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Abstract

Helicopter vibration signatures induced by severe atmospheric turbulence have
been shown to differ considerably from nominal, still air vibration. The perturbations of
the transmission frequency have significant implications for the design of passive and
active vibration alleviation devices, which are generallv tuned to the nominal vibration
frequency. This thesis investigates the existence of the phenomena in several realistic
atmospheric turbulence environments, generated using Computational Fluid Dynamic
(CED) engineering software and assimilated within a high-fidelity rotorcraft simulation,
RASCAL. The RASCAL simulation is modified to calculate blade element sampling of
the gust, enabling thorough, high frequency analyses of the rotor response. In a final
modification, a numerical, integration-based inverse simulation algorithm, GENISA is
incorporated and the augmented simulation 1s henceforth referred to as HISAT. Several
implementation i1ssues arise from the symbiosis, principally because of the modelling of
variable rotorspeed and lead-lag motion. However, a novel technique for increasing the

numerical stability margins is proposed and tested successtully.

Two active vibration control schemes, higher harmonic control ‘'HHC" and
individual blade control ‘IBC’, are then evaluated against a “worst-case’ sharp-edged
gust field. The higher harmonic controller demonstrates a worrying lack of robustness,
and actually begins to contribute to the vibration levels. Several intuitive modifications
to the algorithm are proposed but only disturbance estimation 1s successtul. A new
simulation model of coupled blade motion is derived and implemented using MATLAB
and is used to design a simple IBC compensator. Following bandwidth problems, a

redesign is proposed using He, theory which improves the controller pertormance.

Disturbance prediction/estimation is attempted using artificial neural networks to

limited success. Overall, the aims and objectives of the research are met.
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Nomenclature

Notes -

1. Where a vector has both subscript and superscript, the subscript denotes the
location and the superscript the axis set.
11.  Unless explicitly stated, all quantities are given in standard SI units.
1. In the event of duplication, the meaning of the symbol will be apparent from the
context of the text. |

iv. subscripts i,j combined denote the i row and /" column of the attached matrix

General

a descriptive translational acceleration vector

a zzg translational acceleration of the hinge in blade axes

a ﬁ,’m translational acceleration ot a blade element 1n blade axes

ALA Fourier coefficient of general blade loading, disc area

A A, system state matrix, constraint oscillation equation state matrix

a intermittency parameter for the SDG model, local speed of sound

ap lift curve slope

b intensity parameter for the SDG model.

De ri distance from the hub to a nominal blade element on blade 1.

C blade element chord length

C Fourier cosine integral

C; Cyq4 blade element lift and drag coetticients

Ct,CL,Cwm non-dimensionalised thrust, rolling and pitching moment coetficients
dp dynamic pressure

d(t,.,) vector of harmonic coefficients of the disturbance over the next rotor tum
e, eR fractional hinge offset, blade root cut-out

El..] expectation operator

e(t,) tracking error vector at time #;

F, Frrev total hub shear force from all N blades, frequency (/rev)

F vector of all external forces in body axes

LY
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aero F inertial
—elem*Z__¢lem

g .8()

G(s), Ga(s)

y sd g

kground
ke

Kp, K, Kp
L(s)

L, LR
LMN

L(y)
Laa Ma

Laem. N(IE.’I'O

acrodynamic and inertial forces acting on a blade element

acceleration due to gravity, nonlinear mapping function
generalised plant and disturbance transfer functions

angular momentum and rate of change of angular momentum
gust gradient length, SDG gust gradient
non-dimensionalised rotor-to-ground distance

Inertia tensor

moments of 1nertia

blade flap moment of inertia

system Jacobian, Quadratic cost function

ground ettect factor

engine droop gain

PID compensator proportional, integral and derivative gains
open-loop gain

turbulence length scale, lapse rate

acrodynamic moments about the body axes

blade loading

aecrodynamic rolling and pitching moments

roll and yaw aerodynamic moments of the blade about the hinge

Active Control of Turbulence-Induced Helicopter \ ibration.

[L],[M] dynamic inflow gain and apparent mass matrices

M, m Mach number, aircraft mass

M Euler transtormation matrix

Mo blade aerodynamic moment due to pitch angle

M gryv blade aerodynamic moment due to blade washout

M, blade aerodynamic moment due to blade tlapping rate

M., blade aecrodynamic moment due to intlow

N, n number of blades, summation index

NH uk average rate of occurrence of gusts

D.q,t body axes angular rates about the a/c centre of gravity

D, q, T body axes angular accelerations about the a/c centre of gravity
Ap pressure difference between the upper and lower surtaces of an airfoil
p(y) probability of quantity “y’

dd demanded engine torque

R(..) correlation matrix

R rotor radius, gas constant

Ar length of a blade element

Y b /g position vector of the rotor hub with respect to the cg
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E-hg/hub

-r—elem / hg

5, 5(s)
Tr Tmom

—exl

T, T(s)
11,15,13

— &

Ug, Vg, Wg

table table

ug A
Uy

“p

U,

Vf
v,
4

nw

wb,p

ViosViey Vs

Actne Contre of Turbulence-Induced Helicopter Vibration.

position vector of the blade hinge with respect to the rotor hub

position vector of a blade element with respect to the blade hinge

LLaplace variable
blade element area, Fourier sine integral
variational sensitivity matrix, closed loop sensitivity function

period for one main rotor revolution, temperature. rotor thrust
vector of external torques

rotor system harmonic jacobian, complementary sensitivity function
direction cosine transtformation matrices into hub. hinge and blade axes

respectively.
gust velocity as a function of longitudinal distance

vector of body axes translational velocities, vector of control inputs

velocity vectors in body and earth axes respectively

translational velocities (body axes)
vector of body axes translational accelerations

centre of gravity accelerations in body axes
translational velocity of the hub in body axes

translational velocity of the hub 1n hub axes
translational velocity of the hub 1n hinge axes

translational velocity of the hinge 1n hinge axes
translational velocity of the hinge in blade axes

translational velocity of a blade element 1n blade axes

gust vector in body axes

Gust velocities in inertial frame
gust velocity field table entries

self similar gust family
perpendicular component of blade velocity

tangential component of blade velocity
aircraft velocity

mean wind speed
velocity of the hub at point p

uniform, longitudinal and lateral inflow coefficients
vector of exogenous disturbances

higher harmonic control weighting matrix
sensitivity, control sensitivity and complementary sensitivity wel ghting

functions

neural weighting

xl
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X longitudinal distance moved in inertial frame

Xo I x-distance from blade 1 to gust front

x(1) arbitrary time domain signal

X() Fourier transform of ()

X (1) system state vector at time

_;gf,i position of the hinge wrt blade element in blade axes

gﬁf position of the hinge wrt blade element in hinge axes

l‘.ﬁib position of the hub wrt blade element in hinge axes

X position of the hub wrt blade element in hub axes

EZ; position of the hub wrt blade element in body axes .
5_2? position of the cg wrt blade element in body axes

X hub hub location wrt a/c co-ordinate system

X cg location wrt a/c co-ordinate system

2 E position of the a/c in earth axes wrt earth-fixed datum

EZ;{‘ position of the blade element wrt cg in body axes

?_C_fz position of the blade element wrt earth origin in earth axes
X 5 gust front location 1n earth axes

X ,f, tailplane location 1n earth axes

_.-’Ein fin location 1n earth axes

y(,) system output at time 1

y . () desired system output at time #;

Z(,.,) vector of vibration harmonic coetficients over the next rotor turn
Greek symbols

a ::z angular acceleration vector of the hub in hub axes

24 :ib angular acceleration vector of the hub in hinge axes

21 :ﬁ angular acceleration vector of the hinge in hinge axes

a f,; angular acceleration vector of the hinge in blade axes

o angle of attack

0, ,3 rotor blade flap angle (or sideslip angle) and rate

Vi, flap angle acceleration
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5o, Bic, s multiblade co-ordinate coning, longitudinal and lateral flup uneles
O3 pitch-flap coupling term

SJ Kroneker delta.

0,6 v Euler attitude angles of the aircraft

6,0,y Euler angle rates in body axes

D(w) von Karman and Dryden PSD shapes

14 polytropic index, flight path angle

1 output of the i iteration of the bisection routine

/i harmonic analysis and control selection for the i/ harmonic

1 learning rate parameter

(V) activation function '
Ao, A1 A1 non-dimensionalised dynamic inflow coefficients

&, 0., 0 collective, longitudinal and lateral pitch angles

G tailrotor collective pitch angle

bs, @s longitudinal and lateral shaft tilt angles

Ginc, €(1)  general higher Harmonic control vector, for the k" rotor turn.
AG(z, ) change in higher harmonic control inputs

AG (1) optimal change in higher harmonic control inputs

One, Ons the ‘n’th order cosine and sine Fourier coefficients ot the HHC vector.
Jo, air density

O w Osdg gust intensity, SDG gust intensity

Ties Tl dynamic inflow acceleration lags

@ body axes angular rate vector.

@ pub angular rate vector of the hub in hub axes.

g)_:ib angular rate vector of the hub in hinge axes

Qilg angular rate vector of the hinge 1n blade axes

(2 rotorspeed, spatial frequency

Wk AY azimuth angle of the kth blade, non-dimensional vibration phase shift
- ¢ rotor blade lag angle and rate

¢ flap angle acceleration

£0,41¢,G1s multiblade co-ordinate constant, longitudinal and lateral lag angles
Abbreviations

ACFEF Actively Controlled trailing edge flap
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ACSR
ANN (NN)
BVI

CFD
DAVI
DHHC
FLUENT
GENISA
Helinv
HISAT
HHC
HGS

Ho

IBC

LQR
LQG/LTR
MATLAB
PID

PSD
RASCAL
RQM
SDG
SIMULINK
OAT
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Vo 1o

Active Control of Structural Response

Artificial Neural Networks

Blade Vortex Interaction

Computational Fluid Dynamics

Dynamic Antiresonant Vibration Isolator

Disturbance feedforward Higher Harmonic Control
Commercial Computational Fluid Dynamics package
GENeric Inverse Simulation Algorithm

Helicopter inverse simulation algorithm

Helicopter Inverse Simulation through Atmospheric Turbulence
Higher Harmonic Control

Helicopter Generic Simulation

Control design technique based on minimising the H, norm of
the closed-loop transter functions

Individual Blade Control

Linear Quadratic Regulator

Linear Quadratic Guassian with Loop Transter Recovery
commercial engineering design package
Proportional-Integral-Derivative control.

Power Spectral Density

Rotorcraft Aeromechanic Simulation for Control AnalLysis

Ride Quality Meter
Statistical Discrete Gust
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“Those who are enamoured of practice without science are like a pilot who
goes into a ship without rudder or compass and never has any certainty
where he is going. Practice should always be based upon a sound knowledge

of theory”.

L.eonardo da Vinci

“Lasciate ogni speranza voi ch'entrate”

(All hope abandon, ye who enter here)

Dante Alighieri
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CHAPTER I

Active Control of Turbulence-Induced Helicopter

Vibration.

1.1 Introduction.

Central to every rotorcraft design, from the simple autogyro to the most
sophisticated military or civilian helicopters, 1s the successful alleviation or control of
fuselage vibration induced by the main rotor. Rotorcraft, and helicopters in particular.
are not unique 1n this regard, the minimisation of vibration is a principal design aim for
every complex mechanical system with rotating sub-systems. Vibration isolation 1s
especially important for an airborne vehicle, where the satety ot passengers and crew
should have paramount importance over any commercial or economic factors. If left
unchecked, excessive vibration levels will almost certainly contribute to the fatigue and
eventual failure of fuselage integrity, which can have catastrophic results. The
operability of the onboard sensors will also be impaired through the generation of

additional noise, although this problem can be reduced by robust design of the

electronics. However, the service life of the aircraft and instrumentation will
unquestionably be reduced, requiring significant maintenance and consequently loss of
revenue for the operators. That said, general airframe and systems fatigue are not the
only undesirable consequences of vibration. The nde quality experienced by the

passengers is another metric which directly influences the economic viability of the

ajrcraft.

Page |



Chapter | . , Active Control of Turbulence-induced He . o V hranon

Helicopters have always suffered when compared to fixed wing atrcraft when
assessed 1n terms of the ride quality offered to passengers. Coupled with hicher
operating costs, this has led to the helicopter occupying a disproportionately small share
of the commercial passenger transportation market. In today's expanding business
marketplace, with aircraft operator costs benefitin g greatly from economies of scale.
many more passengers now choose to travel by air rather than the more conventional
road and rail networks. This has seen an increased demand for comfortable. reliable and
expedient air travel over short distances, a market 1deally suited to the helicopter. To
compete 1n this market, passenger comfort has to be improved to a level comparable to
the helicopter’s fixed-wing counterparts. Ride quality is a subjective and cumulative
measure of all facets of passenger comfort, principally noise and vibration levels.
Several empirical and subjective vibration discomfort indices exist (Bramwell, 1976:
Gabel, Henderson & Reid, 1971; Griffin, 1977), however the current standard is set by
NASA (Bradley et.al., 1994). NASA’s metric is known as a collective Ride Quulity
Meter (RQM), which is essentially an input weighting algorithm that measures the total
discomfort experienced by passengers and crew. The fuselage vibration is measured
along the longitudinal, lateral and vertical axes as well as in roll and pitch. The RQM
combines these signals into a single vibration discomfort index. The noise levels within
the cabin and passenger areas are digitally sampled across six octave bands, then passed
through the RQM to yield a single noise index. This 1s added to the vibration index to
give the total passenger discomtort level for the aircraft and operating environment.
This approach does have one rather serious tlaw however. It i1s necessary to construct a
mock-up of the aircraft interior, which naturally can only be accomplished when the
design has been completed. If several modifications to the design are necessary, this

could prove to be a costly exercise, one that could benefit greatly from accurate

computer simulation.

Another design objective, that of precise weapons deployment, exists in the design
of helicopters targeted for military appilications. Nap-of-the-earth flight and the use of
natural terrain for stealth are integral facets of modern helicopter battlefield tactics.
Such manoeuvres invariably lead to flight through turbulent airtlow, which in tumn
increases the level of rotor vibration and noise. In addition. the manoeuvrability

inherent in modern helicopters means they can be tlown through very aggressive

manoeuvres, which will lead to a substantially higher disc loading duning segments ot

Page .
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the flight. Vibration levels are related to an augmented form ot the disc loading
(Bramwell, 1976) defined as the ratio of vibrating force to the weight of the aircraft. An
aircraft fully laden with external stores and weaponry will consequently be more
susceptible to large hub vibration loads. Moreover, the current military ethos for
battlefield tactics is tending towards long range stand-off engagement as the preferred
mode of attack. This has in turn lead to increasingly stringent requirements on the
pointing and tracking accuracy of the onboard weapons aiming avionics syvstems,
requirements which are difficult to achieve with excessive vibration levels. Ultimately .
helicopter vibration degrades the performance of weapons systems leadin g to iImprecise

deployment of munitions and so increasing the probability of inthicting civilian |

casualties.

It 1s obvious from the consequences of excessive vibration discussed here that
vibration control is an important design parameter for all types of rotorcraft. It is hoped
the work presented in this thesis will contribute to the greater understanding of
helicopter vibration transmission in typical operating environments and will sucgest
novel means for actively controlling this response. We begin by conducting a thorough

review of the published literature pertaining to helicopter vibration, detailing the source,

the transmission and the control thereof.

1.2 Review of Vibration Alleviation and Control Literature

To fully understand what is truly ‘state-of-the-art’ for vibration minimisation
devices, both active and passive, it is essential to understand and appreciate the research
into vibration minimisation that has been accomplished to date. A thorough review of
the available literature has shown that there are two intertwined avenues of research to
the study of helicopter vibration, the cause and the control. Consequently this section
will present, where possible, a chronological review of published work first on the
causes and then on the control of vibration and will thus ‘set the scene’ for the

remainder of the thesis. Throughout this discussion, where appropnate. detailed

explanations of concepts or devices will be given.
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This literature review was conducted in the conventional manner. by searchine
through references contained within several Key vibration review papers and also by
using a computer search on library and internet based databases. Methodical repetition

of this process has yielded a substantial reference base. encompassing many facets of the

vibration literature.

1.2.1 The Creation and Transmission of Helicopter Vibration.

T'he end of the 1940’s saw the eventual decline of the autogyro and the emergence
of the helicopter as the preferred vehicle for rotary wing flight. The autogyvro still had
some use as the plattorm for the first flight-test experiments on rotary wing vibration
(Bailey, 1940). Theoretical investigations also began around this time (Wheatlev, 1937)
into the higher harmonic dynamics of blade flapping, although an accurate
understanding of the aerodynamic forces responsible for harmonic blade loading had
still to be attained. Glauert (/926), among others, was laying the foundations of modemn
rotor inflow theory by a combination of theoretical and experimental analvsis. Indeed

the inflow model he developed is still used 1n many rotorcraft simulation models today

'HGS, Helinv, etc.].

The next significant step in the understanding of blade loading came in 1958 when
Jones (1960), (see also Ham, Maser & Zvara, 1958 and Loewy, 1955), found that the
maximum blade bending stresses occurred when the natural frequency (which varies
with rotorspeed) of one or more of the blade modal responses matched an integer
multiple of rotorspeed. In addition, the maximum amplitude of these vibrations
occurred in the transition region of the speed range, not, as expected, at high speed
where the higher harmonic components of lift reach a maximum. Most unexpectedly
though, the rotor experiences vibratory blade loads in hover. where no asymmetrv of
dynamic pressure and hence periodic aerodynamic forcing, exists. These phenomena

could not be predicted by the blade aerodynamic theory available at the time. Seeking

an alternative explanation, Jones looked to the rotor wake.

The wake produced by a helicopter rotor forms a skewed helix beneath the rotor

and. as the mean velocity of the axial flow through the disc 1s significantly less than the
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tip speed, the wake remains close to the rotor disc. Jones studied the effect of e wuke
generated by an oscillating blade (Jones, I 958) on the blade aerodyvnamic und inertial
loading. Each blade is disturbed by the vortices shed in previous revolutions and Jones
postulated that if these disturbances were additive, thev would tend to sustain the
vibration and would be maximum if the vorticity below the blade is the same after each
revolution. Jones tested his theory with experiments on a single rotating blade in a
controlled wind tunnel, obtaining good correlation of theoretical predictions with
experimental results. The main conclusion drawn from this work is that at low speed,

the rotor wake is responsible for vibratory blade loading which occurs at a frequency

which is an integer multiple of rotorspeed.

Lynn at the Bell helicopter company (Lynn, 1960), documented a series of
experiments using the Bell stabilising bar modified for use as an in-plane vibration
absorber. A hinged version of the stabilising bar successfully attenuated the one-per-re\
In-plane stresses by dynamic absorption of the rotor loads. In the fixed frame, the 2/re\
vibratory excitation was also alleviated and noting this, Lynn constructed a simple set of
equations, which he used to measure the effectiveness of the rotating dynamic absorber

by measuring fixed frame vibration.

These equations were 1n essence the now tamiliar individual to multiblade co-
ordinate transtormations. Coupled with the nature of blade aerodynamic loading
discovered by Jones (/960), a simple mathematical proof can be derived for predicting
the frequency at which rotor vibration 1s transmitted to the fixed frame (through the
swashplate) and subsequently into the fuselage. It 1s the authors intent to present such a

proof, as the result has formed the backbone of helicopter vibration research to the

present day.

Vibration is defined (Collins dictionary, 1995) as “a periodic motion about an
equilibrium position”. To adequately éharacterise a periodic signal, the amplitude and
frequency of the oscillation are necessary. For a helicopter rotor. the amplitude of the
oscillation is a complex function of the aerodynamic and inertial loads acting on each
rotor blade. As a result, a simple mathematical model for predicting the amplitude of
vibration is not possible. However, the fundamental frequency of the transmitted

vibration (under normal atmospheric conditions) can be predicted. The loads
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experienced by each blade reach a maximum when the blade natural frequency 1s an

Integer multiple of the rotorspeed and consequently, can be expressed in terms of a

Fourier series (Newman, 1994).

L(w): Z A, cosny
n=0

For an N-bladed rotor, the azimuth angle of the kth blade is,

2
Vi :W"‘(k"])"g’

and the overall shear force at the hub 1s given by,

N oo
F:ZZA”COS”%

k=] n=0

This simplified expression makes the assumption that only the rotating vertical shear
forces of each blade are responsible for the vertical hub forces, 1.€. no contribution from

the rotating in-plane shear forces is included. The contribution of in-plane loads is

discussed later.

Substituting for y and defining the summations

N [ 2
C=) cosn|y+ k-])-——-]
;; \ ( N

2T

N
§ = + k-]_)
;mn(w (k-1)%

Jeads to,

D -

, N in(k-1F—
C+z'S=e’W.ze o
k=1
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the terms inside the summation form a geometric series. which when expanded give,

C+:1S5=

n27T/'N
e " L]

T'he exponential term in the numerator of the geometric expansion is unitary when n is
an integer, leading to C + iS = 0. This is obviously false, as the case for n = 0
demonstrates, corresponding to steady lift. For a non-zero value of C + iS. it is

necessary that the denominator is also zero. This requires that,

ei”2ﬂ1N ~ ]
L2 .
S 1n—=271m
N
—>n=mN

Theretore, for a non-zero result it is necessary that the forcing frequency be an integer

multiple of the number of blades. Using L’Hopital’s rule,

| _?_ 27:111_] _1
C+IS:nl£m —go’h (e—/—'“)—l
in2z/N
[é}z (e -1)_
— N elny

The hub forces can now be expressed as,

r= i(An Cos iy, ) 5n,mN
" n=0

where &,, mn is the Kroneker delta. To summarise, the rotor blade loads are transmitted

to the hub with minimal attenuation if and only if the blade forcing frequency 1s at an

integer multiple of the number of blades. If the forcing frequency is not an integer

multiple of rotorspeed, the multiblade summation 1s

A e ——— L S——
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C+ZS= Si?UZ?l COSHF +_]V__-_]; —+ o Jl\r —1 )
Sin(ﬂn/Nj _W Y 77_' [SIN N W + - o

Consequently, the vibration alleviation devices. both passive and active. which have

been designed to date, are tuned in some form or another to attenuate vibration

transmitted at N/rev.

T'he rotor wake is not the only contributor to vibration levels. In forward flight
there exists an asymmetrical lift distribution around the rotor disc which. if lef£
unattended, results in a rolling moment that increases in magnitude with forward
airspeed. To compensate for this moment. the blades are free to flap out of the plane of
rotation (erther through hinges or an elastomeric bearing) achieving an equilibrium
when the lift produced by the resulting angle of attack changes balances the lift
generated by azimuthal dynamic pressure vanations. The resulting 1/rev cvclical load
variation in the rotating reference frame generates force components at higher

harmonics of the rotorspeed, including N/rev in the non-rotating reference frame. Thus,

the fuselage experiences vibration, which increases in magnitude proportional with lift

asymmetry.

Perhaps the most significant contributor to vibration 1s the interaction between
each blade and the tip vortex of the preceding blade. This 1s known as Blade Vortex
Interaction (BVI), a subject of considerable research within the rotorcraft community.

(Ham, 1975, Caradonna et.al., 1985, Horner et.al., 1993). The spanwise circulation

around each blade forms a vortex at the blade tip, which is convected downstream along

the outer perimeter of the wake helix. This vortex is formed when the pressure

difference between the lower and upper surfaces of the blade combine at the tip.

Although BVI appears throughout the entire flight envelope, 1t 1s particularly apparent

during transition between low and high-speed forward flight. The inclination of the rotor

disc and the wake skew angle combine to create a wake geometry with a small helix

pitch, facilitating BVI. It is in this region of the speed range that the helicopter

experiences the highest levels of vibration.

Physically, the tip vortex of the preceding blade induces local angle of attack and
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dynamic pressure changes that result in a sharp non-linear ‘pulse’ in the blade
aerodynamic loading. Experimental data collated by Hooper (Hooper, 1954) shows that
BVI occurs near to the blade tip, at blade azimuth angles of between 75° and 1153°,
irrespective of the blade type, number of blades, forward airspeed etc. In addition to

vibration, BVI is responsible for a large portion of rotor aerodvnamic noise and blade

fatigue.

At the upper end of the speed range, stall and compressibility effects influence the
levels of vibration (Newman, 1994; Johnson, 1980). The reverse flow region on the
retreating blade side of the rotor disc increases in effective area with greater forward
airspeed. Consequently, more of the retreating blade stalls, the stall inducing a load

discontinuity along the blade which compounds the vibratory forces at the hub.

In addition to the vibration generated by the rotor wake and asymmetric

aerodynamic loads in forward flight, several other less obvious sources exist. The three

most widely recognised are as follows (Newman, 1994).

o Pitch-lag instabiliry. Should the situation arise that the blade lags rearward when the
blade pitch decreases (due to the geometry of the hinges or elastic deformation) and
consequently causes a reduction in lift, the rotor will undergo flapwise oscillations. It
the phase of the blade flapping and the pitch-lag motion couple together, the rotor tip
path plane will destabilise. Usually, the resulting unsteady motion will eventually damp
out. This may be the first indication of a degradation of lag damper performance.

o Classical flutter. When the chordwise position of the blade CG lies such that blade
torsional motion increases the incidence (nose up, inducing an additional aerodynamic
force), a coupling between the torsion and bending of the blades is created. lhe
additional aerodynamic lift causes vertical bending of the blade which, 1f the phase
between torsion and bending is favourable, will result in a growth in the amplitude of
the induced oscillations. This will inc;ease vibration levels through the additional
reaction forces/moments at the hub.

o Stall flutter. This condition is triggered when the blade 1s twisted elasticallv by some
mechanism when the airfoil is close to 1ts stalling incidence. Under the influence ot

torsional loads, the blade continues to twist until the sectional stalling incidence 1s

reached. At th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>