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Abstract 

The purpose of this paper is to survey the principal developments which have 
occurred in the field of rotary-wing aeroelastcity during the past five year 
period. This period has been one of considerable activity and approximately one 
hundred papers have been published on this topic. To facilitate this review the 
field has been divided into a number of areas in which concentrated research 
activity has taken place. The main areas in which recent research is reviewed 
are: (1) structural modeling; (2) aerodynamic_ modeling; (3) aeroelastic 
problem formulation using automated or computerized methods; (4) aeroelastic 
analyses in foward flight; (5) coupled rotor/fuselage analyses; (6) active 
controls and their application to aeroelastic response and stability; (7) appli­
cation of structural optimization to vibration reduction; and (8) aeroelastic 
analysis and testing of special configurations. These areas are reviewed with 
different levels of detail and some useful observations regarding potentially 
rewarding areas of future research are made. 

Nomenclature 

-a 
b 

= elastic axis aerodynamic center offse,, ~onaimensionalized by semichord 
= semichord nondimensionalized with respect to blade radius 

c ( s) 
c, 

= generalized Theodorsen lift deficiency function 
= inflow parameter 

c = chord 
= thrust coefficient 
= unsteady drag coefficient 

c, 
CDU 
cw 
CSCT 
c\-

= weight coefficient, approximately equal to CT 
= control system stiffness 

~£ 
= damping coefficient for lag damper 
= structural damping in lag 
= axial stiffness 

EI = bending stiffness 
E = expected value 
e = blade roat offset 
GJ = torsional stiffness 
h = plunge displacement, also hub height above CG 
k = reduced frequency 
jT = length of swept tip portion of blade 
ji = length of finite element 
Lc = circulatory lift 
Me = circulatory moment 
M = Mach number 
M, = dynamic inflow parameter 
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n = number of blades 
Q{t) = downwash velocity at ~ chord 
Rc = elastic coupling parameter 
R = blade radius 
Rx,Ry = fuselage translations in x and y directions, respectively 
T . = transfer or control matrix 

I) 0 • • 

u,u(x,y),u(x,y,x,y) =control, reduced state control of hub rate and rate and 
position 

UTO =constant part of velocity of approach in airfoil theory 
UT(t) =velocity of approach in airfoi.l theory 
u,v,w =axial, lag and flap elastic blade displacements 
WZ' w9 , w69 = weighting matrices for vibration levels, control angles and rates 

control angle, respectively 
X,,X 2 =augmented states 
Z0 ,Zi = vector of uncontrolled and controlled vibration levels, respectively 
a = angle of attack 
~0 = mean angle of attack 
a = oscillatory part of a 
~R'~P = regressing and progressing flap modes 
~P = precone angles 
~BB = built in blade to beam angle 
~k'Ck = flap and lag deflections of the kth blade, respectively 
y = lock number 
6 3 = pitch-flap coupling 
€ = basis for ordering schemem, magnitude of blade slopes 
(,~ = principal axes of cross section 
(R,(P = regressing and progressing lag mode 
90 = collective pitch 
9x,9y = roll and pitch of fuselage, respectively 
8 = pitch mode for coupled rotor/body analysis 
8 = pitch angle for airfoil in ONERA model 
BHHn = higher harmo~ic control pitch an~le . 
eHHC'eHHS'eHHO = var1ous component~ of h1gher harmon1c control 
eAC{I/J)'eASiw) =components of act1ve control 
eAk = act1vely controlled pitch angle of kth blade 
A = inflow mode 
Av,AH = 
A = 
l.l = 
PA = 

" = 
<P = 

~·<Ps = 
,.p = 

1/J = 
wF1 ,wL1 

w<P,wn 

Q = 
( . ) = 

vertical and horizontal ply angle orientation 
sweep angle of blade tip 
advance ratio 
density of air 
blade solidity 
roll mode, coupled rotor/fuselage model 
phase angles for HHC 
torsional deformation and torsional quasicoordinate, respectively 
Azimuth angle 
= fundamental rotating flap and lag frequencies nondimensionalized with 

respect to Q 
=fundamental torsional, rotating flap and lag frequencies nondimen­

sionalized with respect to Q 
speed of rotation 
derivative with respect to 1/J or t 
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1. Introduction and Objectives 

During the last twenty years there has been a tremendous proliferation in 
the literature dealing with rotary-wing aeroelastcity which indicates that 
understanding of rotor and coupled rotor/fuselage dynamics plays a central role 
in the design of successful rotorcraft. This vigorous activity has also 
resulted in a considerable number of survey papers which have dealt with various 
aspects of rotary-wing aeroelastic stability and response problem. These sur­
veys are listed in chronological orders in Refs. [1-10]. One of the first 
significant reviews of rotary-wing dynamic and aeroelastic problems was provided 
by Loewy [1] where a wide range of dynamic problems were reviewed in con­
siderable detail. A more restricted survey emphasizing the role of unsteady 
aerodynamics and vibration problems in forward flight was presented by Oat [2]. 
Flight dynamics problems of hingeless rotorcraft including experimental results 
was treated by Hohenemser [3]. Blade stability was also discussed in Ref. 3, 
since it is considered to be part of the broader flight dynamics problem. Two 
comprehensive reviews of rotary-wing aeroelasticity were presented by Friedmann 
[4,5]. In Ref. 4 a detailed chronological discussion of the flap-lag and 
coupled flap-lag-torsion problems in hover and forward flight was presented 
emphasizing the inherently nonlinear nature of the hingeless blade aeroelastic 
stability problem. The nonlinearities considered were geometrical nonlineari­
ties due to moderate blade deflections. In Ref. 5 the role of unsteady aerody­
namics, including dynamic stall, was examined together with the treatment the 
nonlinear aeroelastic problem in forward flight. Finite element solutions to 
rotary-wing aeroelastic problems were also considered together with the treat­
ment of coupled rotor/fuselage problems. Another detailed survey by Ormiston 
[6] discussed the aeroelasticity of hingeless and bearingless rotors, in hover, 
from an experimental and theoretical point of view. 

In addition to these papers which have emphasized primarily the aeroelastic 
stability problem two other surveys have dealt exclusively with the vibration 
problem and its control in rotorcraft [7,8]. One could therefore classify these 
papers as related to the aeroelastic response of the rotor, the vibrations 
caused by this aeroelastic response and the study of various passive, semi­
active and active devices for controlling such vibrations. Finally it should be 
mentioned that in a very recent comprehensive review paper by Johnson [9,10] 
both the aeroelastic stability and the rotorcraft vibration problems were 
reviewed in the context of dynamics of advanced rotor systems. 

The purpose of this paper is to survey the principal developments which have 
occurred in the field of rotary-wing aeroelasticity during the past five year 
period and thus it represents an extension of the previous two papers written 
by the author [4,5]. This period has been very productive and over one hundred 
papers were published on this topic. To facilitate this review the subject 
matter has been subdivided into a number of areas in which a concentrated 
research activity had taken place. Each area is reviewed as a separate topic 
and a list of these topics, including a brief description, is provided below. 

(1) Structural Modeling; In this area there was continued interest in geometri­
cally nonlinear structural models for hingeless and bearingless rotor con­
figurations. Finite element models for bearingless rotors have been 
developed. Structural models for composite blades and curved or swept bla­
des were also introduced. 
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(2) Aerodynamic Modeling; Previously developed dynamic stall models have been 
refined and extended. There have been a number of additional studies aimed 
at the understanding of dynamic inflow. Arbitrary motion aerodynamics for 
rotary-wing applications were developed and applied to a number of simple 
problems. 

(3) Aeroelastic Problem Formulation; Automated generation of complicated 
equations of motion using numerical methods or computerized symbolic manipu­
lation was the primary activity. 

(4) Aeroelastic Analyses in Forward Flight; A number of studies dealing with 
aeroelastic stability and response of hingeless and bearingless rotors were 
performed. There was continued interest in numerical treatment of equations 
with periodic coefficients. 

(5) Coupled Rotor/Fuselage Aeromechanical Analyses; A number of coupled 
rotor/fuselage analyses have been developed and correlated with experimental 
data. 

(6) Active Controls and their Application to Vibration Alleviation and Blade 
Stability Augmentation; This area was by far the most vigorous. Many stu­
dies, primarily experimental, have been aimed at vibration reduction by 
higher harmonic control. A few studies have also considered blade stability 
augmentation. 

(7) Application of Structural Optimization to Vibration Reduction; In this area 
modern structural optimization was used to tailor fundamental blade frequen­
cies such that vibration levels in forward flight were significantly 
reduced. 

(B) Aeroelastic Analysis and Testing of Special Configurations; Such as cir­
culation in controlled rotors, constant lift rotors, hybrid heavy lift heli­
copters, and bearingless/hingeless configurations which were tested in wind 
tunnels. 

Based on the review of these research areas a number of observations 
regarding potentially rewarding areas of future research are made. Finally it 
should be noted that the author apologizes for papers which were inadvertently 
omitted in this survey. 

2. St·ructura 1 Mode 1 i ng 

Previous research during the last fifteen years [4-6] has established the 
importance of geometrically nonlinear terms in the analysis of hingeless and 
bearingless rotors. These geometrically nonlinear terms are associated with the 
assumption of moderate rotations (or blade slopes) and small strains and require 
the use of nonlinear beam kinematics in the development of the structural, iner­
tia and aerodynamic operators associated with the rotary-wing aeroelastic 
problems. This kinematical nonlinearity produces, in many cases, coupling bet­
ween the bending and torsional motions of the blade. This important coupling 
effect can not be obtained in an accurate and consistent manner without 
incorporation of the geometrical nonlinearities. Therefore a considerable number 
of recent studies have been aimed at providing improved capabilities for dealing 
with this particular class of problems. 
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Alkire [11) extended the analysis presented in Ref. 12 to obtain a better 
understanding of the role of built-in pretwist and elastic twist in the deriva­
tion of transformation matrices which relate the position vectors of the unde­
formed and deformed states of the blade. Two distinct approaches were 
considered, one in which the built-in twist is applied initially before the 
elastic deformations occur and a second approach where the pretwist is combined 
with the twist due to deformation. It was shown that these two approaches could 
be related to each other. Furthermore a procedure was developed for evaluating 
transformation matrices which remain unaffected by rotation sequences or the 
treatment of pre~wist. Hodges [13) in a recent study has developed a nonlinear 
beam element for the analysis of rotating blades in which the assumption of 
moderate deflections has been abandoned. His analysis, which is intended to 
capture large rotations, is based on the systematic simplification of the kine­
matic relations using a less restrictive assumption whereby extensional strain 
is neglected compared to unity. Furthermore the transformations used in this 
study utilized Tait-Bryan orientation angles and Rodrigues parameters instead of 
Euler angles, which have been used in many previous studies. The final 
equations are based on the assumptions of isotropic stress-strain relations. 
This study served as the theoretical basis of the beam element used in the GRASP 
computer program [14]. This beam element [13) represents an important contribu­
tion since it is based on a minimal number of assumptions restricting the magni­
tude of the deflections experienced by the rotor blade. Associated with this 
model one finds both mathematical elegance and complexity. Thus the cost effec­
tiveness of this model for rotary-wing aeroelastic analyses remains to be 
demonstrated. It is quite possible that for most applications the previous 
models, based on the assumption of moderate deflections, could prove themselves 
adequate. 

Equations of blade equilibrium which were based on moderate deflection beam 
theories [5) frequently utilize ordering schemes to neglect higher order nonli­
near terms. In such ordering schemes the slopes of the blade are assigned an 
order of magnitude € and terms of order of magnitude €2 are neglected compared 
to terms of order one. By assigning orders of magnitude to the various parame­
ters in the problem this approach leads to equations which contain second order 
nonlinear terms. In a study by Crespo DaSilva and Hodges [15,16) the influence 
of retaining the next level of terms in the equations of motion was considered, 
this approach yields more exact equations, which include third order nonlinear 
terms. In the second part of this study [16) the influence of these third 
orders on blade response and stability was considered, using a global Galerkin 
method to solve the equations of motion [5). The results indicated that at 
relatively high collective pitch values (9 0 > 0.2) and for a blade which was 
very soft in torsion (w = 2.5) the third order terms can influence both, the 
equilibrium position an~ the stability of the blade. This influence which is 
more pronounced for stiff-in-plane hingeless blades, is mild at practical values 
of the collective pitch setting for soft-in-plane blades. 

Many previous studies of structura.l models of rotor blades [4-6) were 
restricted to initially straight blades. To remedy this situation Rosen and 
Rand [17,18) developed a structural nonlinear model for the behavior of curved 
helicopter blades. The model is very general and it allows for complicated 
geometries, boundary conditions and structural property distributions. In this 
model large deformations of the blade are accounted for. A somewhat restrictive 
assumption is that ·the undeformed rod lies initially in a plane. This assump­
tion, combined with the pretwist of the blade and the retention of the curvature 
terms causes these equations to be cumbersome. Large deflections are treated 
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using Euler angles and it is assumed that strains are small and negligible com­
pared to unity. This model appears to be an improvement on a previous model 
which was used by the same authors [19]. 

Finite element modeling of hingeless and bearingless blade configuration was 
another area where a fair amount of activity occurred. Sivaneri and Chopra [20] 
developed a finite element model for hingeless blades which was very similar to 
an earlier model developed by Friedmann and Straub [21]. Subsequently Sivaneri 
and Chopra [22] have extended this finite element model to bearingless rotors. 
The flexbeam type of bearingless rotor is modeled by using regular beam finite 
elements for the outboard portion, a rigid clevis, and multiple beams to repre­
sent the flexbeam and the torque tube, as shown in Fig. 1. Special displacement 
compatibility conditions are enforced at the clevis. The f.ifteen degree of 
freedom finite element model used for modeling the outboard portion of the beam, 
shown in Fig. 2, is based on a cubic interpolation for the bending degrees of 
freedom, v, wand the axial degree of freedom u, and a quadratic interpolation 
for torsion~. This method consists essentially of developing a special redun­
dant root element for the flexbeam. 

Finite elements for bearingless rotor modeling have been also developed by 
Hodges et al. (14] as part of a general rotorcraft aeromechanical program called 
GRASP. The structural modeling capability in GRASP is quite general enabling 
one to model any bearingless rotor configuration. Reference 14 utilizes higher 
order finite elements as opposed to the conventional finite elements used in 
Refs. 20-22. Another, sixteen degree of freedom, finite element model has been 
used in Ref. 23 to study the influence of a compressible lifting surface theory 
on the coupled flap-lag-torsional aeroelastic stability of a hingeless rotor 
blade in hover. 

All the structural models discussed above were restricted to isotropic bla­
des. One of the more important recent developments was the emergence of structural 
models suitable for the analysis of composite rotor blades, which are widely 
used on modern helicopters. Mansfield and Sobey [24] made a pioneering attempt 
to develop the stiffness properties of graphite fiber composite rotor blades 
and they also tried to explore the potential of this model for aeroelastic 
tailoring. Despite its innovative nature this study fell short of it. stated 
objectives. 

A comprehensive and important study by Hong and Chopra [25] presented, for 
the first time, an aeroelastic model for a composite rotor blade in hover. In 
this study a moderate deflection, coupled flap-lag-torsional analysis of a lami­
nated box beam was developed in which terms up to the second order in blade slo­
pes were retained. The nonlinear strain displacement relations were taken from 
Hodges and Dowell [26]. Each laminate wall of the box beam, representing the 
blade spar shown in Fig. 3, was assumed to consist of a number of composite plies 
at arbitrary orientation of the ply angles. Constitutive relations were 
obtained assuming that each lamina of the laminates is orthotropic and there is 
no shear stiffness through the thickness distribution. The equations of blade 
motion were obtained using Hamilton's principle. In these equations the axial 
stiffness EA, the bending stiffness EI and the torsional stiffness GJ are effec­
tive section stiffnesses which depend on ply lay-up and orientation. 

Identification of coupling effects due to the composite structure of the 
blade was facilitated by the introduction of six constants K 

1
, ••• K 6 which are 

unique to the composite blade and depend on laminate orienta~1on an8 layup. The 
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K 1 resembles a pitch-lag coupling term, K 2 resembles a pitch-flap coupling 
t~rms and K 3 is due to nonlinear extensioR-torsion coupling terms. The other 
three const~nts were less significant. Using quasisteady aerodynamics, and a 
finite element model, illustrated by Fig. 2, the dynamic equations of motion 
were solved in a conventional manner [5] to obtain stability boundaries, which 
were presented as root locus plots. Results were calculated for a hingeless 
rotor with the following properties: y = 5.0; ~ = 0.10; c/R = 0.08; ~ = O; 
C 1~ = 0.10. Some typical results are shown in Figs. 4 and 5. The rogt locus 
plot for the lag mode eigenvalue for a symmetric case is shown in Fig. 4. For 
this case the side flanges of the box in Fig. 3 have non zero-ply angles. The 
full lines show the results for positive ply angles and the heavy broken lines 
correspond to the negative ply angels. The influence of the ply angle (Av) 
variation is considerable. A positive ply angle destabilizies the lag mode and 
a negative angle stabilizes the lag mode. It turns out that this effect is pri­
marily due to the K 1 coupling term which represents pitch-lag coupling. The 
other coupling term~ are either zero or play a negligible role. The light bro­
ken line in Fig. 4 represents the results with the K 1 coupling term neglected 
and thus is shows only the influence of play angle v~riation on the stiffness 
terms corresponding to an equivalent isotropic blade analysis. Figure 5 shows 
similar results for the lag degree of freedom for antisymmetric ply angles on 
the side flanges and zero ply angles on the top and bottom flanges. In this 
case the major coupling term is K 3 which is due to the extension-torsion 
coupling. This is a nonlinear coBpling term and it indicates the importance of 
a nonlinear analysis for this class of structures. 

Another important practical and complicated theoretical problem is the 
structural modeling of the aeroelastic behavior of rotor blades with swept tips. 
An analytical study which illustrates the effect of blade sweep on rotor vibra­
tory hub, blade and control system loads was conducted by Tarzanin and Vlaminck 
[27]. The portion of the blade tip which was swept was located at 0.87R and two 
sweep angles, 10° and 20°, were considered. Sweep introduces powerful inertia, 
aerodynamic and structural coupling effects. The analytical model used in Ref. 
27 could not represent in a consistent manner all the effects due to sweep 
therefore a technique called simulated sweep was used in which local inertia, 
elastic and aerodynamic axes were adjusted in an approximate manner. The 
authors concluded that tip sweep influences both blade vibrations and stability 
and recommended the development of improved analytical methods needed for a 
better fundamental understanding of dynamics of blades with swept tips. 

A hingeless rotor with a swept tip is shown in Fig. 6. An important study 
capable of simulating such a hingeless rotor blade configuration was recently 
completed by Celi [28]. The model developed in this study is based on the dyna­
mic equations of equilibrium presented in Ref. [29]. The blade is modeled using 
the Galerkin finite element technique [21] and a special element for the struc­
tural, inertia and aerodynamic properties of the swept tip was developed. 
Typical results showing blade equilibrium and stability for hover are presented 
in Fig. 7 and 8, for a stiff-in-plane rotor blade at a thrust coefficient of 
CT = 0.005 (corresponding to a collective pitch setting of 8 0 = 0.1432). 
F1gure 7 shows ·the static blade equilibrium in flap, lag and torsion for zero 
precone and ~ = 3 degrees. It is evident that presence of precone signifi­
cantly change~ the equlibrium position in torsion as the 0.10R portion of the 
blade is gradually swept back. The curve of the torsional equilibrium ($) has a 
characteristic concave shape. Precone interacts with sweep to change the nose­
down torsional moment due to lift and the nose up moment due to centrifugal 
force. The influence of sweep and precone on the root-locus of first torsion 
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and first lag mode are presented in Fig. 8. For zero precone frequency coalesce 
occurs between the first lag and first torsion mode. As frequencies coalesce, 
the torsional damping increases considerably, while the lag mode becomes 
unstable. This lag instability is not eliminated by small amounts of structural 
damping [4] indicating that this is a strong instability. For ~P = 3 degrees, 
increasing sweep increases the imaginary part of the first torsion eigenvalue, 
instead of decreasing it, as was the case for zero precone. Thus frequency 
coalesce does not occur, and the lag mode remains stable. Many additional 
results are presented in Ref. 28, which represents an important contribution to 
the literature since it contains the first detailed and systematic study .of the 
effect of sweep on blade stability in hover and in forward flight. 

Another new study by Kosmatka [30] combines a capability of modeling highly 
curved and swept blades undergoing moderate deflections, with the ability to 
deal with blades having a general, anisotropic, composite construction. This 
model was developed for the structural dynamic modeling of advanced composite 
propellers (prop-fans) however it is equally applicable to the analysis of com­
posite, pretwisted, rotor blades. A curved pretwisted blade, is modeled by 
straight beam elements which are aligned with the curved line of shear centers 
of the blade. Each straight pretwisted beam finite element is derived, using 
Hamilton's principle, assuming that the beam undergoes moderate deflection, is 
composed of anisotropic materials, has an arbitrary shaped cross section, and 
rotates about a vector in space. Combined with this beam model a companion 
isoparametric eight node quadrilateral finite element model has been developed 
which is capable of calculating the shear center and the structural constants of 
an arbitrary shaped cross section, built up from anisotropic materials. The 
finite element model can also predict shear stress distribution over the com­
posite cross section and it provides insight on the effects of ply orientation 
and material selection on the stress distribution within the cross section. A 
representative example used in this study was a composite blade cross section 
which consists of uni-directional Kevlar, laminated Kevlar and aluminum strip 
shown in Fig. 9. The location of the shear, area and mass center for different 
ply orientations are shown in Fig. 10. The shear center location can be easily 
moved within the cross section by varying the ply orientation. The structural 
properties of the blade can be also greatly modified by varying the ply orien­
tation as indicated in Fig. 11. The axial stiffness and bending stiffness 
decrease as ply orientation is increased .• on the other hand the torsional 
stiffness of the blade increases significantly with ply orientation. 

A~other interesting study associated with the structural dynamics of rotating 
pretwisted beams was the recognition that the use of twisted principal coor­
dinates can lead to increased effectiveness in frequency and mode shape calcula­
tions [31]. 

From the studies reviewed in this section it is evident that very substan­
tial advances in structural modeling capabilities have taken p1ace during the 
time period considered. 

3. Aerodynamic Modeling 

Accurate modeling of the unsteady aerodynamic loads required for aeroelastic 
analyses continues to be one of the major challenges facing the analyst. An 
excellent review of some of major issues in blade unsteady aerodynamics have 
been presented in a paper written by Oat [32]. The accuracy with which the 
unsteady aerodynamic loading phenomena environment needs to be determined 
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depends to a large extent on the dynamic problems which are investigated. Thus for 
example the coupled flap-lag-torsional aeroelastic instability in hover is fre­
quently investigated using quasi-steady aerodynamics [5] whereas the periodic 
loads in forward flight must be evaluated using more precise aerodynamic models. 
The combination of the blade advancing and rotational speeds is a formidable 
source of complexity for the flow. At large values of advance ratio, the aero­
dynamic field around the blades undergoes such variations that there are 
problems of transonic flow, with shock waves, at the advancing blade tip, 
problems of speed reversal and low speed unsteady stall on the retreating blade, 
and problems due to the high blade sweep angle in the fore and aft positions. 
Furthermore the geometry of the wake, which is an important source of vibration 
and noise, is much more complicated than the fixed wing wake geometry. 

The empirical and semi-empirical treatment of the unsteady, two dimensional, 
dynamic stall problem has played an important role in rotary wing aeroelastcity 
during the last twenty years. The review of three relatively recent dynamic 
stall models can be found in Ref. [5]. Continued research on these dynamic 
stall models has led to improved predictive capabilities which are described 
below. 

Beddoes [33] has continued his work on indicial formulation of unsteady lift 
which was a basic ingredient in his dynamical stall model during the attached 
flow regime. Subsequently this work was incorporated by Leishman and Beddoes 
[34] in an improved generalized model fo1· airfoil unsteady aerodynamic behavior 
and dynamic stall using the indicial method. This improved model provides the 
methodology for the computation of two dimensional unsteady airfoil lift, 
pitching moment and drag for an airfoil undergoing arbitrary forcing in the time 
domain, using an indicial response formulation. The linearized unsteady aero­
dynamic response on the attached flow regime is separated into two components, 
namely circulatory and impulsive loading, which are computed independently using 
indicial aerodynamic transfer functions. In the separated flow regime the nonli­
near lift characteristics of the trailing edge separation was evaluated using 
the concept of Kirckhoff flow. The Kirchoff model was also used to evaluate the 
nonlinear effects on chordwise force and pressure drag response. The onset of 
of vortex shedding during dynamic stall was captured using a generalized criterion 
for the onset of leading edge or shock induced separation. Furthermore this 
leading edge separation was also coupled with the trailing edge separation 
calculation. These feature were incorporated in a general numerical algorithm 
for predicting airfoil unsteady aerodynamic behavior and dynamic stall, for 
arbitrary forcing or motion in the time domain. Extensive validation of the 
model was conducted by comparing it with other available analytical results and 
two dimensional unsteady test data. This model represents a major improvement 
on the previous model developed by Beddoes. One of the important attributes of 
the new new model is the capability for simulating, in a fairly accurate manner, 
the unsteady drag hysteresis loop of an airfoil undergoing either light or deep 
stall. 

Gangwani [36] continued developing his original dynamic stall model which was 
initially reviewed in Ref. 5. The most important contribution of this new study 
was synthesized unsteady drag data which provides a basis for the computation of 
unsteady pressure drag of airfoils and rotor blades, in the time domain. A 
typical unsteady drag coefficient loop data for the SC1095 airfoil, at M = 0.30, 
a mean angle of attack of a. =12• and oscillation amplitude of a= 8.0• at a 
reduced frequency of k = 0.10 is shown in Fig. 12. The method for generating the 
unsteady aerodynamic coefficients for such an airfoil depends on the predictions 
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of three major events associated with dynamic stall, namely: (1) stall onset; 
(2) vortex at trailing edge; and (3) reattachment. These events are usually 
closely related with the unsteady pitching moment coefficient, and they are also 
shown in Fig. 12. The unsteady drag coefficient c0U is represented by an 
algebraic relation which depends on eight coefficients which are computed by 
using linear least square curve fitting with experimentally determined unsteady 
drag data. Numerous results presented in Ref. 35 indicate good agreement with 
experimental data. This method is considerably less sophisticated than that 
described in Ref. 34, however one of its attractive features is its relative 
simplicity compared to other dynamic stall models. 

Among the three dynamic stall models reviewed in Ref. 5 the model developed at 
ONERA by Oat, Tran and Petot had a number of features which caused it to be 
suitable for inclusion in rotary wing aeroelastic response and stability calcu­
lations, because it is a time domain theory for an airfoil performing completely 
arbitrary motions. Furthermore the model utilizes the properties of differen­
tial equations to simulate the different effects which can be identified on an 
oscillating airfoil such as pseudo elastic, viscous and inertial effects, and 
the effect of the flow time history [32]. The theory also recognizes that in 
the linear range of airfoil motions the Theodorsen lift deficiency function 
represents the aerodynamic transfer function for the airfoil relating the three 
quarter chord downwash velocity to circulatory lift. Furthermore the theory is 
based on approximating the aerodynamic transfer function by rational fractions. 
For convenience, the input variables for the system of equations which are 
plunge (h) and eitch (9), 2re combined in a single almost equivalent variable 
defined as a= n+9, where h is nondimensionalized in a suitable manner which is, 
range the model consists of a system of differential equations containing 
the angle of attack or downwash at the forward quarter chord. In the nonlinear 
range the model consists of a system of differential euqaitons containing 
unsteady linear terms whose coefficients are functions of the angle of attack 
and steady flow nonlinear terms. A lucid description of this model together 
with an outline for imbedding it in unsteady aerodynamic calculation including 
the effects of three dimensional flow can be found in a paper by Oat [32]. 

Further work aimed at an improved physical understanding of this model was 
carried out by Rogers [36] and Peters [37]. Rogers considered primarily the 
equation for unsteady lift and verified the validity of the model by reproducing 
previously published lift hysteresis data [39]. He also considered simplifica­
tions to the model and concluded that a term representing apparent mass in the 
model could be neglected without influencing the results. To determine some of 
the practical aspects of the model he incorporated it into a very simple dynamic 
model representing single section flapping dynamics of a rotor blade in forward 
flight. He concluded that Floquet theory, based upon linearized perturbation 
equations, could provide useful information on stability behavior when the ONERA 
model is used to represent the unsteady aerodynamics. 

More recently Peters [37] continued to study the unsteady lift equation 
associated with the ONERA model. He noted that the original model lumped the 
pitch and plunge into one variable which can cause difficulty when attempting to 
compare the model to classical Theodorsen or Greenberg theory [5]. He intro­
duced certain modificati·ons in the theory so that it reduces to Greenberg's 
theory for small angles of attack, and it reduces to Theodorsen's theory for 
steady free stream. He also introduced modifications which remove certain ambi­
guities in the model at large angles of attack. 
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The ONERA stall model was also used in a recent test [38] to compare the 
measured and calculated stall flutter behavior of a one bladed model rotor. The 
agreement between the calculated and measured results showed good agreement, 
further illustrating the utility of the model for aeroelastic calculations. 

It appears that the ONERA dynamic stall model is gaining acceptance in 
rotary wing aeroelasticity as other researchers introduce refinements in the 
model. Recent research by Leiss [40,41] has emphasized the role of unsteady 
sweep in the semi-empirical simulation of rotor blade aerodynamic loading. Thus 
the introduction of sweep effects into the ONERA model could produce another 
potential improvement. 

Another significant portion of recent research in unsteady aerodynamics has 
been aimed at developing two dimensional unsteady airfoil theories in the time 
domain. Two dimensional aerodynamic theories, which provide analytic 
expressions for unsteady loads on a moving airfoil are usually based on the 
assumption of simple harmonic motion. Representative theories of this category 
are Theodorsen's and Greenberg's theories for fixed wings and Loewy and Shipman 
and Wood's theory for rotary wings [5]. These theories which deal with the 
linear, attached flow regime, have a significant deficiency when applying them 
to aeroelastic stability calculations, since the assumption of simple harmonic 
motion, upon which they are based, implies that they are strictly valid only at 
the stability boundary, and thus they provide no information on system damping 
before or after the flutter condition is reached. Thus standard stability ana­
lyses, such as the root locus method cannot be used in conjunction with these 
theories. Another important limitation of these theories is evident when one 
tries to apply them to the rotary-wing aeroelastic problem in forward flight, 
which is governed by equations with periodic coefficients. In this case the 
complex lift deficiency function associated with frequency domain unsteady aero­
dynamics is not consistent with the numerical methods employed in the treatment 
of periodic systems [5]. Thus many rotary-wing analyses in forward flight are 
based upon quasi-steady aerodynamics [5]. To remedy this situation a number of 
recent studies [42-48] were aimed at developing arbitrary motion unsteady aero­
dynamic theories in the time domain. In these studies the term arbitrary motion 
was used to denote motion with growing or decaying oscillation with a certain 
frequency. 

In Ref. 42 the basic procedures for generalizing Greenberg's and Loewy's 
theories to the time domain, for airfoils undergoing arbitrary motion were pre­
sented. In Ref. 43 the generalized Greenberg theory was incorporated in the 
simple flap-lag analysis of a hingeless rotor blade in forward flight and the 
influence of unsteady aerodynamics on blade response and stability was obtained. 
When using a second order rational approximant for the generalized Theodorsen 
lift deficiency function, the finite state time domain representation of the 
circulatory aerodynamic lift and moment can be written in the following form [43] 

Lc(t) = 2rrpAbRUT(t) [D.00685(UTO/bR) 2 X
1 
(t) + D.10805(UTO/bR)X. (t)] 

+ rrpAbRUT(t)Q(t) ( 1 ) 

(2) 

These expressions are written in terms of the downwash velocity Q(t) at the 
~ chord, which depends on the airfoil degrees of freedom and their time deriva-
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tives, and two additional augmented state variables X, and X
2

• The augmented 
state variables are governed by a system of first order differential equations 
which depend on Q{t), as shown below 

{. } X { t) 

x: { t) = l-_-=-o-. o=-=1"'3-=s-=-5 ~'"'uc-T-o/"""b-=R'"'")"""• -+--_-=-o -=. 3,..,4-=5=-5 <'"'"uc-T-o/"""b-=R'"'"l-l { ::::: } • { :I' I} { 3) 

The additional augmented state variables X1 and x2 convey information 
regarding the unsteady wake history. Such an aerodynamic theory provides a good 
approximation to both low frequency and high frequency regimes of blade motion. 
Furthermore it should be noted that this time domain unsteady aerodynamic model 
bears a close resemblance to the unsteady aerodynamic loads, used for the 
attached flow case, in the dynamic stall model for rotor blades developed by 
Oat, Tran and Petot [5,32,37]. 

To assess the influence of arbitrary motion unsteady aerodynamics on blade 
aeroelastic stability and response in forward flight a simple problem consisting 
of an offset hinged, spring restrained model of an isolated hingeless blade was 
selected [43]. Typical results for blade response and stability are shown in 
Figs. 13 and 14. Figure 13 illustrates the steady state flap response of the 
blade over one revolution using both time domain unsteady aerodynamics and 
quasisteady aerodynamics. There is a pronounced unsteady aerodynamic effect on 
the flap response. The effect of phase lag and amplitude modulation associated 
with unsteady aerodynamics are both evident in Fig. 13. In Ref. 43 the same 
effect, on the lag degree of freedom, was also examined and found to be small. 
The influence of unsteady aerodynamics on blade stability is shown in Fig. 14, 
where the real part of the characteristic exponents {which is a measure of 
damping in a periodic system) is plotted as a function of the advance ratio ~· 
The interesting result in this plot is the instability in the flap degree of 
freedom which occurs at an advance ratio of ~ = 0.45. When quasisteady aerody­
namics are used this instability does not occur. It was shown [43,45] that this 
instability can be associated with an unsteady lift deficiency function which 
represents the ratio between unsteady lift and quasisteady lift. The important 
conclusion from these plots is that unsteady aerodynamics influences primarily 
the flap response of the blade [48]. 

It-was also shown in Refs. 42 and 44 that generalizing a rotary-wing theory 
such as Loewy's to the time domain is more complicated that the extension of 
Greenberg's theory. To overcome this problem a novel technique for formulating 
high quality finite state unsteady aerodynamic models, based upon the Bode plot, 
was developed [46,47]. This technique is based on recognizing that the cir­
culatory portion of the lift, per unit span, of the airfoil in the Laplace 
domain can be written as 

{ 4) 

where Q{s) represents the Laplace transform of the % chord downwash velocity. 
The Bode plot method used in control systems engineering is a useful tool for 
constructing approximations to complicated transfer functions. It can also be 
used to construct approximations to lift deficiency function, which has the role 
of an aerodynamic transfer function, according to Eq. {4). Using this technique 
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good approximations to Loewy's lift deficiency function were obtained [46,47] 
and used to obtain a rotary-wing indicial response function. These indicial 
response functions are oscillatory and thus are different from fixed wing indi­
cial response functions which are non oscillatory [46,47]. 

Another contribution made in Refs. 44 and 45 was the development of an 
arbitrary motion unsteady cascade airfoil theory for helicopters rotors in 
hover. 

It was pointed out in Ref. 48 that dynamic inflow also represents an 
arbitrary motion type of approximate unsteady aerodynamic theory, which captures 
low frequency aerodynamic effects associated with the wake. A comprehensive 
review of the dynamic inflow models available in hover and forward flight 
together with their correlation with experimental data was presented by Gaonkar 
and Peters [49]. 

In addition to the theories considered in this section, more complicated 
theories such as unsteady prescribed wake models, lifting surface models and more 
sophisticated models based on computational fluid mechanics are also needed for 
more accurate aeroelastic stability and response calculations. A newly deve­
loped unsteady prescribed wake model for helicopter rotor blades in hover and 
forward flight was presented by Rand and Rosen [50]. Unsteady lifting surface 
theories were also considered in Ref. [32]. A detailed survey on the role of 
computational fluid mechanics for rotorcraft was given by Davis [51]. 

4. Aeroelastic Problem Formulation 

The derivation of equations of motion for aeroelastic stability and response 
calculations, for an isolated rotor blade in forward flight including geometri­
cal nonlinearities, is a relatively complicated task from an algebraic point of" 
view. When the fuselage degrees of freedom are added to the problem this task 
tends to become very arduous, even when an ordering scheme is used to simplify 
the equations. Good representative examples showing the complexity of the 
equations which model a coupled rotor/fuselage system in forward flight can be 
found in Refs. 52-54. The solution process of such equations leads to addi­
tional complications since use of a global Rayleigh-Ritz or Galerkin method, 
combined with the multiblade coordinate transformation, frequently used in 
coupled rotor/fuselage analyses, requires considerable algebraic effort [5]. 
Substantial increases in raw computing power, as represented by high com­
pu~ational speeds and availability of large core memory at low cost, which have 
taken place during the last five years imply that the time has come to delegate 
these algebraic tasks to the computer. Only a few papers were published on the 
automatic generation of helicopter equations of motion using computers, however, 
the number of such papers is increasing. From these papers it is evident that 
two different approaches are being used to achieve the same goal. 

One approach is based on generating equations of motion in explicit form. 
This can be accomplished by developing special purpose symbolic manipulators 
written in FORTRAN to automatically generate equations of motion for rotary-wing 
aeroelastic applications. One of the first studies based on this approach was 
done by Nagabhushanam, Gaonkar and Reddy [55]. Using this approach the complete 
equations of motion are obtained in fully explicit nonlinear form, directly from 
the computer. 
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The approach developed originally in Ref. 55 has been extended to the 
problem of coupled flap-lag-torsional dynamics of hingeless rotor blades in for­
ward flight [56,57). A detailed description of the symbolic processor program 
principles was presented by Reddy [57]. The program generates the 
steady state and linearized perturbation equations in symbolic form and then 
codes them into FORTRAN subroutines. These equations are obtained in explicit 
form. The coefficients for each equation and for each mode are identified 
through a numerical program. A Lagrangian.formulation is used to obtain 
equations in generalized coordinates. The coupled flap-lag-torsion equations 
with dynamic inflow are converted to equations in a multiblade coordinate system 
by deriving explicit multiblade equations in symbolic form. The whole process, 
from derivation to numerical calculation, is automated with minimum user inter­
face. The equations have been carefully validated in Ref. 57 by comparing 
results obtained for hover with other results available in the literature. Many 
useful results for forward flight were generated with the program [56,57]. 
These results will be discussed in the next section of this paper. 

Another explicit approach is discussed by Crespo DaSilva and Hodges [58]. 
This approach is based on utilizing a commercially available symbolic manipula­
tion program called MACSYMA, running on a dedicated LISP workstation. The 
general methodology of deriving flexible blade equations using MACSYMA are 
discussed and the process is illustrated by a simple example associated with the 
flap motion of a rotor blade in forward flight. 

The second approach to generating rotary-wing aeroelastic equations of 
motion is based on the implicit approach. In this approach one generates auto­
matically the coefficient matrices for equations of motion linearized in per­
turbation coordinates about an equilibrium approach. This approach, which was 
used by Done and his associates in two recent papers [59,60], does not require 
that the equations be explicitly written out at any stage of the analysis. The 
first paper by Gibbons and Done [59] presented the theoretical background for 
the method. The procedure consists of writing down the appropriate transfor­
mations governing the dynamics of a mass point and combining it with with 
Lagrange's equations to obtain the mass, aerodynamic and stiffness terms needed 
to calculate the equilibrium position. Subsequently perturbation equations 
about this equilibrium position are generated. The differentiations and 
integrations required in this process are performed numerically. The equations 
generated are in numerical form, and their solution is obtained by iterative 
algorithms. Only a few simple results in hover were used to validate the 
program. In a second paper [60] three practical examples were treated by the 
computer program which was developed and results were compared to results 
generated by Westland Helicopters. Among these the most complicated example was 
a Lynx ground resonance calculation and comparison between the two sets of 
results was satisfactory. 

Finally it is important to mention that implicit formulations have been used 
in recent finite element analyses of rotary-wing aeroelastic problems [14,28]. 
The implicit nature of Ref. 28 is principally associated with two features: 

1. The algebraic expressions for the aerodynamic loads are not expanded 
explicitly·. They are coded separately in the computer program and combined 
numerically with the inertia and structural terms during the solution of the 
response problem. 

2. The approximate set of generalized coordinates obtained during one iteration 
of the solution procedure is used to generate the aerodynamic loads for the 
next iteration. 
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The implicit nature of the GRASP program [14] is primarily due to its hybrid 
finite element/multibody nature which allows the theatment of complicated con­
figuration, without explicitly writing out the governing equations. 

5. Aeroelastic Analyses in Forward Flight 

The general methodology for the aeroelastic analysis of rotor blades in for­
ward flight was reviewed in detail in Ref. 5. This aeroelastic problem is 
governed by nonlinear equations with periodic coefficients and furthermore the 
aeroelastic problem is coupled to the trim state of the helicopter. A con­
siderable number of recent studies were aimed at an improved understanding of 
the coupled flap-lap-torsional problem of an isolated blade in forward flight 
[56,57,61-63]. A common element among these studies is a solution procedure 
which is similar to that first presented in Ref. 64. The solution consists of 
the following steps: (a) calculation of trim, (b) calculation of the nonlinear 
time dependent equilbirium posisiton, (c) linearization of the perturbation 
equations about this time dependent equilibrium position, and (d) calculation of 
blade stability using Floquet theory. 

A comprehensive study of the coupled flap-lag-torsional aeroelastic behavior 
of hingless rotor blades in forward flight was done by Reddy and Warmbrodt 
[56,57]. They used symbolically generated equations and studied the influence 
of: dynamic inflow, trim, as well as various approximations to the complete 
coupled-flap-lag-torsional equations. Figure 15 shows the effect of number of 
degrees of freedom used in trim analysis on lead-lag damping plotted as a func­
tion of the advance ratio. It can be seen that a flap-lag-torsion stability 
analysis based upon a flap trim [64] tends to underpredict the lead-lap damping. 
Another feature of this plot is the instability, in the lag degree of freedom 
observed in a stiff-in-plane blade configuration when ~ > 0.40. This behavior 
was also observed in Ref. 64. The effect of torsion and dynamic inflow on lead 
lag regressing mode damping is shown in Fig. 16. Dynamic inflow seems to have a 
relatively small effect in this case. Furthermore the damping predicted by a 
flap-lag model is much lower than that predicted by a coupled flap-lag-torsional 
model, this was also noted in Ref. 64. 

The feasibility of simplifying coupled lag-flap-torsional models for blade 
stability analyses in forward flight was studied in Ref. 61 and it was concluded 
that the only reliable model under various conditions is the fully coupled 
model. 

Panda and Chopra [62] have also studied flap-lag-torsion stability in for­
ward flight using an offset hinged spring restrained model of a hingeless blade. 
The effects of pitch-flap and pitch-lag coupling, torsional stiffness and dyna­
mic inflow were considered. The results also confirmed those obtained in Ref. 
56, 57 and 64. Subsequently the same authors [63] studied the behavior of 
hingeless and bearingless rotors in forward flight, including dynamic inflow and 
using a previously derived finite element method [22]. The results indicated 
that stiff-in-plane configurations were destabilized by forward flight, while 
soft-in-plane blade configurations were stabilized by forward flight, which 
was also found in Refs. 56 and 64. 

An experimental and analytical study of the flap-lag stability in forward 
flight of an isolated, three bladed hingeless model rotor, having a diameter of 
1.62 meters was performed in Ref. 65. The rotor was not trimmed and many data 
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points were obtained for high advance ratios and high shaft angles. The purpose 
of this paper was to determine the adequacy of the linear quasisteady aerodyna­
mic model with dynamic inflow. The results of this correlation study were 
somewhat inconclusive. Because in some cases the use of dynamic inflow improved 
the correlation between theory and experiment while in other cases it did not. 
Fig. 17 shows the lag regressing mode damping at an advance ratio of ~ = 0.30 
and increasing shaft angles. The lack of correlation for this case was not 
explained in a convincing fashion and was attributed to stall. 

In addition to aeroelastic stability studies in forward flight a smaller 
number of studies dealt with the aeroelastic response problem due to gusts. 
Gust response of a coupled rotor/fuselage system in hover and forward flight was 
studied by Bir and Chopra [66,67]. The blades were represented by a fully 
coupled flap-lag-torsional model including, moderate deflections. The fuselage 
had three translational and two rotational (pitch and roll) degrees of freedom. 
Gusts were represented by a deterministic three dimensional gust field. Some of 
the more important conclusions of this study were that a complete coupled flap­
lag-torsional model of the blade is needed for an accurate response analysis 
because when the vehicle encounters a gust the blades respond quickly, absorbing 
the initial impact of the gust. Another important conclusion was that using 
dynamic inflow can be important for gust response calculations, otherwise the 
blade response can be overestimated. 

The effect of random air turbulence on flap-lag stability in forward flight 
was considered in Ref. 68, using a random process analysis. It was found that 
in absence of elastic coupling, turbulence is stabilizing. As indicated by 
Refs. 56,57 and 61-64 the damping in the flap-lag model is lower (sometimes 300% 
lower) than in the coupled flap-lag-torsional model. Thus results based on the 
flap-lag model tend to exhibit excessive sensitivity to gusts. Therefore it 
appears that the influence of turbulence on blade stability is small. 

The rotary-wing aeroelastic problem in forward-flight (after spatial discre­
tization) is governed by nonlinear ordinary differntial equations with periodic 
coefficients. The numerical treatment of stability and response of such 
periodic systems is a key ingredient in the solution of these problems. During 
the last five years a number of reliable efficient numerical schemes for dealing 

.wth such problems have become available and these are described in Ref. 69. 
Recently the finite element method in the time domain [70] was applied to the 
solution of periodic systems by Borri [71]. This method is based upon 
Hamilton's weak principle and consists of the time discretization of the 
linearized version of this principle. The time discretization utilizes 
appropriate interpolation functions in time, such as cubic polynomials for 
example. Application of this method to a periodic system yields a system of 
linear alegebraic equaitons which have to be solved in an iterative manner to 
obtain the response of the system. This method can be also used to obtain the 
transition matrix at the end of one period. 

From the discussion presented above it is evident that our analytical 
understanding of blade behavior in forward flight is improving. However there 
is considerable need for high quality experimental data on isolated, trimmed 
hingeless and bearingless rotor blades having simple configurations, i.e., uni­
form mass stiffness, with zero or linearly varying pretwist and without sweep or 
droop. Availability of such data, for an advance ratio range of 0 < ~ < 0.45, 
could provide a sound basis for verifying and improving forward flight analyses 
in a systematic manner. 
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6. Coupled Rotor/Fuselage Aeromechanical Analyses 

The aeromechanical instability of a helicopter, on the ground or in flight, 
is caused by coupling between the rotor and body degrees of freedom. This 
instability is commonly denoted air resonance when the helicopter is in flight 
and ground resonance when the helicopter is on the ground. The phyiscal phenome­
non associated with this instability is quite complex. The rotor lead-lag 
regressing mode usually couples with the body pitch or roll to cause an instabi­
lity. The nature of the coupling which is both aerodynamic and inertial is 
introduced in the rotor by body or support motion. The importance of developing 
a mathematically consistent model capable of representing the coupled 
rotor/fuselage dynamic system has already been discussed in previous reviews 
[5,6]. A considerable number of such coupled rotor/fuselage analyses which were 
developed are described below. A number of these models yield good correlation 
with experimental data. 

A relatively comprehensive study by Nagabhushanam and Gaonkar [72] was aimed 
at determining the influence of various dynamic inflow models and aeroelastic 
coupling effects on the air resonance problem in forward flight. The model con­
sisted of a number of centrally hinged spring restrained blades having flap and 
lag degrees of freedom for each blade combined with a fuselage having pitch and 
roll degrees of freedom. Some of the results obtained were consistent with 
other results available in the literature. One of the conclusions, namely the 
deterioration of regressing lag mode damping of soft-in-plane rotors, with 
increases in advance ratio appears to be somewhat contradictory to other results 
available. 

A much more general coupled rotor/fuselage analysis is one of the many 
options available in a computer program developed by Johnson [53,73], which had 
acquired the name CAMRAD (for Comprehensive Analytical Model for Rotorcraft 
Aerodynamics and Dynamics). This model was used by NASA Langley Research Center 
to calculate hingeless rotor aeromechanical stability [74]. The model was 
tested in the Transonic Dynamics Tunnel. The model was a soft-in-plane, four 
bladed, hingeless rotor with flexures to accommodate flap and lead-lag motion 
combined with a mechanical feathering hinge to allow blade pitch motion. The 
support had body pitch and roll motions. The analysis included these degrees of 
freedom and the dynamic inflow model. The correlation covered the influence of 
pitch-flap coupling, blade sweep, blade droop, and blade precone as a function 
of ~. rotor speed and collective pitch. Figure 18 shows the correlation 
obtained, which was quite good. This code was also used by NASA Ames for hover 
stability tests of a full scale hingeless rotor [75], and good correlation was 
obtained. 

Johnson also used this code to model the influence of unsteady aerodynamics 
on hingeless rotor ground resonance [76]. He compared his results with the high 
quality experimental data obtained by Bousman [77] and obtained the remarkable 
result that inflow dynamics introduces an additional "inflow mode", which 
explained previously unresolved questions about the correlation between the 
theory and the test. 

Venkatesan and Friedmann [78,79] developed a mathematical model capable of 
modeling aeromechanical problems associated with multirotor vehicles, where the 
two rotors were connected by a flexible supporting structure which also had 
rigid body degrees of freedom. The blades were modeled as offset hinged spring 
restrained blades, including geometric nonlinearities. Each blade had flap, lag 
and torsional degrees of freedom. 
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A subset of this model, consisting of a three bladed hingeless rotor with 
flap and lag degrees of freedom for each blade mounted on a gimbal which could 
pitch and roll, was used in Ref. 80 to simulate the experimental data obtained 
by Bousman [77]. The results obtained [80], using quasisteady aerodynamics, 
were in good agreement with the experimental data obtained in Ref. 77, except 
that the quasisteady model was incapable of predicting the "dynamic inflow mode" 
found by Johnson [76]. Subsequently both perturbation inflow and dynamic inflow 
aer~dyanmics were incorporated in the coupled rotor/fuselage model [81] and the 
result obtained with dynamic inflow produced good agreement with the experimen­
tal data. Furthermore the "inflow mode" obtained by Johnson was also repro­
duced. Results illustrating this unsteady aerodynamic effect are shown in Figs. 
19 and 20 [81]. Figure 19 shows the variation, of modal frequencies as a func­
tion of rotor speed, at zero collective pitch setting, using quasisteady aerody­
namics. All frequencies except the one corresponding to 0.7 Hz. are predicted 
well. When perturbation inflow and dynamic inflow are included the results 
shown in Fig. 20 indicate, that with dynamic inflow all frequencies are pre­
dicted well. Furthermore the "inflow mode", associated with the augmented sta­
tes introduced but the dynamic inflow model, is also predicted. It is shown in 
Refs. [48,81] that the identification of this mode is relatively complicated. 

Another new program capable of predicting rotorcraft aeromechanical 
problems, as well as other dynamic problems, is the RDYNE program developed by 
Sopher and Hallock [82]. This program uses a time-history analysis for 
rotorcraft dynamics based on dynamical substructures and nonstructural mathema­
tical and aerodynamic components. The program contains both geometrical and 
aerodynamic nonlinearities and used component mode synthesis to combine various 
structural elements. The program was applied to ground resonance problems and 
performed very well. 

A modern and modular program, named GRASP, was completed recently [14]. 
GRASP combines the finite element and multibody approaches and incorporates 
multiple levels of substructures to provide a powerful tool for the analysis of 
bearingless rotor aeromechanical problems. GRASP has been designed around the 
concept of a collection of flexible and rigid bodies connected in an arbitrary 
manner. The element library of the program contains three elements: (1) an 
aeroelastic beam element which contains no small angle approximations; (2) an 
air mass element; and, (3) rigid body mass element. Results for a coupled 
rotor/body model were obtained, and the eigenvalues of the regressing lag mode 
damping were compared with results obtained by Ormiston [83]. The correlation 
between the two sets of results was good. This program was written using modern 
programming methods, emphasizing clarity and modularity. Despite its many 
attractive features the program is somewhat limited since it cannot treat blades 
made of composites, nor can it deal with a variety of problems which lead to 
equations with periodic coefficients, such as fuselage mass offset from the axis 
of rotation and bla.de dissimilarities. 

The majority of the studies cited above dealt with a rotor/body system where the 
blades were identical. The interesting effect of blade-to-blade dissimilarities 
on rotor/body lead-lag dynamics was studied by MuNulty [84]. The most noti-
ceable effect of these dissimilarities was the appearance of additional peaks in 
the frequency spectrum. 

The influence on nonlinear damping on helicopter ground resonance was 
studied by Tang and Dowell [85]. The analytical model included a three bladed 
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articulated rotor, with each blade having only lead-lag motion, combined with a 
fuselage which could pitch and roll. The formulation contains both a nonlinear 
blade damper and a nonlinear landing gear damping. The analytical results were 
compared with experiments conducted on a model and good agreement was obtained. 

7. Active Controls and Their Application to Vibration Alleviation and Blade 
Stability Augmentation 

The use of active controls whereby the pitch of the rotor blade is modified 
by an automatic control system so as to alleviate dynamic effects represents a 
typical aeroservoelastic problem. The level and scope of the activity in this 
area was very substantial. The use of active controls to provide reduction of 
vibratory loads at the hub, reduction of vibratory loads in the fuselage, gust 
load alleviation, alleviation of effects due to dynamic stall, stability augmen­
tation in the lead-lag degree of freedom and suppression of coupled 
rotor/fuselage instabilities were only some of the potential applications con­
sidered. A complete review of this subject would require a separate review 
article. The main objective of this section is to present a concise review of 
some of the more interesting recent developments. 

Two basic approaches for the active control of rotor dynamic problems were 
considered and implemented. In the first approach the time dependent pitch 
control is introduced in the fixed sys•em through a conventional swash plate. 
The majority of studies, which are described in the first part of this section, 
are based upon this approach. In the second approach the time dependent pitch 
control, of a particular blade, is introduced in the rotating reference frame 
and is denoted individual blade control (IBC). 

The most important topic, from a practical point of view, is vibration 
reduction in forward flight using higher harmonic controls (HHC). This approach 
produces reduced vibration levels in the fuselage, or at the hub, by tailoring 
the vibratory aerodynamic loads on the blades. Thus vibratory forces and loads 
are modified, at their source, before they reach the airframe. This is in 
contrast with conventional means of vibration control [7,8] which deal with 
vibratory loads after they have been generated. A particularly successful 
approach to this problem was an adaptive control system which combines recursive 
parameter estimation with linear optimal control theory. A class of such 
algorithms has been discussed in detail by Johnson [86] and was also analytically 
investigated by Molusis, Hammond and Cline [87]. Subsequently wind tunnel tests 
[88J, flight tests [89] and digital simulations [90] have shown that an 
algorithm, denoted as the "cautious controller" provided good performance. A 
brief discussion of such an adaptive control system is given below. 

The need for an adaptive control system, in which parameters describing the 
helicopter model are identified on line, follows from the inability of current 
analytical tools to predict vibration characteristics with sufficient accuracy. 
Furthermore the sensitivity of vibration characteristics to changes in aircraft 
configuration and flight condition implies that a constant gain control system 
might be ineffective. The HHC input in its most general form consists of a har­
monic variation of collective and cyclic pitch components 

55.19 



( 5) 

For a four bladed rotor n = 4; this input in the non-rotating system results 
in 3,4 and 5/rev oscillations in the rotating system. 

It is assumed that the helicopter can be represented by a linear, quasista­
tic frequency domain model relating the output vector Z, consisting of harmonics 
of vibration, to the input vector 8, consisting of harmonics of blade pitch 
control at time w.= i~w. where W· is the sampling time, thus , , 

( 6) 

where T is the nxm transfer matrix relating output vibration response to input 
higher harmonic control angles. The sampling interval ~w. should be sufficiently 
large for the transient to die out and the harmonics to be measured, usually it 
is taken as once per revolution. The uncontrolled vibration level Z and the 
transfer matrix T are not known, because analytical methods for thei~ prediction 
are not sufficiently accurate. These quantities are therefore estimated using a 
Kalman filter, the details of this estimation are presented in Refs. 86, 87 and 
90. 

The objective function, to be minimized, is the expected value of the per­
formance index 

( 7) 

usually the weighting matrices W , w8 and w~8 are diagonal and the control law is 
found by setting 3J/38. = 0. so1ution of th1s relation produces a cautious 
controller. The contr61 law for such a formulation can be found in Refs. 86, 87 
and 90. 

When Eq. {6) is based on the uncontrolled vibration level Z , sometimes 
denoted as the open-loop or global model, caution introduces an°effective limit 
on control amplitudes. An alternative approach where Eq. (6) is replaced by 

Z. = z. 1 + T(S. - 8. 1) 1 ,_ , ,_ (8) 

known as a closed-loop or local model produces an alternative control law where 
caution introduces limits on the rate. In either case the cautious controller 
introduces control limits which compensate for the uncertainty in the parameter 
estimates. A schematic diagram showing the implementation of such a control 
system for a digital simulation of control laws [90] is shown in Fig. 21. 

Hammond [88] conducted extensive wind tunnel tests, on an aeroelastically 
scaled, four bladed, articulated helicopter rotor model. A number of alter­
native algorithms were tested, and it was found that the cautious controller 
gave very good performance. A typical result [88] showing the variation of the 
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vibratory vertical force with advance ratio is presented in Fig. 22. Reduction 
between 70-90%, for this vibratory component, were obtained over the range of 
advance ratios tested. The results also indicated that HHC inputs produce 
increased edgewise bending moments, torsional moments, and control loads. The 
increased loads experienced during the tests, were within the design loads. 
This. wind tunnel test was intended to support a subsequent full scale flight 
demonstration test of OH-6A aircraft equipped with a higher harmonic control 
system. The results of the full scale tests, which took place in the summer of 
1983, were presented in a landmark paper by Wood, Powers, Cline and Hammond 
[89]. The aircraft was flown from zero airspeed to 100 knots, with the HHC 
system operated both open loop (manually) and closed loop (computer controlled). 
Flight test results exhibited significant reduction in helicopter vibrations 
without undue penalties in blade loads and aircraft performance. Six months 
later, in 1984, the flights resumed with an improved Kalman filter implemen­
tation combined with some hardware improvements. These modifications resulted 
in improved system performance [89]. Figure 23 shows the closed loop HHC-4P 
vertical acceleration, at the pilot seat, as a function of airspeed. Comparing 
Figs. 22 and 23, and recognizing that vertical vibrations at the pilot seat are 
different from vertical forces measured in the wind tunnel, shows that the full 
scale tests produced vibration reductions similar to those obtained in the wind 
tunnel tests. 

A comprehensive digital simulation of such an HHC system was conducted by 
Davis [90]. Th1s study, was a continuation of an earlier study [91], and it was 
aimed at a comparative study of three basic control algorithms: (1) deter­
ministic, (2) cautious, and (3) dual. A diagram of this system is shown in Fig. 
21. Reduction of vibration levels between 75-95% were achieved with HHC angles 
of less than one degree. The effect of nonlinearity and interharmonic coupling 
were also considered. This is an important problem because Eqs. (6) or (8) 
imply a linear or linearized model. A detailed study of the role of nonlineari­
ties (both geometric and aerodynamic) in HHC systems for helicopter vibration 
was first presented by Molusis [92]. Both Refs. 90 and 92 utilized the G400 [93] 
helicopter aeroelastic simulation program, to generate their results. Molusis 
concluded that under certain conditions, nonlinearities could be sufficiently 
important so as to require modifications in the control algorithms. The simula­
tions conducted at UTRC provided good guidelines for the implementation of a 
full scale flight demonstration of a HHC-system on the S-76 helicopter [94]. 
These tests, conducted in the open loop mode only, were the first demonstration 
of HHC on a 10,000 lb helicopter at speeds up to 150 knots. These successful 
tests, conducted in early 1985, will eventually lead to flight demonstration of 
the closed loop system. 

Flight tests of an experimental HHC system on a SA349 Gazelle were also con­
ducted in France in 1985 [95]. A detailed description of both the simulations 
and the flight tests are presented in Ref. 95. The control algorithms were 
similar to those used in Ref. 87 and 89 and a reduction of 80% in cabin vibra­
tions at an airspeed of 250 km/h was demonstrated. 

The higher harmonic control model and the wind tunnel and flight tests 
discussed above do not imply that these are the only viable approaches for 
dealing with vibration reduction, gust alleviation and potential performance 
enhancement. Many other studies have considered alternative approaches and fun­
damental problems associated with HHC. Shaw et al. [96] have demonstrated a 
closed-loop HHC system on a dynamically scaled model of a three bladed CH-470 
rotor in the Boeing Vertol wind tunnel. Very effective multicomponent vibra-
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tion suppression was demonstrated up to flight speeds of 188 knots. This 
vibration suppression was demonstrated with a fixed-gain feedback control which 
was much simpler and faster than the adaptive control laws used in the stu-
dies cited previously. A different approach, based on mathematical programming 
techniques to determine the HHC angles was presented by Jacob and Lehmann [97]. 
Wind tunnel test results performed on a model of a B0-105 four bladed hingeless 
rotor, using a relatively simple cost function, were presented by Lehmann [98]. 
The special HHC testing facility, discussed in Ref. 98, has a number of unique 
capabilities. Another different approach to vibration reduction in the fuselage 
using state-feedback vibration control was proposed and evaluated by DuVal, 
Gregory and Gupta [99]. While this approach appears to be promising and it needs 
further study. 

All the studies cited above were aimed at vibration reduction in forward 
flight. Active control systems also offer the potential for cost effective 
solutions to other dynamics problems. A natural extension of adaptive control 
system approach is to apply it to gust alleviation. The feasibility of such a 
system was studied analytically by Saito [100], using a four bladed aritculated 
blade model. Response to step and sinusoidal gusts was considered. Gust 
response alleviation, between 50-100% was obtained. 

Two fundamental studies on the use of active controls to augment 
rotor/fuselage stability were recently completed. Straub and Warmbrodt [102] 
performed an analytical study of ground resonance with airloads. The control 
system was modeled using state variable feedback with appropriate gain and 
phase. The analytical model of the coupled rotor/fuselage system was repre­
sented by an offset hinged spring restrained, three bladed hingeless rotor with 
flap and lag degrees of freedom. The rigid fuselage had pitch, roll, lateral 
and longitudinal translations. The model was based on quasisteady aerodynamics 
and contained geometrical nonlinearities. The configuration analyzed is shown 
in Fig. 24. The fee~Rack was applied through a conventional swash plate, active 
pitch input to the k blade was 

(9) 

To control the linearized constant coefficient system written multiblade coor­
dinates, three "active" actuators in the fixed system were used. Using state 
variable feedback this control problem was explored in detail to obtain good 
physical understanding of the problem. The study assumed that all states are 
known. It was found that a 1% augmentation in critical damping of the 
regressing lag mode could be obtained with a 0.3 degree of blade cyclic lead-lag 
feedback. 

In a second paper, Straub [102] used the same mathematical model to study 
the linear optimal control problem (LQG) of a four bladed articulated rotor in 
ground resonance. The solution for the control law was the deterministic optimal 
controller with linear feedback of all the state variables. The optimal gain 
was obtained from the solution of the algebraic Ricatti equation. Analytical 
results were generated in order to simulate the behavior of an articulated four 
bladed, H-34 rotor, with 4% hinge offset mounted on the Rotor Test Apparatus 
(RTA) in the 40 x 80 wind tunnel. Figure 25 illustrates, that a simple reduced 
state controller, using only control involving position and velocity of the hub 
u = u(x,y,x,y), and without gain scheduling, yields a stable system at all 
speeds. This result should be compared with u = o (3200 Nms) which corresponds 
to nominal lag dampers, whereas all other result in this plot are based on lag 
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damping reduced by a factor of ten (C( = 320 Nms). The influence of this subop­
timal controller, with four feedback loops u = u(x,y,x,y), on the modal fre­
quencies is shown in Fig. 26. It is seen that only small changes occur at the 
coalesce rotor speeds and that frequencies are not changed at other rotor 
speeds. This clearly indicates that improvements in system stability, as a 
result of active control, are strictly due to increased regressing lead-lag mode 
damping. 

An alternative to control through the conventional swash plate is the indi­
vidual blade control (IBC) approach in which each blade is individually 
controlled in the rotating frame over a wide range of frequencies. This control 
concept was pioneered by Kretz [103] however a considerable amount of the more 
recent work in this area was done by Ham and his associates [104]. Reference 
104 contains a detailed review of this work. Using a simple wind tunnel model 
combined with the concept of modal control, a number of important applications 
of this method were considered. These applications were: (1) gust alleviation, 
attitude stabilization and vibration alleviation [105]; (2) lag damping augmen­
tation [106]; (3) stall flutter suppression [107]; and (4) flapping stabiliza­
tion in forward flight [108]. 

An important contribution in this area was the recognition that by 
multiblade coordinate transformation, individual blade control laws could be 
implemented through a conventional swashplate [105]. The practical applications 
of this control concept are currently being evaluated by industry, Ref. 109 is 
representative of such a feasibility study conducted at Bell Helicopters. 

8. Application of Structural Optimization to Vibration Reduction 

The higher harmonic control, for vibration reduction, discussed above, modi­
fies the unsteady aerodynamic loads acling on the blade and thus reduces the 
aeroelastic response of the blade. A somewhat similar goal can be accomplished 
by "aeroelastic tunning" of the blade, using changes in blade twist, sweep and 
mass or stiffness distribution [110]. Both methods are similar because they 
reduce the vibrations at the source, namely the rotor. Instead of the conven­
tional design approach, used in Ref. 110, one can use modern structural optimi­
zation to reduce vibrations in rotorcraft [111]. In Ref. 111 the various 
techniques available for vibration reduction in rotorcraft using structural 
optimization were explored and reviewed with considerable detail. The only pru­
dent approach for reduction of blade vibrations in forward flight, when changing 
mass and stiffness distribution, combined with changes in blade tip sweep is 
one in which aeroelastic constraints on blade stability are enforced. This 
requirement complicates the problem because a fully coupled aeroelastic stabi­
lity.and response analysis in forward flight has to be coupled with a structural 
optimization program. Therefore only a few studies having this capability are 
available [111-114]. In Ref. 112-114 modern structural optimization was used to 
reduce vibration levels in forward flight. The objective function minimized was 
the oscillatory vertical hub shear at~= 0.30. Behavior constraints are the 
frequency placements of the blade in flap, lag and torsion, combined with the 
requirement that aeroelastic stability margins in hover remain unaffected by the 
optimization process. Stiff-in-plane, hingeless, blade optimization is 
discussed in Refs. 112 and 113, a detailed treatment of the soft-in-plane con­
figuration is given in Ref. 112 and 114.· Figure 27 shows the influence of 
structural optimization on the vertical hub shears after two stages of optimiza­
tion, D

0 
refers to the intial design and DII indicates the final design. Other 
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results obtained indicated hub shear reductions between 15-40%, and blade 
weight reductions between 9-20%. 

Structural optimization was also used in a systematic study by Davis and 
Weller [115] in which a hierarchy of dynamic problems were considered. These 
were: (1) maximizing a bearingless rotor inplane structural damping, due to 
shearing of the elastomer; (2) frequency placement of blade natural frequencies; 
(3) minimizing hub vibratory shear using a simplified model for rotor aerodyna­
mics (40% reduction in hub shears was obtained); and (4) minimizing rotor vibra­
tion indices. Various optimization algorithms, problem formulations and solution 
strategies were also considered in this comprehensive study. This excellent 
study could be extended to include aeroelastic constraints, without too much 
difficulty. 

9. Aeroelastic Analysis and Testing of Special Configurations 

The purpose of this section is twofold. First the aeroelastic analysis of 
some special configurations is described. Dften those configurations are unique 
and thus it is inconvenient to include them in any of the previous topics 
described in this paper. The second part of this section describes recent dyna­
mic tests which have been performed to validate various analyses and designs. 

The aeroelastic stability of two somewhat unusual rotor configurations, a 
constant lift rotor (CLR) and a free tip rotor (FTR), were analyzed by Chopra 
[116] for the case of hover. The CLR-configuration employs a pitch control 
input to rotate several independent airfoil sections which are free to pivot 
around a continuous spar, allowing them to change their pitch so as to obtain the 
desired lift. For this blade rigid body flap and lag motion was assumed at the 
root hinge, and each strip was assumed to undergo independent torsional motion. 
Stability boundaries are obtained in a conventional manner using a linearized 
stability analysis in hover [5]. The influence of several parameters on blade 
dynamics was examined. The free-tip rotor blade consists of two sections: an 
inboard section similar to that of a conventional blade with a pitch control 
system and a small outboard section (about 5-10% of radius) freely pitching on 
its spar with control input of pitch motion. Thus a free tip rotor is similar 
to a constant lift rotor with two sections. Under appropriate conditions both 
configurations were found to be free of aeroelastic instabilities. 

The analysis of circulation control rotors was also considered by Chopra 
[117,1"18]. In Ref. 117 the aeroelastic stability of a hingeless circulation 
control rotor blade, in hover, was analyzed using finite elements [22]. The 
airfoil characteristics associated by the blowing, which produces circulation 
control, was taken from experimental data. With the exception of the effects of 
blowing this analysis was similar to Ref. [22]. The importance of including 
the second lag mode in the analysis was noted and it was found that blowing can 
have significant effects on blade stability. In Ref. 118 a much more comprehen­
sive study of bearingless circulation control rotors was conducted, using tabu­
lar aerodynamics and dynamic inflow. The influence of dynamic inflow was found 
to be very small on this type of rotor. It was concluded that the expected 
levels of internal structural damping appear adequate to stabilize the mildly 
damped fundamental and second lag mode. 

The aeroelastic stability of a two bladed rotor on flexible unsymmetrical 
support was analyzed by Chen [119]. Due to the complicated interaction between 
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the aeroelastic and parametric excitation problems, present in this con­
figuration, it was difficult to obtain conclusive results. 

Using the mathematical model developed in Ref. 54 Venkatesan and Friedmann 
[120] have analyzed the aeromechanical stability of a hybrid heavy lift multiro­
tor vehicle in hover. This model was intended to simulate the dynamic behavior 
of the hybrid heavy lift helicopter built by the Piasecki Aircraft Co., which 
crashed during flight tests, in the early summer of 1986. This dynamic model 
consisted of two rotors, connected by a flexible supporting structure and com­
bined an envelope providing buoyant lift. Each four bladed articulated rotor 
was modeled using fully coupled, nonlinear, flap-lag-torsional dynamics, the 
vehicle had six rigid body degrees of freedom and the supporting structure had 
two bending and one torsional degree of freedom. The aeromechanical stability 
model had a total of 31 degrees of freedom, and thus it represents one of the 
more complicated aeromechanical problems considered. The results obtained indi­
cated a potential for air and ground resonance type instabilities. 

An interesting case study of a coupled pitch-flap-lag instability involving 
the coupling of higher chord and flap bending modes combining with a reac­
tionless torsion mode, observed in the tests of an experimental rotor in hover, 
was presented by Neff [121]. 

A thorough design oriented treatment of the aeromechanical aspects of 
hingeless/bearingless rotor system was presented in Ref. 122. The importance of 
blade parameters such as droop, control system flexibility and blade stiffnesses 
are discussed. It is noted that lead-lag damping levels in bearingless main 
rotors is lower than that for hingeless rotors. This property of bearingless 
rotors is illustrated by Fig. 28 where comparisons of measured and predicted 
lead-lag damping (in the rotating system) are shown. The data was obtained in 
whirl tower tests of actual full scale rotors. A somewhat similar study on 
scaled bearingless main rotors was also done by Weller and Peterson [123]. 

A very comprehensive experimental investigation of bearingless model rotor 
stability was undertaken by Dawson [124]. The emphasis was on isolated blade 
stability. Five different configurations were tested and a significant body of 
high quality data was obtained. The experimental results were compared with 
analytical results obtained by the FLAIR analysis [125], in general the 
agreement between experiment and theory was acceptable except in cases when 
blade flexibility played a strong role. Most of the differences between pre­
dicted and experimental damping data occurred at high pitch angles. Figure 29 
compares the lead-lag damping of Configurations 4 and 5 [124] as pitch angle is 
varied. For Configuration 4 the blade is preconed 2.5 deg. with respect to the 
flexbeam, while for Configuration 5 the flexbeam is preconed by 2.5 deg. with 
respect to the hub. Measurements of lead-lag damping at low pitch could not be 
obtained due to flutter. The theoretical model underpredicts damping at the 
higher pitch angles. 

Additional test results obtained on similar two and three bladed bearingless 
rotors are described by Bousman and Dawson [125]. These results are par­
ticularly interesting because a pitch-flap type of flutter, attributed to 
unsteady aerodynamic effects, was observed. 

A design oriented parameteric study of the aeromechanical stability, in air 
resonance, of bearingless rotors in hover was conducted by Hooper [127] using 
the FLAIR program [125]. In this study it was found that precone angle of the 
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blade relative to the flexbeam and vertical offset of the snubber attachment 
point can produce beneficial blade dynamic behavior. This theoretical, design 
oreinted study, also complements the previously mentioned combined 
experimental/analytical studies [122-124]. 

The behavior of bearingless rotors, for tail rotor applications, was also 
studied. Thus, Ref. 122 also contains useful information on the dynamic be­
havior of bearingless tail rotors. The aeroelastic characteristic of the AH-64 
bearingless tail rotor were presented by Banerjee [128]. The elastomeric shear 
attachment of the flexbeam to the hub introduces beneficial damping and modal 
characteristics which yields an aeroelastically stable rotor. This rotor was 
extensively tested in wind tunnel covering most operating conditions. 

Finally, it should be mentioned that another potential tool for aeroelastic 
research on rotors are dynamically scaled wind tunnel models. The development 
and testing of a 27% dynamically scaled model of AH-64 main rotor is described 
in Ref. 129. This scaled down version, of an existing full scale rotor offers 
the potential for studying in detail the aeromechanical behavior of the rotor 
and can be also used to simulate other aeroelastic problems. 

10. Concluding Remarks 

It is evident from this survey that the level of activity in rotary-wing 
aeroelasticity during the last few years was very substantial. Comparing this 
activity to its fixed-wing counterpart gives one the impression that the center 
of gravity in the field of aeroelasticity is shifting from fixed-wing con­
figurations to rotary-wing configurations. This is not surprising in view of 
the historical fact that helicopters are thirty years behind fixed-wing aircraft 
in development. Judging by the recent research, discussed in this paper, it 
appears that this thirty year gap might be narrowing. However, the level of 
complexity present in rotary-wing systems, which imposes stringent demands on 
the level of sophistication required in the analysis, implies that rotary-wing 
aeroelasticity is far from being a mature field of research. Much additional 
research is needed before rotary-wing aeroelasticity will achieve the level of 
maturity which currently exists in the fixed-wing field. 

A number of topics where additional research has the potential for signifi­
cant payoffs in terms of improved helicopter designs are: 

1. Generation of an experimental data base for the validation of both isolated 
blade and coupled rotor/fuselage in forward flight. This test data should 
be obtained for hingeless, bearingless and articulated rotor configurations 
with simple geometries and properties (i.e., no sweep and droop, constant 
mass and stiffness distribution, and zero or linear pretwist). 

2. Correlation studies based on this data to validate forward flight analyses. 

3. Improved unsteady aerodynamics, in the time domain, for compressible and 
transonic ~egimes which are suitable for incorporation in aeroelastic analy­
ses in hover and forward flight. 

4. Development of improved methods for dynamic load predictions, on blades, 
which could lead to multidisciplinary optimization of rotor systems with 
simultaneous aeroelastic performance and acoustic constraints. 

55.26 



Acknowledgement 

This research was partially funded by NASA Grants NAG 2-209 and NAG 2-226, 
the support of the grant monitors Dr. W. Warmbrodt and Dr. H. Miura, from NASA 
Ames Research Center, is gratefully acknowledged. 

References 

1. Loewy, R.G., "Review of Rotary-Wing V/STOL Dynamic and Aeroelastic 
Problems," Journal of the American Helicopter Society, Vol. 14, No. 3, pp. 
323, 1969. 

2. Oat, R., "Aeroelasticity of Rotary Wing Aircraft," Agard Lecture Series, No. 
63 on Helicopter Aerodynamics and Dynamics, Chapter 4, 1973. 

3. Hohenemser, K.H., "Hingeless Rotorcraft Flgith Dyanamics," Agardograph, No. 
197, 1974. 

4. Friedmann, P.P., "Recent Developments in Rotary-Wing Aeroelasticity," 
Journal of Aircraft, Vol. 14, No. 11, November 1977, pp. 1027-1041. 

5. Friedmann, P.P., "Formulation and Solutions of Rotary-wing Aeroelastic 
Stability and Response Problems," Vertica, Vol. 7, No. 2, pp 101-104, 1983. 

6. Ormiston, R.A., "Investigation of Hingeless Rotor Stability," Vertica, Vol. 
7, No. 2, pp. 143-181, 1983. 

7. Reichert, G., "Helicopter Vibration Control -A Survey," Vertica, Vol. 5, 
No. 1, pp. 1-20, 1981. 

8. Loewy, R.G., "Helicopter Vibrations: A Technological Perspective," Journal 
of American Helicopter Society, Vol. 29, No. 4, pp 4-30, October 1984. 

9. Johnson, W., "Recent Developments in the Dynamics of Advanced Rotor Systems 
-Part I," Vertica, Vol. 10, No. 1, pp. 73-107, 1986. 

10. Johnson, W., "Recent Developments in the Dynamics of Advanced Rotor Systems 
Part II," Vertica, Vol. 10, No. 2, 1986. 

11. Alkire, K., "An Analysis of Rotor Blade Twist Variables Associated with 
Different Euler Sequences and Pretwist Treatments," NASA TM-84394, 1984. 

12. Hodges, D.H., Ormiston, R.A. and Peters, D.A., "On the Nonlinear Deformation 
Geometry of Euler Bernoulli Beams," NASA TP-1566, April 1980. 

13. Hodges, D.H., "Nonlinear Equations for the Dyanamics of Pretwisted Beams 
Undergoing Small Strains and Large Rotations," NASA TP-2470, May 1985. 

14. Hodges, D. H., Hopkins, A.K., Kunz, D.L. and Hinnant, H.E., "Introduction to 
GRASP - General Rotorcraft Aeromechanical StabilitM Program - A Modern 
Approach to Rotorcraft Modeling," Proceedings, 42n_ Annual Forum of the 
American Helicopter Society, June 2-4, 1986, Washington, D.C., pp. 739-756. 

15. Crespo DaSilva, M.R.M. and Hodges, D.H., "Nonlinear Flexure and Torsion of 
Rotating Beams, with Application to Helicopter Rotor Blades - I. 
Formulation," Vertica, Vol. 10, No. 2, 1986. 

16. Crespo DaSilva, M.R.M. and Hodges, D.H., "Nonlinear Flexure and Torsion of 
Rotating Beams, with Application to Helicopter Rotor Blades - II. Results 
for Hover," Vertica, Vol. 10, No. 2, 1986. 

17. Rosen, A. and Ran~Ji 0., "Formulation of a Nonlinear Model for Curved Rods," 
Proceedings of 26-- Israel Conference on Aeronautics and Astronautics," 
February 1984, pp. 244-256. 

18. Rosen, A. and Rand, 0., "A General Model of the Dyanmics of Moving and 
Rotating Rods," Computers and Structures, Vol. 21, No.3, 1985, pp. 543-561. 

19. Rosen, A. and Rand, o., "Static Aeroelastic Behavior of Curved Helicopter 
Blades in Hovering and Axial Flight," Vertica, Vol. 7, No. 3, 1983, pp. 
241-257 .· 

55.27 



20. Sivaneri, N.T. and Chopra, I., "Dynamic Stability of a Rotor Blade Using 
Finite Element Analysis," AIAA Journal, Vol. 20, No. 5, May 1982, pp. 
716-723. 

21. Friedmann, P.P. and Straub, F., "Application of the Finite Element Method 
to Rotary-Wing Aeroelasticity," Journal of the American Helicopter Society, 
Vol. 25, January 1980, pp. 36-44. 

22. Sivaneri, N.T. and Chopra, I., "Finite Element Analysis of Bearingless Rotor 
Aeroelasticity," Journal of the American Helicopter Society, Vol. 29, April 

1984, pp. 42-51. 
23. Fu, C. and Wang, s., "Aeroelastic Stability of a Rotor by Lifting Surface 

Theory and Finite Element Method," Paper No. 68, Proceedings Eleventh 
European Rotorcraft Forum, London, September 10-13, 1986. 

24. Mansfield, E.H. and Sabey, A.J., "The Fibre Composite Helicopter Blade, Part 
I: Stiffness Properties by E.H. Mansfield, Part 2: Prospects for 
Aeroelastic Tailoring by A.J. Sabey, Aeronautical Quarterly, May 1979, pp. 
413-449. 

25. Hong, C.H. and Chopra, I., "Aeroelastic Stability Analysis of a Composite 
Rotor Blade," Journal of the American Helicopter Society, Vol. 30, April 
1985, pp. 57-67. 

26. Hodges, D.H. and Dowell, E.H., "Nonlinear Equations of Motion for Elastic 
Bending and Torsion of Twisted Non-uniform Blades, NASA TN D-7818, December 
1974. 

27. Tarzanin, F.J. and Vlaminck, R.R., "Investigation of Blade Sweep on Rotor 
Vibratory Loads," NASA CR166526, October 1983. 

28. Celi, R., "Aeroelasticity and Structural Optimization of Helicopter Rotor 
Blades with Swept Tips," Ph.D. Dissertation, Mechanical, Aerospace and 
Nuclear Engineering Department, University of California, Los Angeles, 
October 1986. 

29. Shamie, J. and Friedmann, P., "Effect of Moderate Deflections on the 
Aeroelastic Stability of a Rotor Blade in Forward Flight," Paper No. 24, 
Porceedings of Third European Rotorcraft and Powered Lift Aircraft Forum, 
Aix-en-Provence, France, September 1977. 

30. Kosmatka, J., "Structural Dynamic Modeling of Nonisotropic Blades by the 
Finite Element Method," Ph.D. Dissertation, Mechanical, Aerospace and 
Nuclear Engineering Department, University of California, Los Angeles, 
October 1986. 

31. Rosen, A., Loewy, R.G. and Mathew, M.B., "Use of Twisted Principal 
Coordinates in Blade Analysis," Paper presented at the International 
Conference on Rotorcraft Basic Research, Research Triangle Park, NC, 
February 19-21, 1985. 

32. -Oat, R., "Development of Basic Methods Needed to Predict Helicopter 
Aeroelastic Behavior," Vertica, Vol. 8, No. 3, 19084, pp. 209-228. 

33. Beddoes, T.S., "Practical Computation of Unsteady Lift," Vertica, Vol. 8, 
Nol. 1, 1984, pp. 55-71. 

34. Leishman, J.G. and Beddoes, T.S., "A Generalized Model for Airfoil Unsteady 
Aerodyanmic Behaviour and Dynamic Stall Using the Indicial Method," 
Proceedings of the 42nd Annual Forum of the American Helicopter Society, 
June 2-4, 1986, Washington, D.C., pp, 243-265. 

35. Gangwani, S.T., "Synthesized Airfoil Data Method for Prediction of Dynamic 
Sta 11 and Unsteady Ai rloads," Vertica, Vol. 8, No. 2, 1984, pp. 93-118. 

36. Rogers, J.P., "Application of an Analytic Stall Model to time History and 
Eigenvalue Analysis of Rotor Blades," Journal of the American Helicopter 
Society, Vol. 29, January 1984, pp. 25-33. 

55.28 



37. Peters, D.A., "Toward a Unified Model for Use in Rotor Blade Stability 
Analyses," Journal of the American Helicopter Society," Vol. 30, July 1985, 
pp.32-42. 

38. Bergh, H. and Van DerWekken, A.J.P., ''Comparison Between Measured and 
Calculated Stall Flutter Behaviour of a One Bladed Model Rotor," Paper No. 
67, Proceedings Eleventh European Rotorcraft Forum, London, England, 
September 10-13, 1985. 

39. Tran, C.T. and Petot, D., "Semi-Empirical Model for the Dynamic Stall of 
Airfoils in View of their Application to the Calculation of Responses of a 
Helicopter Rotor Blade in Forward Flight," Vertica, Vol. 5, No. 1, 1981, 
pp. 35-53. 

40. Leiss, U., "A Consistent Mathematical Model to Simulate Steady and 
Unsteady Rotor-Blade Aerodynamics," Paper No. 7, Proceedings of the Tenth 
European Rotorcraft Forum, The Haag, The Netherlands, September 1984. 

41. Leiss, U., "Unsteady Sweep a Key to Simulati.on of Three-Dimensional Rotor 
Blade Airloads," Paper No. 25, Proceedings of Eleventh European Rotorcraft 
Forum, London, England, September 1985. 

42. Dinyavari, M.A.H. and Friedmann, P.P., Unsteady Aerodynamics in Time and 
Frequency Domains for Finite Time Arbitrary Motion of Rotary Wings in Hover 
an~hForward Flight," AIAA Paper 84-0988, Proceedings AIAA/ASME/ASCE/AHS 
25-- Structures, Structural Dynamics and Materials Conference, Palm Springs, 
California, May 1984, pp. 266-282. 

43. Dinyavari, M.A.H. and Friedmann, P.P., "Application of the Finite State 
Arbitrary Motion Aerodynamics to Rotor Blade Aeroelastic Response and 
Stability in Hover and horward Flight," AIAA Paper 85-0763, Proceedings of 
AIAA/ASME/ASCE/AHS, 26!_ Structures, Structural Dynamics and Materials 
Conference, Orlando, Florida, April 15-17, pp. 522-535. 

44. Dinyavari, M.A.H. and Friedmann, P.P., "Finite-Time Arbitrary-Motion 
Unsteady Cascade Airfoil Theory for Helicopter Rotors in Hover," Paper No. 
26, Proceedings of Eleventh European Rotorcraft Forum, London, England, 
September 1985. 

45. Asghar-Hessari-Dinyavari, M., "Unsteady Aerodyanmics in Time and Frequency 
Domains for Finite-Time Arbitrary Motion of Helicopter Rotor Blades in 
Hover and in Forward Flight," Ph.D., Dissertation, Mechanical, Aerospace and 
Nuclear Engineering Department, University of California, Los Angeles, 
California, March 1985. 

46. Friedmann, P.P. and Venkatesan, C., "Finite State Modelling of Unsteady 
Aerodynamics and Its Application to a Rotor Dynamic Problem," Paper No. 72, 
Proceedings of Eleventh European Rotorcraft Forum, London, September 1985. 

47. Venkatesan, C. and Friedmann, P.P., "A New Approach to Finite State Modeling 
of Unsteady Aerodynamigs," AIAA Paper 86-0865CP, Proceedings of 
AIAA/ASME/ASCE/AHS 27!_ Structures, Structural Dynamics and Materials 
Conference, May 1986, San Antonio, Texas, pp. 178-191. 

48. Friedmann, P.P., "Arbitrary Motion Unsteady Aergdynamics and Its Application 
to Rotary-wing Aeroelasticity," Proceedings 42!2- Annual Forum of the 
American Helicopter Society, Washington, D.C., June 1986, pp. 757-776. 

49. Gaonkar, G. and Peters, D., "Effectiveness of Current Dynamic-Inflow Models 
in Hover and in Forward Flight," Journal of the American Helicopter Society, 
VoL 31, April 1986, pp. 47-57. 

50. Rand, o. and Rosen, A., "An Unsteady Prescribed Wake Model for a Helicopter 
Rotor in Forward Flight," Journal of the American Helicopter Society, Vol. 
30, October 1985, pp. 11-21. 

51. Davis, S.S and Chang, I.C., "The Critical Role of Computational Fluid 
Dyn~mics on Rotary-Wing Aerodynamics," AIAA Paper 86-0336, AIAA 
24!_ Aerospace Sciences Meeting, Reno, Nevada, January 1986. 

55.29 



52. Warmbrodt, W. and Friedmann, P., "Formulation of Coupled Rotor/Fuselage 
Equations of Motion," Vertica, Vol. 3, 1979, pp. 254-271. 

53. Johnson, W, "A Comprehensive Analytical Model of Rotorcraft Aerodynamics and 
Dynamics, Part I: Analysis Development," NASA TM-81182, June 1980. 

54. Vankatesan, C. and Friedmann, P., "Aeroelastic Effects in Multirotor 
Vehicles with Aplication to Hybrid Heavy Lift System, Part I: Formulation of 
Equations of Motion," NASA CR-3822, August 1984. 

55. Nagabhushanam, J., Gaonkar, G.H. and Reddy, T.S.R., "Automatic Generation 
of Equations for Rotor-Body Systems with Dynamic Inflow for a Priori 
Ordering Schemes," Paper No. 37, Proceedings of Seventh European 
Rotorcraft Forum, Garmisch-Partenkirchen, September 1981. 

56. Reddy, T.S.R. and Warmbrodt, W., "The Influence of Dynamic Inflow and 
Torsional Flexibility on Rotor Damping in Forward Flight from Symbolically 
Generated Equations," Rotorcraft Dynamics 1984, Proceedings of the znd 
Decennial Specialists Meeting on Rotorcraft Dynamics, NASA Ames, Nov. 7-9, 
1984, NASA CP-2400, November 1985, pp. 221-239. 

57. Reddy, T.S.R., "Symbolic Generation of Elastic Rotor Blade Equations Using 
a FORTRAN Processor and Numerical Study on Dynamic Inflow Effects on the 
Stability of Helicopter Rotors," NASA TM-86750, June 1986. 

58. Crespo DaSilva, M.R.M. and Hodges, D.H., "The Role of Computerized 
Symbolic Manipulation in Rotorcraft Dyanmic Analysis," Computers and 
Mathematics with Applications, Vol. 12A, No. 1, 1986, pp. 161-172. 

59. Gibbons, M.P. and Done, G.T.S., "Automatic Generation of Helicopter Rotor 
Equa-cions of Motion," Vertica, Vol. 8, No. 3, pp. 229-241, 191:14. 

60. Patel, M.H. and Done, G.T.S., "Experience With a New Approach to Rotor 
Aeroelasticity," Vertica, Vol. 9, No. 3, pp. 285-294, 1985. 

61. Nilakantan, G.R. and Gaonkar, G.H., "Feasibility of Simplifying Coupled 
Flap-Lag-Torsion Models for Rotor Blade Stability in Forward Flight," 
Vertica, Vol. 9, No. 3, 1985, pp. 241-256. 

62. Panda, B. and Chopra, I., "Flap-Lag-Torsion Stability in Forward Flight," 
Journal of the American Helicopter Society, Vol. 30, October 1985, pp. 30-39. 

63. Panda, B. and Chopra, I., "Dynamic Stability of Hingeless and Bearingless 
Rotors in Forward Flight," Computers and Mathematics with Applications, 
Vol. 12A, No. 1, 1986, pp. 111-130. 

64. Friedmann, P.P. and Kottapalli, S.B.R., "Coupled Flap-Lag-torsional 
Dynamics of Hingeless Rotor Blades in Forward Flight," Journal of the 
American Helicopter Society, Vol. 27, October 1982, pp. 28-36. 

65. Gaonkar, G., McNulty, M.J. and Nagabhushanam, J., "An Experimental and 
Analytical Investigation of Isolated Rotor Flap-Lag Stability in Forward 
Flight," Paper No. 66, Proceedings of Eleventh European Rotorcraft Forum, 
-London, England, September 1986. 

66. Bir, G.S. and Chopra, I., "Gust Response of Hingeless Rotors," Journal of 
the American Helicopter Society," Vol. 31, April 1986, pp. 33-46. 

67. Bir, G.s, and Chopra, I., "Prediction of Blade Stresses Due to Gust 
Loading," Paper No. 73, Proceedings of Eleventh European Rotorcraft 
Forum," London, England, September 1985. 

68. Prussing, J.E., Lin, Y.K., and Shiau, T.N., "Rotor Blade Flap-Lag 
Stability and Response in Forward Flight in Turbulent Flows," Journal of 
the American Helicopter Society,. Vo. 29, No. 24, October 1984, pp. 81-87. 

69. Friedmann, P.P., ... Numerical Methods for Determining the Stability and 
Response of Periodic Systems with Application to Helicopter Rotor Dynamics 
and Aeroelasticity," Computers and Mathematics with Applications, Vol. 
12A, No. 1, 1986, pp. 131-148. 

70. Zienkiewicz, O.C., The Finite Element Method, Chapter 21, Third Edition, 
McGraw-Hi 11, 1977 

55.30 



71. Borri, M., "Helicopter Rotor Dynamics by Finite Element Time 
Approximation," Computers and Mathematics with Applications, Vol. 12A, No. 
1, pp. 149-160. 

72. Nagabhushanam, J. and Gaonkar, G.H., "Rotorcraft Air Resonance in Forward 
Flight with Various Dynamic Inflow Models and Aeroelastic Couplings," 
Vertica, Vol. 8, No. 4, 1984, pp. 373-394. 

73. Johnson, W., "Assessment of Aerodynamic and Dynamic Models in 
Comprehensive Analysis of Rotorcraft," Computers and Mathematics with 
Applications, Vol. 12A, No.1, 1986, pp. 11-28. 

74. Yeager, W.T., Hamouda, M.H. and Mantay, W.R., "Aeromechanical Stability of 
a Hingeless Rotor in Hover and Forward Flight: Analysis and Wind Tunnel 
Tests," NASA TM-85653, August 1983, also available as Paper No. 54, 
Proceedings of Ninth European Rotorcraft Forum, Stresa, Italy, September 1983. 

75. Warmbrodt, W. and Peterson, R.L., "Hdver Test of a Full-Scale Hingeless 
Rotor," NASA TM-85990, August 1984. 

76. Johnson, W., "Influence of Unsteady Aerodynamics on Hingeless Rotor Ground 
Resonance," Journal of Aircraft, Vol. 19, August 1982, pp. 668-673. 

77. Bousman, W.G., "An Experimental Investigation of the Effects of 
Aeroelastic Couplings on Aeromechanical Stability of a Hingeless Rotor 
Helicopter," Journal of the American Helicopter Society, Vol. 26, January 
1981, pp. 46-54. 

78. Venkatesan, C. and Friedmann, P.P., "Aeroelastic Effects in Multirotor 
Vehicles with Application to a Hybrid Heavy Lift System, Part I: 
Formulation of Equations of Motion," NASA CR-3822, August 1984. 

79. Venkatesan, C. and Friedmann, P.P., "Aeroelastic Effects in Multirotor 
Vehicles, Part II: Method of Solution and Results Illustrating Coupled 
Rotor/Body Aeromechanical Stability," Low Number NASA CR-, September 1986, 
(in press). 

80. Friedmann, P.P. and Venkatesan, C., "Coupled Rotor/Body Aeromechanical 
Stability Comparison of Theoretical and Experimental Results," Journal of 
Aircraft, Vol. 22, February 1985, pp. 148-155. 

81. Friedmann, P.P. and Venkatesan, C., "Influence of Unsteady Aerodynamic 
Models on Aeromechanical Stability in Ground Resonance," Journal of the 
American Helicopter Society, Vol. 31, January 1986, pp. 65-74. 

82. Sopher, R. and Hallock, D., "Time-History Analysis of Rotorcraft Dynamics 
Based on a Component Approach," Journal of the American Helicopter 
Society, Vol. 31, January 1986, pp. 43-51. 

83. Ormiston, R.A., "Rotor-Fuselage dynamic Coupling Characteristics of 
Helicopter Air and Ground Resonance," Proceedings of the Theoretical Basis 
of Helicopter Technology, Nanjing Aeronautical Institute, Nanjing, China, 
Nov. 6-8, 1985. 

84. McNulty, Michael, J., "Effect of Blade-to-Blade Dissimilarities on 
Rotor-Body Lead-Lag Dyanmics," Paper No. 64, Proceedings of the Eleventh 
European Rotorcraft Forum, London, England, September 1985. 

85. Tang, D.M. and Dowell, E.H., "Influence of Nonlinear Blade Damping on 
Helicopter Ground Resonance," Journal of Aircraft, Vol. 23, No. 2, 1986, 
pp. 104-110. 

86. Johnson, W., "Self-Tunning Regulators for Multicyclic Control of 
Helicopter Vibrations," NASA Technical Paper 1996, 1982. 

87. Molusis, J.A., Hammond, C.E. and Cline, J.H., "A Unified Approach to 
Optimal Design of Adaptive and Gain Scheduled Controllers to Achieve 
Minimum Helicopter Rotor Vibration," Journal of the American Helicopter 
Society," Vol. 28, April 1983, pp. 9-18. 

55.31 



88. Hammond, C.E., "Wind Tunnel Results Showing Rotor Vibratory Loads 
Reduction Using Higher Harmonic Blade Pitch," Journal of the American 
Helicopter Society, Vol. 28, January 1983, pp. 1983. 

89. Wood, E.R., Powers, R.W., Cline, J.H. and Hammond, C.E., "On Developing 
and Testing a Higher Harmonic Control System," Journal of the American 
Helicopter Society, Vol. 30, January 1985, pp. 3-20. 

90. Davis, M.W., "Refinement and Evaluation of Helicopter Real-Time 
Self-Adaptive Active Vibration Controller Algorithms," NASA CR3821, 
November 1983. 

91. Taylor, R.B., Zwicke, P.E., Gold, P. and Miao, W., "Analytical Design and 
Evaluation of an Active Control System for Helicopter Vibration Reduction 
and Gust Response Alleviation," NASA CR 152377, July 1980. 

92. Molusis, J.A., "The Importance of Nonlinearity on the Higher Harmonic 
Control of Helicopter Vibration," Proceedings 39th Annual Forum of the 
American Helicopter Society, May 1983, pp. 624-647. 

93. Bielawa, R.L., "Aeroelastic Analysis for Helicopter Rotor Blades with 
Time-Variabie, Nonlinear Structural Twist and Multiple Structural 
Redundancy-Mathematical Derivation and User's Manual," NASA CR-2638, October 
1976. 

94. Miao, W., Kottapalli, S.B.R. and Frye, H.M., "Flight Demonstration of 
Higher Harmonic Control (HHC) on the S-76," Proceedings of 42nd Annual 
Forum of the American Helicopter Society," June 1986, Washington, D.C., 
pp. 777-791. 

95. Polychroniadis, M. and Achache, M., "H1gher Harmonic Contrl: Flight Tests 
on an SA349 Research Gazelle," Proceedings of 42nd Annual Forum of the 
American Helicopter Society, June 1986, Washington, D.C., pp. 811-820. 

96. Shaw, J., Albion, N., Hanker, E.J. and Teal, R., "Higher Harmonic Control: 
Wind Tunnel Demonstration of Fully Effective Vibratory Hub Force 
Suppression," Proceedings 41st Annual Forum of the American Helicopter 
Society, Fort Worth, Texas, May 1985, pp. 1-15. 

97. Jacob, H.G. and Lehmann, G., "Optimization of Blade Pitch Angle for Higher 
Harmonic Control," Vertica, Vol. 7, 1983, pp. 271-286. 

98. Lehmann, G., "The Effect of Higher Harmonic Control (HHC) on a Four-Bladed 
Hingeless Model Rotor," Vertica, Vol. 9, 1985, pp. 273-284. 

99. DuVal, R.W., Gregory, C.Z. and Gupta, N.K., "Design and Evaluation of a 
State-Feedback Vibration Controller," Journal of the American Helicopter 
Society, Vol. 29, July 1984, pp.30-37. 

100. Saito, S., "Application of an Adaptive Blade Control Algorithm to a Gust 
Alleviation System," Vertica, Vol. 8, No. 3, 1984, pp. 289-307. 

101. Straub, F.K. and Warmbrodt, W., "The Use of Active Controls to Augment 
-Rotor/Fuselage Stabi 1 i ty," Journal of the American He 1 icopter Society, 
Vol. 30, July 1985, pp. 13-22. 

102. Straub, F.K., "Optimal Control of Helicopter Aeromechanical Stability," 
Paper 77, Proceedings of the Eleventh European Rotorcraft Forum, London, 
England, September 1985. 

103, Kretz, M., "Research in Multicyclic and Active Control of Rotary Wings," 
Vertica, Vol. 1, No. 2, 1976, pp. 95-105. 

104. Ham, N.D., "Helicopter Individual-Blade-Control Research at MIT 
1977-1985," Vertica, Vol. 10, No. 4, 1986 (to be published). 

105. Ham, N.D., "Helicopter Gust Alleviation, Attitude Stabilization and 
Vibration Alleviation Using Individual-Blade-Control Through a 
Conventional Swashplate," Paper 75, Proceedings of Eleventh Europenan 
Rotorcraft Forum, London, England, September 1985. 

55.32 



106. Ham, N.D., Behal, B.L. and McKillip, R.M., "Helicopter Rotor Lag Damping 
Augmentation Through Individual-Blade-Control," Vertica, Vol. 7, No. 4., 
1983, pp. 361-371. 

107. Quackenbush, T.R., "Testing of a Stall Flutter Suppression System for 
Helicopter Rotors Using Individual-Blade-Control," Journal of the American 
Helicopter Society, Vol. 29, 1984, pp. 38-44. 

108. McKillip, R.M., "Periodic Control of the Individual-Blade-Control 
Helicopter Rotor," Vertica, Vol. 9, No. 2, 1985., pp. 199-224. 

109. Guin, K.F., "Individual Blade Control Independent of a Swashplate," 
Journal of the American Helicopter Society, Vol. 27, July 1982, pp. 25-31. 

110. Blackwell, R.H., "Blade Design for Reduced Helicopter Vibration," Journal 
of the American Helicopter Society, Vol. 28, July 1983, pp. 33-41. 

111. Friedmann, P.P., "Application of Modern Structural Optimization to 
Vibration Reduction in Rotorcraft," Vertica , Vol. 9, No. 4, 1985, pp. 
363-373. 

112. Shanthakumaran, P., "Optimum Design of Rotor Bl;~des for Vibration 
Reduction in Forward Flight," Ph.D., Dissertation, University of 
California, Los Angeles, California, 1982. 

113. Friedmann, P.P. and Shanthakumaran, P., "Aeroelastic Tailoring of Rotor 
Blades for Vibration Reduction in Forward Flight," AIAA Paper No. 83-0914, 
Proceedings AIAA/ASME/ASCE/AHS 24th Structures, Structural Dynamics and 
Materials Conference, Lake Tahoe, Nevada, Vol. II, May 1983, pp. 344-359. 

114. Friedmann, P.P. and Shanthakumaran, P., "Optimum Design of Rotor Blades 
for Vibration Reduction in Forward Flight," Journal of the American 
Helicopter Society, Vol. 29, October 1984, pp. 70-80. 

115. Davis, M.W. and Weller, W.H., "Application of Design Optimization 
Techniques to Rotor Dynanmics Problems," Proceedings 42nd Annual Forum of 
the American Helicotper Society, June 1986, Washington, D.C., pp. 27-44. 

116. Chopra, I., "Dynamic Analysis of Constant-Lift and Free Tip Rotor," 
Journal of the American Helicopter Society, Vol. 28, January 1983, pp. 
24-33. 

117. Chopra, I., "Aeroelastic Stability of an Elastic Circulation Control 
Rotor Blade in Hover," Vertica, Vol. 8, No.4, 1984, pp. 353-371. 

118. Chopra, I., "Dynamic Stability of a Bearingless Ciruclation Control Rotor 
Blade in Hover," Journal of the American Helicopter Society, Ocotber 1985, 
pp. 40-47. 

119. Chen, S.Y., "Stability of Two Bladed Aeroelastic Rotors on Flexible 
Supports," Journal of the American Helicopter Society, Vol. 28, January 
1983' pp. 34-41 • 

120. Venkatesan, c. and Friedmann, P., "Aeromechanical Stability Analysis of a 
Hybrid Heavy Lift Multirotor Vehicle in Hover," Journal of Aircraft, Vol. 
22, November 1985, pp. 965-972. 

121. Neff, J.R., "Pitch-Flap-Lag Instability of Elastic Modes of an Articulated 
Rotor Blade," Proceedings 4oth Annual Forum of the American Helicopter 
Society, Arlington, VA., May 1984, pp. 573-579. 

122. Kloppel, V., Kampa, K. and Isselhorst, B. "Aeromechanical Aspects in the 
Design of Hingeless/Bearingless Rotor Systems," Paper No. 57, Proceedings 
of Nith European Rotorcraft Forum, Stresa, Italy, September 1983. 

123. Weller, W.H, and Peterson, R.L., "Inplane Stability Characteristics for an 
Advanced Bearingless Main Rotor Model," Journal of the American Helicopter 
Society, Vol. 29, July 1984, pp. 45-53. 

124. Dawson, S., "An Experimental Investigation of the Stability of a 
Bearingless Model Rotor in Hover," Journal of the American Helicopter 
Society, Vol. 28, October 1983, pp. 29-34. 

55.33 



125. Hodges, D.H., "Aeromechanical Stability of Helicopters with Bearingless 
Main Rotor - Part I: Equations of Motion," NASA TM 78459," - "Part II: 
Computer Program," NASA TM-78460, February 1978. 

126. Bousman, W.G. and Dawson, S., "Experimentally Determined Flutter from Two 
and Three-Bladed Model Bearingless Rotors in Hover," Journal of the 
American Helicopter Society, Vol. 31, July 1986, pp. 45-53. 

127. Hooper, W.E., "A Parametric Study of the Aeromechanical Stability of a 
Bearing less Rotor," Journal of the American Helicopter Society, Vol. 31, 
January 1986, pp. 52-64. 

128. Banerjee, D., "Aeroelastic Characteristics of the AH-64 Bearingless Tail 
Rotor," Vertica, Vol. 8, No. 3, 1984, pp. 263-287. 

129. Straub, F.K., Johnston, R.A. and Head, R.E., "Design and Development of a 
Dynamically Scaled Model AH-64 Main Rotor," Vertica, Vol. 9, No. 2, 1985, 
pp. 165-180. 

55.34 



' 

- -3 
I 1."'' 

/TORQUE TUBE I ----------, 

Figure 1. Analytical model of a 
bearingless blade Ref. 
(22) 

- -_,, 
1 I 

I-- +-
FLEXBEAMSY 

CLEVIS BLADE 

Figure 2. Finite element 
model showing nodal degrees. 
of freedom (Ref. 22) 

~~-~~ 

,, 
., •; 

•i ,, 
• 3 w, 

w; ,, ., 
• 4 • 5 2! 
•• "s 

'; 

,, ., ,, 
w, 
w; 
;;, 

Figure 3. Composite box beam representing 
blade spar. Ply angle orientation with 
respect to reference coordinate: Av -
vertical laminates, AH for horizontal lamin­
ates I Ref. 2 5) 
55.35 



" 

'·' 

lml. 

" 

" 

" 

,, 

-~ 
., 

.,$ .... --
/ 

I 
•JO\ 

' '\ ·•s' 
' ... -.. 

... 

,. 

,, 

,. 
lm> 

" 

... 

-.05 .., 

----- caupliog terms neglected 
-- negative ply angles (degrees) 
-- P')3itive ply angles 

Figure 4. Root locus 
(eigenvalue) plot for 
lag mode of a compos­
ite blade with sym­
metric laminates, 
CTja = 0.10 (Ref. 25) 

stable unstable 

0 ... 

--__ - coupling terms oegl&cted 
-- nogatn1a ply angles ldagreaal 
--- positive ply anglu 

lat leading edge flange) 

·lOr ............. ' ..... '......, -...,s......, 

".20 

' ..... ' -..._ 
.;;- ........... __ .._-..::.. --~· --- ' - ' ~ 

•61) -- • 
~ 

" " 

.,. ··o 
Ro > 

·o• 0 

Figure 5. Root locus (eigenvalue) plot for lag mode of a composite 
blade with antisymmetric laminates, CT/a = 0.10 (Ref. 25) 

55.36 



Figure 6. Swept-tip hingelesss rotor 
blade model (Ref. 28) 

INBOARD SEGMENT 

PITCH CHANGE BEARING 

OUTBOARD SEGMENT 

ROTOR HUB 

SW'EPT TlP 

.... z 
w 
:; 
w 

~ 
...J 
0.. 

~ 
0 
0.. 
;:: 
...J 
< z 
0 
(jj 
z 
w 
:; 
0 
z 
0 
z 

3.5 

0.05 

0.04 

0.03 

0.02 

0.01 

w 

v 

/3p 
--oo 
----30 

0.00 --=-----::1-±=---.=-.:::.::::::::::::=-
-0.01 w 

-0.02 -- ----.;:::-----

<1> 

-0.03 

-0.04 
.\, deg 

-0·05 0!:---:5---:11:-0--1::':5:---:21::o-~2;:';5:---;;3o· 

IMAGINARY 
PART 

26° 
:r::20o UNSTABLE 
\<:--10° 

26° ' 

3.0 FIRST .\=00 f3p 

2.5 

2.0 

1.5 

TORSION 
MODE 

--oo 
----30 

FIRST 
LAG 

MODE 

REAL 
PART 

1.0 '=:L,----L..----c:'---L-c'-:..----=-'":-
-1.6 -1.0 -0.4 0.2 0.3 

Figure 7. Effect of sweep and 
precone on hover equilibrium 
position, from Ref. 28 (wL 1 = 
1.147; WF 1 = 1.125; WT1 = 3.176 
Y = 5.5, RT = 0.1R; 8

0 
= 0.1432; 

a = 0.07) 

Figure 8. Effect of sweep and pre­
cone on aeroelastic stability in 
hover, (or real and imaginary part 
of eigenvalue) from Ref. 28, with 
same data as Fig. 7 

55.37 



A) ADVANCED COMPOSITE CROSS SECTION 

MASS CENTER 

SHEAR CENTER iOULUS WEIGHTED AREA CENTER 

~~ ~~ 
~ 01 - - ::')) .. •. :r::-r-,,,.' .. 

H:=~ 
. ,. . r.f"o. 

~ .. 

B) FINITE ELEMENT REPRESENTATION (90 ELEMENTS) 

Figure 9. Analysis of an advanced composite airfoil cross section 
(Ref. 30) 

!.Or----------------, Figure 10. Location of mass, area 
and shear centers on an advanced 
composite cross section with dif­
ferent angles of wrap (Ref. 30) 

0.9 

0.8 

X • AREA CENTER X· SHEAR CENTER 

~ ::r~:EAR CENTER X· MASS CENTER 
a 
~ 0.4. _ _}____.,----·-·-· 

. 
4.0 = 

~ a 
= Q 
Q 
u 
X 

> 0.3 

0.1 

so 

N 

' • 70 
~ 
~ 
~ 5.0 

! 
~ J.O 

~ • 
1.0 

Y · AREA CENTER Y-MASS CENTER 

!---7;---,:;------::---,:!:----::c----:!'·" 
0 15 JO 45 60 75 90 

ANGULAR ORIENTATION OF LAMINATED KEVLAR WRAP 

" GJ s.o s.o 
N N 

40 ' ' • • 
~ 70 

l.O ": ~~ 
~ 

2.0 

~ ~ 
~ 

5.0 
~ 

5.0 
;;; ~ 

~ ;;; 
ri 3.0 ~ 

~ 
~ 
a .. 
" !i . . 
~ 

~ • 
~ 

1.0 1 

.. 0 e 

~--~,'~5--~,~·o--~<~.--~i~o---,;~5---7"" 
ANGUlAR ORIENTATION OF lAMINATED I<EVlAR WRAP (deg) 

Figure 11 • Structural 
an advanced composite 
with different angles 
(Ref. 30) 

55.38 

constants of 
cross section 
of wrap 



"' e 
'C 

"" 'C 
0 

0 8 

Q,l 0.2 
~ 

c 
:; 

10 

a ldeql 

OVASlSTEAOY AERODYNAMICS 

UNS'rEAOY AERODYNAMICS 

~~~~~~~~~~~~~~~~--~ 
O,.G 9o.o 100.o :na.o 3GO.o 

AZIMUTH ANGI.E.-:; IOEGl 

Figure 13. Comparison of flap re­
sponse calculated using quasisteady 
and unsteady aerodynamics for 
~ = 0.40, from Ref._43 (Cw = 0.005; 
!_= 5.5; a= 0.07; WFl = 1.125; 

a; 
0 u.. 
.... 
z 
w 

~ 

<o 

~ 
Q 

' 

Figure 12. Typical un­
steady drag coefficient 
loop data, SC1095 air­
foil, ao = 12 deg; a= 8 
deg; k = 0.10 deg (Ref. 
35) 

,f 
I 

I 

!----------------'\ 
· '- QUASISTEADY l 

AERODYNAMICS 
1 

UNSTEADY X 
w 
u 
t; 
ir 

.-

1-

I ---AERODYNAMICS • \ I 
' I w .... 

u 

" "' " :z: 
(.) 

u.. 
0 
.... 
a; 

~ 
-' 

" w 
0: 

~ 
0 
' :e 
"' N 
0 
' 

" 0 

le 

I 

1- I j ' 
- I 

I 

STABlE I 
j l 
I : 

U~STAB.LE 

' 
I 

:; 
oo.o 0.1 0.2 0.3 0.4 0.5 

ADVANCE RATIO,f' 

Figure 14. Real part of character­
istic exponent for flap calculated 
using quasisteady and unsteady aero­
dynamics, same data at Fig. 13, 
(Ref. 43) 

WL1 = 0.732; Rc = 0.0) 
55.39 



-.06 
0 FLAP-LAG-TORSION TRIM 

" • FLAP TRIM ~ ... 
-- 1ST LEAD-LAG MODE z 

w --- 2ND LEAD-LAG MODE z 
0 
Q. 

-.04 X 
w 
<J 
;:: 
~ 
a: 
w 
>-
<J 

"' -.02 
a: 
"' :I: 
<J 
w 
:I: =='i:- ~-->-
"- STABU=~=~==~==~== --
0 0 
>- UNSTABLE a: 

"' Q. 

..J 

"' w 
a: 

.02 !:--:::::--;;o--:-:--::::--::-.::-::::--::::--;;;'-:: 
0 .05 .10 .15 .20 .25 .30 .35 .40 .45 

ADVANCE RATIO, J.l 

Figure 15. The effect of number of degrees 
of freedom used in trim analysis on lead-lag 
damping versus advance ratio, stiff-in-plane 
blade, from Ref. 56 (wL 1 = 1.40; wF 1 =.1.15; 
wT1 = 3.0; ~ = 0.10; Rc = 1.0; propuls1ve 
tnm) 
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Figure 16. The effect of torsion and dynamic 
inflow on lead-lag regressing mode damping 
versus advance ratio, stiff-in-plane blade, 
from Ref. 56 (same data as Fig. 15) 
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Figure 17. Lag regressing mode 
damping correlations in substall 
and stall, from Ref. 65 (U = 1000 
RPM; Rc = 0; 60 = 0 deg.) 

Figure 18. Blade regressing lag 
mode damping ratio as a function of 
collective pitch at an advance 
ratio of ~ = 0.30; from Ref. 74, 
(8 3 = 42.5 degrees; R = 1.38 m; 
UR = 90 m/s in Freon 12; a= 0.10) 
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Figure 19. Variation of modal fre­
quencies with U; Be = 0, Configura­
tion 4, (Ref. 81) 
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Figure 20. Variation of modal fre­
quencies with U; Be = 0, Configura­
tion 4, (Ref. 81) 
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Figure 21. Schematic 
block diagram of closed­
loop adaptive HHC system, 
used in simulations (Ref. 
90) 

Figure 22. Variation of vibratory 
vertical force with advance ratio, 
using adaptive HHC in wind tunnel 
test (Ref. 88) 

Figure 23. Vertical vibration 
reduction at pilot seat, 1984 Soft­
ware (Ref. 89) 
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Figure 24. Fuselage and rotor model used in coupled rotor/body 
simulation for active controls (Ref. 101) 
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Figure 25. Aeromechanical stability with optimal 
controller and three reduced state, constant gain 
feedback systems for H-34/RTA (Ref. 102) 
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Figure 26. Effect of feedback con­
trol on H-34/RTA modal frequencies 
(Ref. 102) 

Figure 27. Vertical hub shears, 
nonlinear, peak-to-peak values, 
(nondimensionalized), comparison 
of initial and final designs after 
two stages of optimization, soft­
in-plane blade (Ref. 114) 

s HINGE- BEARING· 
LESS LESS 

r ROTOR , 
r--- " ".~ 

MEASUREMENT 0 4 

o' GLOBAL THEORY --- -, 
INFLOW 

" A -·-
0 .. 0 

1" .. .. 
.!!Jill" 

BEARINGL.ESS MAIN ROTOR .. 
~--· 

0 .. - ~, 0 0 

~~~ 
t 

""' 
•0 

Q "100% 

;tt- "• 4 

1'-~~to\v THEORY: .,;::::... 4 ... •O,SO 

·- under cmlrlhlg~il Ioree 

.I.r- D(STRUC "'0,5%CRIT. 
D{ STAUC '"0,5% CRtT Cecr .. 9<C NmfO .. "12,4,. 

0 s 10 IS 20 " 
ROTOR THRUST T I kN 

Figure 28. Comparison of lead-lag damping of experimental bear­
ingless main rotor and 80105 hingeless rotor, obtained on whirl 
tower (Ref. 122) 
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