the solution to these equations s
treated as individual contributions associated with each harmonic of the excitation
loading. Such a solution may be written In a complex form as, equation (22),

{Zn(x,,t)} - Re({:'z'n(x)} ei“"‘) (134)

where

In the aerodynamic loads expression (eq. (132)) the fourth to the seventh terms
contain functions of the azimuth angle (rotational speed). Due to the existence of these
terms, the above solution (eq. (134) can not be applied. Instead, the state vector should
be written as

{2, 0l. rel
\Z (%, t)f.. P“\n

[
o N—
|3\
x
N——
(Dﬁ-
3

2D

=

) (136)

- 00

In this case the resulting equations must be solved simultaneously for all harmonics.
Even if only three harmonics are considered for the state vector (eq. (136)) obtaining
the corresponding solution is very complicated. An approximate method is used to
determine the aerodynamic forces by neglecting the fourth to the seventh terms in
equation (132). These terms are of lower order than the corresponding terms in the
blade equations of motion and thus may be neglected according to the adopted ordering
scheme. Although the first three terms of equation (132) may also be neglected
according to the ordering scheme, they are retained here. These aeroelastic terms will
be the only representation of coupling between the elastic deformations and the
aerodynamic loading.

With the fourth to the seventh terms in equation (132) neglected the solution given
by equation (134) can be applied. Substituting equation (134) into equation (132) yields
the following complex notation for the nth harmonic of the aerodynamic load.

{Fa} = [A] {7} {7} (137)

where

{Faf

{ '13} £ amplitude vector of the elastic-deformation-independent aerodynamic force

amplitude vector of the aerodynamic load
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and

{7}
[#]

From equation (139) and Appendix C, the nonzero elements of [Aa:] are

{Pc}-1 {Ps} (138)

[B(x,m)] +iw [C(x,w)] - w? [D(x,w)] (139)

i

- L &2, 2
Aga* 2‘oac(#) W

1

C\2 (e
Algs= 7 Pac (@’ (2iwg x)
= L €2 2
Algs = 2pac:(,“) 2°x
I L -
Aam’z.. —zlpacm[-ﬂx( .+ B8+ 5 e &R 6, zszm]

1 2
R 2 2.2
Aatg,5 = =702z 27x R 8+ 87 ugR7B )

S 2
Aarr,1 = -z Pac(-2%x B )

1.
--z—xpacw[ZS?x(ec+ et)-quR 0+ QRA]

u

1 . c,2
Aall,z o pac (-iwg X+ g W )

_ 1 2.2 1 2.,2,2. 3¢ .

Rt 2 1,2.2,2
Aall,#' 'ZOaC('Qx“fRelc'ZQ Mg R ch)
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s -k c o2
Al ® "7 Pac(z A7)

The induced velocity, v, is obtained by substituting the steady~state value of L
from equation (130) into equ&tions (127) and (128). The resulting equation is

a (6A+C)

vi = Jetano ~A = = (140)
i £ 5 ?pf2+ }\'2

where
V cosd
W = C°§ $ (141)
1 bc
%8 "R *° (142)
C =W+61) 0 -(1+3pd) 6, R-6p, 0
n - K Yq 7 Vi Mt Y

+RGB* 3 0 (143)

Equation (140) is an algebraic equation in .

TRANSFER MATRIX METHOD

System Equations

The blade equations of motion are given in a matrix form by equation (23) for the
nth harmonic of frequencyw as

[zw] = [aw] [zw] + [F, 0] (144)

The boundary conditions corresponding to a hingeless rotor blade are idealized in this
analysis as being cantilevered at the hub (x = 0) and free at the tip (x = R).
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Hubs {Z'd(o)} . o} (145)
|

Tips [z, @] = {o (146)
where
[z} = iw 5 73l (147)
(Z,0]T - |#, @, @, 9, 9,7, (148)

Equation (144) represents a set of 11 linear_first-order ordinary nonhomogeneous
differential equations. It may be noted that | A ] Is a complex matrix due to inclusion
of the linear damplng terms. The desired solution Is obtained by the fomulation of a
lf;leléi transfer matrix which relates the state variables between any two points along the

ade.

Transfer Matrix

The concept of the transfer matrix has been thoroughly discussed by Pestel and
Leckie in reference 13. The backward transfer matrix [ T(x ] is defined by

lze] = [1w0] {zo)] (149)

which relates the state vector at two stations.

It is often possible to determine the transfer matrix by using simple statics. Such
techniques are described in reference 13, These techniques prove satisfactory for
simple lumped parameter or lower order uniform continuous systems, but become
cumbersome when used for nonuniform and higher order systems because of the required
algebraic manipulation. Murthy (ref. 9) has presented a systematic approach which
eliminates much of the algebra and results directly in differential equations for the
elements of the transfer matrix. The state vector usually satisfies the differential
equation

4 (ze0] - [aw] [zw] (150)

Differentiating equation (149) with respect to x gives
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£ rw] fzof (151)

"

4 fral

From equation (149) it is obvious that

1

[z@] - [Tw]™ {zw] (152)

Substituting this into equation (151) the following equation can be obtained

BS’)_( {z(x)} = -(%E [T(x)] [T(x)]"l{Z(X)} (153)

Equating equations (150) and (153) gives

-1 ,
rrA(x)]--d— [1] [100] ] {Z(xﬂ = {oi (154)

Since equation (154) must be satisfied for all values of x and all values of Z it follows

that
[A(x)] = -c% [’I’ (x)] [T (x)] -1

Then post multiplying both sides by [ T (x)] yields
—(?—X[T(x)] = [A(x)] [T(x)] (155)

Therefore, the transfer matrix is given directly by the solution to equation (155). By
letting x go to zero in equation (149) the initial condition of the transfer matrix

becomes the identity matrix.
[T(O)] - E\.l (156)

If equation (155) is solved as a coupled set of first-order differential equations, then
equation (156) provides a sufficient number of initial conditions. ‘

The transfer matrix of the blade without a pendulum can be obtained by integration
cf equation (155) together with the initial conditions of equation (156). The tension
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coefficient, T, appearing in matrix [A]is given by

R
’I’:sz mxldxl (157)
X

When a pendulum is attached to the blade the transfer matrix at any spanwise
location is obtained as follows. Let x, be the spanwise location of the pendulum hinge:

Case |, 0 =sx= xllz\

The transfer matrix in this case is obtained by the direct integration of equation
(155) together with the initial conditions given by equation (156) similar to the case of
the blade without the pendulum, but the tension coefficient is given by the following
equation instead of the one given by equation (157).

. R
Tnszzf mxldx1+fV15722(xA+2,cos Go) (158)
X

Case 2. XI}\S x <R

Let [ T, ] be the transfer matrix i:f the blade at x = x I‘; this matrix can be obtained
from Case 1 as described above. Recall that [ P (see‘éq. (89)) is the point transfer
matrix of the pendulum. Let [T (x)] be the transfer matrix of the blade from x " to x.
This matrix is obtained by the ifigegration of equation (155) with the initial conditions
given by equation (156) from x, to x. While integrating this equation the tension
coefficient given by equation (lﬁ') should be used instead of the one given by equation
(158). By the product rule of transfer matrices, the transfer matrix of the system at
any spanwise location for this case is given by

[Tw] = [1,00] [P] [7,] (159)

Once the system transfer matrix is obtained, the state vector at any spanwise location
can be determined.

System Dynamic Response

It has been shown how the transfer matrix c¢an be used to solve the homogeneous

b
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differential equations, An application of such a solution Is to find the natural
frequencies and mode shapes of an elastic system (ref. 14). Once they are kncwn it is
possible to solve the most general cases of forced undamped vibrations, whether they
are transient or steady-state in character, either for discrete or continuous systems,
through the normal mode approach. On the other hand the steady-state response caused
by a harmonic excitation is more readily solved with the aid of a particular integral of
the nonhomogeneous differential equation without making use of the normal modes and
natural frequencies (ref. (13)).

The procedure adopted here for the steady-state response of forced vibrations with
harmonic excitation is usually called the "exter ded" transfer matrix approach for
undamped systems and the "complex extended" transfer matrix approach for damped
systems. The procedure is valid for any linear damping since normal modes are not
introduced. The restr ctions are that the response is steady and excitations are
harmonic. With the knowledge of the system's response to harmonic inputs, the
response to any arbitrary input can be computed by synthesizing the arbitrary forcing
function from an aggregate of infinitesimal harmonic forces.

The blade-pendulum equation of motion was given by equation (23) as

[ze]" = [aw] {zo) + [F, 0] (160)

By definition of the transfer matrix; the solution for the homogeneous part of eguation
(160) can be written as

{z,00] = [Tw] [z (161)

"The particular solution of equatior (160) can be written as

{Zp(x)} =6/-x[-r(x,s)] :ffa(s)§ ds (162)

where [T (x,s)] is the transfer matrix of the system from s to x (in contrast to [ T (x)],
the transfer matrix from 0 to x). By the product rule of transfer matrices the following

relation can be written
[tw0] = [ra9] [16] (163)

From equations (162) and (163) the particular solution can be written as
-~ X -l =
(z, ] = [ ] ) [16)] [Ee] o (1em)

;I‘he )complete solution of equation (160) can be obtained by adding equations (161) and
L6k).
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[zo] = [rw] fz@} + [10] ofx[r(so]'l (£ o (165)

Z (0)| is not completely known, but it can be determined from the boundary
nditions of the system,

Efuqtion jléﬁ) gives the amplitude vector of the simple harmonic response. The vector
To determine the vector !Z (0) ‘ , first rewrite equation (165) as

C

Z, (0 .0 | T ( Z©
P B — e s bt e ——
Z; (x) T, Ty | { Z (0
T, T 0] [S, 00 5,607 (Fyle
e e WU TR ks - - -} ds
T, IT 0| [S ) ! 546 F (s)
(166)
where
(z)T = vl
— T - — — i
.| = M & ¢, 7,7V,
Fod = o] (167)
{F}T = |-M, 000-L -L | (168
f 0] vV oW

[s (s)] = [T (s)] -1 (169)

The beundary conditions corresponding to a hingeless rotor blade are
{Z‘d(o)} {o} (170)

1z, ®]

n

{o} (171)

Substituting equations (167) and (170) into equation (166) yields
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Zw)  [re]
SR R B {zf(o)}
Z (x) Ty (x)~

T, (x) : T, (x) x |8, (s)

N B f -_-{F‘f(s)}ds (172)
T, () | Ty | o 54 )

-t

From equation (172)

_ _ | RIS, 6]
{Zw} - [ry@] {zo}+ [re@itw] /7 2e|{Fo}s
(173)
Substituting the boundary condition of equation (171) into equation (173) yields

{0} = - [ry@] [ro® | 1,0R)] ofR[—SS':%] (Fofas  (174)

Equation {172) gives the response state vector of a hingeless rotor blade due to a
simple harmonic load. The hub constraint reactions, { Z (0) F, which appear in equation
(172) can be obtained from equation (174). It may be noted that the transfer matrix and
all state variables are complex due to inclusion of the linear damping terms in the
system equations of motion.

The transfer matrix, by definition, is independent of the boundary conditions.
Having determined the transfer matrix, the boundary conditions can be simply imposed
to determine the response state vector as shown above for the case of a hingeless blade.
So all the problems corresponding to various boundary conditions can be analyzed easily.
Another advantage of the method is that it provides for the continuous integration of
the equations. In the present study the Runge-Kutta procedure is utilized to solve the
differential equations governing the elements of the transfer matrix (eq. (155)). One
distinguishing advantage of the transfer matrix is that the hub constraint reactions are
obtained as a direct result (eq. (174)). The extended transfer matrix approach is valid
for any linear damping since normal modes are not considered. The number of stations
at which the transfer matrix is determined depends only on the step size of the
integration. The incremental step size can be selected arbitrarily and then the resuit
compared with that obtained for a smaller increment. In this way an optimal value for
the step size is obtalned.

RESULTS AND DISCUSSION

The object of this study is to establish a comprehensive analytical design procedure
for the installation of simple pendulums on the blades of a helicopter rotor to suppress
the force and moment reactions at the hub during forward flight conditions. This
procedure will correspond to a process of optimization with the ultimate object of
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minimizing the root shear and moment. The minimization of these reactions will be
accomplished by a systematic variation of the pendulum parameters (both geometrical
and inertial). In this section numerical results are presented together with a discussion
of their significance. The numerical results presented pertain to both uniform and
nonuniform hingeless rotor blades. The properties of these blades are given in Appendix
D.

Simple Flapping Pendulum

The first part of this saction compares the root reactions from this study with the
results of Murthy (ref. 15) for an undamped analysis. This comparison is made solely to
verify the correctness of the computer program. The remainder of this section
contains: 1) a detailed discussion of the numerical results for a #/Rev concentrated
load at the tip; and, 2) the results for excitation by a harmonic variation of spanwise
airload in forward flight.

Analysis_verification. - By dropping the damping terms in the blade and pendulum
equations of motion the case of undamped dynamic response can be recovered. The
undamped root reactions of a uniform rotor configuration (Appendix D) are presented jn
Table 2 together with the results of reference 15. The reactions with a properly tuned
simple pendulum are also shown in Table 2. The excitation force for all these results is
a concentrated out-of-plane simple harmonic load at the tip of the blade with a
frequency equal to 4/Rev. It is apparent from the data presented in Table 2 that the
present analysis provides results which agree with the work of reference 15 for a
uniform rotor blade without damping. The computer code has also been verified by
duplicating putlished data of normal vibration modes for hingeless and articulated rotor
blades (ref. 16).

Concentrated load excitation. ~ The force vector for a concentrated out-of-plane
load can be written as (see eq. (168))

{ﬁf}T= looooo -F_] (175)

where F_ is the amplitude of the applied load. The concentrated harmonic force at the
tip has tfie following characteristics:

Magnitude. « v o v s v e v v e v e v 02224 N
Frequency. « v e v e v e v e J4/REV

Both the uniform and nonuniform blades are considered for this particular excitation.

The root reactions of the uniform blade with a flapping simple pendulum are
computed. It may be noted that all state variables are complex due to inclusion of the
linear damping terms. The results for the vertical shear amplitude at the hub are
plotted in figure 9. The pendulum weight is 66.726 N (10% of the blade total weight).
Damping at the pendulum hinge is neglected. The effect of this damping on pendulum
tuning is discussed later in this section.

The tuning of the pendulum is changed by varying the spanwise location of the
pendulum for a fixed value of the uncoupled pendulum frequency. It miy be noted from
equation (53) that the uncoupled natural frequency of the pendulum is mainly dependent
on (1) rotational speed of the blade, (2) spanwise location of the pendulum, and (3) its
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TABLE 2. - CORRELATION OF UNDAMPED
ROOT REACTIONS

Source Mx’ My, Mz, Vy, -
Nm Nm Nm N N

No Pendulum Attached
Reference 15 -139 1536 -648 -1054 3256
Present -146 1535 ~648 -1051 3254

With Pendulum Attached®

Reference 15 -5 58 -576 -983 ~0.5
Present =23 53 -606 -973 -2.8

b = 144 rad/s; Xp =1.651m; = 0.2032 m
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length. The simple pendulum considered here swings In the flapping plane and hence can
generate significant out-of-plane shear force and moment at its point of copnection
with the blade. These facts can be observed from the results of figure 9, The root
normalized vertical shear ( the shear reaction with the pendulum attached to the blade
divided by that value without the pendulum) is altered significantly by the pendulum.
For instance, when the pendulum is Jocated at 15.2% of the span, the root normalized
vertical shear is attenuated to 2.9% for a pendulum frequency equal to 146 rad/sec
(3.87/Rev), while it is amplified to 2579% for a pendulum frequency equal to 160
rad/sec (4.24/Rev). The latter case shows that an improperly tuned pendulum might
amplify the root reactions rather than attenuate them, and the system would be better
off without the pendulum.

From the results of figure 9, it can be observed that the pendulum of frequency 146
rad/sec (3.87/Rev) located at 18% of the span is a proper design because it attenuates
the hub vertical shear to 1.3%. The out-of-plane moment at the hub is reduced to
14.2%. This choice of pendulum also attenuates the in-plane force and moment at the
hub to 4.2% and 22.8%, respectively.

The effect of pendulum mass on the vertical reaction is illustrated in figure 10 as a
function of spanwise location. The results are for a simple flapping pendulum of
frequency 146 rad/sec. It can be observed from these results that if the weight of the
pendulum is 66.726 N (at x, = 18% span) then the normalized vertical shear at the hub
is 1.3%. If the weight of fhe pendulum is reduced by two thirds (located at 18% span)
then the normalized vertical shear at the hub is 39.3%. This variation of the pendulum
weight will be referred to as the welight ratio, where in this instance the weight ratio is
33%. This result indicates that even though the uncoupled natural frequency of the
pendulum is independent of the mass of the pendulum, a proper choice of the mass is
also required to generate an optimum force to attenuate the root reactions.

It can be observed from figure 9 that the minimum normalized vertical shear for
any pendulum frequency occurs when the pendulum is located near 18% of the span.
These values are replotted for different uncoupled pendulum frequencies in figure 11.
Comparison of the hub vertical shear with pendulum absorber to the hub shear with no
absorber shows the pendulum absorber to be effective in reducing hub out-of-plane
reaction for tunings between 3.82 and #.00/Rev. It can be recalled that the optimum
tuning is 3.87/Rev. The steep gradient of the hub shear with pendulum tunings beyond
optimum indicates decreasing effectiveness of the pendulum absorber and for tunings
above 4/Rev the pendulum absorber becomes detrimental. Figure 11 demonstrates that
in the case of an off-tuned pendulum, it is apparent that the result can be either a
slight-to-moderate degradation in pendulum absorber effectiveness or a drastic increase
in hub reaction depending upon the direction of tuning variation from the optimum
pendulum natural frequency.

Similar results have been obtained in reference 4. In this reference a semi-
empirical analysis, using in-flight measured flap bending moment data, was developed to
study the pendulum effectiveness in reducing 4/Rev blade root vertical shear. The
Boeing Vertol 347 aircraft was used for the flight test. Itis a tandem-rotor helicopter
with fully articulated 4 bladed rotors.  The vertical 4/Rev pendulum absorbers were
Installed on all blades of both rotors at 16% blade radius. Comparison of the predicted
hub motion with the pendulum absorber showed that the pendulum absorber is effective
for tunings between 3.4 and 4.0/Rev. Test results indicated that a 3.95/Rev is an
optimum tuning. For this optimum tuning the vertical hub shears were reduced by 80 to
90% on both forward and aft rotors. However, the vibratory blade root chordwise
bending was increased by 25% with the pendulum installed.

The elastic dr flections and structural load reactions for the present uniform blade
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corresponding to the optimum flapping pendulum (3.87/Rev at 18%) are shown in figure
12 together with values obtained without the pendulum. The chordwise and flapwise
deflections are normalized with respect to the chord (c=0.7m). It may be recalled that
all the deflections and forcgs are complex. The phase angles for the deflectlons are
found to be either 0" or 180" as presented In gigure 12, However, the phase angles for
the moments and forces are not exactly 0~ or 180° at a few blade stations, and
therefore it is appropriate to plot only the magnitude of these forces and moments.

It can be observed from figure 12 that the pendulum causes a spanwise
redistribution of the structural loads such that the hub reactions are attenuated. Figure
12 shows that the optimum pendulum decreases the loads inboard of the pendulum and
increases the loads outboard of the pendulum. It can also be observed that the maxima
of the deflections, twisting moment, and vertical shear are higher than the
corresponding quantities without the pendulum. This is the penalty one must pay for
achieving the drastic reductions In the root reactions. The vertical shear Is
characterized by a large change at the pendulum attachment point due to the vertica)
inertial reaction of the flapping pendulum mass. This vertical reaction, which is
imposed at the pendulum attachment point, is the basis of the blade-mounted flapping
pendulum concept which has the purpose of attenuating the root force and
moment reactions.

In general, a properly tuned pendulum can attenuate the vibratory loads in two
ways: (1) by eliminating the resonant responses of the blade by displacing the initial
natural frequencies that are in the vicinity of the excitation frequency, and (2) by
generating appropriate forces at its attachment point with the blade, These forces
ridistribute the loads on the blade so that the root forces are attenuated as discussed
above.

Figure 13 shows the hub vertical shear for pendulum tuning of the nonuniform
blade. The blade rotor speed and precone angle are equal to 289 rpm and 0.l rad,
respectively. The pendulum weight is 133.452 N (13.8% of the blade total weight). The
results indicate that a pendulum with uncoupled natural frequency of 3.85/Rev located
at 22% of the span is a proper design because it attenuates the hub vertical shear to
2.2% and the out-of-plane moment to 3.4%. This choice of pendulum attenuates the
root in-plane force to 47.6%. However the root in-plane momer:t is amplified by 75%.
This adverse effect can be reduced by offsetting the pendulum hinge (n ,) from the
elastic axis. The effect of the pendulum hinge offset is discussed later in this section.

For the optimum pendulum (w _ = 3.85/Rev and x, = 22% span) the root forces are
computed for different values of the pendulum mass. The results are shown in figure
14. It can be observed that a 50% weight ratio (66.72 N) is an optimum choice. For this
weight the normalized vertical shear at the hub is practically zero as compared to 2.2%
with a pendulum of weight 133.452 N. This demonstrates, once again, that a proper
choice of pendulum mass is required to minimize the root forces.

In the above analysis the damping at the pendulum hinge is neglected. However, it
is necessary to study the effect of the pendulum damping on the root reactions once the
optimum pendulum tuning is established. The hub shears and moments are computed for
different damping ratios, and these results are presented in figure 15. It can be
observed from these results that damping of the pendulum due to friction in the pivot
bearing has a very small effect on the hub reactions.

Once the optimum tuning configuration and mass effectiveness are established, a
parametric study is conducted. The parameters to be varied include prepitch, pretwist,
precone and pendulum hinge offsets. The parametric survey is conducted for the
nonuniform blade with the optimum tuned pendulum ( w _ = 3.85/Rev and x A= 22%
span). The pendulum mass is 133.452 N for this study.
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Figure 16 shows the effect of root collective pitch (prepitch) on the hub reactions.
The pretwist angle for these results is equal to -9~ The prepitch has a small effect on
the hub vertical shear. It significantly affects the hub in-plane force and moment,
which are both Increased by increasing the root collective pitch. The out-of-plane
moment is affected moderately by changing the collective pitch. The effect of
collective pitch on the twisting moment (not shown in figure 16) is negligible.

The effect of the built-in twist angle (pretwist) on the hub reactions of the blade-
mounted flapping pe%dulum Is shown in figure 17. The root collective pitch for these
results is equal to 137, Figure 17 shows that the pretwist has a small effect on the hub
vertical shear. Unlike the effect of the collective pitch, the pretwist has a significant
effect on the root out-of-plane moment. However, for typical rotor blades (negative
pretwist) the root out-of-plane moment is still attenuated to less than 10%. It can be
observed from figure 17 that the in-plane force and moment are both increased by
decreasing the blade pretwist. The pretwist has negligible effect on the twisting
moment. It can be concluded that the flapping pendulum effectiveness In attenuating
the root out-of-plane moment, and the in-plane force and moment is reduced by
decreasing the blade pretwist.

The root reactions of the blade are computed for various precone angles, and these
results are presented in figure 18, It can be observed that the blade precone has no
significant influence on the hub reactions. Thus, the flapping pendulum effectiveness in
attenuating the blade root reactions is not affected by changing the precone angle,

The results from varying the pendulum hinge chordwise offset, n ,, are shown in
figure 19, It may be recalled that the optimum flapping pendulum is tuned with its
hinge located at the shear center of the blade cross section( n, = 0,  , = 0). It can be
argued that this is an impractical location since the shear cen')%er is ustially Inside the
airfoil envelope. The pendulum chordwise hinge offset has a small effect on both the
root out-of-plane force and moment as shown in figure 19. Both the in-plane force and
moment are decreased by increasing the chordwise offset. The effect of chsidwise
offset on twisting moment at the hub s negligible.

Figure 20 shows the root forces for different values of the pendulum hinge vertical
offset, .. It can be concluded from figure 20 that the vertical offset, ¥ 5, hasonly a
slight eff £t on the hub reactions. Although not illustrated in figure 20 ﬁ‘s effect on
twisting moment is negligible.

Aerodynamic load excitation. - The dynamic excitation of the rotor blade is
provided by a quasi-steady representation of the spanwise airload distribution associated
with the cyclic pitch environment of forward flight. As previously discussed the
aerodynamic loads induced by the elastic deformations are also included. The
aerodynamic load distributions consist of lift, drag, and pitching moment. Values of the
aerodynamic parameters used to calculate the airloads are presented in Table 3.

As previously discussed the unsteady aerodynamic forces which occur in forward
flight are due to time dependent variations in velocity, angle of attack, and elastic
deflections encountered by the rotating blade. The quasi-steady representation provides
1/Rev, 2/Rev, and 3/Rev excitation airloads. The amplitude of the airloads decreases
as the harmonic order increases. For each of the three harmonics, the amplitude of the
vertical force is much larger than the amplitude of the in~plane force.

For airloads which are identical on each rotor blade, the nnly loads and moments
which the blades may transmit to the rotor hub are those which are integral multiples
(N) of the number of blades (ref. 17). The N/Rev rotor hub loads are the greatest
contributors to helicopter vibration. The source of N/Rev hub loads are N-i, N, N+l
rotor blade airload harmonics. Therefore one solution for reducing N/Rev vibration is
to cancel or eliminate these harmonics of blade loading. As discussed above, the quasi-
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TABLE 3. - VALUES OF AERODYNAMIC PARAMETERS FOR THE

NONUNIFORM BLADE IN FORWARD FLIGHT

Advance ratio, g + o 4

Shaft angle, a. deg . .+ +

Cosine cyclic pitch coefficient, © Ic! deg

L]

Sine cyclic pitch coefficient, 6, deg .

Collective pitch, 0 o deg « .
Pretwist, 6 pt’ deg -+ < -

Airfoll lift-curve slope, a, per rad
Profile drag coefficient, ¢ do *
Precone angle, B pc’ rad . .o

Blade rotational speed, Q ,rpm .

0.2

"1-5
3.0
13

2
0,01
0.1
289
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steady representation of the airloads contains only three harmonics. In the present
analysis, the effectiveness of the flapping pendulum In reducing the blade root forces
due to 2/Rev and 3/Rey airloads Is discussed. Throughout the following, unless stated
otherwise, all numerical results pertaln to the nonuniform blade.

The root reactions of the nonuniform blade with a flapping pendulum are computed
for a 2/Rev spanwise airload distribution, The results for the vertical shear at the hub
are plotted in figure 21. The pendulum weight is 133,452 N, From the hub reactions it
is observed that the pendulum of uncoupled natural frequency 2.02/Rev located at 22%
of the span is a proper design because it attenuates the hub vertical shear to 22% and
the out-of-plane moment to 31%., This choice of pendulum attenuates the in-plane
moment by only #% and amplifies the in-plane force by 66%. However for the 2/Rev
airload the in-plane hub force Is small compared to the hub vertical shear,

For the optimum pendulum tuning ( w _ = 2.02/Rev and x, = 22% span) the root
reactions are computed for different values'of the pendulum mass and the results are
presented in figure 22, It can be observed that a 94,53 N pendulum weight (0,71 weight
ratio) is a proper choice because it attenuates the hub shear to 2,9 %. It also attenuates
the hub out-of-plane moment to 17%.

To establish the importance of representing the excitation as a distributed loading
the responses due to the distributed airload are compared with corresponding responses
associated with a concentrated harmonic force applied at the tip with the same
frequency. Figure 23 shows the results for a 2/Rev concentrated out-of-plane force at
the tip. It can be noticed from figure 23 that the flapping pendulum effect on the hub
vertical shear Is similar to the results obtained for the 2/Rev spanwise airload
distribution {fig. 21). For specific values of the penduium ifrequency and spanwise
location, the pendulum attenuates or amplifies the root vertical shear the same way for
both the distributed airload and the concentrated load. It is observed that an optimum
tuning occurs at 22% spanwise location with pendulum frequency equal to 2.02/Rev.
This optimum tuning attenuates the vertical shear and the out-of-plane moment to 17
and 38%, respectively. It amplifies the in-plane force by 63%. It may be recalled that
the optimum pendulum for the 2/Rev distributed airloads also occurs at x A* 22% span,
] = 2.02/Re\’, a;ﬂd W = 94.53 No

The pendulum mass optimization for the 2/Rev concentrated load is shown in figure
24, It can be observed that a 100.09 N pendulum weight (0.75 weight ratio) is a proper
choice because it attenuates the hub shear to 8%. It also attenuates the root out-of-
plane moment to 26%.

For the 2/Rev concentrated load at the tip, discussed above, the elastic-
aerodynamic coupling is not included. However, it is important to study the effect of
these terms when the blade is excited by a concentrated load. Figure 25 shows the
results for a 2/Rey concentrated load at the tip with the aerodynamic coupling terms
included, as well as the results without these terms (W = 133.45 N). It can be noted
from figure 25 that for both cases the root vertical shear has the same characteristics.
However, the amount of attenuation is different. Figure 25 shows that, for the case
with aerodynamic coupling the optimum tuning occurs at x, =26% span and
w . =2.02/Rev. This choice of pendulum attenuates the root out-of-plane shear and
mément to 38% and 84%, respectively. The results of varying the pendulum mass
indicate that the reaction attenuation varies only by 1.0%. The results also show that a
133,45 N is a proper choice. Comparing the pendulum tuning for the 2/Rev distributed
airloads, the 2/Rev concentrated load, and the 2/Rev concentrated load with
aerodynamic coupling, it can be concluded that a pendulum tuned for a concentrated
simple harmonic load acting at the blade tip can serve the purpose of a distributed
simple harmonic loading at the same frequency as far as the pendulum tuning and mass
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optimization is concerned. However, it Is necessary to utilize appropriate distributed
airloads to accurately determine the attenuation of the root reactions.

Figure 26 shows the effect of pendulum tuning on the root vertical shear for 3/Rev
spanwise alrload distribution. The results of figure 26 indicate that a flapping pendulum
of frequency 3.10/Rev located at 26% of the span is an optimum tuning. This cholce of
pendulum attenuates the root vertical shear and the out-of-plane moment to 4.2 and
26.8%, respectively. It attenuates the root In-plane moment only to 97%. However, the
In-plane force at the hub is amplified by 44%. This adverse effect Is the penalty being
paid for achieving the drastic reductions In the root out-of-plane force and moment.

The root reactions are computed for various masses of the optimum pendulum.
Results for the vertical shear are presented In figure 27, These data show that a 155.69
N pendulum weight (1.17 welght ratlo) is a proper choice, For this welght the vertical
shear and out-of-plane moment are attenuated to 3.3 and 25.2%, respectively.

The above results for a simple flapping pendulum on the nonuniform blade are
summarized in Table 4.

Simple Lead-Lag Pendulum

As discussed in the previous section, the simple flapping pendulum can be tuned to
achieve significant reductions in the root out-of-plane forces. To significantly
attenuate the in-plane forces a simple lead-lag pendulum is needed. In this section, the
effect of mounting a lead-lag pendulum on a rotor blade is discussed. The excitation
loads to be considered are #/Rev concentrated load at the blade tip and 2/Rev and
3/Rev spanwise distributed airloads, Throughout the following all numerical results
pertain to the nonuniform blade.

Concentrated load excitation. - The root reactions of the nonuniform blade with a
simple lead-lag pendulum are computed. The results for the in-plane force amplitude at
the hub are plotted in figure 28. The study of the effect of the pendulum tuning on the
root in-plane reaction Is of prime importance since the lead-lag pendulum attenuates
mainly the in-plane forces. The pendulum weight is equal to 133,452 N. From the
results it can be observed that the pendulum of uncoupled natural frequency 3.85/Rev
located at 26% of the span is a proper design because it attenuates the hub in-plane
force to 5% and the in-plane moment to 4#4.6%. This cholce of pendulum also
attenuates the root vertical shear and the out-of-plane moment to 20.6 and 16.8%,
respectively, In principle, it is feasible to design a lead-lag simple pendulum to achieve
significant reductions in the hub in-plane force and moment without producing an
adverse effect on the out-of-plane forces.

For the optimum lead-lag pendulum (w _ = 3.85/Rev and x, = 26% span) the root
forces are computed for different values of the pendulum mass. 'The results are shown
in figure 29. It can be observed from figure 29 that if the pendulum weight ratio is
reduced from 1.0 to 0.3, then the normalized in-plane force at the hub increases from
5% to 39%. This result indicates that even thaugh the uncoupled natural frequency of
the lead-lag pendulum is independent of the mass of the pendulum, a proper choice of
the mass is required to minimize the root forces. It may be recalled that this
conclusion was also observed for the simple flapping pendulum.

It is appropriate, at this stage, to compare the results for the optimum tuned
flapping and lead-lag pendulums. Shown in Table 5 are the optimum pendulum
parameters for both the flap and lead-lag pendulum configurations. Also shown in this
table are the normalized root forces of the nonuniform blade due to a #/Rey
concentrated load at the tip. From Table 5 it can be observed that for both the flap and
lead-lag pendulums the uncoupled frequencies are the same. Also the uncoupled
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TABLE 5. - ROOT REACTIONS FOR OPTIMUM FLAP AND

LEAD - LAG PENDULUMS AT 4/REV

Normalized root reaction, Flapping Lead - lag
percent penduluma pendulumb
M, 139.0 85.0
My 3.8 16.8
Mz 172.0 44.6
v y 43.6 5.0
v, 0.2 20.6
= 3.85/Rev; x, = 22%span; W = 66.72N
= 3.85/Rev ; Xp = 26%span; W = 133.45 N
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frequency (3.85/Rev) is In the vicinity of the external lvad frequency (4#/Rev). It may be
concluded that, in general, the optimum pendulum frequency depends mainly on the
excitation frequency. This observation Is due to the fact that the optimum tuned
pendulum attenuates the hub reactions by eliminating the resonant responses of the
blade (in addition to generating an appropriate reaction force at the hinge). The
optimum pendulum ellminates these resonant responses by displacing the natural
frequencies that are in the vicinity of the excitation frequency, and since the pendulum
is more effective in altering the blade frequencies adjacent to the uncoupled pendulum
frequency (ref. 7), then the uncoupled pendulum frequency must be close to the
excitation frequency. As expected, the flapping pendulum significantly attenuates the
hub vertical shear, whereas the lead-lag pendulum reduces the hub in-plane force
drastically as shown in Table 5. Finally, it can be observed from Table 5 that for this
particular blade the flapping pendulum produces an adverse effect on the twisting and
in-plane moments, whereas the lead-lag pendulum attenuates the twisting and out-of-
plane moments.

The spanwise variations of deflections and forces for the nonuniform blade
corresponding to the optimum lead-lag pendulum, which is located at 26% span, are
shown in figure 30 together with the values obtained without the pendulum. The lead-
lag and flapwise deflections are normalized with respect to the chord (¢ = 0.53 m). Only
the magnitude of the forces and moments are plotted. It can be observed from figure
30 that the lead-lag pendulurn redistributes the structural loads of the blade such that
the hub f¢rces are attenuated. The pendulum decreases the loads inboard of its location
and increases the l.c.ds outboard. Figure 30 shows that the lead-lag deflection of the
blade-pendulum system is significantly reduced. Also, it can be observed that the in-
plane force, V_, is characterized by a large change at the lead-lag pendulum attachment
point due to the intertial reaction of the lead-lag pendulum mass. It may be recalied
that the flapping pendulum produces a large change in the vertical shear. These
reactions at the attachment point redistribute the loads on the blades in such a way that
only a smail portion of the shears and moments are transmitted to the hub.

A parametric study is conducted for the optimum lead-lag pendulum
(w _=3.85/Rev and x, = 26% span). The parameters varied include prepitch, pretwist,
precone, and pendulum hinge offsets.

Figure 3! shows the effect of the root collective pigch (prepitch) on the hub
reactions. The pretwist angle for these results is equal to -9~. It can be observed from
figure 31 that inc¢reasing the prepitch decreases the hub in-plane force to a minimum
value after which it increases. The in-plane hub moment is increased by increasing the
prepitch (in the normal range). Figure 31 shows that the prepitch has a negligible effect
on both the out-of-plane shear and moment at the hub.

The effect of pretwist on the hub reactions is shown in figure 32, The root
collective pitch for these results is equal to 13”. Figure 32 shows that both the hub in-
plane force and moment are increased by decreasing the blade pretwist. Thus, the lead-
lag pendulum effectiveness in attenuating the root in-plane force and moment is
reduced by decreasing the blade pretwist. It can be observed from figure 32 that the
effect of the pretwist on both the out-of-plane force and moment at the hub is small.

The root reactions as a function of the blade precone angle are computed, and the
results are presented in figure 33. It can be observed that the precone angle has no
significant influence on the hub reactions. It may be recalled that the same conclusion
was observed for the flapping pendulum.

The results from varying the lead-lag pendulum hinge chordwise offset (n ,) are
shown in figure 34. It may be noted that the optimum lead-lag pendulum is tuneé with
its hinge located at the shear center of the blade cross section (n A= 0, ¢ A~ 0). It can
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be observed from figure 34 that the pendulum hinge chordwise offset has only a slight
effect on both the hub in-plane force and moment. However, both the hub out-of-plane
force and moment are decreased sigificantly to practically zero, after which they are
increased, by increasing the chordwise offset.

Figure 35 shows the root reactions for different values of the lead-lag pendulum
hinge vertical offset, [ ,. This offset has a small effe < ~n the root in-plane moment.
However, the in-plane force at the hub is increased by {14, asing the vertical offset as
shown in figure 35. Also, both the root out-of-plane force ai:d moment are increased by
increasing the lead-lag pendulum hinge offset, § ,. It can also be noted that both the
chordwise and vertical offsets have a negligible’ effect on the hub twisting moment
reaction.

Aerodynamic load excitation. - The root reactions of the nonuniform blade with a
lead-lag pendulum are computed for a 3/Rev spanwise airload distribution. The results
for the root in-plane force are shown in figure 36. It can be observed from figure 36
that for this particular load the lead-lag pendulum attenuates the root in-plane force
only by a small amount. However, the root in-plane force is small for all three
harmonics of the spanwise airload distribution. The lead-lag pendulum of uncoupled
frequency 3.10/Rev located at 19% of the span is a proper choice because it attenuates
the hub in-plane force to 65%. However, it amplifies the other root reactions by 5 to
25%.

The effect of lead-lag pendulum tuning on the root in-plane force for a 2/Rev
spanwise airload distribution and a 2/Rev concentrated out-of-plane load is shown in
figures 37 and 38. It can be observed from these figures that for specific values of the
pendulum frequency and spanwise location, the pendulum attenuates or amplifies the
root in-plane force the same way for both the distributed airload and the concentrated
foad. The pendulum of frequency 2.01/Rev located at 9% span attenuates the root in-
plane force to 60% for the distributed airload and 42% for the concentrated load at the
tip. As concluded earlier, for the flapping pendulum, a pendulum can be tuned for a
concentrated simple harmonic load at the tip as well as by a distributed simple
harmonic loading of the same frequency.

CONCLUDING REMARKS

Comprehensive analytical design procedures for the installation of simple
pendulums on the blades of a helicopter rotor to suppress the root reactions were
developed. To achieve this goal, a frequency response analysis of typical rotor blades
excited by a harmonic variation of spanwise airload distributions as well as a
concentrated load at the tip was conducted. A single nonuniform rotor blade with
hingeless hub restraint undergoing coupled flapwise bending, chordwise bending, and
torsional vibrations was considered. The equations of motion of both flap and lead-lag
pendulums were derived. Expressions for the aerodynamic loads associated with the
elastic deformations and the cyclic pitch environment of forward flight were presented.
The transfer matrix method was used to determine the optimum pendulum tuning and
mass to suppress the hub reactions. Lastly, the effects of various structural dynamic
properties of the blade on the optimum pendulum configuration were established.

The results of the study indicate that the following conclusions can be drawn.

(1) In general, it is feasible to design a simple pendulum to suppress the vibratory
loads at the hub of a rotor blade. Further:

(i) A properly designed flapping plane simple pendulum attenuates the root out-
of-plane force and moment significantly. In principle, the reductions in the root out-of-
plane reactions can be achieved without producing adverse effects on the root in-plane
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forces. However, in some of the cases investigated, the hub in-plane forces are
amplified with the flapping pendulum. This is a design penalty which results from
reducing the out-of-plane reactions.

(i) An optimum lead-lag pendulum design attenuates the root in-plane force and
moment.

(iii) For the cases investigated, the flapping plane simple pendulum ls more
effective in attenuating the root out-of-plane reactions than the lead-lag pendulum in
suppressing the in-plane forces at the hub,

(2) A properly tuned pendulum can attenuate the vibratory loads in two ways: (1)
by eliminating the resonant responses of the blade by displacing the initial frequencies
that are in the vicinity of the excitation frequency, and (2) by generating appropriate
forces at its attachment point with the blade. These forces redistribute the loads on
the blade so that only a small portion of the shears and moments are transmitted to the
hub.

(3) For optimum tuning, the parameters to be determined are the pendulum
uncoupled natural frequency, the pendulum spanwise location, and its mass. Further:

(i) The pendulum uncoupled natural frequency is a function of the (a) rotational
speed of the blade, (b) spanwise location of the pendulum, (c) its length, (d) steady-state
deflection of the pendulum, and (e) blade pitch angle at the pendulum hinge location.

(if) The optimum pendulum frequency is in the vicinity of the excitation
frequency. In general, both the tiapping plane pendulum and the lead-lag pendulum have
the same optimum frequency for the same excitation frequency. In the case of an off-
tuned pendulum the results range from a slight-to-moderate degradation in pendulum
absorber effectiveness to a drastic increase in hub vibration.

(iii) The uncoupled natural frequency of the pendulum is independent of the
mass of the pendulum, and a proper choice of the mass is required to generate an
optimum force to minimize the root reactions.

(#) A pendulum can be tuned and its optimum mass determined by excitation with a
concentrated simple harmonic load &t the tip. However, it is necessary to utilize
appropriate distributed airloads to accurately determine the attenuation of the root
reactions.

(5) Damping at the pendulum hinge has a very small effect on the hub reactions
once the optimum pendulum tuning is established.

(6) The parametric study for a 4/Rev flapping plane pendulum and a %#/Rev lead-lag
pendulum indicates:

(i) Blade precone has no significant effect on the hub reactions for both types of
pendulum.

(ii) The effect of collective pitch on the hub vertical shear is small, but has an
appreciable effect on the hub out-of-plane moment for a flapping plane pendulum. For
the lead-lag pendulum the collective pitch has a negligible effect on both the hub out-
of-plane force and moment. Increasing the collective pitch, the hub in-plane force and
moment are significantly raised in the case of the flapping pendulum, whereas they are
lowered to a minimum value after which they are increased in the case of a lead-lag
pendulum.

(iii) The pendulum effectiveness in attenuating the hub in-plane force and
moment is reduced by decreasing the blade pretwist for both types of pendulum. In the
case of the flapping pendulum, pretwist has a significant effect on the hub out-of-plane
moment.

(iv) The pendulum hinge chordwise offset has a small effect on the hub out-of-
plane reactions in the case of a flapping plane pendulum. Also, for this type of
pendulum the hub in-plane reactions are slightly decreased by increasing the chordwise

70

" g e e



o

20w,
.

offset. In the case of a lead-lag pendulum, the hinge chordwise offset has only a slight
effect on the root in-plane reactions, whereas the out-of-plane forces are significantly
decreased by increasing the chordwise offset.

(v) The pendulum hinge offset normal to the chord has only a slight effect on
the hub reactions for the flapping plane pendulum. In the case of a lead-lag pendulum,
the hub in-plane force and both the out-of-plane force and moment are increased by
increasing the hinge offset. But the hinge offset has only a small effect on the hub in-
plane moment.

(vi) For both the flapping and lead-lag pendulum configurations the pendulum
hinge offset in both the chordwise and normal directions had a negligible effect on the
twisting moment reaction at the hub.
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APPENDIX A
COORDINATE SYSTEMS AND TRANSFORMATIONS

Several coordinate systems are used in deriving the blade and pendulum equations
of motion. Those which are common to both the dynamic and aerodynamic aspects of
the derivation are shown in figures A=l §n A-2. The orthogonal axes syste%, Y, 2
(fig. A-1) and associated unit vectors I, J, K are fixed in an inertial frame . Itis
assumed that the rotor hub has neither translational nor angular motion. Qrthogonal
axes X , y, Z are fixed in a reference frame {F which rotates with respect to Gf at
constakt angular velocity afi.  Point O, which is common to both the inertial and
rotating frames, is located at the root of the beam, The x axis, which lies along the
elastic axis of the undeformed beam, is inclined to the plane of rotation (and to the x
axis) by jhe precone angle B .. The orthogonal axes x, y, z and the corresponding unift
vectors 1, J, k, therefore, are'also fixed in 08 . Beam bending deformations shown in
figure A-2 for 0 = 0 are described by the displacements of the elastic axis u, v, w

& .
parallel to i, j, k respectively.

The transformation between the X, Y, Z coordinates of the inertial reference
frame% and the xp, y, Z coordinates of the rotating reference frame,J5, ir given by

X cos Rt -sin it 0 xp
Y = sin Qt cos Ot 0 y (A-1)
Z L o 0 11Lz J

Rotation of the x_, y, Z coordinate system by the precone angle B __ about the y axis
yields the x, y, z Rindeformed coordinate system. These two systems"are related by the
following transformation.

xp cos B pc 0 -sin B pC X
= 0 1 0 y (A-2)
Z sin B pe 0 cos B pc z

For small values of the precone angle equation (A-2) can be approximated as

xp 1 0 -ch X
v 1l=1o0 1 0 y (A-3)
Z ch 0 1 z

The relationship between the deformed x!, y', z' coordinates and the undeformed x,
y, z coordinates illustrated_in figure A-2 has been developed in reference 10. A
transformation matrix, [ T ], which relates their respective unit vectors !', ), k' and |,
j» k, can be defined as
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where the transformation matrix to first order (second and higher order terms are
discarded) is given by

1 v! A
[T] = | -v'cos(0+¢)-w'sin (6 + ¢) cos (0 +¢) sin (6 +¢)
v'sin (6 + ¢) -w' cos (8 + ¢) ~sin (0 + ¢) cos (6 + ¢)
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APPENDIX B
ACCELERATION COMPONENTS

The purpose of this appendix is to formulate the components of absolute
acceleration as measured in the deformed coordinate system for a general point
(x,y ¥,y 2,) in the undeformed system., It is desired to use the deformed coordinate
sygtelﬁ sin’ice it Is easler to formulate the pendulum equilibrium equations in this system.
These acceleration components are to be described in terms of section coordinates and
the elastic blade displacements and rotations to the first order.

A position vector in the inertial reference system can be written as

Y

o= X o YT oa zR (B-1)
and the corresponding acceleration components are
ay = X ; ay = ¥ o a, = Z (B-2)

The components of acceleration in the rotating, nonpreconed system can be obtained
from the component transformations in equation (A-1) as

X cos Qt + Y sin Qt

8% =
a, = Y cos 0t - X sin Qt (B-3)
ay, = Z

Substitution of equation (B-3) into equation (A-3) yields the acceleration components in
the undeformed system which is rotating at a small precone angle as illustrated in
figure A-1. These components become

.o

ax = X cos Nt + Y sin Qt + Z BPC
a, = Y cos Qt - X sin 9t (B-4)
a, = Z - (X cos Qt+‘{s1n$2t)spc

The position vector of equation (B-1) can be written for a general point (x;, ¥,
z 1) in the undeformed system by successive applications of equations (A-1) and (A-IB) als

> \
r = (x1 cos 2t -y, sin Qt -z chcos anT

4-(x1 sin Qt +yjcos Qt -z, B sin Qt)3

pc

+(x B+ zl)k (B-5)

pc
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The second time derlvative of the components of equation (B-5) are

"

X = X cosft -'91 sin @t -2 ch cos ft (B-6)
-2 Q% sin @t -2 &y, cos Ot +2$2z'1 ch sin Rt
- szl cos Nt + Y sin 0t + 02 z) ﬁpc cosfl t
Y = '5(1 sin 9t + ')"1 cos 1t --':'z1 ch sin Qt (B~7)
+2Q % cosQt -2 m"l sin 't -2nél BPC cos Nt
- szlsin a2t - Szzy‘l cosNt + szl ch sin Qt
Z = X Boc * 2 (B-38)

Substituting these derivatives into the acceleration components of equation (B-4) and
neglecting second degree terms in the precone angle yields

_ " L 2 2
8 T ¥ 2Ry - ATxp e 8z B
[ ) * 2
a, = ¥ +28% 202 8, -2y (B-9)
. v 2

In the deformed body, the coordinates x 1Y 2 of the general point in the
undeformed coordinate system can be expressed in terms of the elastic deflections u, v,
w), ¢ and the section coordinates £,n,g (same as X', y', 2') with the aid of equation (A-
k) as

X X+ U £
y; | = v « LTI n (B-10)
z, W z

These coordinates become
X = X+ u +&;-v'[n cos(6 + ¢ ) -z sin(g + ¢)]

-w‘[n sin(6 + ¢) + g cos(B +¢ )] (B-11)
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Y v+ vV E + 1 cos(0 +d)-zsin(o+4¢) (B-12)

11

zp = W+ WE nsin(0 + o) +5cos(@ + ¢) (B-13)

When these coordinates and their time derivatives are substituted into equation (B-9)
the acceleration components to first order become

£-2Qv ~92(x+e;)

j o
n

X

+2 QZsin(8 +¢) -20n cos(o + ¢) (B-14)
a =V + 20F -0%y
y

# (0% -2)sin(0 +9)-(22%n-%)cos (0 +4)

(B-15)

az=\'£z+ a2 ch(x»fé;)

+Nsin(0+ ¢) +Z cos (0 + ¢) (B-16)

In the above acceleration expressions, the coordinates §,n,% are of a general point off
the blade. These acceleration components in the undeformed system can be
transformed into the deformed system components by again applying the transformation
of equation (A-4) as

ax, ax
ay| = [T] ay ( B- 17 )
g a

The final acceleration components in the deformed system can be further simplified by
applying the trigonometric approximations of equation (8) to yield

X

a, = £-20V-0%(x+E)+20¢ sin 0

xl

-2Qmn cos B (B-18)
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T

a, = ﬁ+(92xv+'\'v+ QZchx)sine

y'

2

+(V+2QE -2y + a%x 1) cos g

-0%ncos® 0 + 1/2 a%rsin2e (B-19)
I " . 2 2
a, = & ~(Vv+20E-Q%%+ 0%%u)sin 0
+ ( Q%xy + W o+ ? chx)cose

..Szzz; sin® 9 + 1/2 an sin2¢ (B-20)
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APPENDIX C
AERODYNAMIC COUPLING COEFFICIENTS

In equation (132} the elastic deformations-dependent aerodynamic loads are
expressed In a matrix form. The nonzero elements of these matrices are

- L g2 o2
Bes = 5pac(®? a?x
- 1 2
BIO,B = -5 pac QxR A
1 1 42 A2 .2 2
Bios = -z Pac(z %% ueR O, . 2°pf R ch)
- i -0?
| 2.2 1 2 .2.2
811’3 = "'2"930("9 X ”zﬂf Q°R7)
1 2 1 .2 2,2
1 c o2
B11,5 = -5z pac(-5 Q%x)
Ces = %« pac (%)2 (20x%)
1 1 - ]
CIO,Z = -5 pac [—Qx(6c+ Gt)+2 My QRels 2QR A
. ) ]
Cll,l = ~2paC[ZQX(eC+ Ot)"quR 915-0- QR}\
C = L ac (-9 x)
11,2~ 2P
- 1 3c
Ci3 = -7 Pac(F ax)
1 Cy2
D = Lpac(®
11,2 = 2 3
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For n= l:

c63
Be1o,37

Bc10,5=

Be11,37

Beyy,u®

Bcll,SE
c65
clo,2
cll,l

Cel1,5

565
10,3~
Bs10,5°

si1,17°

e

5

1 C\2 2

1 2
-5 pac (-2 x U R ch)

1 2 102 ,2p2
-5 pac[—ﬂ x(9C+ et) quR+49 ufR els

28% u R2 A]

1 2 1 o2, 252
-7 pac [29 x(6C+ Gt) ufR—zﬂ pERT O

+ 02y R? \]

1

2
-= pac(Q” x ufR)

pac ('2‘)2 Hg QR

N—

--12- pac (Q@x elc+2uf QR Spc)

1
-5 pac (-2 9x elc-pf QR ch)

l C o,
-3 pac(—h-ﬂ }lfR)

pac (%)2 (2 0? Mg R)

Njr—

1

~5 paC(Q.z Vs RZA)

—-% pac(',-i- 02 u?Rz elc)

t 2
-5 pac(-27 u R ch)
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APPENDIX D
ROTOR CONFIGURATIONS

Two rotor configurations have been considered in this investigation. The first is a
uniform blade, and the second is typical of an operational blade with nonuniform
properties,

The uniform blade has the following properties:
Radius’ in Ld L . L L ’ * * . L] L] * L] L] L] . . . * * 260
Lineat‘ tWiSt, deg [ (] . . . . . . v . . L} . . . . . . - 10
Weight per unit length, Ib/in . . . . . . + + + + « .+ .+ . . 0.5796
Flapwise mass moment of inertia per unit length, Ib-in . . . . . . . 0.3476
Chordwise mass moment of inertia per unit length, lb-in . . . . . . . 15.456

Flapwise bending stiffness, lb--in2 D T T 0..3)(108

Chordwise bending stiffness lb-in2 P ) 1x101°
Torsional rigidity, Ib-in2 o ¢ I 2x108
Mass axis offset,in. . . . . . o+ v 4 0 0 0 4 e e e e -0.6
Rotational speed, rpm . . « « « .+ .+« ¢ v 4 e e 0w 360

The nonuniform blade has the properties listed in the following table and
illustrated in figures D-1 through D-6.

Radius,in v . v v v ¢ v v 4 o e e e e e e e 288
Rootcutout,in . .+ . + « « « o 0 4 v e e e e e e 39
Precone,rad . . .+ . . ¢+ v 0 4 4 4 4 e e e e e e 0.1
Rotational speed, rpm . . . . + . .« .« . o . o . 0 .. 289
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