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Preface to the second edition

At the time of publication of the first edition of the book in 1976, Bramwell's
Helicopter Dynamicswas a unique addition to the fundamental knowledge of dynamics
of rotorcraft due to its coverage in a single volume of subjects ranging from
aerodynamics, through flight dynamics to vibrational dynamics and aeroelasticity. It
proved to be popular, and the first edition sold out relatively quickly. Unfortunately,
before the book could be revised with aview to producing a second edition, Bram (as
he was known to his friends and colleagues) succumbed to a short illness and died.
Aswell asleaving a sudden space in the helicopter world, his death | eft the publishers
with their desire for further editions unfulfilled. Following an approach from the
publishers, the present authors agreed, with considerable trepidation, to undertake
the task of producing a second edition.

Indeed, being asked was an honour, particularly so for one of us (GD), since we
had been colleagues together at City University for a short period of two years.
However, although it may be one thing to produce a book from one’s own lecture
notes and published papers, it is entirely a different proposition to do the same when
the original material is not your own, as we were to discover. It was necessary to try
to understand why Bram’s book was so popular with the helicopter fraternity, in
order that any revisions should not destroy any of the vital qualities in this regard.
One of the characteristics that we felt endeared the book to its followers was the way
explanations of what are complicated phenomenawere established from fundamental
laws and simple assumptions. Theoretical expressions were devel oped from the basic
mathematics in a straightforward and measured style that was particular to Bram's
way of thinking and writing. We positively wished and endeavoured to retain his
inimitable qualities and characteristics.

L ong sections of the book are analytical, starting from fundamental principles, and
do not change significantly in the course of time; however, we have tried to eradicate
errors, printer’s and otherwise, and improve explanations where considered necessary.
There are also many sections that are largely descriptive, and, over the space of 25
years since the first edition, these had tended to become out of date, both in terms of
the state-of-the-art and supporting references; thus, these have been updated.
Opportunities, too, have been taken to expand the treatment of, and to include additional
information in, the vibrational dynamics area, with both the additional and updated
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content introduced, hopefully, in such a way as to be compatible with Bram’s style.

Another change which has taken place in the past quarter century is the now
greater familiarity of the users of books such as this one with matrices and vectors.
Hence, Chapter 1 of the first edition, which was aimed at introducing and explaining
the necessary associated matrix and vector operations, has disappeared from the
second edition. Also, some rather fundamental fluid dynamics that also appeared in
this chapter was considered unnecessary in view of the material being readily available
in undergraduate textbooks. What remained from the original Chapter 1 that was
thought still necessary now appears in the Appendix. Readers familiar with the first
edition will notice the inclusion of a notation list in the present edition. This became
an essential item in re-editing the book, because there were many instances in the
first edition of repeated symbols for different parameters, and different symbols for
the same parameters, due to the fact that the much of the material in the original book
was based on various technical papers published at different times. Asfar as has been
possible, the notation has now been made consistent throughout all chapters; this has
resulted in some of the least used symbols being changed.

Apart from the removal of the elementary material in the original Chapter 1, the
overall structure of the book has not changed to any great degree. The order of the
chaptersis as before, although there has been some re-titling and compression of two
chapters into one. Some of the sections in the last three chapters have been re-
arranged to provide a more natural development.

Since publication of the first edition, there have appeared in the market-place
several excellent scientific textbooks on rotorcraft which cover some of the content
of Bram’'s book to a far greater depth and degree of specialisation, and also other
texts which are aimed at a broad coverage but at a lower academic level. However,
the comprehensive nature of the subject matter dealt with in this volume should
continue to appeal to those helicopter engineers who require a reasonably in-depth
and authoritative text covering a wide range of topics.

Sherborne David Balmford
Kew George Done
2001



Preface to the first edition

In spite of the large numbers of helicopters now flying, and the fact that helicopters
form an important part of the air strength of the world’s armed services, the study of
helicopter dynamics and aerodynamics has always occupied alowly placein aeronautical
instruction; in fact, it is probably true to say that in most aeronautical universitiesin
Great Britain and the United States the helicopter is aimost, if not entirely, absent
from the curriculum. This neglect is also seen in the dearth of textbooks on the
subject; it isfifteen years since the last textbook in English was published, and over
twenty years have passed since the first appearance of Gessow and Myer’s excellent
introductory text Aerodynamics of the Helicopter, which has not so far been revised.

The object of the present volume is to give an up-to-date account of the more
important branches of the dynamics and aerodynamics of the helicopter. It is hoped
that it will be useful to both undergraduate and postgraduate students of aeronautics
and also to workersin industry and the research establishments. In these days of fast
computersit isatemptation to consign a problem to arithmetical computer calculation
straightaway. While this is unavoidable in many complicated problems, such as the
calculation of induced vel ocity, the important physical understanding isthereby often
lost. Fortunately, most problems of the helicopter can be discussed adequately without
becoming too involved mathematically, and it isusually possibleto arrive at relatively
simple formulae which are not only useful in preliminary design but which also
enable a physical interpretation of the dynamic and aerodynamic phenomena to be
obtained. The intention throughout this book, therefore, has been to try to arrive at
useful mathematical resultsand ‘working formulae’ and at the same time to emphasize
the physical understanding of the problem.

The first chapter summarizes some essential mechanics, mathematics, and
aerodynamics which find application in later parts of the book. Apart from some
recent research into the aerodynamics of the hovering rotor, discussed in Chapter 3,
the next six chapters are really based on the pioneer work of Glauert and Lock of the
1920s and its devel opments up to the 1950s. I n these chapters only simple assumptions
about the dynamics and aerodynamics are made, yet they enable many important
resultsto be obtained for the cal culation of induced vel ocity, rotor forces and moments,
performance, and the static and dynamic stability and control in both hovering and
forward flight.



x Preface to the first edition

Chapter 8 considers the complicated problem of the calculation of the induced
velocity and the rotor blade forces when the vortex wakes from the individual blades
are taken into account. Simple analytical results are possible in only a few special
cases and usually resort hasto be madeto digital computation. Aerofoil characteristics
under conditions of high incidence and high Mach number for steady and unsteady
conditions are also discussed.

Chapter 9 considers the motion of the flexible blade (regarded up to this point as
arigid beam) and discusses methods of calculating the mode shapes and frequencies
for flapwise, lagwise, and torsional displacements for both hinged and hingeless
blades.

Thelast three chapters consider helicopter vibration and the problems of aeroelastic
coupling between the modes of vibration of the blade and between those of the blade
and fuselage.

| should like to thank two of my colleagues: Dr M. M. Freestone for kindly
reading parts of the manuscript and making many valuable suggestions, and Dr R. F.
Williams for allowing me to quote his method for the calculation of the mode shapes
and frequencies of a rotor blade.

A.R.SB.
South Croydon, 1975
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Notation

Rotor disc area

Blade aspect ratio = R/c

Constants in solution for blade torsion mode

Moments of inertia of helicopter in roll, pitch and yaw,
or of blade in pitch, flap and lag

Coefficients in general polynomial equation

Moments of inertia of teetering rotor with built-in pitch
and coning

ijth generalised inertia and stiffness coefficients

nth coefficient in periodic or finite series

Blade pitch jth input weighting (active vibration control)
Lateral and longitudinal cyclic pitch

Coefficients in longitudinal characteristic equation
Coefficients in lateral characteristic equation
Normalised generalised coefficients = A, B;j/0.5mQ°R®
Lift curve slope of blade section

Distance from edge of vortex sheet

Offset of fixed pendulum point from rotor centre of rotation
(bifilar absorber)

Square matrices, and column matrix (€) (Dynamic FEM)
Subsidiary square matrices (Dynamic FEM)
Acceleration of blade c.g.

Tailplane lift curve slope

Acceleration of origin of moving frame = a,i + a,j + a,k
Coning angle

Longitudinal and lateral flapping coefficients

Sine and cosine coefficients in equation for C,
Analogous to ag, a5, by for hingeless rotor

Tip-loss factor (Prandtl) = R/R
Vector of background vibration responses



xiv. Notation

Bio, Ci

c
c
c

Cerit

Ce

G

Cn! dn: en! fn! gn: hn! jn! kn

Co, Cn
Cq, Cy, C3, Cy

Coefficients By, C; with speed derivatives neglected
Laplace transform of B, (cyclic pitch)

Number of blades

Aerofoil semi-chord

Effective pendulum length (bifilar absorber)

Torsional moment of inertia per unit blade length
Cosine and sine multi-blade summation terms
Coefficients in solution for normal acceleration
Theodorsen’s function

Drag coefficient

H-force coefficient = H/pAQ?R?

Lift coefficient

Tailplane lift coefficient

Thrust coefficient based on disc area = st, = T/pAQ?R?
Pitching moment coefficient

Normal force coefficient

1
Equivalent C, =3[ x?C_dx

Rolling moment coecz)ffi cient of blade

Pitching moment coefficient of blade

Pitching moment coefficient of fuselage = M; /psAQ°R®
Pitching moment coefficient due to hinge offset
= MJ/psAQ?R®

Pressure coefficient

Coefficientsin lessusual solution for normal acceleration
Integrals of blade flapping mode shape functions (first
and second moments, and powers)

Flap-lag cross coupling damping coefficients

Blade or aerofoil chord

Viscous damping coefficient

Offset of c.g. of oscillatory massfrom pivot point (bifilar
absorber)

Critical damping coefficient = 2(k/m)™2

Equivalent chord

Linkage ratio on Bell stabilising bar

Coefficients relating to S, M,,, a,,, Z, at blade station n
(Myklestad)

Downwash factors (Mangler and Squire)

Constants determined from initial conditions

Drag of fuselage, or local blade section

Diameter of holesin fixed arm and oscillatory mass (bifilar
absorber)

Blade or helicopter products of inertia
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Notation xv

Denominator in integral for

Drag factor, where blade drag = dQ?

Diameter of pin connecting fixed arm and oscillatory
mass (bifilar absorber)

Fuselage drag ratio = Sp/sA

Bobweight arm lengths (DAVI)

Young's modulus

Modulus of rigidity or shear modulus
Generalised inertia of first flapping mode

Wake energy contributions

Rotor blade hinge offset, as fraction of R
Distance between blade centroid and elastic axis
Orthogonal unit vectors fixed in hub

Aerodynamic force on blade or helicopter, or genera
external force vector

=Xi+Y] +Zk

Ratio of Lock number equivalents for hingeless blade
= ¥%in

Real and imaginary parts of L/L

Lagwise and flapwise forces acting on a blade section
Lag damping coefficient

Lateral distance of c.g. from shaft, as fraction of R
Function affecting the k correction factor

= 0.5b(1 — x)/sin ¢ (Prandtl vortex sheet model)
Bending flexibility matrix

Generalised inertias for nth flap and lag bending modes
Factor dependent on number of blades

Forcing term assumed constant for ith step in nth mode

Centrifugal tension in blade
Gravitational constant

Rotor force component perpendicular to thrust axis
(positive to rear) (H-force)

Total head pressure

Absolute angular momentum vector = hyi + hyj + hzk
Non-dimensional quantities (air resonance)

Flap and pitch damping coefficients (Coleman and
Stempin)

H-force referred to disc axes

H-force due to profile drag

H-force due to induced drag

Coefficients used in longitudinal response solution
Aerodynamic damping terms (Coleman and Stempin)
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J

J

J

Jo, J1
j11j21j31j4

AR} X

K(X)

Kg

Ko (iK), K4(iK)
k

Height of hub above c.g. as fraction of R

Vertical spacing between vortex sheets (L oewy and Jones)
Relative angular momentum vector

Tail rotor height above c.g. based on wind axes
=h;cos ag—l;sin ag

H-force coefficient = Cy/s

Tail rotor height above c.g., as fraction of R

Height of hub above c.g. based on wind axes
=hcosas—1I sin ag

Second moment of area of blade section

Blade moment of inertiain both flap and lag (Southwell)
The unit matrix

Non-dimensional inertia factors (Coleman and Stempin)
Second moments of inertia of blade section for lagwise
and flapwise bending

Blade flap and pitch moments of inertia

Unit vectors fixed in blade

Non-dimensional rolling, pitching and yawing inertias
of helicopter

Non-dimensional roll-yaw inertia product term for
helicopter

Modal error squared integral (Duncan)

Polar second moment of area of blade section
Performance index (active vibration control)

Bessel functions of first and second kinds (Miller)
Quantities dependent on first blade flapping mode shapes
of hingeless blade

Induced velocity gradient (Glauert)

Stiffness between gearbox and fuselage (DAVI)
Hingeless rotor blade constant = y,F,/2

Elliptic integra

Stiffness of pitch control (Coleman and Stempin)
Bessel functions of the second kind (Theodorsen)
Correction factor to induced velocity for number of blades
(Prandtl and Goldstein)

Incremental correction factor to induced power relative
to that for constant induced velocity

Frequency parameter = nc/2V (Theodorsen),

= wh/QR (Miller)

Blade structural constant = EI/mQ?R*

Spring stiffness

Non-dimensional pitching and flapping radii of gyration
= c(A/M)Y?, R(B/M)Y?

Correction factor to trim due to tailplane



Notation xvii

Induced velocity ratio (axial flight) = v;/v,

Equivalent flap hinge stiffness for hingeless blade
Pitch/flap bending and pitch/lag bending coupling
coefficients

Stiffness of control system about feathering axis
Non-dimensional artificial lag damping

Wake constants (Landgrebe)

Constants associated with transient motion

Effective pitching and rolling stiffnesses (air resonance)

Blade sectional lift force

Lagrangian=T-U

Moments about i, j, k for arigid body, or of helicopter in
roll, pitch and yaw, or of blade in pitch, flap and lag
Non-dimensional quantity (air resonance) = 2a,J
Aerodynamic torsional moment

Lift due to bound circulation

Elastic moment in flap plane

Quasi-steady lift

Rolling moment derivatives

Steady lift, and at instantaneous incidence

Distance forward of c.g. from shaft in terms of R
Position vector to vortex = I4i + I,j + I3k

Tail rotor arm based on wind axes = |; cos ag + h; sin dg
Tailplane arm, as fraction of R

Blade inertia to mass moment ratio (ground resonance)
= I/Mbrg

Length of nth beam element (Myklestad)

Tail rotor arm, as fraction of R

Non-dimensional normalised rolling moment derivatives
Non-dimensional rolling moment derivatives

Distance forward of c.g. from hub based on wind axes
=| cos as+ hsin ag

Mass (general), chassis mass (ground resonance)
Bending moment

Column vector of blade bending moments

Rotor figure of merit = Tv;/P

Aerodynamic moment about flapping hinge, or hub
Pitching moment due to tailplane

Blade mass

Blade root bending moment coefficient = M/pbcQ?R?*
Elastic moment in lag plane

Pitching moment of fuselage

Moment of rotor forces about c.g.



xviii  Notation
Mg

My, M, etc.
M3

Ml, M2

m

m

Myob
my, Mg, €tc.
my, My, €etc.

Na

N;

Ny, N, €tc.

Nll Pl! Qll Rl! Sl! Tl
N21 P21 QZ! R21 821 T2

Py(y), Pa(4)

-5 T T T O

p(®), a(t)
P, Pu

P1, P2

P

Pitching moment per unit tilt of al the blades due to
hinge offset

Pitching moment derivatives

Unit load bending moment

Combined rotor/gearbox, and fuselage mass (DAVI)
Mass, or mass per unit length

Freguency ratio (Miller) = a/Q

Bobweight mass (DAVI)

Non-dimensional normalised pitching moment derivatives

Non-dimensional pitching moment derivatives

Aerodynamic lagging moment on a blade

Inertia lagging moment about real or virtual hinge
Yawing moment derivatives

Relate to By, C1, D1, E;

Relate to A,, B,, C,, Dy, E)

Offset hinge factor = (1 — €)% (1 + €/3)

Static load factor (‘g’)

Frequency of oscillation (Theodorsen), frequency/Q
(Miller)

Laplace transform of n (static load factor)
Non-dimensional normalised yawing moment derivatives
Non-dimensional yawing moment derivatives

Power to drive blade, or rotor

Induced power

Coefficients of periodic terms in expressions for lateral
hub force components

Inertia force acting on chassis

Induced power for constant induced velocity

Profile drag power

Tail rotor power

Induced power for constant induced velocity

Periodic functions

Pressure

Roll angular velocity

Laplace variable

Chassis frequency, and aerofoil stall flutter frequency
Non-dimensional roll velocity = p/Q

Forcing function components (Coleman)

Pressure on lower and upper sides of disc plane, or aerofail
surfaces

Pressure just ahead of actuator disc, and pressure in far
wake

Ambient pressure



- = =

e e

Notation xix

Rotor torque

Volume flow through control volume sides, or flux
Blade torsion mode shape

Torque due to rotor profile drag

Induced rotor torque

First blade torsion mode shape

Pitching velocity

Local fluid velocity

Induced velocity vector at a point on blade
Non-dimensional pitching velocity = g/Q
Torque coefficient = Q/psAQ?R®

Radial velocity component

Local fluid velocity in axial direction
Tangential velocity component

Rotor radius

Routh’s discriminant

Reaction forces a hinge = Rie; + Rye, + Rze;

Radius of blade drag centre from hub

Effective blade radius (Prandtl)

Far wake radius

Control surface and far wake radii

Distance of blade element from hinge or axis of rotation
Radial wake coordinate

Position vector = xi +yj + zk

Tip vortex radial coordinate (Landgrebe)

Position vector of blade or system c.g. = Xgi + Ygj + Zgk
Radial position of vortex filament on blade

Centrifugal force of blade

Shear force

Flap bending mode shape

Projected side area of fuselage

Fuselage equivalent flat plate area

Tailplane area

First flap bending mode shape

Rotor solidity = bc/mR

Half width of vortex sheet, equivalent to half wing span
Vortex axisvector = sji + S, + 3K

Spacing of vortex sheets

Tail rotor solidity

Normalised tail rotor solidity = sA; (QR); /SAQR

Rotor thrust

Periodic time

Kinetic energy

Moment of resultant external forces about O



xx Notation

T
T(x)
T1(X)

Rotor/fuselage transfer matrix (active vibration control)
Lag bending mode shape

First lag bending mode shape

Thrust referred to disc axes

Time to double amplitude

Following time (inversely proportional to viscous damping)
— (Bell bar)

Time to half amplitude

Tail rotor thrust

Thrust for constant v,

Time

Time non-dimensionalising factor = W/gpsAQR

Thrust coefficient based on total blade area =T/psAQ?R?
Thrust coefficient referred to disc axes

Velocity of wake normal to axis

Strain energy

Initial flight velocity components along X, y, z axes
Strain energy due to bending

Strain energy due to centrifugal tension

Component of air velocity relative to blade element
perpendicular to plane of no-feathering

Component of air velocity relative to blade element
tangentia to plane of no-feathering

Coefficients used in longitudinal response solution
Perturbational velocities

Coleman coordinates

Wake velocity components

Laplace transforms of u, v, w (perturbational velocities)
Non-dimensional perturbational velocities=u/QR,v/QR,
w/QR

Unit force constants relating to nth blade element
(Myklestad)

Unit moment constants relating to nth blade element
(Myklestad)

Forward velocity of helicopter or relative velocity far
upstream of rotor

Forward velocity vector of helicopter

Forward speed normalised on thrust velocity = V/vg
Forward speed normalised on tip speed = V/IQR

Total velocity at the rotor

Rate of climb in axia flight, or axial velocity

Climb speed normalised on induced velocity (actuator
disc) = V/v

Tail volume ratio = Syl{/sA
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Notation xxi

Descent velocity

Absolute velocity vector

General induced velocity at rotor

Downwash at blade tip (with linear distribution)
Mean induced velocity

Relative velocity vector

Induced velocity normalised on thrust velocity = v;/vg
Mean induced velocity in hover (thrust velocity)
Velocity of origin of moving frame

Slipstream velocity in far wake

Induced velocity component at 3/4 chord point

Helicopter weight

Total relative flow velocity at blade section

Work done

Torque on blade element

Total velocity vector at blade section

Vibration measurement weighting (active vibration
control)

Coefficients used in longitudinal response solution
Velocity of wake sheets near rotor

Wake velocity

Induced velocity normal to disc, or aerofoil

Disc loading = T/A

Induced velocity components normal to rotor at P, Q
Downward component of induced velocity due to bound
vortices

Weight coefficient = W/psAQ?R?

Induced velocity component for shed part of wake
Downward component of induced velocity dueto trailing
vortex

General or aerodynamic force components

Vector of higher harmonic control (HHC) inputs

Mean hub force components

X force derivatives

Position coordinates (dimensional, or non-dimensionalised
onR)

Distance of datum point on aerofoil from mid-chord
General variable measured with respect to rotating kth
blade

Coordinates of the kth blade relative to centre of hub
(ground resonance)

Coordinates of rotor c.g. (ground resonance)

Static deflection of single degree of freedom system
= Folk



xxii Notation
Xur X ELC.

X1

Y,Z

Y

i

Yy, Yp, EtC.

Y01 Yl
Yvs Yp, €LC.

> > 9%‘mpm|h

Non-dimensional X force derivatives
Non-dimensional position of vortex filament on blade
= r]_/R

Displacement of point on blade relative to axes rotating
with blade

Vector of measurement vibration components (active
vibration control)

Fuselage side-force

Y force derivatives

Bessel functions of first and second kinds (Miller)
Non-dimensional Y force derivatives

Blade bending deflection vector

Elastic deflection vector of blade bending

Rigid body rotation deflection vector (about flapping
hinge)

Z force derivatives

Distance along rotor axis

Tip vortex axial coordinate (Langrebe)
Non-dimensional Z force derivatives

Wake coordinate

Incidence of blade section

Blade torsional stiffness constant = wy,(CR/EL)Y?
Equivalent lag damping coefficient (Ormiston and Hodges)
Disc incidence

Tailplane incidence

No lift setting of tailplane (with respect to fuselage)
Downwash angle relative to blade

Stiffening effect due to rotation = (w? — w?)/Q?
Spanwise slope at RH end of ith element (Myklestad)
Incidence with respect to plane of no-feathering
Rotor hub incidence (i.e. shaft tilt)

Incidence in the absence of induced velocity
Coefficients in polynomial expression for o
Amplitudes (Floquet)

Lag hinge projected angles

Blade flapping angle, at hinge
Analogous to S for hingeless rotor blade
Blade flapping, relative to shaft
Side-slip angle

Built-in coning angle

Wake angle

Flap bending frequency difference term (air resonance)
=A2-1
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Notation xxiii

ith generalised coordinate for lagwise bending

Blade lagging angle

Distance of vortex element from centre of aerofoil, based
on semi-chord b

Aft and downwards position coordinates based on on R
and aligned with mean downwash angle (for defining
tailplane position)

Lag angle of kth blade (ground resonance)

Stability quartic in Laplace variable p
Function of kg, K¢

Profile drag coefficient = & + 6,0 + 5,0°

Lateral deflection at a point on a beam

Blade lag and chassis damping coefficients (ground
resonance)

Flapping hinge projected angles

Blade hinge offset factor = MbengZ/B =3e/2(1-¢)
Downwash angle at tailplane

Phase angle

Mean downwash angle at rotor = v /V

Modal error function (Duncan)

Shaft angle to vertical (roll of fuselage)

Velocity potential, or real part of velocity potential
Inflow angle at blade element = tan™(Up/U7)

Blade azimuth angle when vortex was shed

Potential for plane steady flow past a cylinder (Sears)
ith generalised coordinate for flapwise bending

Circulation, vortex strength

Blade rotating lag frequency in absence of Coriolisforce
coupling (ground resonance)

Amplitude of bound circulation (Miller)

In and out of phase components of I,

Quasi-static circulation

Function of derivatives = — my + umg,/zz;

Lock’s inertia number = pacRY/B

Vorticity (Theodorsen)

Angular displacement of pendulum arm (bifilar absorber)
Assumed general blade bending mode shape (L agrange)
Lock number equivalents for flexible blade

Contraction ratio of slipstream in hover
Transformed radial position coordinate (Mangler and
Squire) = (1-x%)Y2
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n
n <

K, K¢
Kp K¢
KpH, Ken
Kps, KeB

K1

>

>> >
o T

<l <

Non-dimensional chordwise position (thin aerofoil theory)
Coleman coordinates (ground resonance)

General blade lag, and chassis frequenciesin terms of Q
Functions of Kpy, Kgg and Ky, Keg

Flap and lag stiffnesses of ‘hub springs

Remainder of above stiffnesses outboard of feathering
hinge

First blade uncoupled natural rotating lag frequency in
terms of Q

Local wake helix angle

Wake constant (Landgrebe)

Bobweight arm length ratio = d,/d, (DAVI)

Far wake helix angle = W/QR,

Mean inflow ratio relative to plane of no-feathering
=sin On — Ai

Rotating flap bending frequency in terms of Q

Genera and nth eigenvalue in characteristic equation
General inflow ratio (function of ¢, r)

= (V sin Api — Ul)/QR

Mean inflow ratio relative to disc plane = sin ap — A;
Climbinflow ratio=VJ/QR (axial flight), = sin 1, (forward
flight)

Vi QR, or v,/QR for hovering flight

1% iT/QR

Real and imaginary parts of eigenvalue A

First blade uncoupled natural rotating flap frequency in
terms of Q

Constant determining natural undamped frequency of a
non-rotating beam, from standard published results

= (mw? /ElY4

Mass ratio (ground resonance) = 0.5bM/(M + bMy)
Advance ratios = V cos as, V €0S ap

Magnification factor = Xg/Xg

Relative density parameter = W/gpsAR

Bobweight mass ratio = my,,/M; (DAVI)

Helicopter pitching frequency ratio in terms of rotor
revolutions

Far wake velocity ratio

Factor depending on disc tilt (Mangler and Squire)
=(1-sinap)/(1+ sin ap)

Lag bending frequency ratio

Air resonance factor = yE/2
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Notation xxv

Incremental frequency term (Floquet) = y/16

First blade uncoupled natural rotating torsional frequency
interms of Q

Exponent constants (Floquet)

Blade pitch or feathering angle

Fuselage pitch attitude (shaft angle to vertical)

Laplace transform of 6 (fuselage pitch)

Angular displacement of Bell stabilising bar
Amplitude of blade pitch variation at circular frequency
n

Tail-rotor collective pitch

Collective pitch angle

Blade twist (washout)

Ambient air density, or material density
Component of inflow angle = tan™ (v;/W)
Degree of elastic coupling = Kp/Kps = KglKsg
Fuselage mass ratio = M,/M; (DAVI)

Solidity based on local radius = bc/

Distance of c.g. of blade elemental strip behind flexural
axisin terms of ¢

Functions of lag frequency (ground resonance)

Period of one rotor revolution

Non-dimensional aerodynamic unit of time = t/t
Climb angle

Angle of descent

Rotor or blade angular velocity
Angular velocity vector = wyi + w,| + wik

Total wake swirl velocity

Circular frequency

Normalised excitation frequency
Component of w due to bound circulation
Natural frequency

Natural frequency of non-rotating blade
Component of w due to trailing vortices
Uncoupled rotating flap natural frequency
Uncoupled rotating lag natural frequency
Rotating torsional natural frequency
Non-rotating torsional natural frequency

Azimuthal angular position of blade, or general angular
coordinate
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Zmean

Gi(t)

Suffices

Imaginary part of velocity potential

Yaw displacement of helicopter (from steady state)
Angle between adjacent blades

Wake azimuth relative to blade

Non-dimensional damping factor = c/Cg;;
Weighted mean damping (stall flutter)
ith generalised coordinate for blade torsion

The following suffices refer to:

A
A,B,D,E

—TSTKQ ""T0o0o000 44440 U=z 0o

c

=
—hQ

nr

Aerodynamic

Inertia moments and products
Rotor disc (tip-path plane)
Drag

Lift

Moment

Normal force

Perpendicular

Profile drag

Tip of blade

Thrust

Tailplane

Tangential

Bound vorticity

Climbing

Coefficient

Chassis

Effective

Fuselage

Blade c.g., or c.g. of system of particles
On matrices indicates row is used to correspond to hinge
Induced

Lower and upper surfaces
C.g. of kth blade relative to hub (ground resonance)
No feathering

Non-rotating

Pressure

Radial direction

Root of blade

Rotor

Rotor c.g. (ground resonance)
Shaft
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Due to centrifugal force at blade hinge
Setting angle of tailplane

Shed part of wake

Sideslip

Trailing vortices

Tail rotor

Wake

In z direction

Hap

Lag

Pitch

In tangential direction

Generally modulus, or amplitude of
At infinity

Notation
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Basic mechanics of rotor systems
and helicopter flight

1.1 Introduction

In this chapter we shall discuss some of the fundamental mechanisms of rotor systems
from both the mechanical system and the kinematic motion and dynamics points of
view. A brief description of the rotor hinge system leads on to a study of the blade
motion and rotor forces and moments. Only the simplest aerodynamic assumptions
are made in order to obtain an elementary appreciation of the rotor characteristics. It
is fortunate that, in spite of the considerable flexibility of rotor blades, much of
helicopter theory can be effected by regarding the blade as rigid, with obvious
simplificationsin the analysis. Analysesthat involve more detail in both aerodynamics
and blade properties are made in later chapters. The simple rotor system analysisin
this chapter allows finally the whole helicopter trimmed flight equilibrium equations
to be derived.

1.2 The rotor hinge system

The devel opment of the autogyro and, | ater, the helicopter owes much to theintroduction
of hinges about which the blades are free to move. The use of hinges was first
suggested by Renard in 1904 as a means of relieving the large bending stresses at the
blade root and of eliminating the rolling moment which arises in forward flight, but
the first successful practical application was due to Ciervain the early 1920s. The
most important of these hinges is the flapping hinge which allows the blade to flap,
i.e. to move in a plane containing the blade and the shaft. Now a blade which is free
to flap experiences large Coriolis moments in the plane of rotation and a further
hinge — called the drag or lag hinge — is provided to relieve these moments. Lastly,
the blade can be feathered about a third axis, usually parallel to the blade span, to
enable the blade pitch angle to be changed. A diagrammatic view of atypical hinge
arrangement is shown in Fig. 1.1.
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% Lag hinge

Laqai
Flapping hinge 4gging

Feathering

\
Pitch change V-
(or feathering) hinge \—="—~—7

Fig. 1.1 Typical hinge arrangement

In thisfigure, the flapping and lag hinges intersect, i.e. the hinges are at the same
distance from the rotor shaft, but this need not necessarily be the case in a particular
design. Neither are the hinges always absolutely mutually perpendicular.

Consider the arrangement shownin Fig. 1.2. Let OX betaken parallel to the blade-
span axis and OZ perpendicular to the plane of the rotor hub. Let OP represent either
the flapping hinge axis or the lag hinge axis. The flapping hinge is referred to as the
&-hinge and the lag hinge as the a-hinge. We then define:

— the angle between OZ and the projection of OP onto the plane OYZ as , or a,
— the angle between OZ and the projection of OP onto the plane OXZ as &, or a»,
— the angle between OY and the projection of OP onto the plane OXY as d; or ds.

These are the definitionsin common use in industry. The most important anglesin
practice are a,, which leads to pitch resulting from lagging of the blade, and &,
which couples pitch and flap, as follows.

Fig. 1.2 Blade hinge angles
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Referring to Fig. 1.3, when J; is positive, positive blade flapping causes the blade
pitch angleto be reduced. It will also be appreciated that, if the drag hinge is mounted
outboard of the flapping hinge, movement about the lag hinge produces a J; effect.
If the blade moves through angle &, and flaps through angle 3 relative to the hub
plane, the change of pitch angle A8 due to flapping is found to be

AB = —tan B tan(d; — &)
or for small angles

A8 = - tan(d; - o)

so ABis proportional to S.

The dynamic coupling of blade motions will be dealt with in more detail in
Chapter 9.

The blades of two-bladed rotors are usually mounted as a single unit on a ‘ see-
saw’ or ‘teetering’ hinge, Fig. 1.4(a). No lag hinges are fitted, but the Coriolis root

Fig. 1.3 The &;-hinge

\ Flapping
/]

e ——r

(b)

Fig. 1.4 (a) Teetering or see-saw rotor. (b) Underslung rotor, showing radial components of velocity on
upwards flapping blade
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bending moments may be greatly reduced by ‘underslinging’ the rotor Fig. 1.4(b). It
can be seen from the figure that, when the rotor flaps, the radial components of
velocity of points on the upwards flapping blade below the hinge line are positive
while those above are negative. Thusthe corresponding Coriolisforces are of opposite
sign and, by proper choice of the hinge height, the moment at the blade root can be
reduced to second order magnitude. This assumes that a certain amount of pre-cone
or blade flap, By, is initidly built in.

Although, as stated earlier, the adoption of blade hinges was an important step in
the evolution of the helicopter, several problems are posed by the presence of hinges
and the dampers which are also fitted to restrain the lagging motion. Not only do the
bearings operate under very high centrifugal loads, requiring frequent servicing and
maintenance, but when the number of bladesislarge the hub becomes very bulky and
may contribute alarge proportion of thetotal drag. Figure 1.5(a) shows adiagrammatic
view of the Westland Wessex hub, on which, as may be observed, the flapping and
lag hinges intersect. Figure 1.5(b) is a photograph of the same rotor hub, showing
aso the swash plate mechanism that enables the cyclic and collective pitch control
(discussed in section 1.7).

Lag hinge

Feathering
bearing
assembly

Flapping hinge

Fig. 1.5 (a) Diagrammatic view of Westland Wessex hub
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Fig. 1.5 (b) Photograph of Westland Wessex hub

More recently, improvements in blade design and construction enabled rotors to
be devel oped which dispensed with the flapping and lagging hinges. These ‘ hingeless',
or less accurately termed ‘semi-rigid’, rotors have blades which are connected to the
shaft in cantilever fashion but which have flexible elements near to the root, allowing
the flapping and lagging freedoms. Such adesignisshownin Fig. 1.6(a) which isthat
of the Wesland Lynx helicopter. In this case, the flexible element is close in to the
rotor shaft, with the feathering hinge between it and the flexible lag element, which
isthefurthest outboard. The diagram also indicates the attached |ag dampers mentioned
previously, and discussed in relation to ground resonancein Chapter 9, and adifferent,
but less common, mechanism for changing the cyclic and collective pitch on the
blades. A photograph of the same hub design, but with five blades, is shown in Fig.
1.6(b). Rotor hub designs for current medium to large helicopters commonly use a
high proportion of composite material for the main structural elements, with elastomeric
elements providing freedoms where only low stiffnesses are required (e.g. to alow
blade feathering).

We now derive the equations of flapping, lagging, and feathering motion of the
hinged blade — but assuming it to be rigid, as mentioned in the introduction. The
motion of the hingeless blade will be considered in Chapter 7. Fortunately, except for
the lagging motion, the equations can be derived with sufficient accuracy by treating
each degree of freedom separately, e.g. in considering flapping motion it can be
assumed that lagging and feathering do not occur.
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) ) Flexible flap element
Feathering bearing assembly

Pitch control rod

Control spindle

Fig. 1.6 (a) Diagrammatic view of Westland Lynx hub

Fig. 1.6 (b) Photograph of Westland Lynx five-bladed hub
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1.3 The flapping equation

Consider a single blade as shown in Fig. 1.7 and let the flapping hinge be mounted
a distance eR from the axis of rotation. The shaft rotates with constant angular
velocity Q and the blade flaps with angular velocity 3. Take axes fixed in the blade,
parallel to the principal axes, origin at the hinge, with thei axis along the blade span,
thej axis perpendicular to the span and parallel to the plane of rotation, and the k axis
completing the right-hand set. To avery good approximation the blade can be treated
as alamina.

Then, if A isthe moment of inertia about i, and B the moment of inertia about j,
the moment of inertia C about k is equal to A + B. The angular velocity components
wy, Wy, Wz about these axes are

w =Qsnp wZ:—,B, w; = Q cos B

The acceleration, ag, of the origin is clearly Q%R and perpendicular to the shaft.
Along the principal axes the components are

{-Q%?eRcosB, 0, Q?eRsinf}

The position vector of the blade c.g. isry = XxyRi, so that the components of ry x ay
are

{0, exy Q*R? sin B, 0}

The flapping motion takes place about the j axis, so putting the above values in the
second of the ‘extended’ Euler’s equations derived in the appendix (egn A.1.15), and
using A + B = C, gives

BB + QB cos B + MyexgR2) sin B= M, (1.1)

Fig. 1.7 Single flapping blade
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where M, = —M isthe aerodynamic moment in the sense of positive flapping and My,
is the blade mass. For small flapping angles eqn 1.1 can be written

B+ Q1+ ¢ B=Mp/B (1.2)

where £ = Myex R?/B.

If the blade has uniform mass distribution, it can easily be verified that
£=3e/l2 (1 -¢€). A typical value of eis 0.04, giving ¢ as approximately 0.06.

The flapping equation (egn 1.1) could also have been derived by considering an
element of the blade of mass dm, and at a distance r from the hinge, to be under the
action of acentrifugal force (eR+ r cos ) Q? dmdirected outwards and perpendicular
to the shaft. The integral of the moment of all such forces along the blade is found to
be the second term of eqn 1.1, i.e. Q%(B cos 8+ Muex,R?) sin B. Regarding it as an
external moment like M,, this centrifugal moment (for small B) acts like atorsional
spring tending to return the blade to the plane of rotation.

The other two extended Euler’s equations (eqns A.1.17 and A.1.19) give

L=0andN=-2BQp sin 8

These are the moments about the feathering and lag axes, respectively, which are
required to constrain the blade to the flapping plane, or, in other words, —L and —N are
the couples which the blade exerts on the hub due to flapping only. It can be seen that
flapping produces no feathering inertiamoment, but thein-planemoment 2BQ B sin 3
isoften solargethat it is usually relieved by the provision of alag hinge or equivalent
flexibility, as mentioned in section 1.2. This moment is the moment of the Coriolis
inertia forces acting in the in-plane direction.

More generally, if the rotor hub is pitching with angular velocity g, Fig. 1.8, the
angular velocity components of the blade are

{qsin@cos B+ Qsinpf, qcoqu—B, —gsinysin B+ Q cos £}

Fig. 1.8 Blade influenced by rotor hub pitching velocity g and rolling velocity p
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where ( is the azimuth angle of the blade, defined as the angle between the blade
span and the rear centre line of the helicopter. The absolute accel erations of the hinge
point O are the centripetal acceleration Q2eR acting radially inwards and eR( q cos (¢
—209Q sin ) acting normal to the plane of the rotor hub.

Inserting these values into eqn A.1.15 and neglecting g?, which is usually very
small compared with Q2, we finally obtain after some manipulation

B+QX1+&B=MuB-2Qql+esny+ql+ecosy (L3

The second term on the right is the gyroscopic inertia moment due to pitching
velocity, and the third term is due to the pitching acceleration.
We now find that the feathering moment L is

L =A(2Qqcos ¢+ q sin y)

which means that the pitching motion produces a moment tending to twist the blade.
The moment about the lag axis is hardly affected by the pitching motion, so that N
remains as before.

When the rotor hub is rolling with angular velocity p, Fig. 1.8, the equivalent
equation to 1.3 may be derived in like manner, and in this case the extraterms on the
right-hand side can be shown to be (1 + &) (2Qp cos ¢ + p sin ).

1.4 The equation of lagging motion

We assume the flapping angle to be zero and that the blade moves forward on the lag

hinge through angle & (Fig. 1.9). The angular velocity of the bladeis (Q + &)k and

ap = — Q%eR(cos & — sin £j). Then the third of Euler’s extended equations gives
CE +Mex, Q2R sin §= N (1.4)

or, for small &,

&+ Q%E=NIC (15)

where ¢, in this case, is MbengZIC, €R being the drag-hinge offset distance.
It can easily be verified that if flapping motion is also included, the only important
term arising is the moment 2BQB B calculated in the previous section. With a lag

Fig. 1.9 Blade lagging
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hinge fitted, this moment can be regarded as an inertia moment and considered as
part of N. Then, if N, istaken asthe aerodynamic lagging moment, together with any
artificial damping which may be, and usually is, added, egn 1.5 can be written finally
as

& + Q2%E— 208 = No/C (since B = C) (1.6)

The lagging motion produces no moment about the feathering axis, but the
instantaneous angular velocity Q + & will affect the centrifugal and aerodynamic

flapping moments and may have to be taken into account when considering coupled
motion (see section 9.7).

1.5 Feathering motion

It is assumed that the flapping and lagging angles are zero and that the blade feathers
through angle 8 (Fig. 1.10). The angular velocity components about i, j, k are
0, Q sin 6, Q cos 6. The first of Euler’'s extended equations gives

A6 + AQ%sin cos H=L (1.7)
and, for the small feathering angles which normally occur, we can write
6 + Q% =LA (1.8)

The second and third of Euler’s equations show that the feathering motion produces
no flapping moment but a lagging moment of —2A0Q sin 6. This latter moment is
extremely small compared with the flapping Coriolis moment and can be neglected.

1.6 Flapping motion in hovering flight

The equation of blade flapping (1.2) is
d?B/dt? + Q%1 + &)B = Mn/B

It is convenient to change the independent variable from time to blade azimuth
angle by means of ¢ = Qt. Then since

didt = Qdidy and  d¥dt? = Q2d?/dy?

N

Fig. 1.10 Blade feathering
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egn 1.2 becomes
d?Bldy? + (1 + £)B = MA/BQ? (1.9
This equation isvalid for any case of steady rectilinear flight including hovering.

The problem is to express M, as a function of ¢ and then to solve the equation. We
now consider some simple but important examples in hovering flight.

1.6.1 Disturbed flapping motion at constant blade pitch angle

We suppose that the blades are set at a constant blade pitch angle relative to the shaft
and that the rotor is rotating steadily with angular velocity Q. Since we are interested
only inthe character of the disturbed motion, the aerodynamic moment corresponding
to the constant pitch angle will be ignored and attention will be concentrated on the
aerodynamic moments arising from disturbed flapping motion.

Now, when a blade flaps with angular velocity S, thereis arelative downwash of
velocity r3 at apoint on the blade distance r from the hinge. Assuming cos 8= 1, the

chordwise component of wind velocity is Q(r + eR), so that the local change of
incidence Aa due to flapping is

_ 1B _ -xdpdy
AO{_(r+eR)Q_ X+e

where x = r/R.
Assuming a constant lift slope a for the blade section, the lift on an element of
blade is

dL = -3 pacQ?R3(x + e)x(dp/dy) dx

The moment of thislift about the flapping hinge is rdL and the total aerodynamic
moment, assuming the blade chord ¢ to be constant, is

R(1-e) (1-€)
My = I rdL = — %pacQzR“J' X2(x + e)(dB/dy)dx
0 0
giving
Ma/BQ? = — (y/8)(1 — €)3(1 + e/3)dB/dy

where y= pacRYB is called Lock's inertia number.
Writing n for (1 — €)3(1 + €/3), the flapping equation becomes

d?Bldy? + (ny’8)dp/dy + (1 + &B=10 (1.10)

Equation 1.10 isthe equation of damped harmonic motion with anatural undamped
frequency QV(1 + ¢€). If €is zero (no flapping hinge offset), the natural undamped
frequency is exactly equal to the shaft frequency. Normally € is about 0.06, giving an
undamped flapping frequency about 3 per cent higher than the shaft frequency.

Taking atypical value of yof 6 givesavaluefor ny/8 of about 0.7. This means that
the damping of the motion is about 35 per cent of critical, or that the time-constant
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in terms of the azimuth angle is about 90° or 1 of arevolution. Thus, the flapping
motion is very heavily damped. It has already been remarked that the centrifugal
moment acts like a spring, and we now see that flapping produces an aerodynamic
moment proportional to flapping rate, i.e. in hovering flight the blade behaves like a
mass—spring—dashpot system. In forward flight the damping is more complicated and
includes a periodic component, but the notion of the blade as a second order system
is often a useful one in a physical interpretation of blade motion.

1.6.2 Flapping motion due to cyclic feathering

Suppose that, in addition to a constant (collective) pitch angle 6,, the blade pitch is
veried in a sinusoidal manner relative to the hub plane. The blade pitch 8 can then be
expressed as

0=6,—A cosy—B;siny (2.1

To simplify the calculations we will take e = 0, since the small values of flapping
hinge offset normally employed have little effect on the flapping motion.

In calculating the flapping moment My, the induced velocity, or rotor downwash,
to be discussed in Chapter 2, will be ignored. By a similar analysisto that above, the
flapping moment is easily found to be given by

Ma/BQ? = y(6y — A, cos ( — B, sin ())/8
Substituting in egn 1.9 leads to the steady-state solution
B=y&/8—A;siny + By cos gy (1.12)

The term y &)/8 represents a constant flapping angle and corresponds to a motion
in which the blade traces out a shallow cone, and for this reason the angle is called
the coning angle. If the induced velocity had been included, the coning angle would
have been reduced somewhat. For our present purpose the exact calculation of the
coning angle is unimportant. The terms —A; sin  + B; cos Y represent atilt of the
axis of the cone away from the shaft axis. Since  is usually measured from the
rearmost position of the blade, i.e. along the axis of the rear fuselage, apositive value
of B; denotes aforward (nose down) tilt of the cone, Fig. 1.11, while a positive value
of A; denotes a sideways component of tilt in the direction of (¢ =90°. The blade tips
trace out the ‘base’ of the cone, which is often referred to as the tip path plane or as
the rotor disc, Fig. 1.11.

In steady flight the blade motion must be periodic and is therefore capable of
being expressed in a Fourier series as

B=ay—a; cos Y —bysiny—a,cos2y—b,sin 2y — ... (1.13)
For the case in question,
Q=y&/8 a=-B;, b=~A
a2=b2= ...etc.=0

When the flight condition is steady, eqn 1.9 can always be solved by assuming the
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a \‘\ Tip path piaTS

Fig. 1.11 Interpretation of flapping and feathering coefficients

form of egn 1.13, substituting in the flapping equation, and equating coefficients of
the trigonometric terms. This is a method we shall be forced to adopt when the
flapping equation contains periodic coefficients, as will be the casein forward flight.

In terms of egn 1.13, a, represents the coning angle and a; and b; represent
respectively, abackward and sidewaystilt of the rotor disc, the sidewaystilt being in
the direction of ¢y = 90°. The higher harmonics a,, by, as,..., etc., which will have
non-zero valuesin forward flight, can be interpreted as distortions or a‘crinkling’ of
therotor cone. But although these harmonics can be cal cul ated, the blade displacements
they represent are only of the same order as those of the elastic deflections which, so
far, have been neglected. Thus, it isinconsistent to calculate the higher harmonics of
the rigid blade mode of motion without including the other deflections of the blade.
Stewart! has shown that the higher harmonics are usually about one tenth of the
values of those of the next order above.

Comparison of egns 1.11 and 1.12 shows that the amplitude of the periodic flapping
is precisely the same as the applied cyclic feathering and that the flapping lags the
cyclic pitch by 90°. The phase angle is exactly what we might have expected, since
the aerodynamic flapping moment forces the blade at its undamped natural frequency
and, asiswell known, the phase angle of asecond order dynamic system at resonance
is 90° whatever the damping. Further, the fact that the amplitude of flapping is
exactly the same as the applied feathering has asimple physical explanation. Suppose
that initially no collective or cyclic pitch were applied; the blades would then trace
out a plane perpendicular to the rotor shaft. If cyclic pitch were then applied, and the
blades remained in the initial plane of rotation, they would experience a cyclic
variation of incidence and, hence, of aerodynamic moment. The moment would
cause the bladesto flap and, since, as we have found, blade flapping motion is stable,
the blades must seek a new plane of rotation such that the flapping moment vanishes.
This is clearly a plane in which there is no cyclic feathering and it follows from
Fig. 1.12 that this plane makes the same angle to the shaft as the amplitude of the
cyclic pitch variation. It is also obvious that the effect of applying cyclic pitch is
precisely the same as if cyclic pitch had been absent but the shaft had been tilted
through the same angle. Tilting the rotor shaft or, more precisely, the rotor hub
plane, is the predominant method of controlling the rotor of an autogyro. Tilting
the shaft of a helicopter is impossible if it is driven by a fuselage mounted engine,
and the rotor must be controlled by cyclic feathering.
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6=B;siny

Fig. 1.12 Equivalence of flapping and feathering

The above discussion illustrates the phenomenon of the so-called * equivalence of
feathering and flapping’; the interpretation is a purely geometric one. If flapping and
feathering are purely sinusoidal, the amplitude of either depends entirely upon the
axistowhichitisreferred. InFig. 1.12, aa’ isthe shaft axis, bb' isthe axis perpendicul ar
to the blade chord, cc’ the axis perpendicular to the tip path plane. If Fig. 1.12 shows
the blade at its greatest pitch angle, bb' is clearly the axis relative to which the cyclic
feathering vanishes and is called the no-feathering axis. Similarly cc' isthe axis of no
flapping.

Let a5 be the angle between the shaft and the tip path plane and B, the angle
between the shaft and the no-feathering axis. Viewed from the no-feathering axis the
cyclic feathering is, by definition, zero but the angle of the tip path plane is a;s— B;.
On the other hand, viewed from the tip path plane, the flapping is zero but the
feathering amplitude is B; — a;.. Thus feathering and flapping can be interchanged
and either may be made to vanish by the appropriate choice of axis. The ability to
select an axis relative to which either the feathering or flapping vanishesis useful in
simplifying the analysis of rotor blade motion and for interpreting rotor behaviour.
The coning angle ay and collective pitch 6, play no part in the principle of equivalence.

Strictly speaking, the principle of equivalence fails if the flapping hinges are
offset, because the angle of the tip path plane will then no longer be the same as the
amplitude of blade flapping, as a sketch will easily show. However, the size of the
offset is usually so small that the equivalence idea can be generally applied. Offset
hinges, as will be seen later, make an important contribution to the moments on the
helicopter.

Another important feature of blade flapping motion can be deduced from the
flapping equation. Assuming ¢ to be negligible, the flapping equation (egn 1.9) can
be written

d2BIdy? + B = Ma/BQ?

in which B is defined relative to a plane perpendicular to the shaft axis.
Now, assuming that higher harmonics can be neglected, steady blade flapping can
be expressed in the form

B=ay—a;cosy—hbysin g
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and on substitution for S into the flapping equation above
M, = BQ?a, = constant

Thus, for first harmonic motion, the blade flaps in such a way as to maintain a
constant aerodynamic flapping moment. This does not necessarily mean that the
blade thrust is also constant, since, except in hovering flight, the blade loading
distribution varies with azimuth angle and the centre of pressure of the loading
moves along the blade.

1.6.3 Flapping motion due to pitching or rolling

An important hovering flight case for which the response of the rotor can be calcul ated
is pitching or rolling. Consider first the case of pitching at constant angular velocity
g. The equation of motion, egn 1.3, with € =0, is

d?Bldt? + Q2B = MA/B —2Qq sin i (1.14)

Due to pitching and flapping, the velocity component normal to the blade at a
point distance r from the hub isr(q cos ¢y— B); with cos 3= 1 and neglecting avery

small termin q, the chordwise velocity is Qr. The corresponding change of incidence
Aaq is therefore

Aa = (qcos - B)/Q = § cos - dp/dy

where § = g/Q. .
The contribution to the flapping moment of the flapping velocity 3 has already

been considered in section 1.6.1; by a similar calculation the moment due to the
pitching velocity q is found to be

(MA)pitching = pacQZR"'q cos 4//8 (1-15)

Equation 1.14 now becomes

&’ ydB . _y. o
dw2+§w+,8—§qc03(p—2qsmw (1.16)
Assuming a steady-state solution, 8 = ag— a; cos (y — b, sin  gives
a=-164/y, b=-4q (1.17)

Hence, when the shaft has a steady positive rate of pitch, the rotor disc tilts
forward by amount 16 §/y and sideways (towards ¢ = 270°) by amount §. The
longitudinal a; tilt is due to the gyroscopic moment on the blade, and the lateral b,
tilt to the aerodynamic moment due to flapping. For typical values of y, the lateral tilt
is roughly half the longitudinal tilt.

The same result can be obtained in asomewhat different way by focusing attention
on the rotor disc. If steady blade motion is assumed to occur, each blade behaves
identically and the rotor can be regarded as a rigid body rotating in space with
angular velocity components Q about the shaft and g perpendicular to the shaft.
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According to elementary gyroscopic theory, the rotor will experience a precessing
moment bCQq tending to tilt it laterally towards ¢ = 90°, bC being the moment of
inertia of all the blades in the plane of rotation. In addition, there is the aerodynamic
moment on the rotor due to its pitching rotation. Using eqn 1.15, we find that the total
moment for all the blades is bCpaQ?R*§/16 and is in the nose down sense. Now,
these two moments must be in equilibrium with an aerodynamic moment produced
by a cyclic pitch variation in the tip path plane, and the rotor achieves this by
appropriate tilts a; and b, relative to the shaft. This cyclic pitch variation, by the
arguments of section 1.6.1, iseasily seento be—a; sin ¢+ by cos (. By comparing this
with egn 1.11, the aerodynamic moment on one blade is seen to be — BQ?y(a; sin
— b, cos )/8. For all blades there would therfore be a steady moment bBQ?yb,/16
acting in the nose down sense and amoment bBQ?ya,/16 in the direction (= 90°. For
these moments to be equal and opposite to those above, we must have, as before,

a =—16qu and b]_ =—q

where we have taken B = C, since flapping and in-plane moments of inertia of the
blade are almost identical — typically, C = 1.003B.
When the pitching rate q is not constant, eqn 1.3 becomes (e = 0)

d2ﬁ y 9B /3- (@) cos Y — 24(y) sin l,U+ cosw (1.18)
wr s PTES q w |
According to the theory of differential equations there is a solution in the form
B = ao(y) — ay(y)) cos Y —by(y) sin g (1.19)

where, asindicated, the flapping coefficients are no longer constants, asin the previous
cases, but functions of time or azimuth angle.

The case of sinusoidally varying pitching velocity, which is important in stability
investigations, has been analysed by Sissingh? and Zbrozek®. Taking q = g Sin vy
and substituting egn 1.19 into egn 1.18 gives, after equating coefficients of sin ¢ and
cos Y,

da d d? U
BNt 25 By gt = 2SN
da. d?a
ydt;+2d4/21 8b1 2 bl—qovcosvgu

The solutions for a; () and b,(y) are straightforward, but rather lengthy. Sissingh
has shown that the tip path plane oscillates relative to the shaft, performing a beat
motion out of phase with the shaft oscillation. Now, v is the ratio of the pitching
frequency to the rotational frequency of the shaft and in typical disturbed motion is
usually much less than 0.1. On this basis Zbrozek has shown that, to good
approximations, the lengthy expressions for a; and b; can be reduced to

a,; = —164/y + [(16/))% — 1]d §/dy
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by =-q + (24/y)dq/dy

Since atypical lateral or longitudinal stability oscillation is about 10 seconds, and
the period of the rotor is about 4 second (240 rev/min), v is about 0.025. With q=
do sin vy, the second terms of a; and b, are quite small and by neglecting them
Zbrozek’s expressions for a; and b; become the same as for the steady case. Thus, in
disturbed motion, both a; and b, are proportional to g, and the rotor responds asif the
instantaneous valueswere steady. Thisisthejustification for the  quasi-steady’ treatment
of rotor behaviour in which the rotor response is calculated as if the continuously
changing motion were a sequence of steady conditions. This assumption greatly
simplifies stability and control investigations. The ‘quasi-static' behaviour of the
rotor might also have been expected from its response as a second order system. The
impressed motion considered above corresponds to forcing at a very low frequency
ratio, and it iswell known that the response is almost the same as if the instantaneous
value of the forcing function were applied statically.

If therolling case is considered, with constant angular velocity and € = 0 asin the
pitching case, it can be shown that the equivalent to egn 1.16 is

d?B vy dB _ _ V. "
dw2+§w+ﬁ_§psnw+2pcosw (1.16a)

inwhich p = p/Q.

1.7 The cyclic and collective pitch control

The development of a satisfactory feathering mechanism was the last link in the
creation of a successful helicopter and it enabled the rotor to be controlled without
tilting the hub or shaft, as had been possible with the free-wheeling autogyro rotor.
A brief description of the feathering mechanism is given below.

The principal feature of the feathering system is the swash plate mechanism, Fig.
1.13. This consists of two plates, of which the lower plate does not rotate with the
shaft but can be tilted in any direction by the pilot’s cyclic control. The upper plate
rotates with the shaft but is constrained to remain parallel to the lower plate. It can
be seen that if the swash plates aretilted the blade chord remains parallel to the swash
plate and, as the blade rotates with the shaft, cyclic feathering takes place relative to

To pilot's control To pilot's control

Fig. 1.13 Swash plate mechanism
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the plane perpendicular to the shaft. The swash plate is, of course, a plane of no-
feathering, and the axis through the centre of the hub and perpendicular to the swash
plates is the no-feathering axis. Figure 1.5(b) shows a typical swash plate control
mechanism.

Other feathering mechanisms have been employed such as that in Fig. 1.6(a), but
the one described above is used a majority of helicopters.

Collective (constant) pitch is applied by the collective lever which effectively
raises or lowers the swash plate without introducing further tilt; this alters the pitch
angle of al the blades by the same amount.

1.8 Lagging motion

The lagging-motion equation, egn 1.6, is
&+ Q2eE — 2QBB = NIC

or
d?E/dyr + & — 23 dB/dy = NICQ? (1.20)

where, as explained in section 1.4, the term 2QB 3 represents the Coriolis moment
due to blade flapping.
In finding the free lagging motion, we assume the flapping motion to be absent
and take N to be the aerodynamic (drag) moment of the blade about the lag hinge.
Let dQ? be the drag of the blade when it rotates at steady angular velocity Q. The

lagging motion increases the instantaneogs angular yelocity of the bladeto Q + ¢
and the drag can be assumed to be d(Q + )2, Since € issmall compared with Q, the

drag is approximately dQ? + 2dQ €. If Ry is the distance of the centre of drag of the
blade from the hub, and assuming the lag hinge offset to be small,

N = — dRy(Q2 + 2Q &)
But dRyQ?3 is the power, P say, required to drive one blade. Therefore

= _(PIQ)(L + 2£/Q)

so that egn 1.20 can be written
d?&ldy? + (2P/ICQO)dé/dy + €& = —P/CQ3 (1.21)
Equation 1.21 is the equation of damped harmonic motion about a steady value
=—P/CQ3¢. Typical values of P/CQ? and € are 0.006 and 0.075 respectively, giving
a steady value of & of about 43. The frequency of oscillation is 0.27Q and the
damping isonly about 2 per cent of critical. The much lower damping of the lagging
mode is due to the fact that the blade motion in this case is governed by the changes

of drag, and not of incidence. This low natural damping is usually augmented by
hydraulic or elastomeric damping to avoid potential instability problems.
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1.9 Lagging motion due to flapping

It will be assumed that the lag hinges are parallel to the rotor shaft so that & represents
a change of blade angle in the plane of the hub, as in the previous section. The
flapping motion must also be taken relative to this plane, and we will assume it takes
the form 3 = a5 — a; cos (. In some later work we will have to distinguish flapping
relative to the shaft from that relative to the no-feathering axis by writing B = ags +
a5 COS Y.

Regarding the Coriolis moment dueto flapping as aforcing function, and ignoring
the damping, we rewrite egn 1.20 as

d?&ldy? + & = 2B dB/dy + NICQ? (1.20a)

and we have to consider the meaning of the moment N in this case. Since the blade
lift is perpendicular to the flow direction, the axis of the aerodynamic flapping
moment must lie in the tip path plane, because this is the plane in which the blades
move steadily. Thus there must be a component of the flapping moment about the lag
hinge, and it is clear from Fig. 1.14 that this component is—Maa; sin ¢ and is equa
to N.

But, we have seen that, for first harmonic flapping, and assuming zero flapping
hinge offset, Ms = BQ?ay, as explained in section 1.6.2. Therefore

N/CQ? = —aga; Sin Y
and, using the assumed form of 3 = a; — a; cos , then
2B dB/dy + NICQ? = aga, Sin ¢ — a2 sin 2y

where, again, we have taken B = C. The solution to egn 1.20a is

E=—[ag/(1-¢)] sin Y+ [aZ/(4—¢)] sin2y

The second term is generally smaller than the first and, since, € is very small, to
afair approximation & can be written

Lag hinge axis

Mg
a

Hub axis

Fig. 1.14 Aerodynamic flapping moment component about lag hinge
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E=—aya; sSiny (1.22)

Thus, the flapping motion forces alagging motion which lags the flapping motion
by 90°.

Equation 1.22 has asimple physical explanation. It can be seen from Fig. 1.15 that
the blade movement about the lag hinge, i.e. in the hub plane, is simply steady
motion of the blade in the tip path plane projected onto the hub plane. In other words,
the & motion cal culated above corresponds to uniform motion in thetilted rotor cone,
and thisis aresult we should expect, for, since the flapping angle is constant relative
to the tip path plane, there can be no Coriolis moments in this plane and the blade
must rotate with constant angular velocity.

1.10 Feathering motion

For small pitch angles the blade feathering equation can be written
d’a/dy? + 6 = LIAQ? (1.23)

For free motion, L = 0, and the blade oscillates with shaft frequency. If 8is held
constant, corresponding to collective pitch application, there will be amoment AQ26
trying to feather the blade into fine pitch. This moment is called the ‘feathering
moment’ and must be resisted by the feathering mechanism. The fact that the natural

Fig. 1.15 Blade lagging motion due to flap
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frequency of the feathering motion is exactly one cycle per revolution of the shaft —
exactly asrequired — means that, except to overcomefriction, no forces are necessary
in the control links to maintain the motion.

The feathering moment AQ26 can be explained in terms of the centrifugal forces
acting on the blade. In Fig. 1.16, AA' is a chord of the blade. Consider elementary
masses at the leading and trailing edges of the blade. The centrifugal forces acting on
these masses are inclined outwards and, therefore, have components in opposite
directions. But the centrifugal force directions both lie in planes perpendicul ar to the
shaft so that when the blade is pitched the opposite directed components exert a
couple tending to feather the blade into fine pitch. Integrating this moment in the
chordwise and spanwise directions can be shown to lead to AQ?6.

As with the flapping motion, the centrifugal moment acts like a spring giving a
frequency exactly equal to that of the shaft, but, again like the flapping motion, if the
feathering motion is viewed from a plane passing through the chord, the feathering
motion vanishes and the centrifugal moment in this plane also vanishes, Fig. 1.17.

1.11 Rotor forces and moments

So far we have derived the equations of blade flapping, lagging, and feathering and
have considered some simple cases of blade motion to illustrate some of its dynamic
properties. We now have to consider the effect of this blade motion on the helicopter
asawhole. We shall derive expressions for the forces and moments on the helicopter

A A
- é x
A A
Fig. 1.16 Feathering moment
Positive

incidence

Negative

incidence / i
shaft

Fig. 1.17 Feathering in tip path plane due to rotor tilt
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and consider requirements for trimmed flight. These requirements will appear as the
control angles necessary to establish a given flight condition analogous to the static
stability analysis of the fixed wing aircraft.

In order to be able to write down the equations of motion of the helicopter in
steady and accelerated flight, it is necessary to calculate the forces exerted by the
blade on the hub. To do this we shall have to relate the motion expressed in terms of
axes fixed in the blade to axes fixed in the rotating hub and then to axes fixed in the
helicopter.

As before, let, i, j, k be the set of unit axes fixed in the blade. Let e, e, e5bea
set of unit axes fixed in the rotating hub, Fig. 1.18.

When the blade is in its undeflected position, i.e. when there is no flapping or
lagging, the blade axes coincide with the hub axes. Now, suppose the blade flaps
through angle S about e,, bringing the blade axes into a position whose unit vectors
are iy, j1, k1. The relationships between ey, e,, ;3 and iy, j;, k; are related through a
rotation matrix transformation as

0,0 OcosB 0 snBOEDO

dJif=go 1 0 gRp (1.24)

BB E-snB 0 cosBHE:H
The blade now rotates about the lag axis through angle &, bringing the unit vectors
of the blade into their final positionsi, j, k. The relationships between i, j, k and iy,
i1, Ky, are, in matrix form
o0 Ocosé¢ sné& 000:0
Ej%z E—sinf cosé Oagjlg (1.25)
&kE B O 0 15 H

The relationships between ey, &, 3 and i, j, k, are on multiplying the transformation
matrices in egns |.24 and 1.25 together

Fig. 1.18 Deflected rotating blade
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OO OcosécosB  siné cosésnBOre O
gjgz E—sin fcosB cosé —sinfsinﬁg%zg (1.26)
kB Hsng 0 cos 3 HEs B

The above relationships enable us to express quantities measured in one set of
axes in terms of another set, and we shall need them for calculating the forces and
moments on the helicopter.

Let the distance of the centre of gravity of the blade measured from the hinge be
rg- In terms of axes fixed in the blade the position vector of the c.g. isrg =i, and
in terms of hub axes the position vector is

ry + €eRe; = ry(cos B cos e, +sin ée, + sin B cos e;) + eRey

Expressing the absolute acceleration a4 of the c.g. as ag = a;€; + a,€, + ase;, the
components, by applying the standard equations of the kinematics of arigid body, are
found to be

a;=1rgy gt—zz (cos Bcos &) — 2ryQ % (sin&) —Q?(rycosBeosé +eR)  (1.27)
_ . d? . d 20 o
az—rgF(sm E)+2rgQa(cos/3cosE)—Q rg Sné (1.28)

2
az=r, gt—z (sin Bcos &) (1.29)
Now, let the aerodynamic force on the blade be F and let R be the force exerted
by the hinge on the blade. If M,, is the blade mass, the equation of motion is
F + R = Mya (1.30)
If F =Fe; + Fe + Faesand R = Rie; + Roey, + Rge,

Ri=Mpas - F E
R,=Mpa, - F [ (1.31)

Rs=Mpaz — F3 H

We now wish to resolve these rotating force components along axes fixed in the
helicopter. In order to comply with the usual stability axes, we take a set of unit axes
X, Y, z, with the z axis pointing downwards along the negative direction of e;, Fig.
1.19.

If X, Y, Z are the hub force components along the fixed axes, then, remembering
that the force the blade exerts on the hub is —R,

X=Rycos Y—-R,siny
Y=—R;siny—R,cosy
Z= R3

These forces are time dependent, not only because of the sin (¢ and cos  terms,
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€3

€

Fig. 1.19 Blade and helicopter axes

but because the aerodynamic force will also be a function of the azimuth angle. For
performance and stability calculations we are interested in the time-averaged values.
Consider the average value of X taken over a complete revolution. We have

T T T
J' Xdt = MbI a coswdt—J' F, cos (dt
0 0 0

T T
—MbJ' azsjngudt+J’ F,sin @t
0 0

where 1 is a complete period.
Now, from egn 1.27, the first term of a; isr4 d%(cos S cos &)/dt?. Integrating twice
by parts,

J'OT ;—22 (cosBcosé) cosydt = Eﬂ% (cos B cos &) cos wg)

+Q %osﬁcosfsin wa - QJ'T cos B cos & cos y dt
0

If the other termsinvolving a; and a, are integrated in a similar way, we find that,
if the motion is periodic, i.e. if the flight condition is steady, all the terms in the
brackets vanish at the limits and all the remaining integrals cancel identically.

In other words, the mean values of al the inertia forces are zero and the only
forces which remain are the aerodynamic forces. The vanishing of the inertia forces
in steady unaccelerated flight might have been expected on physical grounds, but it
isacommon mistake to believe that thisis not necessarily the case; the reason for this
isthat small angle approximations for the flapping and lagging angles are often made
when resolving theinertiaforces, and considerable residuals may remain, particularly
as the centrifugal force is extremely large®.

The mean forces are therefore

(]JT)J'OT Xdt=X=— (]Jr)Jj F, cosy dt + (]JT)J;r Fosngd  (1.32)
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T _ T T
(ur)I Ydt=Y = (1/r)J’ Fsiny dt + (llr)J' F, cosy dt (1.33)
0 0 0

(ur)J'OT Zdt=Z= (1/r)J’0T F dt (1.34)

The force components X and Y in the plane of the hub give rise to pitching and
rolling moments about the helicopter’s centre of gravity. Further, the force at the
offset hinge, in the direction of the shaft, also exerts pitching and rolling moments.
This force has the same magnitude as Z, so that, if hRisthe height of the hub above
the c.g. and eR is the distance of the hinge from the shaft axis, the average rolling
moment per blade on the helicopter is

T
L:VhR+$I Zsnwadt
0

Myex,R? 7 42 4
= YhR+ —297 4% (GinBcos &) sinwdt— R Fysinwdt
T o dt? T Jo

— MbeX Q2R2 21 eR 2m
=YhR—g—I sin Bcos &sin wdw——I Fysin wdy (1.35)
2m 0 2m,

in which x,R =rg.
Similarly, the pitching moment M per blade is

o Mpex,Q2R% 27 R
M:—XhR—Zg—J' sinBcosécosydy -8 Fycosywdy (1.36)
m o 2mj,

The first integrals in L and M are the inertia couples which arise when the plane
of arotor with offset hinges is tilted relative to the shaft. If the flapping motion
relative to the shaft is 5 = ag — a;5 Cos Y — by Sin ¢, then, for small  and &, these
integrals are 1 MyexQ?R%0;s and $ Mpex,Q?Rays respectively.

The second integrals in L and M are found to be very much smaller and can be
neglected, so that to a good approximation

L = YhR + $M,ex,Q2R%by,
= YhR + 1SeRby, (1.37)
and M = — XhR + 1SeRay, (1.38)

where S = begQZR is the centrifugal force of the blade for zero offset, and
approximately so for small offset.

For the small hinge offsets that are usual, the second terms of egns 1.37 and 1.38
can be interpreted, in the case of two opposing blades, as the couple due to the
displaced centrifugal force vectors, and these are parallel to the tip path plane which
is the plane of steady rotation, Fig. 1.20. For small offsets, the inclination of the tip
path plane is approximately equal to the flapping angle.
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Fig. 1.20 Centrifugal force couple on tilted rotor with offset hinges

1.12 Rotor forces and choice of axes

In the previous section, the rotor force components were expressed in terms of a set
of axesfixed in the helicopter. As explained there, such aformulation is necessary to
study the forces and moments on the whole helicopter. However, it is more usual, and
natural, when considering the rotor as a lifting device, to regard it as producing a
thrust, defined along some convenient direction, together with small components of
force in the other two perpendicular directions. For this purpose, three axes systems
are in common use, as follows. The question as to which axis is the most useful
depends upon the problem being considered, and will become apparent in the
applications dealt with later, although some indications are given below.

1.12.1 The no-feathering or control axis

As explained in section 1.6.2, thisisthe axis normal to the plane of the swash plate.
By definition, no cyclic feathering occurs relative to this axis, the blade pitch being
the constant value supplied by the collective pitch application. Since the pitch angle
is constant, the only other blade motion contribution to the local blade incidence is
that due to the flapping. The no-feathering axis is often used to express the blade
flapping, especialy when blade aerodynamic forces are being established, since
constant blade pitch at a section eases the mathematical development. The rotor
aerodynamics and dynamics established in Chapter 3are expressed using thisaxis
system.

1.12.2 The tip path plane or disc axis

The tip path plane axis is the axis perpendicular to the plane through the blade tips
and, for zero offset flapping hinges, it is therefore the axis of no flapping. The
definition appliesonly to first harmonic motion since, when there are higher harmonics,
the blades no longer trace out a plane. Of the higher harmonics, only the odd values
affect the tilt of the disc, and these are usually extremely small compared with the
first harmonics, as explained in section 1.6.2. Now, although thereisno first harmonic
flapping relative to the tip path plane, there will be cyclic feathering and the amount
of feathering is exactly equal to the flapping relative to the no-feathering axis. Thus,
in this case, the blade incidence will be determined from the collective pitch and the
apparent feathering motion in the tip path plane.
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When the flapping hinges are offset, the tip path plane axis is no longer the axis
of no flapping, as can be easily seen from a diagram like Fig. 1.20 with exaggerated
hinge offset. Strictly speaking, both feathering and flapping occur relative to the tip
path plane but, provided the offset is small, asit usually is, the error in assuming that
there is no flapping is negligible.

1.12.3 The shaft or hub plane axis

This axis is usually less convenient for calculating the rotor forces, as the blade
incidence must be expressed in terms of both feathering and flapping. It is, nevertheless,
auseful axisfor dealing with hingeless rotors, since blade flapping relative to the hub
is of prime importance. Indeed, the blade mechanics developed so far in the current
chapter have been with reference to the shaft axis.

1.13 The rotor disc

In all thethree cases discussed above, it isusual to call the force component along the
axis, whichever of the above it is, the thrust T. The component perpendicular to this
axis and pointing rearward is called the H force, and the third component, pointing
sideways to starboard, isthe Y force. Usually the Y force is very small and attention
ismainly focused on the thrust and the H force, i.e. thelongitudinal force components.
Calculations and measurements show that the resultant rotor force is almost
perpendicular to the tip path plane, usually pointing backwards slightly. It isfor this
reason that the tip path plane axisis useful since the resultant force is almost exactly
equal to the thrust; the H force can be regarded as a kind of rotor drag.

L et us denote the thrust and the H force relative to the no-feathering axis by T and
H respectively, and use the subscript b to denote the tip path plane (disc) axisand s
to denote the shaft axis. Now the flapping and feathering angles are usually small —
larger than 10° would be regarded as extreme values — so that, referring to Fig. 1.21,
the approximate rel ations between the thrust and forces referred to the different axes
are

T,  Resultant

Fig. 1.21 Thrust and H-force vectors
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T=Tp=T, (1.39)
H=Hp+ Tpay = He + TR, (1.40)

where B, is the amplitude of the longitudinal cyclic pitch.

1.14 Longitudinal trim equations

Theforegoing analysisin this chapter has provided the main features of rotor behaviour,
and demonstrated the dependence of rotor forces on the various different parameters
involved. By extending the analysisto include the helicopter fuselage whilst maintaining
the simplified rotor model, it is possible to derive the equations of equilibrium in
steady, uniform, trimmed flight. From this, the attitude of the fuselage may be
determined. These exercises are done for longitudinal flight in this and the following
section, and lateral control to trim is studied in the final section 1.16.
Referring to Fig. 1.22, and resolving forces in the vertical direction,

W+Dshnht.=Tcos(6-B;) —Hsin(6-By) (1.41)
and, resolving horizontally,
Dcost,=—Tsin(6—-B;) —H cos (6-By) (1.42)

where 6 is the angle between the vertical and shaft, positive nose up, and 7 is the
angle of climb. Since 8 and B; are small angles, egns 1.41 and 1.42 can be written
approximately as

W+Dsint,=T (1.43)
H+ D cos 1, =T(B; — 0 (1.44)

Since D sin 1. is very much smaller than W, then T = W.
The origin of moments O is defined as the point on the shaft met by the perpendicular
from the c.g. If hRisthe height of the hub above this point, and IR the distance of the

Fig. 1.22 Forces and moments in longitudinal plane
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c.g. forward of this point, taking moments about O and making the small angle
assumption gives

—WR-ThRB; + HhRR + M; —M¢(B; —a;) =0 (1.45)

where M is the fusel age pitching moment and Mg = f,SeR is the centrifugal moment
per unit tilt of all the blades (egn 1.38), and f, is a factor depending on the number
of blades.

Solving egn 1.45 for B, gives

B, = (M; — WIR + HhR + M,)/(ThR + M) (1.46)

Equation 1.46 gives the longitudinal cyclic pitch required for trim. For very small
or zero offset, we can put Mg = 0 and, since T = W, we have

B; = M{/WhR —I/h + H/W (1.47)
and, if the fuselage pitching moment M; = 0,
B, =—1/h+ HIW (1.48)

The denominator of the right-hand side of egn 1.46 represents the control moment
for unit displacement of the rotor disc relative to the hub axis. The term ThRis the
moment due to the tilt of the thrust vector, which is the only control moment acting
if the hinges are centrally located (e = 0) or the rotor is of the see-saw type. Mgisthe
centrifugal couple due to the flapping hinge offset, section 1.11. We shall see in
Chapter 4 that for a typical offset distance, e = 0.04 say, the total moment is more
than doubled by the offset hinge contribution.

The importance of the offset hinge moment isthat it not only augments the control
power but is also independent of the thrust and can be designed to provide adequate
control power in those flight conditions where the thrust is temporarily reduced, e.g.
the ‘push-over’ manoeuvre or the transition from powered flight to autorotation.

Equation 1.48 has a simple physical interpretation: the longitudinal cyclic pitch
B; must be such as to make the resultant rotor force pass through the helicopter’'s
centre of gravity, Fig. 1.23; the figure shows that B; + I/h = tan™ (H/T) = H/W, which
isegn 1.48.

If Mg and M; are not zero, the resultant force vector no longer passes through the
c.g. but must exert a moment about it in order to balance the Mg and My moments.

Resultant

Fig. 1.23 Resultant rotor force vector
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Expressed in terms of the tip path plane, egn 1.47 becomes
B, = a; + Hp/W—I/h + M;/WhR (1.49)

Now Hp, the force component in the plane of the rotor disc, isusually quite small,
so that for given values of I/h and My, the cyclic pitch to trim is roughly that required
to eliminate the backward flapping of the rotor. Thisisaconvenient way of interpreting
the cyclic pitch to trim and shows the advantage of using the tip path plane as a
reference plane in this case. With M; = 0, Fig. 1.23 can be redrawn as Fig. 1.24.

1.15 The attitude of the helicopter

Since T = W, egn 1.44 can be written
(D/W) cos 1, + H/W =B, -6 (1.50)
Eliminating B; by means of eqn 1.46 gives

_ Dcost, H , M{—WR+ HhR + Mga,
9— _T - W + VVhR + MS (151)

If Mg is negligible,
0 = — (D/W) cos 1, — I/h + M{/WhR

Thus, for a given c.g. position and supposing M; to be constant, the helicopter
fuselage attitude is directly proportional to the drag and, hence, the square of the speed.
Another important conclusion isthat, unlike afixed wing aircraft, the attitude depends
very little on the angle of climb for, since the angle of climb is contained only in
Cos T even quite steep climbs have little effect on (D/W) cos 1. and therefore on 6.

1.16 Lateral control to trim
Referring to Fig. 1.25, resolving horizontally, with T = W and ignoring the sideways
pointing Y force,
W(A]_ + b]_ + @ + Tt =0 (152)

where T, is the tailrotor thrust.
Taking moments about O, and for small angles of bank,

WIR + WhR(A; + by) + M((A; + by) + ThR =0 (1.53)

where fR is the lateral displacement of the c.g. and hR is the tailrotor height.
Solving egn 1.53 for A; gives

_ WR + T,h,R
A= bR M,

which is the lateral cyclic pitch to trim.

(1.54)
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Resultant

tan™(Hp/ Tp)

Fig. 1.24 Rotor force components in tip path (disc) plane

Fig. 1.25 Forces and moments in lateral plane

Eliminating A; from egn 1.54 gives the trimmed bank attitude:

__T., WR+ThR
P=-W T WhR+ M,

If Mg = 0 (no offset hinge) and h; = h, which is usually approximately true, then

o= f/h

31

(1.55)

which means that the c.g. lies vertically below the rotor, for the rotor thrust vector

T

Ay

T

o

Fig. 1.26 Helicopter lateral attitude
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must betilted relative to the vertical to balance thetailrotor side force and tilted away
from the c.g. to balance the tailrotor moment, Fig. 1.26.
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Rotor aerodynamics in
axial flight

2.1 Introduction

One of the most important aerodynamic problems of the helicopter isthe determination
of the loading of the rotor blades. For this purpose it is essential to know the local
components of airflow at any station along the blade, and this in turn requires a
knowledge of the air velocity induced by the lift of the blades. In developing the
analysis, reference is made to well known and fundamental theorems, laws and
eguations in aerodynamics, which may be found in standard texts, such as Houghton
and Carpenter?.

An element of a rotor blade can be regarded as an elementary aerofoil and, in
accordance with the Kutta—Zhukowsky theorem, thereis abound vortex of circulation
I about the aerofoil which, in general, varies along the span. Now Helmholtz's
theorem implies that a vortex cannot terminate in the interior of a fluid, and the
vortex bounding the element continues as free vortex lines springing from the trailing
edge of the element, Fig. 2.1(a). These free vortex lines are called trailing vortices.
If [ is the strength of the bound vortex of an element, and if I + dI" is the vortex
strength of the neighbouring element, the neighbouring trailing vortices are in the

r I +dr

r ey
A e
r [+ dr,
L 7r/ dr F+dr
(a) (b)

Fig. 2.1 Bound and trailing vortices
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opposite sense and the resultant trailing-vortex strength is drr, Fig. 2.1(b). Thus,
when the circulation varies along the span there is an associated distribution of
trailing vortices forming a vortex sheet springing from the blade's trailing edge. In
principle, once the distribution of vortex lines trailing from the rotor is determined,
the induced velocity at a given point of the flow can be calculated by applying the
Biot—Savart law to an element of the sheet and integrating over the sheet to obtain its
total effect. The velocity distribution induced by the bound vortices and the vortex
sheets of all the blades constitutes the rotor slipstream. Unfortunately, the geometry
of the vortex sheet is extremely difficult to calculate, especialy for the important
case of the hovering rotor, since the flow through the rotor is determined largely by
the velocitiesinduced by the sheet itself; i.e. the sheet geometry and the velocity field
it givesriseto areinterdependent. In contrast, for a propeller operating under normal
flight conditions, the velocities induced by the trailing vortices are found to be small
compared with the relatively high axial velocity and can usually be regarded merely
as perturbations to be superimposed on the otherwise uniform axial and rotational
flow components.

We shall leave a detailed discussion of the flow pattern induced by the vortex
wake until later in the chapter, since much useful information about the performance
of the rotor can be gained from a simple flow pattern which can be treated by
momentum methods. The method is known as the classical actuator disc theory.

2.2 Actuator disc theory
In the actuator disc analysis, the following assumptions are made.

(i) Thethrust is uniformly distributed over the rotor disc across which there is a
sudden jump of pressure Ap. The uniform thrust distribution can be interpreted
as an assumption that the rotor has an infinite number of blades.

(i) Norotation or ‘swirl” isimparted to the flow. Thisis not a necessary restriction,
since the effects of rotation can be included in the analysis®>. However, the
problem becomes more complicated than is really justified, particularly as the
swirl velocities in typical helicopter operation, as will be shown later, are
usually negligible.

(iii) The dlipstream of the rotor is a clearly defined mass of moving air outside
which the air is practically undisturbed.

A further assumption of the classic actuator disc theory is that the pressure in the
ultimate slipstream is the same as the pressure of the surrounding undisturbed air.
This assumption implies that the slipstream is like a jet whose velocity is unrelated
to that of surrounding air, but the above description of the vortex wake generated by
the rotor requires usto look at the assumption more critically. Since an element of the
vortex sheet moves with the local velocity generated by the rest of the sheet, thereis
no normal flow component relative to the sheet itself. But thisis also the boundary
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condition for asolid surface moving through the fluid, so we deduce that the vel ocity
field generated by the vortex sheet is the same as if the sheet were arigid membrane
whose constituent elements move with the local induced velocity. An important
particular case has been considered by Betz® who showed that for a certain blade
loading, called the ‘ideal loading’, the power loss is a minimum and the trailing
vortices lie on a helical surface of constant pitch which moves axially at constant
velocity. This case is analogous to that for the minimum induced drag of awing for
which the span loading is known to be elliptic and the induced velocity along the
span is constant. As mentioned above, the velocity field caused by the motion of the
helical surface relative to the surrounding air constitutes the rotor ‘slipstream’. The
formidable hydrodynamical problem of calculating this velocity field for a propeller
having a finite number of blades was solved by Goldstein® in 1929.

Actualy, as will be discussed later, the *ideal’ blade loading does not occur in
practice, and the vortex wake does not conform to the simple helical surface referred
to above. Nevertheless, let us suppose that, close to the rotor at least, the wake
consists of well defined sheets moving away from the rotor with constant velocity w;
Fig. 2.2 shows the sheet springing from one blade. Imagine an observer stationed at
the point P and at rest relative to the undisturbed air. As the vortex sheets leave the
blade and move downwards, the observer would be aware of a periodic flow. Now
Bernoulli’s equation for unsteady flow is

p + $pq? + pdeldt = constant

where g isthelocal fluid velocity and gisthe velocity potential of the flow. At agreat
distance from the wake both g and @tend to zero and p approaches the ambient value
P.., therefore

P+ 3pq° + pIdt = p., (2.1)

This equation holds throughout the flow field, including points between the sheets,
since only the sheets themsel ves represent regionsfor which theflow isnot irrotational .
If z denotes the distance along the rotor axis, r the radial distance, and ( the angular
co-ordinate of the point P, the periodicity of the flow enables us to write

p="f(z—-wt, r, ¢)

Fig. 2.2 Vortex sheet leaving blade
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because @is constant for a point zy, r, ¢y which moves with the wake, and z; = z—wt.
Hence

og ot = —wdgl oz
But
opldz=q,

where g, is the fluid velocity component in the axial direction, therefore

P+ 3p0° — PWO, = Po (2.2)

It will be shown shortly that the flow component in the axial direction is small
compared with the rotor tip velocity, and this means that the vortex sheets are nearly
parallel to the rotor plane and are also fairly close together. The flow about these
sheets, as seen by the stationary observer, is indicated in Fig. 2.3.

Except near the edges of the sheets, where there may be a considerable radial flow,
the velocity between the sheets is very nearly equal to the velocity of the sheets
themselves, i.e. g, and g are both approximately equal to w. Hence, for the rotor case,
egn 2.2 becomes

P = Pe +30W? (2.3)

showing that the pressure in the wake is generally higher than the ambient val ue p,.

The above result can be obtained in another way. If the observer is moving with
the sheets, the total head pressure at a point agreat distance from the sheetsis clearly
P + 2pw?2. Within the sheets, which are assumed to be almost parallel and close
together, the flow is relatively at rest, but since the total head is constant, whether
within the sheets or without, we have

P =Pe + z0W?

as before.

Thefact that the vortex sheet theory givesriseto an ‘overpressure’ in the wake has
been remarked upon by Theordorsen,® who derived eqn 2.2, but since his work was
concerned with propellersin their normal operating state, for which the ‘ overpressure’
is extremely small, its significance in relation to the helicopter rotor seems to have
been overlooked.

Blade
V;}Q
D

—D

Fig. 2.3 Flow about adjacent vortex sheets
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In practice, the helicopter blade is usually designed to give a favourable loading
in forward flight and, as aresult, the ‘ideal’ loading and helical wake is not achieved
in hovering and axial flight. It appears® that the wake pressureis somewhat overestimated
by egn 2.3, and one should expect avalue which is somewhere between that given by
egn 2.3 and the ambient value p,.

In the application of the classical actuator disc theory, we shall take an arbitrary
value of the pressure in the final wake at first and then investigate the special case (i)
where the wake pressure is equal to the ambient pressure p,, and (ii) the value given
by egn 2.3 above.

Let us take a cylindrical control surface surrounding a control volume whose
radiusis Ry, which encloses the rotor, radius R, and its slipstream, Fig. 2.4. Although
the slipstream does not extend upstream of the rotor, it is convenient to imagine that
it does so for the purpose of applying momentum principles. Far upstream of the
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| <~ |
| |
Poo Ve
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Fig. 2.4 Control volume for rotor in axial flight
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rotor, the air velocity relative to the rotor is the rate of climb V; and the pressure is
P... Asthe air approaches the rotor, the airspeed increasesto V.. + v; at the rotor itself.
Because the airflow is continuous there is no sudden change of velocity at the rotor,
but there is a jump of pressure Ap which accounts for the rotor thrust T = ApA, A
being therotor disc area 7iR°. The slipstream velocity continuesto increase downstream
of the rotor, reaching a value in the ultimate wake of V. + v,, where the slipstream
radius is R, and the pressure p,.

Since the dlipstream velocity is higher than the undisturbed axial velocity V., itis
clear that the mass of fluid leaving the bottom end of the control volume exceeds that
entering at the top. There must therefore be some flow through the cylindrical sides
of the control surface. If this flux is denoted by Q , we have

Q =m(RE —RHVe + TRE (Ve +02) — IV,
= nR?v,
Thus the total mass per unit time entering the control surface is
PRV, + priRZv,
and the total mass leaving the surface is

pr(RZ — R2)V; + prRE(V, + v,)

Since the flux entering the control surface consists of air having velocity V., the
momentum per unit time entering the surface is

PVe (TREV, + 1RGv;)
and the momentum per unit time leaving the surface is
pri(RE = REIVE + prRZ(V + v;)?
Hence, the rate of change of momentum in the axial direction is
pri(RE — REVE + pIRE(V, +v,)% — pRIVE — PRIV v,

= prRZ (V; + v2)v;

The total force in the axial direction acting on the control surface consists of the
rotor thrust plus the pressure forces on the ends of the cylinder. Equating this force
to the rate of change of momentum, we get

T+ MR P — (R —~RE)po — BEP; = PRE(V; +02)0,
or T = priRZ (Ve +v2)v, + TRE (P2 — Ps) (2.4)
Continuity of the flow requires that
PV + 0)A = p(Ve + vp) TRE (2.5)
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so that egn 2.4 can be written
TIA=Ap = p(Ve + v))vz + (P2 = Pe) (Ve + 0)/(Ve + 07) (2.6)
Applying Bernoulli’s equation to points upstream of the rotor gives
Po +30VE = p+ 5p(Ve +v;)? 2.7

and for points downstream of the rotor

p+Ap+3p(Ve +v1)? =Py + 30(Ve +v,)? (2.8)
Subtracting egn 2.7 from egn 2.8 gives
Ap =Py = P + P(Ve + 30202 (2.9)
and equating egns 2.6 and 2.9 we have
pv2 (Vi = 302) = (P2 = P )(V2 — U )(Ve + 07) (2.10)

Let usassume, asfor the classical actuator disc, that the pressure in the final wake
is the same as the ambient pressure, i.e. that p, — p,, = 0. Then, from egn 2.10,
Ui = %Uz

irrespective of the axial velocity V, of the rotor. Thus the increment of velocity at the
rotor disc, which we usually refer to asthe ‘induced’ velocity, is half the value in the
ultimate wake. Putting this relationship, and p, = p.., in egn 2.6 we have

T = 20A(V; + v))v; (2.11)
from which the induced velocity may be calculated when the thrust is known. In
particular, in hovering flight, V. = 0 and

v; = vg = V(T/2pA) (2.12)
in which vg is termed the ‘thrust velocity’.

If wp is the disc loading, T/A, in N/m?, and p has the International Standard
Atmosphere (ISA) value corresponding to sea-level,

v; = vg = 0.64vwp

A typical value of wp, is 250 N/m?, giving an induced velocity (thrust velocity) of
10.2 m/s.

To calculate the power being supplied by the rotor, we must consider the rate at
which kinetic energy is being imparted to the air. The rate at which kinetic energy
enters the control surface is

%(erfVc + przzvz)ch
and the rate at which kinetic energy leaves the control surface is

Apm(RE - RVE + prRG (Ve +02)°]
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The power P delivered by the rotor is found to be
P = pA(Ve + i )(Ve + 302)v2 + (P2 = P ) A(Ve + 03) (2.13)

in which the first term on the right-hand side is total rate of change of kinetic energy,
the second term derives from rate of doing work by the pressures on the ends of the
control volume, and the continuity relation, egn 2.5, has been used.

With p, = p,, and v; = $v,, we see from egn 2.11 that

P=T(V, +v) (2.14)

Thefirst term on theright of eqn 2.14 isthe useful work donein climbing at speed
V.. The term Tv; is the induced power, i.e. the work done producing the (unwanted)
dlipstream. In hovering flight,

P = Tv; = T¥?IV(2pA)
If the thrust of the helicopter is 45000 N, with the disc loading of 250 N/m?
referred to above, the induced power P; is

_ 45000 x 10.2
R="000 W

= 453 kW

and this would represent about 60 per cent of the total power in hovering flight, the
rest being used to overcome the blade drag and tailrotor and transmission losses. The
induced power calculated above is a rather optimistic value because it has been
assumed that the induced velocity is uniformly distributed over the disc and that this
can be shown to be the optimum distribution. As we shall see shortly, for the induced
velocity distributionslikely to occur in practice, theinduced power may be 10-15 per
cent larger than the ‘ideal’ value just calculated.

The contraction ratio is theratio of the radius of the final wake to that of the disc.
The continuity equation gives at once

Ry/R = V(vilvy)
= 1V2

when ps = Po,.
Now let us assume that the pressure in the ultimate slipstream is given from egn
2.3 as

P = Pu + 3PV3

where we have taken the wake velocity w to be the same as the local velocity
increment v,. Then from egn 2.10 we get

v3 =vivy + 505 (Vo + 0 )(Ve +02) (2.15)
If we define k; = vi/v, and V; = V,/v;, egn 2.15 can be written
V. = (3-2/k)/(1 - 2k;)
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In hovering flight, V; =0, wefind k; = £ i.e. thefinal slipstream velocity isonly
% times the induced velocity instead of twice the induced velocity when p, = p,,. As
the axial velocity V; increases, k; varies as shown in Fig. 2.5.

It can be seenthat k; — $ asthe axial velocity increases indefinitely. In practice,
however, V, is unlikely to exceed 2.

In general, the thrust is, from egn 2.6,

T=pA(V; +vj)v, + %pvzzA(Vc + 0 )(V; +vy)
= pA(V +v2)vz (2.16)

from egn 2.15.
In particular, in hovering flight we find from egn 2.16 that

vi = 5 V(T/pA)

or, at sea-level, v; = 0.604 Vwp, m/s when the disc loading wp is given in N/m?,
This result shows that the induced velocity is about 6 per cent lower, for a given
disc loading, than when p, = p...
From egn 2.13 the thrust power P is

P=pAV; +ui)(V, + %UZ)UZ + %pAvf (Ve +vi)
= pA(Vc + Ui )(Vc + U2)U2
= T(Vc + Uj )

as in the previous case. However, as we have just seen, the induced velocity is less
than for the case p, = p.., S0 the induced power is correspondingly lower. In hovering
flight we see that the induced power is about 6 per cent lower.

It was stated earlier that, in practice, it appears that the wake ‘overpressure’ is
somewhat less than the ‘ideal’ value given by egn 2.3; consequently the difference
between the induced velocities and the induced powers for the two cases considered

0.65

0.60

055

0.50
0

<

Fig. 2.5 Variation of final slipstream velocity factor with axial velocity factor
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would be expected to be less than the 6 per cent calculated above. In what follows,
it will be assumed that the wake pressure and the ambient pressure are equal, since
the considerable simplification it affords justifies the acceptance of the fairly small
inaccuracies just mentioned, particularly as it is not certain what the wake pressure
should be. This assumption conforms, of course, to the classical actuator disc theory.
One should be aware, therefore, that some of the quantities calculated by this theory
differ by afew per cent from those calculated with a wake ‘ overpressure’. However,
more exact rotor analyses, which require a knowledge of the geometry of the vortex
wake and which will be discussed |ater in this chapter, will depend on the contraction
ratio and the ratio of the velocity in the final wake to that at the rotor disc. Aswe have
seen, the effect of the ‘overpressure’ on these quantities is considerable, although it
is usually taken into account only indirectly through wake visualisation methods.

2.3 Vertical descent and the vortex ring state

Theresults obtained so far have been made possible only because it has been assumed
that there has been a definite flow through the rotor with a well-defined slipstream.
In vertical descent, however, it is clear that the relative upward flow will, if it
becomes large enough, prevent a slipstream from forming, and some of the air will
recirculate the rotor in what isknown asthe vortex ring state, Figs 2.6(a) and (b). The
vortex ring state occurs when the rate of descent is of the same order as the induced
velocity in hovering flight. It can also occur in forward flight and in either case leads
to very high descent rates together with uncommanded pitch and roll excursions.
Recovery is by reducing the collective pitch and attaining a forward flight velocity
component, thereby moving the rotor into unrecirculated air. Flight tests describing
the condition have been made by Brotherhood.”®

At higher rates of descent the recirculation ceases and a well defined slipstream
develops again, but the wake widens after passing through the rotor and the vortex
wake develops on the upper side of the rotor, Fig. 2.7(a). In contrast to the vertical-
climb case, the air slows down on passing through the rotor and the condition is

9 &

b)

(a

Fig. 2.6 Vortex ring flow in vertical descent: (a) slow rate of descent; (b) faster rate of descent
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Fig. 2.7 (a) Windmill brake state; (b) Turbulent wake state

known as the windmill brake state. There is a transitional state between this and the
vortex ring state in which the rotor actsrather like abluff body, producing aturbulent
wake downstream (i.e. on the upper side of the rotor). Thisis generally known as the
turbulent wake state and is shown in Fig. 2.7(b).

In the absence of a well-defined dlipstream, the momentum theory can no longer
bereadily applied, since the mass flow and vel ocity changes cannot be easily defined.
A simple theoretical relationship between the induced velocity and the axial velocity
of the rotor in such cases is no longer possible. We are then forced to obtain the
induced velocity experimentally by inferring it from the results of the blade element
theory, to be discussed in section 2.3, in connection with the measured rate of descent
and blade collective pitch angle.

To calculate the induced vel ocity in hovering and climbing flight, we make use of
egn 2.11. Then, if vq isthe induced velocity in hovering flight, or ‘thrust velocity’,
we define

U; =vilvy and V, = V./vg
so that egn 2.11 can be written

i (Ve +7,) =1 (2.17)
For vertical descent velocities which are large enough for a slipstream to be
developed again, i.e. the windmill-brake state, eqn 2.11 must be written as
2pA|VC + Uill)i =T

the modulus sign indicating that the mass flow, represented by the term V; + v;, must
be positive (whichitiscertain to bein climbing flight). The correct result for descending
flight can be expressed as
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ZpA(VC + Ui)l}i =-T
or, in non-dimensional form, as
Ui (Ve +7;) = -1 (2.18)

From egns 2.17 and 2.18, and using values of the induced velocity obtained from
flight and wind tunnel tests for the vortex ring state, we can describe the complete
curve of 7; as afunction of V., Fig. 2.8.

The broken lines of Fig. 2.8 are the continuations of egns 2.17 and 2.18 into
regions for which the vortex ring state renders them invalid. Of particular interest is
the state of ‘ideal autorotation’ in which there is zero mean flow through the rotor so
that V. = —v;. Thisis given by the intersection of the curve of v; against V. with the
line v; = —V,, shown chain-dotted in Fig. 2.8. We find that this occurs when
V. = — 1.8. The condition of ‘ideal autorotation’ is equivalent to the motion of a
circular plate broadside on to the stream which destroys the momentum of the air
approaching it. The thrust of the rotor in this condition can be equated to the drag of
such a disc, so that, if Cp isthe drag coefficient,

T =Cp3pVEA = 2pAvé
or
CD = 4/\7C2
Substituting the value of V, found above, we have
Cp = 4/(1.8)>=1.23

which is close to the drag coefficient of acircular plate. Thus, in ‘ideal autorotation’
the rotor behaves rather like a parachute.

2.4 The swirl velocity

So far therotational or ‘swirl’ velocity has been omitted from the calculations. Since
Turbulent Vortex
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Fig. 2.8 Variation of induced velocity in vertical flight
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the flow upstream of the rotor isirrotational, there can be no swirl ahead of the rotor
disc. Behind the rotor disc there are two contributions to the swirl velocity: that due
to the bound circulation about the blades and that due to the spiral vortex lines
forming the slipstream, Fig. 2.9. Let the swirl angular velocity contributions be
denoted by wy, and w; respectively. Ahead of the rotor we have wy, + w; = 0 or
wyp = — wy. On passing through the disc the contribution from the bound circulation
changes sign, while the contribution from the trailing vortices remains the same;
hence, behind the disc the total angular velocity is w = —wy, + w; = 2w;. This value
remains constant in the slipstream because no extra circulation is added; we should
also expect the swirl velocity to remain constant from the fact that the bound vorticity
contribution diminishes aswe go away from the disc but thetrailing vortex contribution
steadily increases from itsvalue at the disc to twice that value in the ultimate slipstream
since, for any point there, the vortex lines are doubly infinite.

To relate the swirl velocity to the thrust on the rotor disc, consider axesfixed in the
advancing and rotating rotor blade. With respect to these axes the flow is steady and,
since the flow isirrotational, except at the vortex lines leaving the blade, the constant
in Bernoulli’s equation must be the same everywhere. Let d,, ¢, d, be the velocity
components of the air relative to fixed axes situated in the rotor disc, and | et the rotor
rotate with angular velocity Q, Fig. 2.10. The velocity components relative to agiven
point on the blade are q,, q;, q, — Qr. At a great distance ahead of the rotor, the
velocity components relative to the same point of the blade are g, = V,, g, = 0,
gy =—Qr.Also, p=p.. Bernoulli’sequation for the flow which applies everywhere, is

Po + 3PV =P+ 3007 + 307 + 3p(qy — Q)

Let p; bethe pressurejust in front of the disc; since thereisno swirl in front of the
disc g = 0, hence

Po + 30VZ = Py + 30(QZ + 07 + Q%r?) (2.19)

Just behind the disc the pressure will have jumped to p; + Ap, the axial velocity
will be unchanged, and theradial velocity will have changed sign since we shall have

Fig. 2.9 Spiral vortices in axial flight Fig. 2.10 Velocity components relative to blade
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passed through the vortex sheet leaving the blade. (For an infinite number of blades,
the radial velocity will be zero.) Thus, behind the disc we have

Po + Z0VE =Py + AP+ 3p(aF + 07 + 45— 20,Qr + Q%r?)  (2.20)
Subtracting egn 2.19 from egn 2.20 gives
Ap = pay (Qr — 50s) (2.21)
If we write g, = ar, eqn 2.21 can be expressed as
Ap = pw(Q — Fw)r? (2.22)
. The total head pressure just ahead of the disc and relative to axes fixed in the disc
is
H=p +3p(a +a7)
Just behind the disc we have
H+AH=p, +Ap + 30(aZ + o +45)
giving
AH = Ap + 3005
= Ap + $pw?r? (2.23)

Thus, the change in total head pressure exceeds the jump in static pressure across
the disc by a term representing the kinetic energy of the swirl of the dlipstream.

To get some idea of the swirl velocity, g, = ar, in atypical case, let us note that
egn 2.22 can be expressed in terms of the disc loading as

Ap =wp = pw(Q — Fw)r? (2.24)

and take the values wp = 250 N/m?, Q = 25 rad/s and r = 6 m. For sea-level density
we find w= 0.23 rad/s and q, = 1.38 m/s. Since the induced velocity in hovering for
this disc loading has been found to be 10.2 m/s, the angle of flow relative to the rotor
axis is 7.8°. We also see that the second term in egn 2.23 is only about § per cent
larger than Ap; this justifies the neglect of the swirl velocity in the earlier analysis.

2.5 Blade element theory in vertical flight

Therelationship devel oped in the previous sections between the thrust and the induced
velocity requires that either the thrust or the induced velocity is known. We now
consider thelift characteristics of the blade regarded as an aerofoil to obtain afurther
relationship between thrust and induced vel ocity, thereby enabling both to be eval uated.
The calculations follow closely the standard methods of aerofoil theory but the rotor
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analysisissimplified considerably because the blade incidence and inflow angles are
usually so small that the familiar small angle approximations may be made.

Consider an element of blade of chord ¢ with width dr at aradius r from the axis
of rotation. The geometric pitch angle of the blade element relative to the plane of
rotation is 6, the climbing speed is V., and the local induced velocity is v;. The
direction of the flow relative to the blade makes an angle ¢ (usually called the inflow
angle) with the plane of rotation, Fig. 2.11, and @is given by

tan o= (V; + v)/Qr
or, for small ¢
@= (Ve +v)iQr
The lift on the blade elements is
dL = $pW3C cdr
= ZpQ?r2C cdr

since, for small ¢ W2 = Q?r?,
L et us suppose that the lift slope a of the section is constant so that, if the section
incidence a is measured from the no-lift line, we can write

C.=aog=al6-9¢
Empirical data suggests a lift slope of about 5.7. The elementary lift is now
dL = $pQ%r?a(6 - g)cdr

Since gisusually asmall angle, we can write dL = dT, where dT is the elementary
thrust, the force perpendicular to the plane of rotation. The total thrust is therefore

T = 1pabQ? J’ORc(e— Pr2dr (2.25)

where b is the number of blades.

dT  dL

Ve + v

dD

Fig. 2.11 Force components on blade



43 Bramwell’s Helicopter Dynamics
Defining
/\C :VC/QR, Ai =Ui/QR, Xx=r/R

egn 2.25 can be written
1
T=%pabQZR3J' c[&2 — (A + A;)x] dx (2.26)
0

If the chord, induced velocity, and * collective’ pitch angle 8 are constant along the
blade, eqn 2.26 can be integrated easily to give

T = 30acbQ?R°[360 — 3(Ac + Ai)] (2.27)
where 6, is the constant (collective) pitch angle.
Defining a thrust coefficient by
t. = T/psAQ?R?
where s = bc/TR is the rotor solidity, eqn 2.27 gives
t. = (a/4)[26y/3 — (A + A)] (2.28)
In American work, the thrust coefficient is usually defined by
Cr = TIpAQ?R?
so that the two thrust coefficients are related by t. = Cy/s.
From the momentum theory, the induced velocity and the thrust are related by
T = 20A(V; + v))v; (2.11)

which can be written in non-dimensiona form as
Aiz +AA| - %stc =0 (2.29)

the positive root being the correct one to take. With A. being given, egns 2.28 and
2.29 can be solved for t; if 6, is known, or the required pitch angle 6, can be
calculated if t; is given. In hovering flight we have simply

t. = (a/4)(26y/3 — A) (2.30)
and
Ste=2A7 (2.31)

Equations 2.28 and 2.29 have been obtained on the assumption that the blade pitch
and chord were constant along the blade and that the downwash velocity had the
constant ‘momentum’ value given by egn 2.11. Modern helicopter blades usually
have constant chord and approximately linear twist, and, if we assume that a linear
variation of induced velocity is quite a good approximation to that obtaining in
practice, eqn 2.26 can again be integrated quite easily. Let us write the local blade
pitch as 6, — 6;x and the local induced velocity as v; = vitX, where 6, is the blade
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‘washout’ angle and v;7 is the downwash velocity at the blade tip. Then egn 2.26
integrates to give

t, = %E%(e —39) A ——/\ (2.32)

iT B
where At = v;7/QR.
Now it isgenerally accepted that egn 2.11 can be expressed in differential form as

dT = 4mrpv(V. + v;) dr (2.33)

where 277 dr is the area of the annulus of width dr over which the thrust dT is
distributed. It can be shown® that egn 2.33 is not strictly valid but it has given
successful results in airscrew work and may be regarded as sufficiently accurate for
most purposes. It appears to be true'® for the linearised problem in which we take
V. +v; =V, and dT = 45T pv;V, dr. Then putting v4 = vi7X in egn 2.33 and integrating
gives
T = priR(vir® + 4virV/3)

or, in coefficient form,

AZ +4ATAJ3 —st; =0 (2.34)

Numerical solutions of egn 2.34 show that the values of At are very nearly equal
to V2A; (A; being the constant momentum value of egn 2.29) for a wide range of A,
and is exactly equal to v2); for the hovering condition (A, = 0). Thus, when we
assume the induced velocity is linear, which, as we have said, is good approximation
to real conditions, v;t can be replaced with good accuracy by v2A;. Substituting for
At inegn 2.32 gives

tc:%%(eo—%el)—)\c—z—f/\ig (2.35)

But 6, — 26, isthe blade pitch angle at 2R and 2v2/3 = 0.943; hence, if we take
6, asthe value of O at the % radial position and approximate 2v2/3 by unity, we can
use the simple equations 2.28 and 2.29 or 2.30 and 2.31 for all cases. These
approximations mean that the thrust will be underestimated by about 2 or 3 per cent
relative to eqns 2.32 and 2.34, but, since the blade lift slope and the actual induced
velocity will not be known precisely, further refinement is hardly justified.

It can easily be verified that if the blade planform aso has linear taper, eqn 2.28
still holds, with the exception of some very small terms, if the chord is taken as that
a 3R aswell as the blade pitch angle.

A useful relationship between the thrust coefficient and the blade lift coefficient
can be obtained since, for constant blade chord,

1
T = 1pbcQ?R® J' x2C_ dx

0
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1

or e = 5‘[ x2C, dx
0
=C./6 (2.36)
o 1
where C.= SJ' X2C, dx
0

If the lift coefficient is constant along the blade, then
tC = CT/S = CL/6

Usually the rotor operates at a mean C, of between 0.35 and 0.6, giving typical
values of t. within the range of 0.06 to 0.1.

The rotor torque can be calculated in a similar way to the rotor thrust. From
Fig. 2.11, the torque dQ of a blade element about the axis of rotation is

dQ = r(dD + @dL)
= 1pQ?r3c(d+ @Cy)dr (2.37)

where disthelocal blade section drag coefficient. If disassumed to be constant, egn
2.37 can be integrated to give

1

Q = 5pbcQ?R*/8 + 1 pbcQ?R* J’ x3¢C, dx (2.38)
0

Defining a torque coefficient . by
0e = Q/psAQR?

egn 2.37 can then be written in coefficient form as
1
Q.= d8+3 J’ x3pC, dx (2.39)
0

Assuming constant induced velocity, @= (A; + A;)/X, so that eqn 2.39 becomes, on
using egn 2.36,

gc = I8+ (Ag + At (2.40)
For the special case of hovering flight, A = 0,
Oc = 0/8 + At

= 5/8 + V(s 2)t2? (2.41)

The first term of eqn 2.41 represents the torque required to overcome the profile
drag; the second represents the torque to overcome the induced drag of the blades. It
can be seen that the second term is the non-dimensional form of the hovering power
calculated in section 2.1 from energy and momentum considerations.

Using momentum principles we can find the effect of a non-uniform induced
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velocity distribution on the induced power. Let us assume that egn 2.14 holds in
differential form; then in hovering flight we can write

dP =dTv; = 4mr 3 dr

wherev; isthelocal induced velocity. If wetakethe linear induced vel ocity distribution
v; = v;TX, We have

dP = 411R? @3 x* dx
o that
P = 47R? w3 /5 (2.42)

The thrust from momentum considerations is
1
T= 47T;R2J' v x3 dx
0

= prR?v% (2.43)
If the induced velocity v; is constant, we have, for the corresponding thrust T,
To = 2pTR?v? (2.44)

Comparing egns 2.43 and 2.44 we see that for the thrusts to be the same we must
have

2 — 9,2
Uit = 20

Then
P = 8V2pmR%v?/5
and, if Py is the induced power when the induced velocity is constant,
Py = 2p1R? 03
Hence

P/Py = 4V2/5=1.131

that is, when the induced velocity is linear, the induced power is about 13 per cent
higher than if the induced velocity were constant; the latter condition corresponding
to the least induced power for a given thrust. For the linear induced velocity, the
torque coefficient would be

Qe = /8 + 1.13V(5/2) 132 (2.45)

A typical value assumed for dis 0.012. With typical values of 0.05 and 0.08 for
the solidity and thrust coefficient respectively, the two terms of g. are 0.0015 and
0.00403, showing that the induced power is more than two and a half times the
profile drag power.
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Tests on aerofoils with rotor blade type of construction show that é depends
considerably on incidence and can be represented in the form

5= &+ 00 + 50° (2.46)
Bailey!! has suggested the values
5= 0.0087 — 0.0216a + 0.4a> (a in radians)

and has used them in the calculation of thrust, H-force, and torque coefficients in
hovering and vertical flight. The expressions which had to be calculated were very
lengthy and the results were given in tabular form. They are to be found in the book
by Gessow and Myers.*? Since, however, Bailey used constant induced velocity in
his calculations, it israther doubtful whether the results he obtained would have been
much better than if d had been assumed constant because, in forward flight especially,
the induced velocity differs considerably from the constant mean value, with
correspondingly large variations in local blade incidence.

Another parameter of great importance is Mach number, especially for current
helicopters which operate at higher tip speeds than formerly. With Mach number and
induced velocity properly taken into account, the calculations of thrust and torque
become more complicated; consideration of Mach number effects is provided in
Chapter 6. However, equations 2.28 and 2.45 give acceptable accuracy for many
performance problems.

2.6 Calculation of the inflow angle

When making rotor calculations, it is often useful to know the inflow angle when the
rotor geometry and operating conditions are given. We saw in the last section that the
elementary thrust dT on an annulus of the rotor disc, when there are b blades, is

dT = ZpabcQ?r?(6 — @)dr (2.47)
where it has been supposed that the local lift coefficient is given by C, = aa.
Now
Q= (V. +vy)/Qr
so that eqn 2.47 can be written
dT = 2pabcQ?r?[6 — (V, + v;)/Qr]dr (2.48)
Momentum theory applied to the annulus gives
dT = 4V, + vi)vir dr
and on eliminating dT from egn 2.48 we have

0, , a0 abcQ’r Oy VeD_
0'c " T8m o 81 arQ

V2 + (2.49)
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Writing A; = v;/QR and A; = VJQR, as before, and putting o = bc/tr, where g is
the solidity based on the local radius, egn 2.49 becomes

aox

A+ o+ 2T - 2 %‘%@ZO (2.50)

Inegn 2.50 oand B are variables, so that variable twist and taper can be taken into
account. In hovering flight A. = 0 and egn 2.50 reduces to

A? + (aox/8)A; — (aox?8)6=0 (2.51)
Since @ = v;/Qr = Ai/X, egn 2.51 can be written as
@ + (aol8)p— (ac/8)8 =0
or

@ = (acl8)(6— ) (2.52)

Hence, given the local blade pitch angle and solidity, the local value of @ can be
calculated and then used in egns 2.25 and 2.38 to obtain the thrust and torque.
Further, 8— @isthelocal blade incidence and a(0— ¢) the local blade lift coefficient.

As an example of the use of egn 2.52, let us consider a three-bladed rotor whose
pitch angle at the blade root is 12° and whose blades have a washout* of 5°. The
blade has a radius of 25 ft (7.6 m) and a constant chord of 1.5 ft (0.46 m). The lift
slope of the blade section is assumed to be 5.7. Table 2.1 shows how the required
quantities vary along the span, ¢ being obtained as the solution of egn 2.52.

From egn 2.36 it can be seen that we can calculate the thrust coefficient by the
integration of x?C,, which is proportional to the blade aerodynamic loading. The
variation of x°C, along the blade span is shown in Fig. 2.12. On integration we find
that t. = 0.0639.

L et us compare this value with the thrust coefficient calculated from egns 2.30 and

2.31. Eliminating A; gives the following quadratic in ti’zz
t. = (a/4)[26,/3 — V(st/2)] (2.53)
and the pitch angle to be used is the value of 9 at %R, i.e. 7.5%s discussed in

Table 2.1 Variation of ¢, a and C_ with blade section radius

x=r/R 0.3 0.5 0.7 0.8 0.9 1
Orad 0.178 0.158 0.136 0.126 0.115 0.105
(o) 0.191 0.114 0.082 0.0715 0.0636 0.0573
0] 0.102 0.0795 0.0639 0.0585 0.0531 0.0483
a=(06-9° 4.36 4.49 4.13 3.86 354 3.24
C.=al0-9 0.434 0.447 0.411 0.385 0.353 0.324

* A twisted rotor blade or wing is said to have ‘washout’ when the incidence of the tip section is
less than that of the root.
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Fig. 2.12 Non-dimensional blade loading as a function of span

section 2.4. Solving egn 2.53, with s = 0.0573, gives t, = 0.0638, which agrees
extremely well with the previous result and shows that the simple analysis gives an
accuracy well within that of the assumed value for the lift slope.

2.7 The optimum rotor

It was stated in the last section that the lowest induced power occurs when the
induced velocity is uniform over the disc. The optimum rotor would be one designed
so that this state was achieved and, in addition, the angle of attack would be chosen
so that the section would be operating at the most efficient lift coefficient, which is
not necessarily at the highest C /Cp, ratio.

In hovering flight, the pitch angle of a blade element is

0=0a+uv/Qr
= o+ Alx (2.54)

where v; is constant. The angle of attack « is also the constant value chosen as the
most efficient. Thus the pitch angle can be considered as consisting of a constant part
and a part which varies inversely with blade radius.

Now the thrust on an annulus of the rotor from the blade element theory is

dT = $pQ?r? aac dr
and from momentum theory
dT = 4nmgov? dr

Equating these differential thrusts shows that to ensure constant induced velocity
the chord must vary inversely with the radius. Thus, the optimum rotor must be
twisted in accordance with egn 2.54 and tapered inversely as the radius. The latter
requirement would result in an unusual blade shape and one that would be difficult
to construct. Departures from the optimum blade, which usually means only that the
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chord is kept constant, do not result in aserious loss of efficiency; usually the amount
is about 2 to 3 per cent more power for a given thrust. The subject is dealt with in
some detail by Gessow and Myers*. The reader is recommended to compare an
optimum rotor with one of the same solidity having, say, constant chord and twist
differing from the optimum.

The equivalent chord ¢, of arotor on athrust basis is defined as

1

l cx? dx
Co = 22

-1
J’xzdx
0

1
=3 I cx? dx (2.55)
0
and on atorque basis
1
Co = 4J' ex3 dx (2.56)
0

These are the values of the chord for which constant-chord blades would yield the
samethrust and torque as atapered blade, for the same radius and incidence distribution.

2.8 The efficiency of a rotor

The efficiency of any device should indicate the measure of the success with which
that device performsits duty. It is reasonable to want a hovering rotor to produce the
most thrust for the least power; that is, to make theratio T/P aslarge as possible. This
simple criterion has been objected to on the grounds that T/P is not a dimensionless
quantity. The standard measure of efficiency adopted in helicopter work is the figure
of merit M defined by

M = Tu;/P
where v; is the mean momentum induced velocity in hover. Since To; is the ided
induced power, the figure of merit istheratio of the induced power to the total power.
Since P = Tv; + Py, where P, is the profile drag power, the figure of merit can also
be written as

M = Tvi/(Tv; + Pp)
and, in non-dimensional form, as
M = V(s/2)t3?/q,

It could well be argued that the figure of merit so defined is even less satisfactory
than the ratio T/P, because for constant thrust a high value can be achieved by
increasing the induced velocity (by reducing the radius, say), thereby increasing the
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total power, which is the opposite of the desired effect. The reason for this rather
unsatisfactory feature of the figure M is that the induced power is regarded rather
like the *useful work’ of standard airscrew theory and takes no account of the fact
that induced power is no more desirable than profile power.

The difficulty of defining an efficiency factor for the helicopter is that many
parameters are involved and some of them cannot be arbitrarily varied because of
structural and mechanical as well as aerodynamic limitations. Nevertheless, some
useful conclusions can be drawn from an examination of the thrust/power ratio. Let
us write this ratio as

T _ T
P T32/y(2pA) + 5psAQ3R3/8 (257)

Thefirst term in the denominator of egn 2.57 isthe induced power, and the second
term is the profile drag power.

Suppose the rotor radius is kept constant and the thrust is kept constant in such a
way as to keep the incidence at a favourable value. This means that the mean lift
coefficient and, hence, t. is kept constant. But since T = t,0sAQ?R?, we must have
sQ? constant, so the only variable term in T/P is the profile drag power, which must
therefore be proportional to Q. Thus T/P can be increased by reducing Q, which also
requires sto increase; or, in other words, we need a low rotor speed and high solidity
if the radius is to be kept constant.

Suppose now we fix the thrust, solidity, and tip speed QR and vary the rotor
radius. Differentiating egn 2.57 with respect to A gives

o Oro_ OpsQ3R3/8 — T/2V2 pA3?
0A OPO " [5psQ3R3/8 + T32/V(2 pA)]2

= 0, for maximum T/P

ie 55 AQR%/8 = 1T/V(2 pA)

that is, the profile power is half the induced power for maximum T/P. The figure of
merit for this condition is 2.
Finally, for agiven tip speed, solidity, disc area, and drag coefficient, we can write

T 1 te

P~ OR 58 + V(5/2)t32
To find the optimum thrust coefficient we have

o OO 1 J8+ V(g2 - 3t32V(52) _
ot. OPO QR (&8 + V(52)t¥2]2

0

or LV(g2)t32 = 58

and, as above, the profile power is half the induced power and the figure of merit is
again 3. If we take as typical values s = 0.05 and & = 0.012, we find the optimum
value of t. to be 0.072.
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2.9 Ground effect on the lifting rotor

When a rotor hovers near the ground, the presence of the ground has a considerable
effect on the induced-vel ocity distribution over the rotor and, hence, on the thrust and
power. At the ground the vertical component of velocity must vanish, and we can
expect that over the rotor the induced velocity would be less than in free air. The
reduction of induced velocity results in a proportionate reduction of induced power
for agiven thrust and since, as we saw earlier, the induced power may be at least two
thirds of the total power, the improvement in performance may be quite remarkable;
indeed, some of the earlier, underpowered, helicopters could hover only with the help
of the ground.

A theoretical treatment of ground effect has been made by Knight and Hefner'2,
It was assumed that the circulation along the blade was constant, so that a vortex
trailed from the blade tip having the same circulation as that round the chord. The
spiral vortices from each blade were assumed to form a uniform vortex cylinder
reaching the ground. Now, it iswell known that the presence of a plane ground can
be represented by an appropriate image system such that the flow normal to the plane
vanishes, which is the required boundary condition. In this case the image system is
a cylinder of opposite vorticity, Fig. 2.13. It is clear that the effect of the image
system is to produce an upflow tending to reduce the induced velocity at the rotor.
The treatment is very similar to that for a fixed wing flying near the ground, which
may be represented by a simplified horse-shoe vortex and its image system.

The ratio of the induced velocity to that which would have occurred in free air is
shown in Fig. 2.14 as a function of the radial position and the ratio of rotor height,
h, to rotor radius. The ratio of the corresponding powers is given in Fig. 2.15 as a
function of thrust coefficient and rotor height. A typical value of the ratio of the rotor
height to rotor radius when the helicopter is on the point of taking off is about 0.3,

Fig. 2.13 Reflection of tip vortex in ground plane
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Fig. 2.14 Ground effect on mean induced velocity

and it can be seen from Fig. 2.15 that the induced power is about half that which
would have occurred in free air, representing a rduction of about a third of the total
power.

The same improvement in performance can be presented in another way. From a
number of tests on model rotors, Zbrozek* has derived curves of the thrust that can
be produced for a given power and has expressed the results as the ratio of the thrust
in ground effect to the thrust in free air as a function of the rotor height and thrust
coefficient, Fig. 2.16.

Hovering in ground effect (IGE) confers considerable operational benefits at high
altitude when the power available may not be sufficient to hover out of ground effect
(OGE). A take-off at altitude, for example, may be initiated followed by transition to
forward flight IGE until a speed is reached such that the power required becomes|ess
than the power available (see Chapter 4) and a climb out may be performed.

t./s = 3.5
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Fig. 2.15 Ground effect on induced power
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Fig. 2.16 Ground effect on thrust

2.10 Rotor wake models

As stated at the beginning of this chapter, since the only flow through the rotor in
hovering flight is due to the velocity field created by the bound vortices and the
trailing vortex sheets, and since the distribution of the trailed vorticity is determined
by thisvelocity field, the problem of calculating the flow becomes extremely complex
and a purely analytical solution is not feasible.

A hierarchy of methods of analysis has developed of which the simplest is the
uniform or rigid wake model, mentioned at the start of this chapter. This consists of
a helical surface representing a vortex sheet trailed from each blade and moving
axialy at constant velocity. From the point of view of an observer on the rotating
blade, the wake configuration remains fixed. A more refined model is that of the
prescribed wake which embodies improvements to the wake description and velocity
field, including those that have been observed from experiment. The most refined of
al modelsisthat of the free wake, whose configuration interacts with and is consistent
with the velocity field. These are now considered in more detail.

2.10.1 The rigid wake and the methods of Goldstein, Lock, and Theodorsen

We referred earlier to the theorem of Betz which states that the induced power of an
airscrew or rotor is least when the vortex wake springing from the blades moves
axialy asif it were arigid helical surface. A proof of Betz's theorem has been given
by Theodorsen®.

To appreciate the implications of this result we consider the analogous but much
simpler problem of a fixed wing and its vortex wake. It is well known that the
induced drag of a wing is least when the induced velocity of the wing is constant
aong the span, in which case the spanwise loading is elliptical. Sufficiently far
behind the wing the induced velocity becomes independent of the rearward distance,
and such aflow can be produced by atwo-dimensional strip whose width is equal to
the span and which moves perpendicular to its plane with velocity w, Fig. 2.17. The
circulation about the wing, corresponding to this optimum case, can be evaluated by
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calculating the line integral C; joining the points P and P which are, respectively,
just above and just below the wing, Fig. 2.17. Now, since the flow isirrotational, the
line integral C; is equal to the line integral C,, and this integral is equal to the
difference of potential between the points P and P, which are equidistant from the tip
of the strip, Fig. 2.18. The velocity potential, and hence circulation I, for a two-
dimensional strip moving normal to itself is found to be elliptical with a maximum
valuel § = 2wsat the wing centre, 2s being the width of the sheet (and the wing span).
For the wing itself, however, the maximum circulation should be given by 'y = 4ws,
since the wing and itstrailing wake represent only half the assumed two-dimensional
strip, and the induced velocity for a given circulation is half the two-dimensional
value.

The corresponding problem for the rotor is to find the velocity potential for a
series of helical vortex sheets, Fig. 2.19, one for each blade, moving with constant
velocity w relative to the otherwise undisturbed air. Once this problem has been
solved, the effect of the number and relative spacing of the sheets on the blade
circulation can beinvestigated. It isalso possible to determine the rel ationship between
the induced velocity at the blade and the mean velocity between the sheets.

Theformidable problem presented by this motion was eventually solved by Goldstein®
in 1929, but herewe shall merely describe asimpler method dueto Prandtl®, especialy
as Prandtl’s result has been used to calculate the rotor blade ‘tip loss'. Prandtl’s
method, which contains all the essentials of Goldstein’s problem, was to replace the
curved sheets of the helical surface by a series of two-dimensional sheets on the

P G

Fig. 2.18 Circulation about wing
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lw

Fig. 2.19 Vortex sheet arrangement near rotor blade

assumption that the radius of curvature of the outer parts of the sheetsis so large that
they can be considered as doubly infinite straight strips, Fig. 2.20.

Before considering the flow about these sheets, let us rewrite the thrust equations
for an element of ablade in terms of the local circulation about the element. Let the
induced velocity at the blade element be v;, the axial velocity be V., and the overall
resultant velocity be W, Fig. 2.21.

For an infinite number of blades the thrust on an annulus of radius r and width dr
is, from momentum considerations,

dT = 2mrp(V, + v; €os ¢) 2v; cos @dr (2.58)

where we have assumed that the induced velocity in the far wake is twice that at the
disc.
From blade element theory we also have

dT = dL cos ¢ = 3bW? oC, c cos ¢dr (2.59)

Fig. 2.20 Two-dimensional flow about vortex sheets

dTdlL

Fig. 2.21 Velocity and force components at a blade element
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where dL isthe lift on the element, b is the number of blades, and C, isthe local lift
coefficient.
Now, from the Kutta—Zhukowsky theorem,

IPW2Cc = pWI (2.60)

where I isthe circulation about the element. Then from egns 2.58, 2.59, and 2.60 we
obtain

dT = pbWI" cos ¢dr
But from Fig. 2.21 we see that
Wsin ¢=V, + v; cos ¢
so that on eliminating dT we finally get
vi =br/am sin @ (2.61)

which gives a relationship between the local induced velocity and the circulation
when the number of blades is infinite.

Returning now to Prandtl’s representation of the vortex sheets, Fig. 2.20, let the
infinite array of sheets move relative to the surrounding air with velocity w. The
complex potential of such aflow is known* to be

§4
p+iy= WFS cost e (2.62)

where s, is the spacing of the sheets, which is easily seen to be given by
S = (2rw/b) sin @ (2.63)

It can be verified that eqns 2.62 and 2.63 satisfy the requirements of the problem.

Now consider the points P and P just above and just below one of the sheets
(x < 0), Fig. 2.20. The required circulation, as explained earlier, is equal to the
difference of potential between these points. Then taking, for simplicity, the sheet on
the x axis, on which ¢ = 0, the potential difference across the sheet at a distance a
from the edge of the sheet is easily found from egn 2.62 to be

—Ta

Pp— @p =T = —ZVHVS coste ™

= wsk

where k= % cosle %

* @in egn 2.62 is the standard symbol for velocity potential and should not be confused with the
inflow angle.
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Hence,
w = T/sk

Now, if we can take the induced velocity at the blade to be half this value, i.e. if
we suppose v; = 1w, we have, on substituting from eqn 2.63 for S

v; = br/amk sin @ (2.64)

Thisisprecisely the same expression as eqn 2.61 except for the factor k, which can
be regarded as a correction factor for the number of blades. Since k is always less
than unity, the induced velocity for a given circulation is always larger the fewer the
number of blades. Put in another way, thereisaloss of circulation near the blade tips
when the number of blades is finite.

If aisinterpreted as the distance R — r from the blade tips and s is based on the
value at the blade tip, k can be written as

—-b(1-x)
coste Sn¢

k =

costef (2.65)

LS N

where f = %b(l — Xx)/sin @. This relationship is shown plotted in Fig. 2.22.
Goldstein’s more exact analysisfor the helical vortex sheetsresulted in an equation
identical with egn 2.64 but k did not have the simple form of egn 2.65. Goldstein’'s
values of k, which are a function of the number of blades, the radial position of the
element in question, and the inflow angle ¢, are given in Fig. 2.23.
Proceeding with the rotor analysis, we see from Fig. 2.21, that

tan p = v;/W
= bcC, /8rrk sin ¢
from egns 2.60 and 2.64, or

tan p= oC /8k sin ¢ (2.66)
1.0
///
0.8 /
0.6

0.4/
0.2
0O 05 10 15 20 25 3.0
f

Fig. 2.22 Variation of circulation factor as function of f
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Fig. 2.23 Goldstein circulation factors

In hovering flight p = gand, since C_ = a(@ — @), egn 2.66 becomes
8k¢? = oa(f - ) (2.67)

which is precisely the same as egn 2.52 except for the factor k.

The value of kin egn 2.64 has been derived on the assumption that the ideal wake
conditions exist, and this, in turn, implies a certain range of blade |oadings depending
on theinflow angle and number of blades. Hence, any cal culations using these val ues
of karestrictly valid only for these particul ar loadings. Lock'®, however, widened the
range of application by assuming that the values of k would apply with reasonable
accuracy to any practical load distributions.

The rigid wake analysis of Goldstein implies a certain variation of the inflow
angle @ with respect to the radius; Lock’s assumption allows us to use @freely, just
as we did for the calculations shown in Table 2.1.
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Let us apply the Goldstein—Lock analysis to the rotor whose induced velocity and
local lift coefficient were calculated in section 2.5. Thistime we solve egn 2.67 with
the appropriate value of kinstead of taking it as unity. Actually, as @is unknown, the
correct value of k cannot be found immediately, but let us first calculate ¢ with k =
1 (corresponding to an infinite number of blades) and then find k from Fig. 2.22; if
necessary we can use the new value of @to obtain a better value of k, and so on. The
convergence isusually very rapid. For the case under consideration, k becomesworth
considering only for radial distances greater than 0.9 R. The results of the calculations
are shown in Table 2.2.

For the small inflow angles, i.e. the small vortex sheet spacings, which normally
occur in practice, it might be expected that Prandtl’s much simpler analysis would be
adeguate. The same calculations were made using Prandtl’s formula and the results
are compared with those of the Goldstein—Lock analysis, Table 2.2, from which it can
be seen that the differences are indeed very small.

The effect on the blade loading distribution X°C, is shown in Fig. 2.24, and the
loss of thrust, or ‘tip loss', amounts to about 43 per cent of the total thrust. The loss
would be larger for two blades and less for four or more blades. The figure also
shows clearly that the difference between the Prandtl and the Gol dstein—L ock analyses
isvery small.

2.10.2 The tip loss factor

The above calculations show how we can estimate the loss of thrust near the blade

Table 2.2 Variation of factor k and inflow angle @ near blade tip

X 0.9 0.95 0.96 0.97
Goldstein k 0.97 0.85 0.79 0.68
0] 0.0536 0.0532 0.0540 0.0567
Prandtl k 0.97 0.85 0.81 0.73
0] 0.0536 0.0532 0.0537 0.0551
0.4 r —— b=

Prandtl
— — Goldstein-Lock

031

0.1r

Fig. 2.24 Calculations of tip effect
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tips. It would clearly be desirable to have a means of calculating the tip loss which
is simpler than the strip analysis described above. For this purpose Prandtl devised a
tip loss factor which gave the ratio of the mean induced velocity over the rotor to an
effective velocity at the blades themselves.

If the number of blades were infinite, the vortex sheetswould be indefinitely close
together and all the air between them would be carried down with the sheets. The air
outside the sheetswould remain at rest. When the number of bladesisfinite, however,
the spaces between the sheets allows some of the air to escape upwards round the
edges so that, for a given velocity of the sheets, the average downwash velocity is
somewhat less than at the sheets themselves, and this latter velocity corresponds to
the induced velocity at the blades. Expressed in another way, if a finite-bladed rotor
carriesagiven thrust, the mean induced vel ocity at the bladesis higher than the value
of the induced velocity calculated on the basis of infinite blades.

Prandtl regarded the defect of mean velocity as equivalent to a shortening of the
lengths of the sheets, i.e. of a reduction of the radius of the blades from R to an
effective value Ry. By finding the ratio between the mean velocity between the
sheets and the velocity of the sheets themselves, Prandtl showed! that

R — Ry = (1.386/b)xR sin ¢
or Rg/R= 1 — (1.386/b) sin ¢ (2.68)

since, near the tip, x can be taken as unity.
For hovering flight it is usual to take

sin = A, = V(C1/2) (2.69)
so that to a good approximation egn 2.68 can be written as
Rgf/R=B=1-vC;/b (2.70)

This expression, and others similar to it, has often been used to determine the ‘tip
loss factor’ B. For the three-bladed rotor considered earlier, B is about 0.980.

Now the idea of Prandtl’s tip loss factor is to represent the increased induced
velocity at the blades by calculating the mean induced velocity from the simple
momentum theory but based on a reduced radius Ry = BR. The tip loss factor is
intended to apply only to the cal culation of theinduced velocity, but in most textbooks
and in many technical papersit has been interpreted as meaning that the outer portion
of the blade R — R is incapable of carrying lift. This means that the thrust integral
would be written

BR B
T= I (dT/dr) dr = J’ (dT/dx) dx
0 0
Clearly this interpretation is quite different from the one intended by Prandtl. If the

upper limit of the integral of egn 2.26 is B instead of unity, we have, for constant
induced velocity and hovering flight,

T = $bpacQ2R? (B36y/3 — B2 /2)
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giving
t. = (aB%4)(2B6,/3 — A) (2.71)
instead of
t. = (a/d) (265/3 — A) (2.28)

Using the values for 6, and A; of section 2.5, we find that egn 2.71 leads to a
reduction of thrust of about 7.7 per cent compared with the thrust given by eqn 2.28.
Thus the use of B as an upper limit to the thrust integral considerably overestimates
the ‘tip loss'. In addition, the expressions for thrust and other rotor quantities become
very complicated when the upper limit B is applied to the forward flight cases. A
much simpler method of accounting for the tip loss is to apply the reduced radius to
the calculation of the induced velocity in the manner conceived by Prandtl. Thus the
induced velocity issimply increased by 1/B? and the expression for the thrust coefficient
becomes

t. = (a/4)(260/3 — A,/B?) (2.72)

This expression gives a thrust reduction of 4 per cent, which is quite close to the
value of 4% per cent from the strip theory.

It is suggested that egn 2.72 should be used as the simplest and most accurate
method of allowing for tip loss. In forward flight the value of B given by eqn 2.70 no
longer applies, as the vortex wake is skewed relative to the rotor disc which makes
it necessary to adopt a different analysis.

2.10.3 Theodorsen’s theory

The analyses of Prandtl and Goldstein—Lock described above can be justly criticised
in that the wake contraction has not been taken into account. It was assumed that the
induced velocity in the wake was twice that at the rotor disc but that the wake was
auniform helix having the same diameter as the rotor. Because of thisrestriction, the
analysis was assumed to apply to ‘light loadings’ . Theodorsen® was the first to make
an attempt to take the wake contraction into account. On the assumption that the ideal
helical wake was being created, Theodorsen used Goldstein’s circulation results to
establish relationships between the power (or thrust) of the propeller and the far wake
parameters. By considering the efficiency of ablade element, the ratio of the induced
velocity in the wake to that at the propeller could be found and the slipstream
contraction could aso be calculated. Thus, with the helix angle and diameter of the
final wake known, the corresponding values of the induced velocity and helix angle
at the blade could be found. From Goldstein’sresultstheideal circulation and, hence,
the required blade geometry could then be calculated. Actually, Theodorsen’s method
worksin thereverse senseto that of Goldstein—Lock, as he beginswith the final wake
and calculates the (ideal) propeller which generates it.

Later, in 1969, Theodorsen'® extended his method to the analysis of static propellers
and hovering rotors. The full theory is given in his paper and the book previously
referred to, but the results for hovering flight are interesting and are given in the
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figures below. In these figures the common parameter is /A, the tangent of the wake
helix angle, defined by

/\O = W/QRO

where w is the velocity of the far wake and R, is its radius. With Cy (= st;) assumed
known for the rotor, Ay can be read off from Fig 2.25. Then, from Figs 2.26 and 2.27
we can find the contraction ratio n and v, the ratio of the final wake velocity to that
at the rotor. Since for most helicopters Cr is not likely to exceed 0.01, it can be seen
that n will vary only between about 0.816 and 0.835 and v from about 1.5 to 1.65.
The theory depends on the assumption that the ideal wake exists; as we noted in
section 2.1, however, these values may be different for the non-uniform wakes likely
to occur in practice.

In his 1969 paper, Theodorsen does not explain how his results for hovering flight
were to be used, but it isreasonable to assume that they would be applied in the same
way asfor the conventional propeller described in hisbook. Theodorsen’s consideration
of the wake contraction is not complete, however. The implication of his method is
that, although the local wake helix angle and induced vel ocity are correctly estimated,
the wake at the propeller is still assumed to be cylindrical since the theory makes use

4 b=2
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Fig. 2.25 Thrust coefficient as a function of wake helix angle (i.e. velocity)
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Fig. 2.26 Contraction ratio as a function of wake velocity
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Fig. 2.27 Induced velocity ratio as a function of wake velocity

of Goldstein’sresults, Fig. 2.28. Thisis probably quite justified for the conventional
propeller, since not only does the contraction amount to only a few per cent at most
but also the high axial velocity means that the contraction is complete only at a
considerable distance from the disc. For the hovering rotor, however, it is known that
the contraction is usually complete within arotor diameter, and the curved part of the
contracting wake lies close enough to the blades to have a considerabl e influence on
the incidence near the tips, Fig. 2.29.

Unfortunately, although the amount of contraction, as we have just seen, can be
obtained quite easily, the calculation of the rate of contraction in the neighbourhood
of therotor isvery complicated and certainly cannot be found in closed form as with
Theodorsen’s other results. To obtain reliable information we need to make use of
experimental data, to be combined, if possible, with theory. These methods are described
in alater section.

2.10.4 The prescribed wake

The Goldstein—Lock theory assumes that the wake is a uniform or rigid helix. In
hovering and vertical flight of low axial velocity, the flow through the rotor is
dominated by the induced velocity which, as we have seen, is not generally uniform
over the rotor and in the wake. The vortex elements springing from the blade are

R
antA e >
R
r’R\_/
o
tan~*Ag
Ro

Fig. 2.28 Wake parameters in Theodorsen's  Fig. 2.29 Wake contraction for a hovering rotor
calculations (propeller theory)
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therefore transported downwards at different rates, rather than at a constant rate, as
assumed by the rigid wake model.

The reduction in bound circulation about the blade towards the tip as shown in
Fig. 2.23, which is quite rapid for the lower inflow angles, implies a concentration of
trailed vorticity here, that quickly rolls up to form a concentrated vortex emanating
from near thetip. Typically, the bound circulation also reducesinboard, but at alesser
rate?® (in radial terms) and thisleads to atrailing vortex sheet of opposite sign to that
of the tip vortex. The wake model shown in Fig. 2.30 consisting of an assembly of
discrete vortex elements can be considered to form a suitable representation, which
may be used to evaluate the induced velocity.

An initial calculation of the vertical induced velocity is made using momentum
theory. Thevertical displacements of the vortex elements are then cal culated, consistent
with the assumed induced velocity, and the pattern of the vortex wake is therefore
defined. Then, by applying the Biot—Savart law to theindividual elements, theinduced
velocity at the rotor disc can be calculated by summing the contributions of all the
elements.

Langrebe'® has made such calculations and compared them with those obtained
from the simple momentum theory, Fig. 2.31. It can be seen that the difference

Discrete
tip-vortex
filament

Discrete
inboard-vortex
filament

Fig. 2.30 Vortex wake representation (after Landgrebe)
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Blade radial co-ordinate, /R, per cent

Fig. 2.31 Comparison of induced velocity by momentum and prescribed wake methods



Rotor aerodynamics in axial flight 71

between the methods is quite small, in spite of the fact that the uniform helical wake
assumes quite a different loading distribution from those occurring in practice. The
indications are that Lock’s assumption, whichisthat Goldstein’sresultsfor auniform
helix can still be applied when the blade loading is not ideal, gives quite accurate
results.

The wake geometries of the theoretical methods described so far fail to take into
account completely the contraction of the wake and other distortions of the wake
when the blade loading does not conform to the ideal distribution. In the mid-1950s,
Gray??2, from the results of smoke studies, concluded that the wake from a blade
consisted of strong tip vortex and an inner vortex sheet of opposite sense. This
arrangement is shown diagrammatically in Fig. 2.32.

It was observed that the outer part of the sheet moves faster than the inner part,
with the result that the sheet becomes more and more inclined to the rotor plane, and
that the outer part of the sheet moves faster than the tip vortex.

Landgrebe’'s™® |ater series of smoke tests confirmed Gray’s results and al so confirmed
that cross-sections of the tip vortices do not necessarily occur at the ends of the
corresponding sheet. It was also observed that the tip vortex from a blade moves
downwards relatively slowly until it passes beneath the following blade, from which
point it moves down more rapidly.

These results were confirmed by the experiments of Tangler et al.?®, who investigated
the wake pattern by methods of flow visualisation and hot-wire anemometry. These
tests indicated very clearly the movement of the tip vortices and the way in which
they eventually interact and diffuse after maximum wake contraction has occurred.
The ultimate wake appears to be unstable and moves downstream in a confused
manner. The instability of a helicopter wake was implied by the results of Levy and
Forsdyke?*, who investigated the motion of a helical vortex. They showed that the

I
I
I
|
|
+— Vortex sheet

Fig. 2.32 Landgrebe’s calculation of wake velocity in hovering flight
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vortex would be stable only if the tangent of the helix pitch angle were greater than
0.3; in general thisis not satisfied by a hovering helicopter rotor.

The axial and radial co-ordinates normalised on R of the tip vortex, derived from
Landgrebe's results for a particular case, are shown in Fig. 2.33 and for two radial
positions of the inner sheet in Fig. 2.34. The change of downward velocity of thetip
velocity just referred to is seen in Fig. 2.33 as a sudden change of slope of the axial
displacement.

Landgrebe reduced these results to formul ae giving theradial and axial co-ordinates
of atip vortex in terms of the azimuth angle, and corresponding results for the inner
sheets. For example, the axia displacement of the tip vortex is given by

2—,— = klww, for 0< (/JW <2mrb
=(Zr )yy =2mv + Ko (W — 211/D), for ¢, >27b

where , is the wake azimuth angle relative to the blade,

Tip vortex co-ordinates r and -z

Tip-vortex co-ordinates
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0.8
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Wake azimuth angle, ¢,

Fig. 2.33 Tip vortex co-ordinates as a function of wake azimuth angle

0

5 e
Atr=0
g02r °
g
S o4 - Inboard vortex
s sheet co-ordinates
5 L
o r=
T 06 [ Atr=1.0
<
0 8 L 1 L 1 n 1 L
o 180° 360° 540° 720°

Wake azimuth co-ordinate, ¢4,

Fig. 2.34 Inboard vortex sheet co-ordinates (after Landgrebe)
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k, = — 0.25(t, + 0.0018)),
and ky = — (1 + 0.016,)VCr,

where 6, is the blade twist in degrees, and Ct = st; in which sis the solidity.
The formula for the radial co-ordinate of the tip vortex is

F =078+ 0.22 e Ww

where A = 0.145 + 27C;

The two formulae define the boundary of the wake, at least for the part near the
rotor which remains stable, and form the basis for an experimentally prescribed
wake. It is interesting to note that Landgrebe’s results indicate a final slipstream
contraction ratio of 0.78, whichis closer to the value of 0.816 predicted by Theodorsen’'s
ideal wake theory than to the 0.707 of the classical momentum theory.

These experiments show how rapidly the wake contracts under the rotor. Using the
results given in Fig. 2.33 we can draw the wake boundary for that case, as shown
below in Fig. 2.35. It can be seen that the contraction is practically complete within
only about half arotor radius, most of it occurring within a distance of 20 per cent of
the radius.

The importance of these figuresis that they show that the vortices at the boundary
of the dlipstream are displaced well inboard of the blade tip while still close to the
rotor. This means that the inwardly displaced vortices induce an upwash in the tip
region instead of the strong downwash which would occur if the wake contraction
were small or occurred relatively slowly as with the conventional propeller.

Landgrebe calculated the blade incidence distribution using the wake geometry
deduced from the smoke tests and found that the upwash results in a sharp rise of
incidence just inboard of the tip, Fig. 2.36. Because of the high Mach numbers
occurring at thetip, evenin hovering flight, locally highincidences are very undesirable,
sincethey may lead to shock stall with corresponding loss of lift and increase of drag.
Further, the locally high tip incidence increases the spanwise loading gradient and
intensifies the already strong tip vortex.

r ZIR

/R

Fig. 2.35 Contraction of rotor wake using Fig. 2.33 results
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Fig. 2.36 Effect of experimental prescribed wake (Landgrebe) on incidence distribution

2.10.5 Free wake analysis

Amongst the earliest work on free wakes in the hover is that of Clark and Leiper.?
Aninitial wake geometry was assumed which is based on the mean induced velocity
calculated from the simple momentum theory. The wake is broken into a number of
straight vortex filaments whose strengths are determined by the bound circulation
distribution. Using the Biot—Savart law, the induced velocity components due to
these filaments are then computed and the initially assumed velocity field is modified
accordingly. The positions of the vortex elements, which ‘float” with the fluid, are
modified in turn to conform with the velocity field. The induced velocity at the blade
and the bound-circulation distribution are also recal cul ated. The processisallowed to
iterate until satisfactory convergence has been achieved, indicating that the wake
geometry is consistent with the velocity field it induced. The calculations were
considerably simplified by defining a ‘far wake' as that part of the wake beyond a
distance corresponding to two rotor revolutions and representing this far wake by a
stack of stepped vortex rings approximating to a helix whaose spacing is determined
by the number of blades and mean local induced velocity.

The calculations of Clark and Leiper clearly identified the wake features found
experimentally by Landgrebe'®, namely, that the outer trailing vorticesroll up quickly
to form a strong tip vortex, while the inner vortices move downwards as a vortex
sheet which becomes progressively more inclined to the rotor plane. Their model
also showed that the initial position of the tip vortex depends strongly on the number
of blades; if the number of bladesis high, the tip vortex remains roughly in the plane
of the rotor until it becomes close to the succeeding blade, when it is convected
downwards. As stated before, this feature had been noted by L andgrebe and isindicated
by the change of slope of Z; in Fig. 2.33.

The later model of Favier et al.?® was similar to that of Clark and Leiper in that a
rigid far wake was assumed (semi-infinite circular vortex cylinder beyond ¢ = 1077
b, and a constant pitch helix between (= 577b and 1077b). A free wake was assumed
from the blade to ¢ = 277b and a prescribed wake based on Landgrebe'® from here
to the start of therigid wake. This confirmed the experimental observations previously
mentioned.
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Fig. 2.37 Converged wake geometry for Caradonna and Tung®® rotor (from Brown and Fiddes?’)

The free wake model of Brown and Fiddes?’ develops a three turn free wake from
aconstant pitch helical wake using arelaxation process, with the influence of the far
wake being accounted for. An interesting feature is the merging of adjacent vortices
according to acriterionin order to prevent mutual orbiting. The method was validated
against the experimental results of Carradonna and Tung®® on a constant chord,
untwisted, two-bladed rotor. The converged wake geometry is shown in Fig. 2.37. In
this case, a panel method was used on the blade itself, rather than a lifting line or
single bound vortex.
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Rotor aerodynamics and
dynamics in forward flight

3.1 Introduction

In this chapter we examinefirstly the aerodynamics of the rotor in forward flight and
then the dynamics. In order to be able to determine blade lift, drag and flapping
moment, and, ultimately, rotor performance, it is necessary, as with axial flight, to
determine the induced velocity in forward flight. Fortunately, for many important
problems a detailed description of the induced velocity distribution is not necessary,
and much useful work can be done by treating the rotor as a lifting surface with an
infinite number of blades. The dynamics of the blades and rotor are equally susceptible
to simple approaches based on straightforward ideas of induced velocity, aerofaoil
characteristics and blade modelling. The effects of blade flexibility and more
comprehensive induced velocity distributions are dealt with in later chapters, asis a
discussion of the peculiarities of blade-section characteristics undergoing continually
changing conditions.

3.2 Induced velocity in forward flight

The first proposal for calculating the induced velocity for a rotor carrying a given
thrust was due to Glauert'. He regarded the rotor as an elliptically loaded circular
wing to which lifting-line wing theory could be applied, and proposed that a mean
induced velocity v could be obtained from the formula

vio = TI20AV' (3.1)

where, if V isthe relative velocity far upstream of the rotor, the total velocity at the
rotor V' = V{V? cosap + (V sin ap — vj)?}, Ais the rotor area, and ap is the rotor
disc incidence.

Although a general proof of this formula has never been given, its validity was
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justified on the grounds that in hovering flight it reduces to the momentum formula,
egn 2.12, while in forward flight, when V' =V, it assumes the same form as for the
induced velocity of an elliptically loaded wing. The formula appears to be true,
however, for al loading distributions in the ‘ high-speed case’2.

Glauert’s egn 3.1 can be interpreted by imagining a circular jet of air of velocity
V having the same diameter as the rotor, flowing past and around the rotor and being
deflected downwards so that far downstream it has an induced velocity component
normal to the rotor disc of 2v;, Fig. 3.1. Thisinterpretation, and the fact that eqn 3.1
reduces to the *momentum’ formula of hovering flight, may lead one to think that the
formulais obvious from momentum considerations: it should be appreciated, however,
that the flow depicted in Fig. 3.1 is quite fictitious and that eqn 3.1 is far from
obvious. More will be said about this point later in section 3.5.

Equation 3.1 can be expressed as a unique curve if, as in Chapter 2, we define
vo = V(T/2pA) as the ‘thrust velocity’. Then, for ap = 0 and if

EiO = Uiolvo and \7 = V/Uo
egn 3.1 can be written
Ui + V205 -1=0 (32

This equation is shown plotted in Fig. 3.2.

The dotted line shows the relations o;, = /V, which for V > 1 lies extremely
close to the true result. This implies that, for forward speeds greater than about
10 m/s, theinduced velocity is much smaller than the forward speed and is equivalent
to an approximation to egn 3.1 in the form

vio = T/2pAV (3.3)

Although egn 3.1 provides avery simple and useful formula for the estimation of
the mean induced velacity, it was appreciated by Glauert that the induced velocity
over the rotor is far from uniform. From aerofoil and wing theory one would expect

\ 7 U7\ vsinag)
_M\ I \

Fig. 3.1 Flow interpretation of Glauert's formula (showing disc incidence ap as negative for normal helicopter
flight case)
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Fig. 3.2 Non-dimensional induced velocity as a function of forward speed

an upwash at the leading edge of the rotor and an increase of induced velocity
towards the trailing edge. Accordingly, Glauert proposed a second formula:

v; = vio(1 + KX cos ) (3.4)

where v; is the general induced velocity and v;q is the induced velocity at the rotor
centre (and also the mean induced velocity), taken as the value given by egn 3.1,
X = r/R, and K is a factor chosen to be slightly greater than unity. A typical value
taken for K is 1.2, so that on the longitudinal axis (¢ = 0 or 7) there is an upwash at
the leading edge and a linear increase of induced velocity towards the trailing edge;
infact, the value of K denotes the slope of the induced velocity distribution along the
longitudinal axis.

An attempt to calculate the longitudinal induced velocity distribution and to find
atheoretical value of K was made by Coleman, Feingold, and Stempin. Their analysis
was based on the fact that arotor carrying a uniform load and moving through the air
at an angle to its plane leaves behind a vortex wake in the form of an elliptical
cylindrical shell, Fig. 3.3.

This cylindrical shell can be regarded as a continuous distribution of vortex rings
whose planes are parallel to the rotor plane and whose * strength’ is determined by the
magnitude of the load and the forward speed of the rotor. By applying the Biot—
Savart law to the cylindrical wake, theinduced velocity could be obtained in the form
of adoubleintegral. Theintegral could not be evaluated at a general point of the rotor
disc, but an exact expression was obtained for points on the longitudinal axis. However,
even this result was quite complicated and expressible only in the form of elliptical
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Fig. 3.3 Vortex ring representation of rotor wake in forward flight

integrals. A number of longitudinal distributions depending on the wake angle x are
shown in Fig. 3.4. It can be seen that the induced velocity distribution is not exactly
linear but can be taken as approximately so over most of the rotor diameter. The slope
of the ratio v;/vjq at the rotor centre was found from the analysis to be tan (x/2), so
that Glauert’s formula, egn 3.4, could be written as

Vi = vip(1 + x tan (x/2) cos Y) (3.5

Since x < 90°, this approximation to the slope fails to give the required upwash at
the leading edge of the rotor, although giving some dependence on the wake angle.

Another result obtained by Coleman et al. isthat, since the vortex rings composing
the wake lie at an angle to the wake axis, there will be a component of induced
velocity causing the wake to move downwards normal to its axis and that, in the
ultimate wake, this component of wake velocity is 2v;q tan (x/2). Also, if the disc
incidence is ap, the above result leads to the following relationship between the
mean induced velocity and the ultimate wake angle

vio/V = cos (x + ap)/2 tan (x/2) (3.6)

X=0°
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Fig. 3.4 Longitudinal induced velocity distribution for uniformly loaded rotor



Rotor aerodynamics and dynamics in forward flight 81

3.3 The method of Mangler and Squire

One of the more complete induced velocity calculations in which the rotor is treated
asalifting surface with apressure jump isthat of Mangler and Squire.* They considered
arotor loading distribution which closely resembled that of atypical rotor and succeeded
in obtaining an exact solution for the induced velocity for any point on the rotor.
Their method was quite different from Coleman’s and it will be instructive to discuss
it in some detail.

If the induced velocity field is regarded as a small perturbation superimposed
upon an otherwise uniform velocity field, and if the x axisistaken along the direction
of the uniform velocity V, Euler’s equations of motion for an elemental volume of
fluid (e.g. Ref. 1, Chapter 2, p. 150) can be linearised to read

Vouldx = — (1/p) dpldx (3.7)
Vavldx = — (1p) dpldy (3.8)
Vowlox = — (1p) dpldz (3.9)

Differentiating egns 3.7 to 3.9 with respect to x, y, z respectively and then adding
gives

v u+6_v+6_wg_

rl %p  9%p
ox Dox dy ozO 2

1 00%p 0
P Hox? ¥ ay? ¥ 922
But, by continuity,
oulox + dvldy + owloz=0
so that
9?plox? + 3%play? + 9°plaz* = 0O (3.10)

Hence, we havetherather interesting result that for small disturbancesthe pressure
field satisfies Laplace's equation. The first part of the problem, then, is to find a
solution of Laplace’s equation which also satisfies the given pressure discontinuity
across the rotor disc. Secondly, having obtained such a solution for p, any one of the
induced velocity components can be calculated by integrating the appropriate one of
egns 3.7 to 3.9. Thus, if the disturbance far in front of the rotor is assumed to be zero,
the velocity component w normal to the flight direction is given by

Y J’ (3p/dz) dx (3.11)

where x corresponds to the chosen point P in the field. The integration, in this case,
is performed with the values of y and z appropriate to the path of integration; e.g. if
the path of integration were in the plane of the rotor, zwould be zero and y would be
constant and have the value corresponding to the field point P

The other two velocity components, u and v, would be obtained by similar
integrations.
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Although the method has been illustrated here by the use of Cartesian co-ordinates
for the sake of simplicity, Mangler and Squire used elliptical co-ordinates since they
allowed the boundary conditionsto be satisfied more easily and because these functions
give the necessary discontinuity across the disc. In boundary problems of this kind,
the solution appears as a multiply infinite series; in this case the solution for the
pressure at the rotor disc appears as an infinite series of pressure mode ‘shapes
which haveto be chosen to match some prescribed pressure distribution corresponding
to the rotor loading. It was found that the first two pressure shapes at the disc plane
were given by

(P = Puw)1 = 3pV2Cr V(1 - x?)
(P = Pu)2 = —3pV2Cr(1 —5x2/2)V(1 — x?)
and a particular linear combination gives

(P, — pu)/PVCr = 15x3V(1 — x?)/8 (3.12)

This distribution is shown in Fig. 3.5 and is such that the load vanishes at the edge
and the middle of the rotor, thereby representing atypical rotor loading very well. 1t
was indeed fortunate that a reasonabl e loading shape could be obtained by using only
the first two pressure functions as, even with these, the calculations of the induced
velocity were very lengthy. Examples of the results of the calculations are shown in
Figs 3.6 and 3.7. It can be seen that the longitudinal variation of induced velocity is
far from being linear and that there is actually an upwash over a small portion of the
rear half of the rotor as well as at the leading edge. It can also be seen that the
downwash is very strong near the outer edges of the rear half of the rotor, reaching
values three or four times greater than the mean. The downwash distribution is
symmetric about the longitudinal axis.

Mangler and Squire also succeeded in expressing their results in the form of a
Fourier series, i.e. as

v = 4vig[5Co — n% Cq (N, ap)cosny] (3.13)

where
Co = 15n(1 — n?)/8 (3.14)

and for n = 2, and even,

Blade
loading

0 /R 1

Fig. 3.5 Rotor loading assumed by Mangler
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Fig. 3.6 Induced velocity distribution according to Mangler’s theory, ap = 15°
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For odd values of n = 5, ¢, = 0. The use of the mean induced velocity in egn 3.13 (as
given by eqn 3.3) should not be taken to imply that egn 3.13 may be used at the hover
or for slow speeds, since the Mangler and Squire theory assumed that v; << V.
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Fig. 3.7 Longitudinal induced velocity distribution according to Mangler’s theory
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3.4 Flight and wind tunnel tests

A series of pioneering attempts to measure the induced velocity in forward flight was
made in 1948 by the UK Royal Aircraft Establishment® (now part of DERA, the
Defence Evaluation and Research Agency). Smoke generators were suspended from
aslow flying fixed-wing aircraft in front of the helicopter, a Sikorsky Hoverfly, and

g -

Fig. 3.8 Flow pattern as revealed by smoke filaments in forward flight. Speed 53 mph. Plane of smoke
filaments 0.4R to starboard

were arranged to emit aband of smoke filaments which lay in avertical plane. Figure
3.8 shows atypical example photograph taken by athird aircraft flying in formation
with the other two. Tests were conducted at a number of different speeds, and with
the plane of the filaments intersecting the rotor at various radii between 0.25R and
0.4R on the advancing side.

The smoke filaments gave a broad picture of the flow through the rotor but were
not really distinct enough to show the velocity distribution in detail. Figure 3.9
shows the induced velocity distribution along the longitudinal axis as deduced from
the deflection of the smoke filaments. The results would appear to indicate that the
distribution is roughly linear, but it is aso clear from the photographs that the
filaments become too diffused to show the details predicted by Mangler and Squire’s
theory. The photograph clearly shows, however, an interesting phenomenon:
the series of ‘whorls' appearing behind the tailrotor are the cross-sections of the
trailing vortices shed by the individua rotor blades cut by the plane of the smoke
filaments.

A comprehensive and more easily controlled series of tests was conducted in a
wind tunnel by Heyson and Katzoff®. The method used was to place a grid of wool
tufts in a number of positions in the vicinity of the rotor and to record the tuft
deflections. An analysis of the deflections gave the induced-velocity field and it was
found that the theoretical distribution of Mangler and Squire was largely confirmed.
Heyson and Katzoff also made numerical calculations of the induced velocity field
by using the same basic uniform loading model as Coleman et al. but superimposing
them linearly to obtain symmetrical loadings having arbitrary radial distributions.
Examples of the induced velocity distributions along the longitudinal axis found by
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Fig. 3.9 Longitudinal induced velocity distribution obtained from smoke photographs

Heyson and Katzoff and compared with that of Mangler and Squire are shown in
Fig. 3.10.

Heyson and Katzoff also investigated the velocity field behind the rotor and
found it to be remarkably similar to that of a circular wing, showing two distinct
trailing vortices. An example of the tuft pattern at a distance of about one diameter
behind the rotor, as seen by an observer looking forward through the grid, is shown
in Fig. 3.11.

Katzoff has obtained some useful symmetry relationships between the induced
velocity components for a uniform load. By superimposing a skew-symmetric wake
ontheoriginal one, Fig. 3.12, atwo-dimensional elliptic wakeis created by means of
which the following relationships can be deduced.

(i) If P and Q are two points within the rotor disc and symmetrically located on
either side of the lateral axis, the sum of the induced velocity components wp and
Wq, normal to the rotor plane, is equal to the normal component of the induced
velocity within the wake. Since this is constant, it follows that wp + wg is
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Fig. 3.10 Longitudinal induced velocity distribution obtained from wind tunnel tests for different values of u
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Fig. 3.12 Symmetry relations for induced velocity in forward flight

constant everywhere over the disc and, therefore, that the induced velocity
distribution at the rotor is skew-symmetric with respect to the lateral axis.

(if) If P and Q are symmetrically located about the lateral axis but lie outside the
disc, we have

Wp +Wg =0'sin x

where v' is the longitudinal component of velocity in the ellipse plane at the
point corresponding to either P or Q, Fig. 3.13.

__’;
u

°p

|
o

Fig. 3.13 Symmetry relations for induced velocity in forward flight

The components of velocity u' and v' about the elliptic wake arise from the self-
induced motion of the wake itself through the surrounding air. If the velocity of the
wake normal to its axis is U, we have seen that Coleman et al. have found U to be
given by

U = 2vjo tan (x/2)

where v;g isthe induced velocity at the rotor centre (which is also the value along the
lateral axis) and x is the angle between the wake and the rotor plane. On the latera
axis, Wp = Wg = W, say, and, by calculating the flow about the ellipse?, we find that
on the lateral axis outside the rotor

W =vjg [1 = (& —sin? x) ™2 (3.16)

where x = r/R. This variation is shown in Fig. 3.14.

On the lateral axis, therefore, there is a strong upwash outside the rotor disc as
opposed to the downwash on the inside. The upwash also exists forward of the |ateral
axis and for some distance behind it, but a downwash appears further to the rear at
a point depending on the incidence of the rotor.
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Fig. 3.14 Induced velocity near uniformly loaded rotor on the lateral axis

3.5 General remarks on the forward flight case

We have seen that the mean induced velocity in forward flight can be given by
Glauert's formula

v = TI2pAV' (3.1)

and that it can be expressed in a form which resembles the ‘ momentum’ formula of
climbing and hovering flight. Now, we assumed in Chapter 2 that this relationship
could be expressed in the differential form

dT =4mp (V; + v))v; dr

and that from this expression the induced vel ocity for non-uniform loadings could be
derived. However, the axial flight case, which includes the conventional propeller, is
a special one for two reasons, namely,

(i) theinduced velocity is in the same direction as the general flow, and

(ii) because of the symmetry of this, the flow is confined to well defined concentric
shells for which the mass flow can easily be calculated.

Under these circumstances, momentum principles can be confidently applied and
have been used already to obtain a number of results. But in forward flight neither of
these two conditions applies. We have already seen that, in the linearised problem of
the lifting rotor, the pressure field satisfies Laplace’s equation. In particular, it can be
shown? that for the uniformly loaded rotor the pressure at any point is proportional
to the solid angle which the rotor disc subtends at that point. Further, the acceleration
and pressure gradient fields, for the linearised case, both have precisely the same
form as the velocity field of a vortex ring. Suppose, for simplicity, that the rotor is
moving in its own plane and that we wish to find the component of induced velocity
w normal to the rotor disc. As we have already seen, w can be calculated by the
integral in egn 3.11. The interpretation of this integral is that we are integrating the
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component of pressure gradient normal to the rotor along a path in the plane of the
disc. The shape of this pressure gradient component along the longitudinal axis of the
rotor is shown in Fig. 3.15.

Starting from a point to the left of Fig. 3.15, and a great distance from the leading
edge, we see that the pressure gradient is upward so that, if wis zero along way in
front of the rotor, integration results in a gradual increase of upwash as the rotor is
approached. Just behind the leading edge the pressure gradient reverses and the
upwash diminishes until a downwash develops at a point between the leading edge
and therotor centre, gradually increasing asthetrailing edgeis approached. Proceeding
further to the right, the pressure gradient becomes positive again as the trailing edge
is passed, gradually reducing the downwash until it becomes exactly twice that at the
rotor centre.

What has just been described is the qualitative evaluation of the downwash
corresponding to the case x = 90° calculated by Coleman et al. and presented in Fig.
3.4. In fact, the integration for this case can be performed analytically and gives
simply

Ap _ 1>x>0
w=———[2TF 4xK(X
4,Tp\,[ ()] l<x<0
== B oprkw Lex<e
W__4np/["+ 1/x)] —1>X>—o

where Ap isthe pressure step across the disc, x is normalised with respect to the rotor
radius, and K(x) is the complete elliptical integral of the first kind. This agrees with
the more general result of Coleman et al.

It is clear that, unlike the axial case, the induced velocity at a particular point in
forward flight depends not merely on the local loading but on the way in which the
pressure gradient varies along the path of integration, which for thelinearised analysis
isdetermined only by the rotor-disc incidence. Of course, in any given flight condition,

Pressure
gradient

-2 -1 0 1 2

Fig. 3.15 Pressure gradient along longitudinal axis of uniformly loaded rotor
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the rotor thrust must be accountabl e in terms of the momentum changesin the air, but
care must be taken to ensure that all the forces acting on the air are properly taken
into account when applying the principle.

3.6 Induced power in forward flight

We saw in Chapter 2 that for a uniformly loaded rotor carrying a thrust T the
induced power is Tv;, where v; is the mean induced velocity. When the loading is
non-uniform, the induced power is aways higher than this‘ideal’ value. In particular,
for an axially symmetric loading the increase is about 13 per cent. A figure of
about 15 per cent greater than the ‘ideal’ value is generally accepted to account for
the non-uniformities of loading and induced velocity in both axial and forward
flight.

We now inquire as to whether this factor for forward flight is valid when we note
from Figs 3.6 and 3.7 the considerable distortion of the induced velocity field for
these cases.

As in the axial case, to find the induced power we calculate the energy being
supplied to the slipstream by the passage of a uniformly loaded rotor. In forward
flight the energy of the slipstream consists of two distinct contributions:

(i) the energy of the flow in the cylindrical wake (this is the only source of energy
in the axial case);

(ii) the energy imparted to the air outside the cylindrical wake due to the movement
of the wake through it. (We saw earlier in this chapter that the wake moves
normal to itself with velocity 2v,, tan (x/2).)

If E; and E, are the two contributions per unit length of wake, the power expended,
P, is V(E; + E,), and thisis the induced power. The mass flow through the wake at
the rotor is priR%v; cos ¥, since 7iR2 cos x is the cross-sectional area of the wake. The
absolute velocity of the air in the ultimate wake is 2v; sec?(x/2), as discussed earlier,
so that

E, = 2pv?1R? cos xsec?( ¥2)

By considering the kinetic energy of the air outside the elliptic wake, it can be
shown? that

E, = 2pv?1R? tan? ( x/2)
for which we find that
P= TUi

asin hovering and axia flight.
The extension of the above calculation to arbitrary loadings is much more difficult,
even when the relationship between the loading and the induced velocity is known
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completely, asin the work of Mangler and Squire referred to earlier. The case of the
rotor in high speed flight (x = 90°) carrying Mangler’s loading can be calculated
quite easily?, however, and the result shows that the induced power is about 1.17
times greater than if the induced velocity were uniform.

One can also calculate the induced power by considering the in-plane
component of the blade thrust vector which is tilted backwards by the induced
velocity, as is considered in classical blade element theory, Chapter 2. If Ap is the
axisymmetrical radial pressure distribution, the thrust carried on an annulus of
width dr is

dT = 2mr Ap dr
and this thrust is shared by the b blades of the rotor. The elementary induced torque
is
in =r dTUi/Qr = (U|/Q) ar
where v; is the induced velocity at a given blade. The corresponding induced power
is
dPi =Q dQI = Uj daT
= 2 Apv; dr

From Mangler and Squire’'s work, and also the work of Coleman et al., for

axisymmetrical pressure loadings the induced velocity can be expressed as

v = 4vig[3c, — 2 Cy cosny]
asin egn 3.13 and where 2v;qCy is the same as the induced velocity in axial flight for

the same loading. Because of the cosine terms, the mean value of the power with
respect to azimuth depends only on the first term of the series and we have

R
P = 47TUioI Apcor dr
0

1
= 4110,y R? J' Ap(x)co (X)X dx
0
Thus, when therotor loading is axisymmetrical, the induced power can be calcul ated
from aknowledge only of the induced velocity distribution in axial flight fast enough

for linearisation to apply. For the particular case of Mangler and Squire’'sloading, we
find

1
P, = (225/8)Tu; I x®(1 — x2) dx
0

= (75/64)Tvio = 1.172Tvig
= (1+ k)P
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say, where Pjq is the induced power for constant induced velocity. This value
agrees with that given earlier. It should be noted that the rotor disc loading is
proportional to x%/(1 — x?) which implies a blade thrust loading proportional to
XV(1 - x9).

If asimilar analysis for hovering flight is made, i.e. if we assume that Ap = 2pv 2
instead of 2pV_.v; as in the calculations above, we find that Mangler and Squire's
distribution gives 1 + k = 1.11. Hence, the induced power is 11 per cent higher
than the ideal power in hovering flight, rising to about 17 per cent at high forward
speed.

If Ap = Cx" (implying a blade thrust loading proportional to x™*), we easily find
that

1+k=1+2n)¥/(@1+2n)whenpu=0
and
1+k=(1+4n)?/(1+n)athighpu

These relationships are shown in Fig. 3.16.

14
Forward flight
13}
X
+1.2 1 )
— [Mangler-forward flight
Mangler-hovering Hovering
T <
1 L I
0 1 2

Fig. 3.16 Induced power factor as a function of radial pressure distribution exponent

3.7 Velocity components at the blade

Before being able to calculate the forces and moments on a blade, it is necessary to
know the velocity components of the air relative to any point of the blade. In the
following sections the blade will be assumed to be a rigid beam with a flapping
hinge, and only simple ideas of induced velocity and aerofoil characteristics will be
used. The analysis follows closely the classical work of Glauert! and Lock’, and,
because the mathematical development is eased, the no-feathering axis system will
be used.

We take as our final reference axes a set of right-hand axes fixed in the blade as



Rotor aerodynamics and dynamics in forward flight 93

was shown in Fig. 1.18. It issufficient to assumefor the cal culation of the aerodynamic
forces that the flapping hinge offset is zero. The only velocity component aff ected by
the flapping hinge offset is that due to blade flapping, but, since the hinge offset is
usually only afew per cent of the blade radius, the error in assuming it to be zero is
negligible. Taking the upward direction as positive, Fig. 3.17, and taking unit vectors
i1, j1, Kq, with k; along the no-feathering axis and i, sideways, the forward velocity
V of the helicopter can be expressed as

Fig. 3.17 Blade axes

V=Vcosayji—Vsin ks

The blade isitself rotating with angular velocity Q and it lies at an azimuth angle
Y with respect to the rearward direction of the helicopter, Fig. 3.18. The blade, at
present, lies in the no-feathering plane. Taking a new unit axes systemi,, j», Ko, with
i» and j, defined asin Fig. 3.18, the helicopter’s forward velocity can now be written
as
V ==V C0os ays COS Wiy + V €OS Oy SIN Yjo — V Sin ko

since ky = ko.

Forward

X

Fig. 3.18 View in plane of no feathering
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The rotational motion of the blade will add a velocity component Qr at a blade
sectionradiusr, in the direction j,; then, writing W for the total velocity vector at this
section, we have

W = -V cos a; €os i, + (V cos ay Sin P + Qr) jo —V sin deks

Now let the blade flap through angle 3 about j, into the final blade position
represented by the axesi, j, k, Fig. 3.19. The relationship between the sets of axesi,,
jo» ko and i, j, kisthe same asin egn 1.24, i.e.

knkz
17
N.F.A.
Fig. 3.19 Flapped blade
Oi 0 OcosB 0 snB0O0i, O
O. O_ 0 oo, O
oo o0 1 0 gplg

Bk B B-snB 0 cosBHBk: B

Using this transformation, W can be written
W =—(V cos ays cos g cos B+ V sin ay sin B)i + (V cos ays Sin Y + Qr)j
+ (V cos a,s cos Y sin B—V sin as cos Bk

To complete the calculation of the vel ocity components we must add the contributions
dueto flapping rBj andtherelative wind due to theinduced velocity —v;k. Thus, the
components of relative wind along and perpendicular to the blade section are:

i direction: V cos aps Cos Y cos B+ Vsin d Sin B (3.17)
j direction: -V cos a Sin Y — Qr (3.18)
k direction: —V cos a,s cos (¢ sin B+ V sin a,s cos B — rB — U (3.19)

It is generally assumed that the spanwise component of velocity in thei direction
can be neglected. It is also usual to denote the component that is tangential to the
plane of no feathering, or j direction (egn 3.18), by U+, taken as positive when it
blows from leading to trailing edge, and the k direction or perpendicular component
in egn 3.19 by Up. Then for small values of 8, Up and Ut can be written
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Up=-VBcos a, cos Y+ Vsin ay — rB - (3.20)
Ur=Vcosaysiny+ Qr (3.21)
We now define
A= (Vsnay —v)/QR
where v; may be a function of azimuth and radius, and
u=(Vcos ay)/QR

Up and U can then be written as

Up = QR (A’ —xB/Q — uBcos )
= QR(A" —x dB/dy — uB cos y) (3.22)
and
Ur = QR (X + usin y) (3.23)

Since U+ liesin the no-feathering plane, the local incidence a of the blade can be
written (Fig. 3.20)

a=6 +¢
where
@=tan Y (Up/U7) = Up/U7 (3.24)

since @is asmall angle except, perhaps, near the blade root.

Fig. 3.20 Velocity components at a blade section

When 0 < y < 180° the blade is said to be ‘advancing’, and the half of the rotor
disc defined by this range of azimuth angle is referred to as the ‘advancing’ side of
the rotor disc; in this region the relative wind due to the rotational speed of the blade
is increased by a component of the forward speed. Similarly, in the azimuth range
180° < < 360° the blade is said to be ‘retreating’ and to lie in the ‘retreating’ half
of the disc; in thisregion the forward speed component reduces the rel ative chordwise
wind.

Itisclear that over some part of the retreating blade the forward speed component
will be greater than that due to the rotational speed, i.e. therelative flow will be from
the trailing edge to the leading edge. Referring to egn 3.23, this occurs when
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X+ psin < 0 and this inequality defines a circular region whose diameter is UR,
Fig. 3.21. Thisregion is known as the ‘reverse flow region’. Since the incidence of
the blade is defined in relation to leading edge to trailing edge flow, it is obvious that
the calculation of the lift and flapping moment in this region must be treated with
some care. Fortunately, the contribution from thisregion isusually very small, e.g. for
p = 0.3 the area of the reverse flow regionisonly 2% per cent of the total rotor area
and the velocities there will also be small. The dynamic pressure in the reverse flow
region is low; thus, below values of u of about 0.4, and bearing in mind that an
advance ratio of 0.5 represents a practical maximum for current helicopters, the
effect of the reverse flow on rotor thrust and other performance contributors may be
neglected, as is done in the following sections.

Forward
180°

UR
]

Fig. 3.21 Reversed flow region

3.8 Calculation of the rotor thrust

The lift dL on an element of the blade is given by
dL = $pW3C cdr (3.25)

and, if the thrust dT is taken as the component of the resultant force along the no-
feathering axis (Fig. 3.22),

Fig. 3.22 Lift and drag components at a blade section
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dT = (dL cos ¢+ dD sin @) cos 3
=dL
Also, having ignored the spanwise component of the induced velocity,
W2 =UZ + U2 = U?

since Up is usually much smaller than Us.
Assuming constant lift slope a, we can write

C. =aa

asin Chapter 2, where a generally has a value of about 5.7.
The elementary thrust is therefore

dT = apUZ2 (6 + Up/U7)cdr
= 2ap (BUZ + UpUq)cdr

= 1apQ?R?[6(x + psin )2 + (A" —xdBldy — pPBcos )
X (X + psin )cdr (3.26)
Before eqn 3.26 can be integrated, S and A" must first be expressed as functions of
Y. Assuming steady flight conditions, 3 can be expressed as
B=ay—a; cosy—Dbysin—a, cos2y—by,sin 2y — ... (3.27)
so that
dg/dy = a; sin ¢y — by cos Y + 2a, sin 2y — 2b, cos 2y — ... (3.28)
Let us take Mangler and Squire’s series for the induced velocity, i.e. let

v; = dvj [Lco + El cy (X, ap)cosny] (3.29)

In this, we assume that the expression holds equally for the no-feathering plane asfor
the plane it actually applies to, which most nearly corresponds to the tip path plane.

To find the total rotor thrust we cal culate the average thrust of a blade taken round
the disc and multiply by the number of blades. To do thisit is easier first to average
the elementary thrust, given by eqn 3.26, with respect to azimuth and then integrate
along the blade. The average value of dT over the azimuth range 0 < ¢y < 360° is
found to be

dT = 1pacQ?RYO(x? + 1u?) + xVsin ay; — 2xCoA; + Lu?byldx  (3.30)
where A; = v/ QR, v,o being the mean induced velocity, and V = VIQR.

Assuming for simplicity that the chord ¢ and pitch angle 6 are constant along the
blade, integration of egn 3.30 along the blade gives
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T = 1pacQ?RI[ 26, (1 + 3u2/2) + Vsin ay — A; + 2u2hy,]

since, from egn 3.14

1 1
J' Cox dx = (15/8)J' n (1 -n?)xdx
0 0

1
= (15/8)I x34/1 — x2 dx
0

NP

It is easy to show that we could have obtained exactly the same result if eqns 3.1
or 3.4 had been used for the induced velocity. Then defining
A=Vsna, —A, (3.31)
the thrust for b blades becomes

T = 2bpacQ?R[3 60(1 + 34%/2) +2] (3:32)

where we have neglected the very small term in by.
Defining a thrust coefficient by

t. = T/psAQ?R?
egn 3.42 gives

t.=2 % By (1 + 3u2/2) +A (3.33)

Current blades are usually without taper so that it is justifiable to integrate
egn 3.30 on the assumption that the chord is constant. Most blades have considerable
twist, however, but in Chapter 2 we found that for linear twist the thrust equation in
hovering flight was still valid provided the pitch angle 6, at 3 radius was taken.
Since the thrust equation in forward flight involves only a small extra term in 1?2,
taking the 2 -radius pitch angle for 6, should be a very good approximation in this
case too. For a tapering blade the chord can also be taken asthat at 2 radius when

defining the rotor solidity.

3.9 The in-plane H-force

Referring to Fig. 3.23, the force component dH perpendicular to the no-feathering
axis and in the rearward direction is

dH = (dD cos ¢—dL sin ¢) sin ¢y — (dL cos ¢+ dD sin ¢) sin Bcos ¢ (3.34)



Rotor aerodynamics and dynamics in forward flight 99
dL cos ¢+ dD sin ¢
2 ==
E /
® B
% ‘ P sin B(dD sin @
b +
dL cos ¢
dD cos ¢— dL sin ¢
Fig. 3.23 Force components in plane of rotor
For small g and (3, egn 3.34 becomes
dH =dD sin ¢ —dL(B cos Y + @sin ) (3.35)

The first term of egn 3.35 can be regarded as the profile drag contribution to H,
while the bracketed term can be regarded as the ‘induced’ component arising from

the inclination of the lift vector.

The profile drag term Hp, found by averaging the first term of egn 3.35 round the

disc, is

Hp = (b/2m) IOR LG 102 &xsin gd gdr (3.36)

Assuming the profile drag coefficient é and chord c to be constant, we find
Hp = 2pbcoiQ?R3
The elementary ‘induced’ component is
dH; = —dL(B cos ¢ + @sin y)
= — $paU#(8y + Up/U7) [ Beos g+ (Up/U7) sin ycdr
= —5pa[(6pUF + UpU7) Beos @+ (6UpUr + UB) sin ] cdr

The mean value for b blades is

R 2m
H; = —(b/zn)IO J’O 3 ec[(GUF + UpU7) Beos @

+(6pUpUr + U3) sin g]dydr (3.37)

Mangler and Squire’'s expression for the induced vel ocity can be used here but the
analysis becomes rather complicated and, since the terms involving the induced
velocity arefairly small, it is convenient to assume it to be constant. Then substituting
for Up, Ut and B from egns 3.22, 3.23, and 3.27, in which harmonic terms of higher

order than one have been ignored in 3, and replacing A" by A we find for H
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H = pabcQ?R?

o | 1 3ja -1 1,2_1 1,528
XHZ_a+3a190+4Aa1 2”A90+4l‘lal 6a0b1+4l’la0H (338)
We shall see in section 3.12 that, when the induced velocity is constant,

_ 4pao/3
bl - 1+ %IJZ

Ignoring the small term in 12 in the denominator, the last two terms in eqn 3.38
reduce to pa3/36, which is very small compared with the other terms and may be
neglected. The coefficient form of the H-force can then be written finally as

3

hy=Cyls=—H _—alH 1 3

T psAQ2R2 T 2 RRa 3

200 + 3 day — 1 6o + 1 pia? 5(3.39)

3.10 The rotor torque, Q

The torque dQ about the no-feathering axis on a blade element is, Fig. 3.23,
dQ =r(dD cos ¢—dL sin ¢

or dQ = $pU% dcr dr — 3 pU2 C ger dr

The first term denotes the torque due to the profile drag. Calling this Qp we have,
for b blades,

R 27T
Qp = (blzn)IO J’O 102 dr d ydr

1 2
= (b/2n)chZR4J' I x+ psin ¢)? xd dx
0 0

= pbcdQRA(1 + 12)/8 (3.40)

assuming the chord and drag coefficient to be constant.
The mean induced torque Q; is

R 2m
Q == (o2m [/ Cord ydr

R 2m
= —(pabc/4n)IO IO (UpUr + UZ)rdydr

The integrand can be expanded and averaged as for the H-force but this is not
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necessary and it ismore convenient and instructive to proceed asfollows. Theintegrand,
including the scalar term 3 pac, can be written
1pac(8UpUs + UZ)r = 3(pac/Q)(6,UpUr + UB)(Ur — V cos ay sin i)
since, from egn 3.21,
Qr =Ug -V cosay sin
or r=(Ug—Vcosaysin Y)/IQ

Hence
$pac(6oUpUr + UZ)r dr

1 pacV cos o

5 3 (6UpUt + U3) sin gdr

- % pa(;)UP (6oUF + UpUr) dr —

Up 1 pacV cos o
Q 2 Q

(6UpUt + U3Z) sin dr
But, from the previous sections,
2pac (BpUpUt + U3) sin gdr = —dH; — pac (6UZ + UpU7) Beos ydr
= —dH; —dTBcos @
so that
+pac (6pUpUr + U3)r dr

= Ye 41 + (@TBcos @+ dH; ) YOS dnt
Q o
_dr ; e %Q - Vcosay
=0 snay —vig — Qr g + dH; o) (3.41)

since Up =V sin ays — vjg — Qr dB/dy — V cos ay 3 cos .
Now

R
I r dT dB/dy = M, dB/dy
0
and from eqgn (1.2) for zero flapping hinge offset

Ma = B Q% (d°B/dyr + B) = BQX(d*BIdy? + f)

in which S is used temporarily to indicate that eqn (1.2) was derived for flapping
defined relative to a plane perpendicular to the shaft axis. The second equality is
easily derived using a; = a;5 + By and by = big + A;.

R
Therefore the mean value of —J' r dT d@/dy with respect to azimuth is
0
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_BQZ 2"Dd2,3
2 ), Ede

_ Bo2 027 g dﬁﬁ2 2T 4 oy
B e [ ]

__B0? Fhapf 0" ¢ ek
-5 g

=0

O dg
*PHay

dy

Since the terms in the brackets are periodic and are therefore identical at the limits.
The other terms multiplying dT and dH; in egn 3.41 are constants so that

. Vcosa,
Q=- %(Vsn O —Vig) + H ng
=~ (TA + Hi)R
and the total torque is
Q=0Qp+Q
= pbcdQ? R (1 + 12)/8 — (TA + Hu)R
= pbcdQ’RY(1 + 3u2)/8 — (TA + HU)R (3.42)

The torque coefficient is
e = Q/pbcRO’RE = Q/psAQ?R3
= O(1 + 3128 — At — uh (3.43)

The term — (At. + uh;) might have been expected on physical grounds since it is
the scalar product, in non-dimensional form, of the resultant rotor force and resultant
flow through the rotor, i.e. it represents the work done by the rotor in producing the
rotor force. The first term of egn 3.43 represents, of course, the torque required to
overcome the profile drag.

Equation 3.43 has been derived on the assumption that the spanwise velocity
component can be neglected. While thisis areasonable assumption for the calculation
of thelift, Bennett® has argued that this does not apply to the drag which depends on
the resultant velocity over the blade. From Bennett’s calculations, the profile drag
contribution to the torque should be written as 6(1 + nu?)/8, where n has the following
values

U 0 0.3 0.6 1
4.5 4.58 4.66 4.67
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From similar calculations, Stepniewski® proposes the expression 5(1 + 4.71°)/8.

We should also consider the increase of induced power due to the non-uniformity
of the induced velocity by introducing the factor k as discussed in Chapter 3. The
expression for the torque coefficient then becomes

Oc = O(1 + 471218 — Atg — uhe + KAjte (3.44)

3.11 Blade flapping

The aerodynamic flapping moment dM, about the hinge due to the elementary liftis
U
— -1 2 P
dM, =rdL = 3paUs BH+ U, gcr dr

= 2pacQ?R*

x %(x+ usin g)? + @x\'—x% —uﬁcoswg(x+ usin L/J)ET(dx

(3.45)
Expanding egn 3.45 and integrating, assuming constant pitch angle, gives
Ma = $pacQ?R*

1
. . d
x é:;o(%+%ysmlll+%ﬂzsmz l,U) +J;X2A'dx—%£—%#ﬁc°3‘l’

1
+usin¢pJ'o x}\'dx—%u%sin w-%uzﬁsin L[JCOSL/J% (3.46)

It can easily be shown that for hovering flight the assumption of linear taper leads
to the same flapping moment as egn 3.46, provided the pitch angle is taken as that at
0.8R (cf. 0.75R in the calculation of the thrust). This value will be changed slightly
when variable induced velocity isincluded, but it will be assumed that in calculations
involving a twisted blade it will be sufficiently accurate to use eqn 3.46 with the
collective pitch angle taken as that at 0.8R.

To evaluate the inflow integrals in eqn 3.46 we again use Mangler and Squire's
induced velocity distribution (egn 3.13), considering the first harmonic only. Then

1 1 1 1
J' A'x2 dx:J' X2V sin o dx—2AiI Cox2 dX + 4A, cost' c,x2 dx
0 0 0 0
R 1
=%ijno{nf —1—45AiJ'0x4\/(1—x2)dx

157TA 12 ! 2 3
_ﬁ iV COS(//J. (9X —4)X dx
0
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5m ) 5T ) w2 gogy

-1yg _
=3Vsnaw - 358 128

inwhich v=(1-sn ap)/(1+ sin ap).

To a reasonable approximation this integral may be expressed as
1
J’ Ax2dx= (A — 12 ), cosy )3
0
The second integral in eqn 3.46 is
1 1 1
I XA" dx =I XVsinay dx — (15/4)AiJ' x3 V(1 - x2) dx
0 0 0

15 !
—HfTAivﬂz cost' (9x2 — 4)x2 dx
0

sinay — 3A; ——A vY2 cosy

11
NI

=1 (A-0.69v¥? cosy)

Hence,
M =%pac§22R4 % (1+—usmt,u+2u sin?y

dg 4

+4)- 1.46vY2); cosy — ap 3

3 upBcos Y+2uAsin

4 dg
Hag

The flapping equation of a centrally hinged blade relative to a plane perpendicul ar
to the shaft axis has been found in Chapter 1 to be

2B/ dy? + (1 + €)Bs = Ma/BQ? (1.9

sin @ —p?Bsin2y —0.69 uA v¥?sin2y  (3.47)

Asbefore, with 3 defined from the no-feathering plane, the equation can be shown
to be exactly similar in form, i.e.

d?Bldy? + (1 + )8 = Ma/BQ?
Then, on using egn 3.47 and rearranging, we obtain the differential equation of
flapping in the form
dzﬁ
dw2

LY 0 dB y 04
Sl 3usmedl,U +£+— 3ucosw+/,l snszHG
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= Z § ] 2 qn2 U ﬂ _ 12y,
—8%081+3u9nw+2u sin L/JD+3A 1.46v7°A; cosy

+2uA sin — 0.69A VY2 sin 24/@ (3.48)

Equation 3.48 isalinear equation with periodic coefficients and there is no known
solution in closed form. Moreover, as discussed in section 3.7, it isvalid only for the
advancing region 0 < ( < 180°, since in the reverse flow area the lift and flapping
moment are incorrectly evaluated. For the speeds typical of present day helicopters,
however, this results in negligible error, as was stated earlier.

The free motion of the blade is found by putting the terms on the right-hand side
of egn 3.48 equal to zero. The flapping equation is then

2
dB+Z
dy? 8

(1+%usinw)%+ é+£+%(%ucosw+uzsin2w)§6:0

(3.49)

Considerable attention has been given to this equation, since its solution answers
the important question of the stability of the flapping motion. In hovering flight,
U =0, aswe have seen already, the equation reduces to one with constant coefficients,
egn 1.10, and it was found that the corresponding motion is heavily damped. It is
reasonable to expect that the damping would remain high for low values of u
but further investigation is required to find the effect of the periodic terms for high
valuesof . Aswe shall see shortly, the denominator of one of the flapping coefficients
of steady motion is the term 1 — 1%/2, indicating that infinite flapping amplitudes
might be expected to occur at u = V2.

Several attemptsto solve egn 3.49 analytically have been made, notably by Glauert
and Shone,'° Bennett,** Horvay,'? Shutler and Jones,*® and Lowis.** Of these, only
Lowis has attempted to take the reverse flow area into account. The others indicate
that the flapping motion appears to be stable for p < 1 but their results are not really
valid for values of ugreater than about 0.7 because of the neglect of the reverse-flow
region. The last three authors make use of Floquet's theorem, which states that an
equation of the type egn 3.49 has a solution of the form

B= e P(Y) + a,e" P(y) (3.50)

where a1, a,, V4, V, are constants and P1(), Po(y) are periodic functions of period
27t Hovering flight is a special case of egn 3.50 with solution

B=e¥[a,sin(1—-02)2y+a,cos(l—v2) 2]

where v = y/16.

The stability of the motion is determined by the values of v; and v,, which may not
be real, and the investigations mentioned have been directed to finding their values.
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An exact analytical determination is not possible, and v, and v, must be evaluated
numerically for arange of flight parameters. Lowis found an approximate method of
taking the reverse flow region into account which amounted merely to changing the
sing of y ineqgn 3.49 over arange of in the retreating region depending on the value
of u. Hisresults showed that flapping instability occursfor uin the range 2.2 to 2.8,
depending on the inertia number y.

Another method of dealing with egn 3.49 is to use computational methods. The
reversed-flow area and periodic coefficients can be easily and exactly taken into
account. Of course, the output givesthe flapping response to agiven set of conditions,
which does not provide as much information as the values of v; and v,. Neverthel ess,
by suitably choosing theinitial conditions, the response can give an adequate picture
of the flapping behaviour and stability. Investigations of this kind have been made by
Wilde and Bramwell*® and Sissingh®®. The results obtained by Wilde and Bramwell
for y=6 and =0 are shownin Fig. 3.24; they agree closely with the results of Lowis
and Sissingh.

3.12 The flapping coefficients

In the previous section the free blade motion was discussed; we now wish to find the
forced blade motion, that is, the steady motion in forward flight corresponding to a
given collective pitch angle, tip speed ratio, and inflow ratio — these conditions
completely define the operating state of the rotor. To do this we assume that the
transient response is stable and that, asin previous sections, the forced blade motion
is periodic and can be expressed as

B=ay—a;cosy—bysiny—a,cos2y —b,sin 2y — ...

remembering that (3 is defined relative to the plane of no-feathering.

This expression is substituted into eqn 3.48 and, assuming that it represents a
solution, the coefficients of the termsin sin ¢, cos (, ... on the left- and right-hand
sides of egn 3.48 can be equated. If we consider only the constant term and the two
first harmonic terms, we obtain, after manipulation of terms such as sin , sin 2y,

AN
KN

Fig. 3.24 Blade flapping response at high tip speed ratios
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_ 4 2y, 4
8 = 81+ ¢) Oo(1+ %) + SA (3.51)
2u(46,/3+ A) 8 €
=+t = —— 3.52
WET e Ty iR (352

_ Huag + 1L.WA)3 8 €
1+ p?/2 y 1+ u?r2

by & (3.53)

If Glauert’s formula, eqn 3.4, for the induced velocity had been used instead of
Mangler and Squire's, the values of a; and a; would be unaltered but it would have
been found that

_ Muag +1.75KA)3 g <
1+ p?2 Yy 1+ 22

b, a (3.54)

For typical values of flapping hinge offset the terms in € are usually negligible
except, perhaps, in the equations for b; (egns 3.53 and 3.54) at high values of .
When ¢ = 0, the formulae reduce to their classical forms:

ag = £ |60 (1+ 12) + 32 (3.55)
2U(46,/3 + A)
—ZFP\VFoe 7 3.56
al l _ HZ/Z ( )
12y
by = A uag + 1.Iv74A,)/3 (357)

1+ pu?2

The case of constant induced velocity is found by putting v; = vjg in egn 3.13,
whence it is seen that the term involving v? in egns 3.53 and 3.57 is absent.
Alternatively, letting K = 0 in egn 3.54 leads to the same result.

Higher order flapping coefficients can be obtained by considering higher harmonics
of the flapping motion, but it is found that the coefficients appear explicitly as the
solutions of an infinite chain of simultaneous equations and cannot be evaluated
easily. Stewart!’ has extracted the coefficients up to the fourth harmonic and has
shown that their magnitudes decrease very rapidly with order of harmonic. As a
rough rule it was found that the magnitude of a coefficient was about one tenth of the
value of that of the next lower harmonic. The calculation of the higher harmonics, as
has been mentioned in Chapter 1, is somewhat academic since the effects of the
higher modes of blade bending are at least as great as these harmonics of the first
(rigid) blade mode.

However, it should be noted here that the higher harmonic terms do become
important when considering rotor induced vibration (see Chapter 8). The simplerigid
blade flapping model used in the current analysis may be seen to giveriseto first and
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second harmonic forcing terms on the right-hand side of egn 3.48 (or 1Q and 2Q
terms, to use the terminology adopted in Chapter 8), but in a more general case with
a flexible blade flapping model, forcing terms are generated over a wide range of
harmonics.

3.13 Force and torque coefficients referred to disc axes

It is useful to obtain expressions for the force and torque coefficients when referred
to the tip path plane axis (or rotor-disc axis) instead of the no-feathering axis. In
Chapter 1, section 1.13, we saw that, since the angle between these two axes is the
small flapping angle a;, we have the relationships

TD =T
Hp=H -Ta;
For the tip-speed and inflow ratios we also have

Up =Vcosap =

Ap = Vsin ap —A; =A +ua,
where Tp, Hp, Up, and Ap are referred to the tip path plane.
Substituting for A in egns 3.55 to 3.57 for the flapping coefficients, we have for a;
_ 2U(460/3 + Ap — pay)
1-—pu?/2
remembering that thisis still with reference to the plane of no-feathering. On solving
for a; we get

1

- 2“(400/3 + AD)

3.60
! 1+ 3u?/2 (360)
The coning angle ag becomes
_y vy 2,y 4,0
a0_8 0(1+IJ)+3AD 3”315
and on substituting egn 3.60 we have
y O, 1-19u2/18 +3u*/2 4 1-p?2 0
Q=5 +S5Ap ———— 3.61
0 8%‘) 1+3u2/2 37° 1+ 3u22H (361)
The lateral flapping coefficient b; remains unaltered:
12y
by = A(uag + L.Iv"°A)/3 (357)

1+ p?2



Rotor aerodynamics and dynamics in forward flight 109

The thrust coefficient can be written

toy = tc = % =5 O0(1+ 34712) + X — ualg (3.62)

and on substituting for a; we have

alp , 1—u?+9u*/4 1-pu?/2 0
te, = o +A 3.63
T 4B 14322 ° 1+ 3u22 (3.69)
The H-force coefficient takes the simple form
aA
hep = Fu0+ =72 [381 — ubo ] (3.64)
which can also be written as
A 0o/3)(1 — 9u?/2 A O
oo — Zu5+ aIJ D [( 0 )( U ) D (365)

4 0 1+3u2  1+3u2{

Finaly, the torque coefficient can easily be seen to have the same form as
egn 3.43, that is

Go = B(1 + 312)/8 — Apte, — pihg, (3.66)

On considering the resultant blade flow velocity and induced power coefficient we
also have the same result as eqn 3.44, i.e.

Qo = (1 + 4.71%)/8 — Apte, — thg, + KAit, (3.67)

3.14 Comparison with experiment

In order to arrive at fairly simple formulae for the force and flapping coefficients, a
number of simplifying assumptions were made in the analysis and it is important to
test the accuracy of the results by comparisons with experimental data. Squire et al .8
have conducted wind tunnel tests on a 3.65 m diameter rotor and compared the
results with theoretical values. Generally speaking, the agreement was found to be
good. Since the ranges of parameters in Squire’s tests were arbitrary, many of the
combinations were outside the range of normal helicopter operations. Much more
recently, Harris'® has conducted tests on a 1.53 m diameter rotor which contains a
large number of cases in which the collective pitch was adjusted so that the thrust
coefficient was kept constant at a value typical of steady flight. Thus, the variation of
Uinthetests corresponded to ahelicopter changing its forward speed under conditions
of trim. Harris also measured the coning angle and other quantities not considered in
Squire’s tests.

The force and flapping coefficients contain two quantities, namely, the blade lift
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slope a and the drag coefficient , which are not known for aparticular rotor although,
of course, in the absence of data, reasonable assumptions can be made. In the tests
described by Harris, the thrust and torque were measured over a range of collective
pitch angles at a nominal tip speed ratio of 0.08. Now we saw earlier in this chapter
that the mean induced velocity can be found from

vip = TI2pAV
which can be expressed as
A = st /2u
provided V > 1, or as i > Aj, hoy This inequality is satisfied for the tests made at

U = 0.08 referred to above.
The thrust coefficient can be written from egn 3.33 as

—all 2 _S0
te=7 @90(1*‘3# 12) + pay 208
asO_al2 2
or tcgl+8um—4[390(1+3u 12) + Ha

Differentiating with respect to 6, gives

ot. _ a(l+3u?/2)6
36, = 1+ ad8u

With u and solidity s known, the slope of the thrust coefficient with collective
pitch depends only on the blade lift slope a. Thus a can be determined from the slope
of agraph of thrust coefficient against collective pitch. Figure 3.25 shows such data
from Harris's tests, from which we obtain dt./06, = 0.523 and a = 5.5. The variation
of q. against collective pitch is shown in Fig. 3.26. When t. = 0 we have q. = &8
(since uh, is extremely small) and from the figure we find that &8 = 0.0018, giving
J0=0.0144.

With a and d deduced from the tests we can now calculate force, torque, and

o Experimental
— Theoretical
0.1r
L
0.05 [
0 5° 10° 15°
0.5

Fig. 3.25 Thrust coefficient as a function of collective pitch
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0.01F H =008
o
9 o
0.005 | Qe = 0.0018 + 1.13t,A
0 5° 10° 15°

6(175

Fig. 3.26 Torque coefficient as a function of collective pitch

flapping coefficients. These are shown in Figs 3.27 to 3.31, together with the
corresponding measured values.

It can be seen from Figs 3.27 and 3.26 that the agreement between theoretical and
measured values of thrust and torque is very good; the slight discrepancy at larger
values of collective pitch in the case of q. probably indicates that the value of the
profile drag coefficient & should be higher in this region. The theoretical values of
h., on the other hand, show less good agreement with experiment, Fig. 3.28, but it
should be noted that, unlike t., h; represents only a small component of the resultant
rotor force and that the expression for h, does not take into account the effects of the
variable induced velocity since, as was mentioned in section 3.9, thiswould result in
avery complicated analysis. It is easy to account for the effect of the induced vel ocity
on the total power, however, since we need only apply afactor to the induced power,
as discussed earlier in this chapter. As can be seen from Fig. 3.29, the agreement
between the estimated and measured torque coefficients is excellent.

Agreement between the theoretical and experimental values of the flapping angles
isless satisfactory. The theoretical value of the coning angle ag, as one would expect,
is zero at the value of collective pitch angle for which the thrust also vanishes, and
it is not understood why the measured values show a significant coning angle at this
point or why the slope with collective-pitch angle is less than the theoretical value,
Fig. 3.30. Fortunately, since the coning angle plays very little part in performance
and stability estimations, the discrepancy is not serious.

Comparison between theoretical and experimental values of the backward flapping
angle a;, Fig. 3.31, displays a tendency previously observed® in connection with

-8 6 4 -2 0 2 4 6
Ot

Fig. 3.27 Thrust coefficient as a function of shaft angle
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Fig. 3.28 H-force coefficient as a function of tip speed ratio
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Fig. 3.29 Torque coefficient as a function of tip speed ratio
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Fig. 3.30 Coning angle as a function of collective pitch
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Fig. 3.31 Longitudinal flapping as a function of tip speed ratio

Squire’sresults, namely, that the theoretical values underestimate the actual flapping
angle by about 10 to 20 per cent. Thisis probably due to the simplifying assumptions
made for the induced velocity distribution.

Thelongitudinal induced velocity distribution has avery pronounced influence on
the sideways flapping angle b,. As was discussed in section 3.12, the sideways
flapping can be attributed to two effects: the incidence variation due to coning and
that due to the longitudinal induced velocity distribution. As can be seen from Fig.
3.32, nearly al of the sideways flapping at low speeds is due to the longitudinal
induced velocity distribution, and calculations depend strongly on the assumptions
made. Harris*® has considered a number of simple expressions which have been used
for representing the longitudinal induced velocity distribution but none of them
showsthe ‘ peakiness’ evinced by the measured values. Equation 3.53 appearsto give
the best agreement of those expressions examined.

4°L
° o
3°F ° ° .
o
7 °s eqn 3.53
by 2° 2 .
eqn 3.54 (K = 1.2)
1°f -
° =~ 7"7 7 4puayl3
0 0.1 0.2 0.3

Fig. 3.32 Lateral flapping as a function of tip speed ratio
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Trim and performance in axial
and forward flight

4.1 Introduction

Having obtained formulae for the rotor forces and blade flapping motion in Chapter
3, we are now in a position to solve the trim equations derived in Chapter 1. In
Chapter 1 it was possibleto draw some general conclusionsrelating to trimmed flight
with little specific reference to the values of the flight parameters such as collective
pitch, inflow ratio, and so on. We now seek a method which enables us to calculate
these quantities for a given helicopter under given steady-flight conditions. These
values are necessary, not only because one wishes to know the control displacements
required to maintain agiven flight condition, but because these, and other, parameters
are needed for performance and stability calculations.

Having solved the trim equations, one can then cal culate the corresponding power
and establish relationships between a given set of flight conditions and the power
required to achieve them. It is also of interest to calculate such quantities as the
maximum speed, maximum rate of climb, etc., and for this purpose it is easier to
consider the maximum power available to the rotor and to solve an energy equation.
If the trim and energy equations are based on the same set of assumptions, it is, of
course, merely a matter of convenience as to which ones are used to obtain the
desired quantities.

The following analysis and discussion will be based on the comparatively simple
formulae derived in Chapter 3. The reader is reminded that these formulae are only
approximate and that their derivation has been made possible only by making a
number of simplifying assumptions, the chief of which are that the lift slope and
drag coefficient of the blade section are constant, and that blade stall does not occur.
The introduction of more complicated aerodynamic data, in which the lift and drag
are both arbitrary functions of incidence and Mach number, requires the use of
computational methods for solution of the trim equations and cal culation of performance.
However, the simplified equations are often adequate for all but the most advanced
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design work and have the important advantage that they enable aphysical interpretation
of helicopter flight to be made easily.

4.2 Helicopter trim in forward flight

In Chapter 1 the longitudinal and lateral trim equations were derived. Because of the
asymmetry of the helicopter, e.g. the presence of atailrotor in asinglerotor helicopter,
thelongitudinal and lateral equations should, strictly speaking, be solved simultaneoudly;
indeed, in a very thorough analysis of helicopter trim, Price! finds that the various
trim parameters are related through no less than fourteen equations. However, the
complicated process of having to satisfy such alarge number of equations simultaneously
IS not necessary in practice, especially as the accuracy of some of the aerodynamic
data would hardly justify such detail. The longitudinal and lateral equations will
therefore be treated as separate groups and solved independently of one another.

Now it was stated in Chapter 1 that the resultant rotor forceis almost perpendicular
to the rotor tip path plane, i.e. the H-force is small when the rotor force components
are referred to the tip path plane axes. Because of this fact these axes are very useful
for investigating helicopter trim, asit is much easier, when using the corresponding
force coefficients, to establish the rotor incidence ap and thence to obtain the other
parameters.

4.2.1 Longitudinal trim

Referring to Fig. 4.1, we can write the trim equations given in Chapter 1, egns 1.41
and 1.42, with reference the tip path plane or disc axes.
Resolving forces vertically and horizontally we have

Tpcos(ap + 1) —Hpsin(ap + 1) =W+Dsint (4.2)
Tpsin(ap + 1) + Hp cos (ap + 1) =—D cos T (4.2)

Now theangle ap + Tistheinclination of the rotor-disc plane to the horizontal and

To

Horizon

Fig. 4.1 Forces and moments in longitudinal plane
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isusually asmall angle in steady flight. Thus the usual small angle assumptions can
be applied to eqns 4.1 and 4.2 which then become, approximately,

Tp=T=W+Dsnrt, (4.3)
T(ap + 1) + Hp = =D cos 1, (4.9

where theterm Hp sin (ap + 1) has been neglected. The angle of climb 7, might not
be a small angle.
Let the helicopter fuselage drag D be written as

D= 2pV2Se (4.5)

where S is the so-called equivalent flat plate area.
Then expressing egns 4.3 and 4.4 in coefficient form by dividing through by
PSAQ?R? gives

te, =W + %\72d0 sin T, (4.6)

D

and
te,(ap +T7¢) +hey = —%Vzdo COST 4.7)

where w, is a weight coefficient, dy = Sp/sA, and V = VIQR.
Solving eqgn 4.7 for ap gives

ap = —(3V2dy cos T, + Mgy ) Ity — T (4.8)

te, having been obtained from egn 4.6. Unless the rotor-disc incidence is unusually
large, itisusual to take t., = w,. With this approximation, the only unknown quantity
inegn4.8is hg, . Now, from numerical calculations, it appearsthat the most important
term of he, isthefirst one of eqns 3.64 or 3.65, i.e. the term representing the rotor
profile drag. Therefore as a good first approximation to h., we can write

hep = SuO (4.9)

and obtain, from eqgn 4.8, the first approximation to ap.
The inflow ratio can now be calculated from

Ap = Vsin ap —A;
= Hp tan ap — A;
or, approximately,
Ap = (Ha)p — A (4.10)
To obtain A; we can use the values of v; of Fig. 3.2 which applieswhen ap = 0. Now

A =7, ”—OR (4.11)
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and V=Vi=T=pp =2 (4.12)
0

where vy = V(T/2pA) is the mean induced velocity in hovering flight or ‘thrust
velocity’, and pp = V cos ap. Then, if vy/ QRis computed, V can be obtained from
egn 4.12 and, with v; being read off from Fig. 3.2, A; can be finally calculated from
egn 4.11.

With Ap now known, or rather a first approximation to it, and taking t., = w,
egn 3.63 can be solved for the collective pitch angle 6,. These values of Ap and 6,
enable a better approximation to h. to be calculated from egn 3.64 (or 3.65) and
new values of ap and Ap to be obtained from egns 4.8 and 4.10 respectively. In most
cases, however, the improved value of h., makes very little difference to ap, as
indicated by the numerical example below, which also indicates the usefulness of the
disc axes for these calculations. Finally, the flapping coefficients can be calculated.

Example. To illustrate the procedure just described, we shall calculate the trim of a
four-bladed helicopter in level flight at sealevel at tip speed ratio 0.3. The helicopter
is represented by the following data:

W = 45 000 N, solidity s=0.05, R=8m, h=0.25
0=0013, QR=208m/s, Sp=23m’ b=4,a=57

Blade data: My, = 74.7 kg; in terms of R, Xy = 0.45, e = 0.04

It will be assumed that the fuselage pitching moment, Mg, including, possibly, a
tailplane, is zero.

The above data give

sA=10m?, dy =0.23, w, =0.085 1pu2dy =0.0104 vy = 9.6 m/s
The first approximation to h;, is % 1o = 0.000 975, and hence
0p = — (%ﬂzdo + th)/Wc
=-0.134=-7.67°
Now vo/QR = 0.0462, so that V = uQR/v, = 6.50. From Fig. 3.2 or egn 3.2 we
find v;, = 0.154,from which A; = vjove/ QR = 0.0071.
Then, from egn 4.10,
Ap =—0.0473
Solving egn 3.63 for 6, gives
6, =0.1824 = 10.5°
To obtain a better value of h;, we need an estimate of a;. From egn 3.60, and
using the above values of 6, and Ap, we find

a, = 0.104 = 5.93°
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and, using egn 3.64 or 3.65, we calculate h, giving
he, =0.001172
Thisvalueis about 20 per cent greater than the first approximation, 4ud, but the
new value of Ap using this revised value of hgjis
Ap =-0.0479

which is close to one per cent of the first value. The small differencein Ap using the
recalculated value of hyy is aso found at other values of u, suggesting that the
original approximation to h leads to sufficiently accurate values of Ap and 6. In
any case, it is very unlikely that the fuselage drag, upon which Ay and ap depend
strongly, would be known accurately enough to justify ‘exact’ calculations of the
H-force.

From egns 3.61, 3.57, and 3.66, we find

ay = 0.066=3.78°, b, =0037=21°
g = 0.00579

The total power required at this speed is therefore 638 kW.
To calculate the cyclic pitch to trim, we write eqn 1.45 in terms of force components
related to disc axes, i.e.

-WIR — TphRB; + (Hp + Tpa)hR + M; — My(B; —a;) =0
Putting Tp = W and solving for B, gives
B; = &y + (M + HphR — WER)/(WhR + M) (4.13)
=a; +(Cy, +hyh—wef)(weh+Cp) (4.19)
where C,s = M{/psAQ°R?

and Crm. = Mo/psAQ2R® = 1bSeR/psAQ2R?
or Crne = bMpXx4e/20sAR
since S=MyrgQ2.

The pitching moment M; of the basic fuselage is not likely to be known very
accurately. The rather unstreamlined shape of most helicopter fuselages and the fact
that the fuselage lies in the complicated downwash pattern of the rotor makes it
difficult to make estimates of the pitching moment. Also, because of the problem of
correctly representing the downwash, it is difficult to obtain reliable wind tunnel
measurements of the pitching moment. The contribution from a tailplane, however,
can be estimated comparatively accurately, although it depends on the fuselageincidence,
which is not known in advance. A method for calculating the tailplane moment will
be given later in the chapter.



120 Bramwell’s Helicopter Dynamics

For the purpose of illustrating the calculation of the trim, we assume C,, = 0.
From the data given we find also that

te,h = Weh = 00214 and C,, = 0.0274

The two quantities above represent the control moment contributions, expressed
in non-dimensional form, referred to in section 1.14, i.e. the thrust moment and the
centrifugal couple due to the flapping hinge offset, which has been taken as e = 0.04.
It can be seen that this typical value of flapping hinge offset resultsin atotal control
moment which is more than double that due to the thrust alone.

Equation 4.14 provides the longitudinal cyclic pitch angle B4 to trim for different
C.g. positions and to calcul ate the fuselage attitude 6, we can write egn 3.50 in terms
of the disc axes as

(D/W) cos 1. + Hp/W + Tpa,/ W=B; — 0

or, in non-dimensional form, as
6=B; —a —he, w, — Fp?dolw,

A negative sign for 8indicates that the fuselage isin anose-down attitude. Except
at low speeds, by far the largest term in the equation for 6 is the fuselage drag term
L 2dyiwg.

2

Valuesof B; and Bfor threedifferent valuesof f (c.g. position) areshowninTable 4.1.

The variation of longitudinal trim parameters with tip speed ratio in the range 0 to
0.35 are shown in Figs 4.2 to 4.6. The effects of hinge offset and c.g. position are
shown in Figs 4.5 and 4.6 for B; and fuselage attitude 6.

The variation of A with u, Fig. 4.2, displays the reduction of the thrust velocity
part of the induced velocity at the higher speeds, shown by the broken line, and then
the gradually increasing total inflow due to the forward tilt of the rotor disc required
to overcome the helicopter drag (full line).

Table 4.1 Values of cyclic pitch B; and fuselage pitch attitude 0 for different c.g. positions

f 0 0.01 0.02
C.g. position On shaft 7.9 cm fwd 15.8 cm fwd
B;° 6.32 531 431
e —7.45 -8.45 -9.45
-0.08

—-0.06
-0.04
—-0.02

Fig. 4.2 Inflow ratio in trimmed flight
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Fig. 4.5 Longitudinal pitch angle to trim

In order that the thrust should be kept constant the collective pitch angle 6,, as
follows from egn 3.33, must vary in almost exactly the same way as A, and this can
also be seen in Fig. 4.3.

As might be expected, at constant rotor thrust the coning angle ag is practically
constant over the entire speed range, Fig. 4.4, while the longitudinal flapping angle
a; varies roughly linearly with speed.

The variation of longitudinal cyclic pitch B, required for trim is shown in Fig. 4.5
for three c.g. positions and for the flapping offsets represented by e = 0 and e = 0.04.
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Fuselage attitude, 6

Fig. 4.6 Fuselage angle in trimmed flight

Referring to egn 4.14, we see that if C,,, = 0 and if the c.g. is on the shaft (f = 0),
B, differs from a; only by the small termin h.,, and that the difference becomes
smaller the larger the hinge offset or hub couple. Our previous calculations show
that, at 1 = 0.3, the difference between B; and a; isonly 0.36° for the offset e = 0.04;
for zero offset, e = 0 = C,, and the difference is 0.79°.

With zero hinge offset, the effect of moving the c.g. is merely to change the
amount of cyclic pitch to trim by the ratio of c.g. distancesf/h, as explained in section
1.14. According to egn 4.14, with h = 0.25 a forward c.g. displacement of 7.9 cm
(f = 0.01) requires a change of cyclic pitch of —2.3° in hovering flight, and since the
H-force term is aways small, this change of cyclic pitch is roughly constant over
the entire speed range, as can be seen in Fig. 4.5.

With aflapping hinge offset of 31.5 cm (e = 0.04), the cyclic pitch change for the
same c.g. shift is much smaller since the control moment, as we have seen earlier, is
more than doubled by the addition of the offset hinge moment so that a given external
moment requires a correspondingly smaller amount of cyclic pitch movement to
maintain trim, resulting in alessened fusel age attitude, Fig. 4.6. Expressed in another
way, and as clearly illustrated in Fig. 4.5, the existence of a hub couple, such as
would be obtained from offset hinges or hingeless blades, allows a much larger c.g.
travel for a given cyclic pitch range. The amount of cyclic pitch available is usually
limited by the rotor tilt allowed by the helicopter geometry, and early helicopters,
which had little or no flapping hinge offset, had only a small c.g. travel. For this
reason the fuselages of these helicopters tended to be rather wide, since the load
carried had to be confined within limited longitudinal dimensions. The larger c.g.
range of more recent helicopters with comparatively large hinge offsets, or with
hingeless blades, allows a more slender fuselage design.

Since wind-tunnel measurements of rotor forces and flapping motion generally
show good agreement with theoretical values, any discrepancy between measured
and theoretical values of the longitudinal cyclic pitch to trim is usually attributed to
incorrect estimates of the fuselage pitching moment, since this is the only moment
contribution which is likely to be seriously in error. An example of theoretical and
flight test values of the longitudinal cyclic pitch angle to trim for the Sikorsky S-51
is shown in Fig. 4.7.



Trim and performance in axial and forward flight 123
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x C€.g. 3.0 cm forward of shaft
-2°F o c.g. 7.4 cm forward of shaft
e C.g. 12.7 cm forward of shaft
—4° — Theory (no fuselage moment)

Fig. 4.7 Measured longitudinal control to trim; Sikorsky S=51, level flight 172 rev/min

4.2.2 Effect of tailplane on trim

L et us suppose that the pitching moment of the tailplane can be calculated inisolation
from the fuselage on which it is mounted. The fuselage datum line for referring
anglesis aline perpendicular to the rotor hub axis. If the no-lift line of the tailplane
makes an angle atq to the datum line it can be seen from Fig. 4.8 that the tailplane
incidence ay is given by

aT:aD+Bl—a1+aT0—£:G—TC+OVT0—£

where ¢ is the downwash angle at the tailplane relative to the undisturbed flow.
If S isthe tailplane area, ay is the lift slope and I1R is the tail arm, the pitching
moment My is

My = —3pV?StlrRar(ap — B, + & + a1, —€)

If this moment can be added independently to the basic fusel age pitching moment
Mg, the equation for the longitudinal cyclic pitch to trim, eqn 4.13, can be modified
to become

M, + HphR— WIR + M7
B =a + WHR + M,

Cy +heoh—wef—Ju?Vrar(ap +B —a +ag,—¢€)

=al+

wch + Cp,

Fig. 4.8 Determination of tailplane incidence
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where V; = S;l1/sA isthe tail volume ratio.
This equation can be arranged to give

Coy +heoh—wef—3uVrar(ap +aq, —¢)
kr (wch + Cpp,)).

B =a + (4.15)
where kr =1+ 1u2Vrar/(weh + Cp ). The equation may be compared with egn
4.14 for the no-tailplane case.

To see the effect of the tailplane on the trim of our example helicopter, let us take
Q1o = 12°, V7 = 0.1, ar = 3.5, and |et the distance of the tailplane below the hub be
1.25 m (= 0.156R). For the appropriate values of the downwash angle &, we use the
charts below, Figs 4.9 and 4.10, taken from Reference 2, which summarise the results
of Heyson and Katzoff referred to in Chapter 3. As described there, the downwash
pattern behind the rotor consists of two distinct trailing vortices. The mean downwash
angle &, based on the mean induced velocity, is used to define the axis of reference
for longitudinal and normal position coordinates £and ¢ (positive aft and downwards
from the rotor hub, and non-dimensionalised on R) of which the downwash, v;, isa
function. Vertical downwash distributions are provided for two positions aft of the
rotor hub.

Taking the case u = 0.3, as before, we have

g0 = vi/V = NIV = Al
= 0.024 = 1.38°
and E=lr=12

Referring to Fig. 4.8, the vertical displacement of the trailing vortices at the non-
dimensional distance & = 1.2 behind therotor is1.2(&,— ap)R = 1.2(0.024 + 0.134) R
= 0.19R below the rotor plane. Since the distance of the tailplane below the rotor is
0.142R (having taken account of the small angle a; — B,), the tailplane is 0.048R
abovethe { axis. Using the £ = 1.07 casein Fig. 4.9 as being the closest to the desired
& = 1.2, with = + 0.048, we find v;/v;y = 1.8. Thus, the downwash angle at the
tailplane is 1.8 x 1.38° = 2.48°.

£=1.07 -3
vilVio

o

o_~°

o
o \
1 (]}
L 1 1 1 1 1

-03 -0.2 -01 0 0.1 0.2 0.3

Fig. 4.9 Vertical distribution of induced velocity at &€ = 1.07 behind rotor
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£=207

w/ vio 2

Fig. 4.10 Vertical distribution of induced velocity at £ = 2.07 behind rotor

From the data given previously, wefindthat ap + oy, —& = 1.85° and ky = 1.32,
so that, from egn 4.15,

Bl —a; = -0.19°
whereas, without the tailplane,
B, —a; =0.36°

Figure 4.11 shows the effect of the given tailplane on the longitudinal trim. The
full line shows the previously calculated tailplane case with the c.g. on the shaft and
with e=0.04, as shown in Fig. 4.5. The two broken lines show the cyclic pitch to trim
for two tailplane settings of 12° and 15°. At low speeds the large downwash angle
causes the tailplane incidence to be negative and the consequent download requires
asmall forward application of the stick to trim, relative to the tailless case. At higher
speeds the downwash angle increases, the tail plane incidence tends to become positive
and a backward stick movement is required. At still higher speeds the increasingly
nose down attitude acquired by the fuselage causes the tail plane incidence to reduce
again, and the slope of thetrim curve rapidly increases. For afixed tailplane the trend
indicated in Fig. 4.11 is quite general.

4.2.3 Lateral control to trim

One of the forces contributing to the lateral trim of the helicopter is the tailrotor
thrust T;. Assuming that the tailrotor thrust moment is the only moment balancing the
main rotor torque, we have

T, = Q/kR
10°f ar, =12°
go | > Notail, f=0, e=0.04
S, ar, =15°
By 6° 70
7/ /

o | 7z
4 P

20t =T

0 0.1 0.2 0.3

Fig. 4.11 Effect of tailplane on longitudinal control to trim
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where ;R isthe distance of the tailrotor from the c.g. of the helicopter. Calculation of
the torque coefficient at p = 0.3 from egn 3.67 gives
g. = 0.00632 or Q = 25800 Nm
If the tailarm is 11 m, the tailrotor thrust is
T, = 2340 N
From the parameters already calculated, and from egn 3.53 we find
b, = 2.24°

For the lateral cyclic pitch to trim, egn 1.53 can be written in non-dimensional
form as

W 1:1 + (Tt/W)tcht

A= b - tch + Cp,

(4.16)

and the lateral tilt @ of the fuselage is
@=-b, — A - T/W (4.17)
If wetakef; =0, i.e. no lateral displacement of the c.g., and h; = 0.2, we find
A =-334° and ¢@=-198°

The lateral trim quantities by, A, and @ are shown in Fig. 4.12.

Although there may be a contribution from the fin and fuselage, it will be supposed,
for illustration, that the tailrotor thrust is the only agency balancing the main rotor
torque. The calculation of the rotor torque is discussed in the next section.

If the solidity, rotor area, and tip speed of the tailrotor are denoted by s, A, and
(QR), respectively, the corresponding thrust coefficient is defined by

te, = Ti/psA(QR)?

L et us suppose that the tailrotor axisis perpendicular to the flight direction, i.e. the
incidence of the no-feathering axis of the tailrotor is zero. The only contribution to
the inflow ratio A, is the induced velocity ratio A;;, which can be calculated from

4° -A1
30
5 by
1°
0 0.1 0.2 0.3
—1°F H
ook
@
3ol

Fig. 4.12 Lateral control angles to trim
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Air = V(ste, /2), in hovering flight
and A = site, /2y, for p > 0.05

Usually, the tip speeds of the main rotor and the tailrotor are the same, i.e. y; can
be taken as L.

To calculate the collective pitch we can use egn 3.33, wheret; isreferred to the no-
feathering axis, and obtain

-8 04 )0
%0 = sa vz ate ~ Mg

Taking s = 0.1, R = 1.4 m, (QR); = QR = 208 m/s, the tailrotor collective-pitch
angle to trim has been calculated and is shown in Fig. 4.13. The high values at
hovering and low speed are partly due to the high solidities typical of tailrotors
resulting in somewhat higher induced velocities than the main rotor.

(4.18)

4.3 Helicopter performance in forward flight

It is now possible to estimate the performance of the helicopter in forward flight, this
being the performance at a specific flight condition, or point on the flight envel ope.
This should not be confused with the mission performance, which isaimed at assessing
the overall ability of the helicopter to complete a particular operational mission that
consists of a series of inter-related tasks.

The trim calculations of the previous sections give all the information needed for
calculating the power required for a given flight condition; in fact, using eqn 3.66,
the torque and power were calculated from the values of 6, and A was obtained from
the trim equations. For the performance alone, however, calculation of the trim
parametersisnot necessary. A form of the torque equation for performance cal cul ations
more convenient than egn 3.66 can be obtained by considering the balance of forces
along the flight path in conjunction with egn 3.66.

Referring to Fig. 4.1, we see that

Tpsinap +Hpcosap + Wsint, +D =0

12°F
Bt

8°

4° +

0.1 0.2 0.3
u

Fig. 4.13 Tailrotor pitch angle to trim
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Multiplying by V = V/IQR and remembering that Vsin ap =Ap +A; gives

(Ap +A)Tp +Hp + WsinT,+DV =0
which can be written in non-dimensional form as
Aoty + Hhe, = —(Aite, +WVsinT, + 2V3dy)
Substituting for Apte, + uhe, inegn 3.66 gives

Qe = 8(1 +3u2)I8 + Aty + W VsinT, +1V3d, (4.19)

This expression for the torque coefficient can be regarded as the non-dimensional
form of an energy equation; the first term represents the power required to overcome
the profile drag of the blades, the second represents the induced power, the third
is the power required for climbing, and the last term is the power required to
overcome the fuselage drag. Of course, eqn 4.19 could have been derived from
energy considerations directly, but it is instructive to derive it from the balance of
forces.

Equation 4.19 has been derived from egn 3.66 on the assumption that the induced
velocity was constant. Since the induced power in eqn 4.19 appears as a separate
term, it is a simple matter to include the effect of non-uniform induced velocity, as
mentioned in the previous chapter. Now, as we saw in Chapter 3, the induced power
can be expressed as (1 + K)P;o, Where P;p is the *ideal’ induced power for a constant
induced velocity distribution defined by v;oT and which, in non-dimensional form, is
represented by the second term of egn 4.19. Values of k for the Mangler and Squire
induced velocity distribution were given in Fig. 3.16. Thus, the contribution of the
induced power to the torque coefficient can be expressed more accurately by
(1 + KAt . Further, we have yet to include the torque which must be provided to
thetailrotor. Thetailrotor isdriven by ashaft geared to the main rotor, but the torque
supplied to the shaft depends on the inclination of the tailrotor axis to the fuselage.
Thus, for example, it ispossible to incline the axis so that the tailrotor autorotates and
for no power to be necessary at the tailrotor, causing a drag force which, in turn,
would require aforward tilt of the main rotor to trim it, with a corresponding increase
of power to be developed at the main rotor shaft. It can easily be verified that the
amount of power required at the tailrotor shaft, plus the work which must be done to
overcome the tailrotor force, isindependent of the tailrotor shaft angle. As we have
found with the main rotor, the power absorbed can be expressed simply as that which
would be needed to overcome the profile drag of the blades and the induced power.
Hence, the power P; required for the tailrotor is

0o 0
Pt = Hgt(l + S,Utz) + Aittct EpStA((QR)t?)

and the effective increment to the mainrotor torque coefficient is
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_ 06

= B0 3u?) + Aty [ AERE

“H sA(QR)3

Now it is reasonable to assume that, as the tip speeds of the tailrotor and the main
rotor are usually equal, the termsin the square bracket have roughly the same values
as those of the main rotor, although, as we saw earlier, A;; may be rather higher than
in hovering flight. Hence, the power to be attributed to the tailrotor is, to a good
approximation, sA/sA times that of the main rotor. Thus, a simple way to calculate
the tailrotor power is merely to increase the mainrotor power by the fraction sA/sA
whose value is typically about 0.06. As a percentage of the total power, the tailrotor
power varies from about 6 per cent in hovering to about 3 per cent at high speed.

The torque coefficient can finally be written as

58(1+3/J )+ (1 +K)Ateg é‘é{ S A D+WC\75in To+1V3d, (4.20)

The required power P is calculated from QQ = q.0sAQ°R® and is shown for the
example helicopter in level flight in Fig. 4.14. The four contributionsto the power are
shown by the broken lines, the value of the induced power factor k being taken as
0.17.

Suppose the maximum installed power of our example helicopter is900 kW. It can
be seen from Fig. 4.14 that the maximum excess power occurs at (1 = 0.154 (32 m/s)
and is 496 kW. This gives a maximum rate of climb of 11 m/s.

The maximum forward speed occurs when the installed power and the required
power are equal; the intersection of the two curvesin Fig. 4.14 occurs at p = 0.358,
i.e at 74.8 m/s.

Maximum installed power
800 |- Total
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200~ =~ == —— - - Sl s
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- ~—7 ___Taiotor _____ 77"
0 0.1 0.2 0.3 1 0.4

Fig. 4.14 Variation of power with forward speed
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4.3.1 Fuselage parasite drag

The figure for the parasite drag of our example helicopter is a value, typical for its
weight, of production helicopters. Theflat plate parasite drag of anumber of helicopters
asaplot of equivalent flat plate areais shown against gross weight in Fig. 4.15. The
points define fairly well atypical curve of drag against weight. A second curve is
shown which is based on aerodynamically clean experimental helicopters. Thislatter
curve represents the lowest drag which can reasonably be achieved in helicopter
design, although it falls far short of best fixed wing practice. It is clear that the
particular basic shape which must be adopted by helicopter fuselages, and the fact
that the helicopter is normally expected to fulfil a variety of roles, means that it is
unabl e to reach the degree of aerodynamic refinement which is possiblein fixed wing
practice. In fact, both helicopter drag curves are roughly proportional to W2, instead
of W23 as might have been expected, which is an indication of a large amount of
separation drag. The drag curve of the much cleaner fixed wing aircraft is more
nearly proportional to W22,
A breakdown of the fuselage parasite drag is shown in the table below.

Component Percentage drag
Basic fuselage with protuberances 20to 40
Landing gear or fairing 6to 25
Rotor pylon and hub 35t0 50
Tailrotor and tail surfaces 5to 15

The drag of the rotor pylon and hub represents a high proportion of the overall
drag, and thisis therefore an area where drag reduction leads to considerabl e benefit;
hence the appearance of hub and pylon fairings on the larger and faster helicopters.

OEH101 (Mil)

ak S Erel HH (X) © CH 53A

uper Frelon
L per’ OCH 47
& S58  CcH460 0 EH101(Civil)
© b Typical production
o 3 S Belvedere )
g S61 helicopters
©
s SO Uhag
T 2r S55 OLynx (Navy)
2 uH1 Y™ (ATMY) o Experimental helicopt
< S52 perimental helicopters
IS o (research) S67
E SA 341 _°
=3 o°
. XH51A Clean fixed wing aircraft
T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 kN

Gross weight

Fig. 4.15 Parasite drag of helicopters
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Interference drag plays a significant role, because on a helicopter there are a number
of separate aerodynamic ‘shapes’ in close proximity whose pressure distributions
and boundary layers can interact with each other. Hub and pylon fairings are designed
to minimiseinterference drag in addition to reducing the basic parasitic drag contribution
of these components, the upper cambered shape of the former being a result®.

Also, larger and faster helicopters tend to utilise retractable landing gear, which
leads to the lower figure in the above table.

4.3.2 Analytical estimation of performance

Except at very low speeds (when the disc incidence may not always be small) we can

put V= u and A; = st/2u; also, writing A for V sin T., eqn 4.20 can be expressed
as

2
= 3+ 300 S SR A B (420

where q. is the torque coefficient corresponding to the given power.

The expression for g, can be used to calculate either the torque and power for a
given flight condition or, as described below, the maximum speed and rate of climb
for a given torque.

To find the maximum level speed (A. = 0) for agiven power, i.e. given (., we have
to solve the quartic in u expressed by eqn 4.21. Now at high speed we note that the
induced power issmall; therefore, neglecting thisterm and the term 312 of the profile
drag, we find as a first approximation to u, (i say,

3 _ 2[0c — 0(1 + s A/sA)/8]
Hf = dy

The value of g corresponding to the maximum power (900 kW) is 0.00834. Then,
with the previously given values of ¢ and d,, we find

p3 =00561 or p =0.383

With this value of u, we calculate the terms previously neglected to give the
second approximation L, as

u3 =0.0468 or ,=0.36

which isextremely closeto the correct value. Thus, the iteration providestherequired
maximum value in two steps.
To find the maximum rate of climb we must satisfy the condition

oAJou=0
This condition leads to

6o + [364° — 2(1 + k)21 + %g: 0 (4.22)
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To solve this equation for p we note from Fig. 4.14 that the blade profile drag
contributes little to the slope of the power curve (which led to egn 4.22), so that for
afirst aproximation p; we can neglect the second term of eqn 4.22 and obtain

4 _ (L+Kk)ste sA D
M ="73q, TSA D

From our data we find

H;t = 0.000642

or

Uy = 0.159

For the second approximation, a value for the second term is calculated using L,
giving
U5 = 0.000642 — 0.000117 = 0.000525

or

Uy = 0.152

This agrees with the value obtained graphically and, again, theiteration leadsto a
satisfactory answer in two steps. This value of u is substituted into egn 4.21 and the
eguation is solved for A, giving the required rate of climb.

4.3.3 Autorotative forward flight

Autorotation is defined as self-sustained rotation of the rotor in the absence of applied
torque, i.e. when Q = g. = 0. The work to be done to overcome the rotor and fuselage
drag must be obtained at the expense of the potential energy of the helicopter. Level
flight autorotation isimpossible, and steady flight can be achieved only by descending.
To find the rate of descent at a given forward speed we simply put g. =0in egn 4.21
and solve for A at the appropriate value of u. Thus

AC=—8%(1+3/12)+%(1+k)%+%p3?—: (4.23)
and the rate of descent Vg iS given by
Vies = — AQR
The angle of descent Ty is clearly
Tges = ta ™ (Vged V) (4.24)

The rate and angle of descent of our example helicopter is shown in Figs 4.16 and
4.17.

It can be seen from egns 4.21 and 4.23 that the rate of descent is proportional to
the torque coefficient in level flight; in fact, the rate of descent curve, Fig. 4.16, is
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Fig. 4.16 Rate of descent in autorotation
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Fig. 4.17 Angle of descent in autorotation

merely the power curve, Fig. 4.14, drawn to adifferent scale. Thus, the minimum rate
of descent occurs at the same speed as the minimum power in level flight.
From egn 4.24 the condition for least angle of descent is given by

OTges _ COS?T gos [, OVyes 0_
av ~ y2 %’w ~ Vi 5= 0
i.e dVdeS/ dVv = VdeS/V

Except at low speeds, when the disc angle may be quite large, this condition can
be written as

dAJdu = AJu
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and the solution can be found by the point at which the line drawn from the origin
makes a tangent to the curve of A; against u or of Vg against u, as shown in
Fig. 4.16.

In autorotation there must be a flow up through the rotor disc so that the total
moment, or torque, of the blade forces is zero. Figure 4.18 shows the forces on a
blade section with the resultant force dR perpendicular, or nearly perpendicular, to
the plane of rotation. It can be seen that the resultant velocity vector W must be
inclined upwards relative to the plane of rotation in order that there should be a
component of lift to balance the blade drag.

It is clear that in autorotation the collective pitch will be lower than in forward
flight. To find the collective pitch angle to trim it is best to use egn 3.66, putting

gc = 0 and neglecting the small term in uh,_, giving
Ap =9(1 + 3u?)/8te, (4.25)

Since t., = W, Ap can easily be calculated from eqn 4.25 and then substituted in
egn 3.63 to obtain G,. The collective pitch variation with pisshownin Fig. 4.19. The
fact that it is practically constant follows from the need for an almost constant flow
through the rotor to maintain zero torque, as can be seen from an inspection of
egn 4.25.

4.3.4 General remarks on performance estimation
The performance estimations discussed in this chapter have been based on very
simple assumptions, particularly with regard to the aerodynamic properties of the

dD
dL drR

—

Plane o
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=

Fig. 4.18 Forces on aerofoil in autorotation
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Fig. 4.19 Collective pitch to trim in autorotation
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blades. One of the most important, and which has allowed a particularly simple
analysis, isthe assumption of constant blade section drag coefficient even though, as
we shall discuss in detail in Chapter 6, the local incidence may vary over a wide
range and enter the stall region.

An early attempt to consider the dependence of the drag coefficient d on the
incidence a was that of Bailey (1941)* who assumed that

4 =0.0087 — 0.0216a + 0.4a°

This expression wasinserted into the same sort of analysis as presented in Chapter
3, using atip lossfactor B=0.97, y = 15, and an arbitrary amount of linear twist. The
induced velocity was assumed to be constant.

Asmight be expected, the expressionsfor theforce, torque, and flapping coefficients
were quite complicated, partly on account of the presence of the tip-loss factor B.

For performance estimation, Bailey and Gustafson® calcul ated theinduced, fusel age,
and tailrotor power contributions in amanner similar to that described in this chapter,
but for the profile power Bailey’s results were used by expressing them in chart form
for zero blade twist. However, in order to use the chartsit was still necessary to find
the trim values of 6, and A and also to interpolate between charts. Although Bailey’s
analysis would appear to contain a more accurate representation of the blade drag, it
is doubtful if it justifies the extra complexity or even gives a more reliable value of
the profile power; for example, theinclusion of thetip lossfactor leads to many terms
in B* and B® so that a bad choice of the value of B can clearly make a considerable
difference to the final result. In any case, the value of B normally assumed is based
on hovering flight theory and is not applicable to forward flight.

Thisillustrates the case against too great an expenditure of effort in estimating the
performance of the rotor, as can be seen also by referring to Fig. 4.20. The figure
shows the effective L /D ratio of the complete helicopter plotted against the L /D ratio

Clean helicopters
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Rotor L/D

Fig. 4.20 Effect of L/D of rotor on L/D of complete helicopter
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of the rotor alone. The effective drag has been calculated from the power expended,
P, by

D =PIV
giving
L/D = VWIP = VW/(P, + P; + P, + P)

where P, P;, P, and P; are, respectively, the blade profile drag and the induced,
tailrotor, and fuselage power contributions.

At cruising speeds, i.e. for tip speed ratios of between, say, 0.25 and 0.35, it can
be calculated from the data of Fig. 4.14 that the L/D ratio for the rotor alone of our
example helicopter varies from about 7 to 10. Figure 4.20 showsthat, at these values,
a comparatively large increase of the L/D ratio of the rotor would be needed to
produce a significant increase in the L/D ratio of the complete helicopter, especially
at low values of the gross weight.

Thus, thereisalimit to the expenditure of effort that ought reasonably to be spent
in either making calculations of the rotor power or effecting real improvements in
rotor performance through aerodynamic refinement.

What has been said above applies strictly to the calculation of the performance of
the helicopter, by which we mean the estimation of the power for a given flight
condition or the flight range possible for a given installed power. The high speed
performance of modern helicopters, however, isfar morelikely to be restricted by the
vibration and increase of control loads due to blade stall and compressibility than
through lack of power. It isin this area that the aerodynamics of the rotor must be
considered in sufficient detail to be able to design arotor in which these undesirable
effects are reduced to aminimum. The simple rotor force and flapping analysis of the
previous chapter is no longer adequate, and more advanced methods are necessary.
The complicated aerodynamics which need to be considered in these flight conditions
will be described in Chapter 6.
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Flight dynamics and control

5.1 Introduction

At first sight, the study of helicopter flight dynamics and control may seem very
complicated, since each blade possesses degrees of freedom in addition to those of
thefuselage. Fortunately, apart from some special cases of helicopter dynamic stability
such as the phenomenon of air resonance to be considered in Chapter 9 a knowledge
of the motion of the individual bladesis not required, and for calculating the forces
and moments in disturbed flight it is sufficient to consider only the behaviour of the
rotor as a whole.

The simplifying assumptions which have enabled helicopter dynamics of flight
and dynamic stability to be handled in ‘classical’ form are due mainly to the original
work of Hohenemser! and Sissingh?. These assumptions are as follows.

(i)

(if)

(iii)

In disturbed flight the rotor behaves asif the motion were a sequence of steady
conditions, i.e. the accelerations of the helicopter are small enough to have a
negligible effect on the rotor response. Thisassumption wasjustified in Chapter 1
where it was shown that the rotating blade could be represented by a second
order system having a natural frequency which is the same as the rotor angular
frequency; typical disturbed motion corresponds to forcing the blade at a very
low frequency ratio so that the rotor responds asif the instantaneous disturbance
were being applied steadily.

The rotor can thus be regarded as responding instantaneously to speed and
angular rates, just as is generally assumed for the fixed wing aircraft.

The rotor speed remains constant. This assumption isjustified because not only
is the rotor speed controlled by the engine, but the changes of torque under
normal steady flight conditions are quite small. In autogyro flight neither of
these two conditions applies, and the rotor angular velocity variations may be
quite considerable.

Lateral and longitudinal motions are uncoupled and can be treated independently
of one another, as is normally the case with the fixed wing aircraft. Now, we
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have seen that the rotor tilts sideways with forward speed, and we shall meet
other examples in which the lateral and longitudinal responses are coupled.
Nevertheless, it is assumed that the effects of coupling are quite small, and, for
the present purpose of studying the flight dynamics at a particular speed and
configuration, may be ignored.

Before dealing with the flight dynamics and the dynamic stability problem analytically,
let us consider the physical effects of velocity and angular rate disturbances on the
helicopter.

5.1.1 Forward speed disturbance

We have seen in Chapters 3 and 4 that, for constant collective pitch and inflow ratio
A, the backward flapping angle a; of the disc is amost exactly proportiona to
forward speed. Figure 3.31, for example, shows that, even when 6, and A vary in
trimmed flight, a; is still roughly linear with forward speed, and it follows that when
the forward speed is increased the rotor tilts back by an amount which is almost
independent of the original flight speed; a typical value is 1° for about 10 m/s. It is
found that the in-plane H-force, whose steady value is already very small, changes
very little so it can be assumed that the rotor thrust force tilts back with the disc,
Fig. 5.1.

The tilt of the thrust vector gives a backward force component, relative to the
original flight direction, and a nose up pitching moment. The thrust also changes but,
unlike the fixed wing aircraft, the change may be positive or negative depending on
the flight speed; for example, at high forward speed, when the disc will be tilted
forward at quite a large angle, a change of forward speed increases the flow through
the disc, reducing the blade incidence and causing a loss of thrust. Of course, if in
trimmed flight the thrust vector does not pass through the helicopter c.g., the change
of thrust will also contribute to the pitching moment, but it is usually found that the
total moment is dominated by the thrust tilt just described. With offset hinges or
hingel ess blades there is an additional moment due to the disc tilt alone, as discussed
in Chapter 1. Thefuselage drag a so provides asubstantial contribution to the backward
force, particularly at high speed.

Fig. 5.1 Rotor force and flapping in disturbed flight
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5.1.2 Vertical speed (incidence) disturbance

An upward (positive) velocity of the surrounding air mass imposed on the helicopter
increases the incidence of all the blades, and there is a consequent increase of the
total lift. The helicopter can be regarded as having a lift slope like a fixed wing
aircraft, but, as we saw in Chapter 3, the local blade lift is proportional to the term
U,Ur and, since the vertical velocity increases Up by a constant amount, the change
of lift depends on the chordwise vel ocity component Ut which islaterally asymmetric
and has a maximum on the advancing side of the disc. Because of the 90° phase lag,
thisresultsin abackward tilt of the rotor disc producing a backward force component
and a nose up pitching moment. The effect increases roughly linearly with speed and
is zero in hovering flight. Thus, the helicopter rotor is unstable with respect to
incidence and becomes progressively more so as forward speed increases. A tailplane
is often fitted to provide positive incidence stability, but it is really effective only in
the upper half of the speed range.

5.1.3 Pitching angular velocity disturbance

Imagine the helicopter to be pitching with constant angular velocity g and that the
rotor is in equilibrium and pitching in space at the same rate. The rotor can then
be regarded as a gyroscope which will therefore be subjected to a precessing moment
tending to tilt it sideways. Because of the 90° response lag the rotor actually tilts
in the longitudinal plane, causing longitudinal forces and moments. Now we know
that atilt of the rotor relative to the shaft produces cyclic pitch variations in the tip
path (disc) plane and a conseguent aerodynamic moment. The rotor disc will therefore
tilt such that the aerodynamic moment is in equilibrium with the precessing moment.
It is found that the nose up pitching of the helicopter produces a nose down tilt of
the rotor. The corresponding nose down moment is in a favourable sense, i.e. it
opposes the disturbance. We find that in this angular motion the rotor force does not
remain perpendicular to the disc: the change of H-force is quite large and tilts the
resultant force vector in the opposite direction to that of the disc, thereby reducing
the moment. Under conditions of large inflow ratio, such as rapid climb, the sign
of the moment may even be reversed. The destabilising effect of the H-force is less
important when the moment is augmented by the presence of offset hinges or
hingeless blades.

In addition to the precessing moment mentioned above, the pitching motion causes
aerodynamic incidence changes which result in alateral tilt of the rotor and therefore
of lateral forces and moments (section 1.6.3). Typically, the lateral tilt is about half
the longitudinal tilt. This is another example of the coupling between lateral and
longitudinal motion.

The above discussion applies equally well to rolling motion and we see that
rolling causes a moment in opposition to the motion, i.e. there is ‘damping in roll’,
as with a fixed wing aeroplane, but for a given size of aircraft the helicopter roll
damping is usually much weaker.
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5.1.4 Sideslip disturbance

When the helicopter sideslips, i.e. when there is a component of wind relative to the
undisturbed flight direction, it appears to the rotor as if the relative wind speed were
unchanged but that it comesfrom adifferent direction. Thusthe direction of maximum
flapping of the rotor is merely rotated through the angle of sideslip and, as we shall
see later, the change of sideways rotor flapping angle b, depends directly on the
backward flapping angle a; and vice-versa. Since a, is usually much larger than by,
the main result is a sideways tilt of the rotor away from the side wind. There is
therefore arolling moment opposing the sideslip, corresponding to the dihedral effect
of the fixed wing aircraft. Further, the blades of the tailrotor experience a change of
incidence and thetailrotor actslike afin producing favourable ‘weathercock’ stability.

5.1.5 Yawing disturbance

Yawing velocity causes a change of incidence at the tailrotor and, again, produces a
favourable ‘fin’ effect — or ‘damping in yaw’.

Summarising the above physical description of the effects of the disturbances, we
can expect that the nose up pitching moments which arise with forward and vertical
speed changes will result in longitudinal characteristics very different from those of
the fixed wing aeroplane. On the other hand it is rather remarkabl e that, although the
lateral force and moments arisein quite adifferent way from those of the conventional
aeroplane, they have similar signs and we shall see that the stability characteristics
are similar.

The dynamic stability analysis which now follows is formulated at the same level
as the equivalent fixed wing analysis in standard undergraduate texts, and is subject
to similar assumptions and approximations. For afully comprehensivetext on helicopter
flight dynamics the reader is referred to Padfield®. The analysis begins with the
longitudinal motion.

5.2 The longitudinal equations of motion

The equations of motion of arigid body referred to axesfixed in the body are derived
in Appendix A2. We found that the assumption of small disturbances enabled the
inertia terms to be linearised and the lateral and longitudinal dynamic terms to be
uncoupled. We have now to choose asuitableinitia orientation of the axesin undisturbed
flight. Several axes systems were discussed in Chapter 1, but none of them appears
to have any particular advantage as an initial set for describing the dynamic stability.
At the same time, the rotor forces have no special relationship with the undisturbed
flow direction, as is the case with the conventional aeroplane, so the initial flight
direction (wind axes) offers no advantage in expressing the aerodynamic forces.
However, wind axes at least remove the terms gW, and pW, from the force equations
A.2.12 and A.2.13 and have the advantage of being thoroughly established in fixed
wing aircraft work.
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We shall therefore use wind axesto describe the stability equations, i.e. in undisturbed
flight the x axisisdirected parallel to the flight path, with the z axis pointing downwards
and the y axis pointing to starboard.

The linearised equations of longitudinal motion are therefore

(Wlg)u = -W6@cos 1, + AX (5.1)
(W)W = —(WIg)VO = — WEsin T, + AZ (5.2)
BO =AM (5.3)

where AX, AZ, AM are the aerodynamic force and moment increments in disturbed
flight, Fig. 5.2, 8 =q, and 1. is the climb angle.

Since the disturbances in u, w, and g are supposed to be small, the force and
moment increments can be written as the first terms of a Taylor series, i.e. AX can be
written as

_0oX 0X 1704 X X
AX= 0t ow" ™t aq % am, = * 28, P
= XyU + Xy W + Xqq + Xg By + Xg,60 (5.4)
where u, w, ... , etc. are understood to be differential quantities. B; and 6, are the

cyclic and collective pitch control terms respectively. Similar expressions can be
written for AZ and AM. The terms X, X,, ... , Xy are called aerodynamic derivatives
in fixed wing aircraft work, but the term is less appropriate here because the force
and moment increments are due to rotor disc tilt aswell asto changesin aerodynamic
forces. The derivatives are regarded as constants in disturbed motion. The variables
B, and 6, aredueto pilot (or possibly autostabiliser) action and are specified functions
of time or of the other variables.
The stability egns 5.1 to 5.3 can be written as

(WIg)U — X,u — X,W — Xqq + WO cos T, = Xg B; + Xg, 6 (5.9)
~Z,u + (WIG)W — Z,W — Zoq — (WIG)VE + WESin T, = Zg B, + Zg, 6, (5.6)

—Myu = M, W — MW + BE — Mqq = Mg, By + Mg, 6, (5.7)

u 6 AM
4 A
- Horizontal
{

AZ Vw w

Fig. 5.2 Longitudinal force components in longitudinal plane
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Apart from the form of the control terms, the equations are identical to those of the
fixed wing aircraft. The term M,,w allows for the effect of ‘downwash lag ' on the

tail

plane, if fitted, as in the fixed wing aircraft work.

5.2.1 Non-dimensionalisation of the equations

The fixed wing scheme of non-dimensionalisation can conveniently be used for the

hel
()
(i)
(iii

icopter, but the following reference quantities are more useful:

the rotor blade radius R is the unit of length,
the rotor tip speed QR is the unit of speed,

) the blade area sTiR? = sA is the reference area, where s = bc/7R is the rotor
solidity.

Let us define the following non-dimensional quantities:

0=uQR

W =w/QR

q=0Q
The non-dimensional aerodynamic unit of time is defined by

T=tt
where t = WigpsAQR.
Note that
G # derdr; q=9if¥

The helicopter longitudinal relative density parameter u* is defined by

u* = W/gpsAR = Qf

and the non-dimensional moment of inertiaig is defined by

ig = B/(WR?g)
Finally we define the non-dimensional derivatives as
X, = X,/ 0SAQR, Xy = X/ PSAQR, Xy = Xo/ pSAQR?
z, = Z,/psAQR, Zy = Z,/ pSAQR, zy = Zy/ pSAQR?
m;, = M,/psAQR?, m;, = M,,/psAQR?, my = My/psAQR?
Xg, = Xg [PSAQ2RZ,  mj, = M,,/pSAR? Mg, = Mg, / psAQ?R®
Xgo = X [PAQZRZ, 7 =7, IpsAQ2R?, mj, = Mg,/ psAQ?R®

290 = ZQO/pSAQZRZ,
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Then dividing the force eqns 5.5 and 5.6 by psAQ?R? and the moment egn 5.7 by
psAQ?R® we have the non-dimensional form of the stability equations as

di . . Xx,do

ap Xl = XaW = ot +Wc0cos T = Xg By + Xg,6, (5.8)

—zuﬁ+3—\’Tv—zWW— %7 % %d—+wcesin Tc =2 B +2,00 (5.9

pro e Mo My AW d29 Mg
B PR el s rel e Bl Pl
IJ*m
=£ Bl|3>l+ m9060 (5.10)

in which w, = W/psAQ?R?.

The above system of non-dimensionalisation, based on the original work of Bryant
and Gates*, was intended to display the mass and inertia parameters represented by
u* and ig. However, in practice, the slight advantage does not justify the somewhat
unwieldy notation and we propose here to write m, for p*mj/ig, X = Xg/u* etc. It
wasfor thisreason that a‘ dash’ was applied to some of the non-dimensional derivatives
above, indicating that the final forms for these derivatives had yet to be defined.

Since, also, the non-dimensional variables G andw appear only in combination
with the non-dimensional derivatives, which are written in lower case letters, there
should be no ambiguity if Gandw are written simply as u and w. Then the final non-
dimensional form of the equations can be written as

% = XyU — XyW — xq¥ +W0cos 1. = Xg B + Xg,6 (5.12)

—zuu+?j—\;v—zww—(\7+zq)¥+wc95in To =25 B +256, (512
dw . d20 dé _

=MW —my, gt = =My g7 = Mey B, + mg, 6 (5.13)

5.3 Longitudinal dynamic stability

To study the longitudinal dynamic stability, the controls are assumed fixed. It is
worth noting here that in comparing the stability of a helicopter with that of a fixed
wing aircraft, the concept of static stability is not as meaningful because of the
relative lack of importance of the c.g. position in determining the longitudinal behaviour
of the helicopter. Neither is the concept of stick-free stability, due to the inherent
instability with respect to incidence at low speeds (section 5.1.2), and lack of a
natural force feedback to the pilot’s controls that relates to longitudinal control (asin
the case for fixed wing aircraft).
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Thus we put B; = 6, = 0, remembering that, in the equations, B; and 6, are
variations from the trim values. We also find that z, is always zero and that x; is
negligibly small.

Equations 5.11, 5.12, and 5.13 are linear differentia equations with constant
coefficients, and to solve them we put*

u=ue, w=wee', 6=6ge"

where ug, Wy, 6, and A are constants.
Substituting in egns 5.11, 5.12, and 5.13 and cancelling throughout by €'” we
obtain

(A —Xy) Ug— XWo + W6y cos 1. =0 (5.19)
—ZUp+ (A —2,) Wo— (VA =W, SN T)6, =0 (5.15)
—MmylUp — (Amy, + my )Wy + (A2 —mgA )8, =0 (5.16)

For non-trivial and consistent values of ug, W, 6, it isnecessary for the determinant
of the coefficients in egns 5.14, 5.15, and 5.16 to be zero, i.e. for

A=X, —Xy W, COS T
-z, A -2z, —(VA —w, snt.) | =0
-m, —(Amy, +m,) A% —my
Expanding this determinant leads to the characteristic equation
A A+ B A+ CA2+ DA+ E; =0 (5.17)
where
A]_ =1
By = N; —my — Vm,, (5.18)
C, =R - Nymy — Qm,, — Vm, (5.19)
D, =Sm, - Pmy — Rm;, — Qm, (5.20)
El = Tlmu - ernN (521)
and
Ny =—X—2y (5.22)

* Care must be taken not to confuse 6, here with the collective pitch angle; from this point down
to egn (5.16) 6, refers to the maximum amplitude of pitch 6 of the whole aircraft.

1B, as a coefficient of the characteristic equation is distinct from By, the longitudinal cyclic pitch
angle.
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Py = XyZw — XwZy (5.23)
Q= —\7xu — W, SinT, (5.24)
Ry = —wg(z, cos T, — X, Sin 1) (5.25)
S =W, cos T, — VX, (5.26)
T, = —w(z, COS T, — X, SIN T) (5.27)

the suffix 1 denoting longitudinal coefficients.
Equation 5.17 will have four roots A4, Ay, Az, A4 which may be either real or
complex. Thus the general solution for u can be written

u=ceM +c,e’® +cze!d +c, e (5.28)

where the constants ¢4, C,, €3, and ¢, can be determined from the initial conditions.
Solutions for w and 8 can be written in the same way.

Since we are concerned here only with the stability of the motion, we need consider
only the values of A.

When A isreal and positive, € increases without limit and the motion is known
as a divergence, Fig. 5.3.

When A is real and negative, € decreases steadily to zero and the motion is
known as a subsidence, Fig. 5.3.

When A is complex it can be written as

A=At i

since the complex roots always appear as conjugate pairs.
The mode of motion corresponding to this pair of roots can be expressed as

U= ke sin A, T + ke’ cosA T (5.29)

If A, IS positive, the motion is a divergent oscillation, Fig. 5.4; if A iS negative,
the motion is a convergent or damped oscillation.

The rate at which these motions subside or diverge is determined from the real
values or real parts of A. It is usual to express this rate as the time to halve or to
double the amplitude of the motion. It can easily be seen that the time to half
amplitude T, is given by

A positive
(divergence)

A negative
(subsidence)

Fig. 5.3 Divergence and subsidence
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Divergent oscillation (A, positive)

Fig. 5.4 Damped and divergent oscillations

Ty = In2t/(=A) = 0.693t/(-A)

when A is real and negative or

T, = 0.693t/(=Ae)

when A is complex and A is negative.

The time to double amplitude, Ty, is given by

T4 = 0.693{/A

for real and positive A

or

Ty = 0.693{/A

when A is complex and A, positive.

From egn 5.29 it can be seen that the periodic time, T, is given by

AmIT = AT = 27

T = 2t/ Ay,

(5.30)

(5.31)

(5.32)

(5.33)

(5.34)
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5.4 Calculation of the derivatives

The main contributions to the incremental forces and moments arise from the rotor,
as discussed at the beginning of this chapter. We have also assumed, with good
justification, that the rotor forces and moments, like those of the fixed wing aircraft,
depend only on the instantaneous values of speed, incidence, and rate of pitch. To
calculate the derivatives, then, it is necessary only to resolve the rotor forces onto the
chosen axes and perform straightforward differentiation on the expressions for force
and flapping in Chapter 3. Some of the fuselage contributions can be calculated with
fair confidence, particularly those of the tailplane.

As far as the rotor calculations are concerned it does not matter whether tip path
plane (disc) axes or no-feathering axes are used but, aswe found in Chapter 3, the H-
force is usually very small when the rotor forces are expressed in terms of either set
of axes, and this is an aid in the physical appreciation of the problem. We shall
therefore use disc axes in general in our analysis but occasionally use no-feathering
axes when it makes the differentiation easier.

Referring to Fig. 5.5, let ap be the disc incidence in steady flight. In disturbed
flight the longitudinal flapping increases by amount da; and the incidence of the wind
axesis a = w/V. Resolving the thrust and in-plane force along the wind axes, we get

OX =—(Tp + OTp) sin (ap + day) — (Hp + dHp) cos (ap + da;) — Tp sin ap
—Hp cos ap
= —Tpday — dTpap — AHp

since ap and da; are small angles.
Also

0Z = —(Tp + dTp) cos (ap + day) + (Hp + dHp) sin (ap + day)
+ Tp cos ap — Hp sin ap
= —90Tp + OHpap + Hp oy
= dTp

Tp + OTp

Disturbed flight

Steady flight

V4

Fig. 5.5 Longitudinal forces and flapping in disturbed flight
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since the terms in Hp are very small.
Then

_OX_ ;9% _, b JH
=0 =~ oy P7ou  du
7z =92 __09To
“Tdu du
X X -T &_ &_dHD
YT ow Pow  “Pow  ow
Z o"_Z _&TD
W ow T dw
X oX T day  dTp JHp
799" Paqg " aq dq
7 292 __0T
799 dq

Now, since the disc makes a small angle to the x axis, we can write
d_1d_1 d _1d

du ” QRd0  QRdup, QRdu

Then
X, = Xu —t &_ ﬁ dth
U~ psAQR Cou oy ou
and similarly
ot

T

-

Xw =~ 5q " %w T aw

A
2= oW

_ 0y ote  Ihg,

Xa =55 ~ 909 T aq

_ ot

(5.35)

(5.36)

(5.37)

(5.38)

(5.39)

(5.40)

(5.41)

(5.42)

(5.43)

(5.44)

(5.45)

(5.46)

To calculate the moment derivatives, we see from Fig. 5.6 that the moment of the

rotor forces oM, about the c.g. is

M, = (-0X cos ag + dZ sin ag)IR + (dZ cos ag + oX sin ag)hR

= - th&( + |1R52
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as

X
hR 798 o
hR
hR
C.0.0= = = —f= 4
Z
%)
2 v
g oz
g

Fig. 5.6 Force components contributing to longitudinal moment

where
hy =hcosas—1 sin ag
=h-lag
and
[ =1cosag+ hsinag
=| + hag

a, being the incidence of the rotor hub axis in trimmed flight.

In addition to the moment of the forces there is the hub moment due to offset
hinges or hingeless blades, M da,, and the fusel age pitching moment dM;. Hence the
total moment increment is

M = — ,ROX + 1;ROZ + My + oM

from which
= -hRX, + 1RZ, + Mg 50 + (My)s (5.47)
_ Jay
w = _thXW + IlRZW + MSW + (Mw)f (5-48)
o3y
—mRXy + 11RZy + Mg dq + (Mg)s (5.49)
which, in non-dimensional form, become
ay
m, = —hyx, + 1,2, + Cy Srm + (my)s (5.50)
o"al
m\’N == h1Xw + I1Zw + C + (mw)f (551)
, 0y
mg = —yXq + 1,24 + Cp, + (mg)s (5.52)

a4
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with
ml
m, —,“—mu, mw—”—mw my = ——
B B
The moment derivatives can also be expressed in terms of the thrust and in-plane
forces. It can easily be verified that

M = —(I — hayJRST + hR(Tda, + SH) + McJay + AM;

where a;5 = a; — By, which isa small angle.
Then

My = (1~ ha) 9 +h§ %3, %8, (m) (559)

ot da 0
m, = —( - hay) T¢ + i S+ T e ¢ P (m,), (559

oh
M= —( - ha) G2 +hE T+ T E G T v () (559)

5.4.1 The rotor force and flapping derivatives

To complete the calculation of the sets of force and moment derivatives above, we
need the basic rotor force and flapping derivatives dt./du, da;/ dw, ... , etc. Now one
of the important variables in the expressions for t., h. and a; isthe inflow ratio A (or
Ap), and it will be useful to find its derivatives first.

In order to do this, it will be assumed that the inflow remains constant for the
purpose of subsequent differentiation. In fact, the thrust coefficient, for example, has
an effect on the inflow viathe lift deficiency function familiar in fixed wing aircraft
aerodynamic theory. This can be developed (see Johnson®) to provide a relationship
between local (elemental) momentum theory and local elemental lift which leads to
expressionsfor pitch and roll. These are dependent on the coefficients of an expression
for the local induced velocity coefficient which depends on radial position and
harmonically on azimuth angle. Pitt and Peters®, and Peters and Ha Quang’ have
formalised this ‘dynamic inflow’ approach and demonstrated its applicability in the
flight mechanics of manoeuvring flight.

However, the present development is aimed at a more elementary level, and thus
the inflow, as mentioned above, will be held constant whilst differentiating to obtain
the derivatives. Since t., andt. are almost identical, it is convenient to use eqn 3.33
for the relation between the thrust coefficient and the inflow ratio; i.e. starting from

t, = EB 2 9,1+ 302/2) + AE (3.33)
where A is referred to the no-feathering axis, we differentiate with respect to u to
obtain
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(4la)dt./du = 2ub, + dAldu (5.56)
Now, for small ay
A = Hans — A
where A; is the mean ‘momentum’ inflow ratio, therefore
OAMou = ays — OA/lou (5.57)

since a,; remains constant with changes of L.
In non-dimensional form, egn 3.1 can be written (for small ap)

A = ste/2(V2 + A7)V
o that

%:;&_Lg\yﬂ.%g
Ol (V2 +AZ)2 Ol 2(V2 + A2)%2 o
since dldu = dlaV, or

A 4 Ze T TP 5.58
ou o ou s s*E du (558)

Further, the induced vel ocity in hovering flight, or ‘thrust velocity’ vq (Chapter 2)
is related to the thrust coefficient by

v? = 1, Q2R?
so that egn 5.58 can aso be written as

=22 Vol - _u (5.59)

where V = Vlvg and @; = v;/vy, and &; can be taken from the chart, Fig. 3.2.
Then, from egns 5.56, 5.57 and 5.59, we find,

d/\i — 2/-160 T — (4tc/a)‘i) \75|3

OH T 1+ @)1+ ) (560
For 1> 0.08 (See sections 3.2 and 3.14)
Ai =&t f2u and 7 <1
and egn 5.60 can be written
OAj _ 2u6y + a — 4tfau (5.61)

ou - 1+ 8ulas
The incidence, a,; can be written alternatively as ap — a;.
With dAJ/du known, it is now possible to obtain dt./du. Eliminating dA,/du from
egn 5.59 using egn 5.60 gives
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Oty _ 2100 + o —ay + VoRI(L+ 5%)

- = 5.62
ou 4la+ (A1t )I(L+ %) (562)
and for p > 0.08 this simplifies to
&tc - 28.[.1 2
d_l,l = 8[1 + as (2[.[90 +ap —a; + StC/ZIJ ) (563)

We note that dA;/du and dt/du are both zero in hovering flight.

To find da,/du it is convenient to use the expression for a; with A referred to the
no-feathering axis, eqn 3.56

_ 2u(464/3 + A)

3.56
1 1— l.l2/2 ( )
Differentiating with respect to u and rearranging gives
Jda;, & 22U dA
— = 5.64
oy M 1-p?2du (569
When p is zero, egn 5.64 reduces to
day/ou = 86,3 + 2A (5.65)

Tocaculate dh,, /du wedifferentiate eqn 3.64; numerical examples show, however,
that only the profile drag term is of any importance, and we have simply

ohe, Iop =15 (5.66)

When considering derivatives with respect to the vertical velocity w, the component
of flow through the rotor must be expressed as A; — W before differentiating. This
expression of the flow component is not valid if the flight path is steep, for then the
Z axis, i.e. the w direction, makes a considerable angle to the rotor axis. However,
steep flight paths are possible in only a narrow range at low forward speed and
overall provide no practical restriction. The induced velocity ratio must then be
written

A= st /2V2 + (A —W)2]¥2 (5.67)
where W is made zero after differentiation.
Differentiating eqn 5.67 with respect to W gives
ﬁAi _ S ﬁtc Stc(ﬁAI/dW—l)A,

o"w 2(\72 +/\i2)JJZ a\ﬂ/ 2[\72 + (AI —W)Z]SIZ

I
)|

A Ot AAP AN,
t 57 @1— i
S°t¢ ow

=

I
|>
B
(¢}
+
ST
I
O3
|
‘Q}
_>--

L (5.68)

~+
(e}
QB
=
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Writing A = Vsin A — A

od ¢ _ OA;

=V oS R

7]
oW

But, except for steep flight paths, it is clear from Fig. 5.7 that the change of
incidence da,; of the no-feathering axis due to the disturbance w is

o0 = WiV
ie aa ¢ 10w = IN
Thus, providing o, is not too large (so that cos a, = 1),
OAlOW =1 — 0A; /0w (5.69)
Since
Ap = A+ uyy
the derivative of Ap is
OAplOW = IO + Lday /oW (5.70)
Differentiating egn 3.33
e _adl
ow 4 ow
= % @1 - %@ (5.71)

Hence, from egn 5.68,

oA _ (@Dl + 04
OW 1+ (ald)Alte + 5

(5.72)

so that

oA 1
on _ 5.73
oW 1+ (aldAilt, +0° (5.73)

Fig. 5.7 Change of incidence of no-feathering axis
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and
dtc a 1
e _a 5.74
ow 41+ (aldAlte +0* (®-74)
Differentiating egn 3.56 gives
da _ 21 0A
dw 1 - p?/2 dw
2u
= 5.75
(L - p22)(1 + (/DA It + ;) (5.75)
Then, from egn 5.70,
dAp 1 E;L + 3u?/2
~ = 5.76
oW 1+ (aldAft, +0* 11— p?/2 (576)
and so we have from egn 3.64
dhe, a L HAp
— = — Uy + ———— 577
oW T air (@, s R TR T e BT

The derivatives 5.74, 5.75, and 5.77 can be simplified for most of the speed range.
For p=0,0; =1landst, = 2A?, and we have

Ot /oW = — z,, = 2aA;/(16A; + as) (5.78)
and dayldw = dh, [ow =0
For 1> 0.08, v; = 0 and st. = 2uA;, and we have
ot _ _ 2au

T n (5.79)
day 162
oW (1 - u?/2)(8u + as) (580)
and
oh,,  dau? 6y(1-9u%/2)/6 + Ap (5.81)
ow  8u+as 1— 22 '
5.4.2 The g-derivatives
In the equation for the thrust coefficient,
t.=2 %90 (1 +3u2/2) + A (3.33)

al the terms are independent of the pitch rate q; therefore



Flight dynamics and control 155

Ote104 = -2, = 0

Now arate of pitch applied to the rotor shaft gives rise to extra aerodynamic and
inertia terms in the flapping equation. According to egn 1.16 we must add the terms
ygcos /8 — 24 sin ¢ to the right-hand side of egn 3.48. Then we find, from
examination of the various harmonic terms, that the longitudinal flapping Aa; due to
the rate of pitch is

or —=-—=0——= (5.82)
We find that the aerodynamic incidence changes represented by theterm 2§ sin ¢
cause sideways flapping given by
I 1
aq (1 + p?/2)
Also, from egn 3.51, it follows that

(5.83)

dayldq =0 (5.84)
Dueto the pitching motion, the normal velocity at the rotor blade becomes modified to
Up = QR(Ap — uag Cosy + xg cos i)

Using this expression in the calculation of the in-plane force Hp, we find for its
coefficient

lys-atlt oy 1 2 1l46-1 1 b,gE
hCD - 4/"5 4@%b1 ZIJaO + 3a0q ZalAD +IJGOAD + 8#b1q§ (585)

or, in terms of A (referred to the no-feathering axis),

_1 all 1 1 -~ 1 1 1, -0
hep = Zﬂcs—zgaoth—gﬂag +30 - 531/\ ) paf + ubo A+ p?Boay + §llb1q5

(5.86)

In these expressions for h., we have not cancelled the first two terms in the
brackets, asin egn 3.39. Then differentiating eqn 5.86, using egns 5.83 and 5.84, and
remembering that dA/dq = 0, gives

ath _ aD —ao/3 l 1 dal dal 2 dal

o0 " afae e T3 T2 oq M MR
pg O

8L+ u2i2)H

Typicaly § is very small compared with ay, a; by and the fina term in this

1
+§Hb1—
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expression may be neglected. Assuming that § does not alter the induced velocity
unduly, then the same assumptions that followed egn 3.38 may be made, leading to

9th _g l

da. 2
- _ 2. |%% _a H&
q 4 A+ Has — 100 aq 121+ u?M)

Again, the final term involving p? can be shown to be small compared with the
bracketed term and may be neglected, leading to

oh,, B da
aq y(1 - p?12)

Since dt./dq is zero, eqn 5.55 becomes

é%/\ + pay - yzeog (5.87)

m, = _$ g &
T y@- 12213 y(1— 1212)

Equation 5.87 displays the ‘Amer effect’®, i.e. the considerable and destabilising
change of the in-plane force during pitching, the terms in the square bracket of egn
5.87 adding to those of t., egn 3.33. In hovering flight these extra terms reduce the
effect of the thrust tilt by about 25-30 per cent; in climbing flight (large A) the
reduction is much greater.

8o + )+ piay | - +(my);  (5.88)

5.4.3 The tailplane derivatives

Thederivative (m,)t If Mt isthe pitching moment due to the tailplane, then, in the
notation of Chapter 4, section 4.2.2

Mr = —3pV2SiI+RC; (5.89)
and

oM JC.. 0O
duT - _pVSFITRﬁsLT taV duT

The tailplane lift coefficient can be expressed as
Cr=ar(ar,+6-1-¢)

from section 4.2.2. Then

dCLT _ 08
\% U —aTV%
and, since € = v;/V,
0s _ Ov; 28
Vau= v TV
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where v; is evaluated at the tailplane by the method discussed in Chapter 4.

Hence
M A A
- ‘pVST'TRﬁjLT *taa au _F%

which in non-dimensional form is

= oA A
(Mmy)T = —HVy ﬁ:LT +3ar @Tul - 7% (5.90)

The derivative (m,)r Differentiating egn 5.89 with respect to w gives

0
G =BV

Ci,
ow

and

oCy, aTQl de —aTQl dA,

ow VU ad VH aw

Hence
r \/ aAI
(M) = ~3pVrar g - L0 (5.91)
Here again, the downwash term is evaluated at the tailplane.
The derivative (mg)r For a steady pitching rate q the change of incidence
at the tailplane is

ACYT = ITRq/V

and the moment change is

AM = -3 par;VSI#R%q
Therefore

(Mq) = —%paTVSTI%RZ
In non-dimensional form,
(mg)r = —3aruVrly (5.92)

Thederivative (My)r Thisisthe moment derivative arising from the time taken for
the changes of downwash to reach the tailplane, and may be calculated in the same
manner as for the fixed wing aircraft. It appears that for the small tailplanes typical
of most helicopters this derivative s of little importance. According to Bramwell® the
derivative is

o\,

(my)r = —3ar Vrlr —= (5.93)
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5.4.4 Summary of longitudinal derivatives

For convenience, al the longitudinal derivatives are collected together below:
day ot, ohg,

X, = —t;¢ v ap TR D (5.41)
z, = —?—; (5.42)
Xy = —t, ‘;"\’I‘é D% - ‘9(2;5 (5.43)
Zy = —% (5.44)

Since dt,/dq is identically zero, z, = 0 and
Jdh
Xq = tcﬁ -2
a9 aq
but X, is negligible as a force derivative, although it should be included in the
moment derivative my,.

M, = —hox + 1z + C, 22 + (my); (5.50)
™ ou
da 0h O da
= -hagGe rhd Tt e e e Phe(m) (659
] dal
M =~y + 112 + Coy 22+ (M), (551)
da d'h O da.
= (1 -hag T +hid T+ T pec, Za(m) (559
Oy
mg = —hyXq + Cpy, r + (Mg)s (5.52)
da, Jh,, O da
= Cﬁ_ql + aaD H"' Cms o—._al + (mq)f (5-55)

The tailplane derivatives, which may be the only contributions capable of being
calculated for the fuselage, are

(m); = -V 1, + Jar o - (5.90
(m,)y = ~duar Vi 3 - S0 (5.91)
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(mg)r = —Suar Vel (5.92)
_ oA
(my)T = _%aTVTITd_V'\*II (5.93),
Other derivative terms which are used in the above are
oA _ oA, _ dA;
iRl i LI il 77 (5.57)

% _ 2/JQO + Ane — (4tc/aAi )\7l7i3
ou 1+ (4a)t/A) 1L+ 5%

(5.60)

Ot _ 206y + ay + VTPRI(1+ 57
U~ 4la+ (At + 0%

(=0when 1 =0) (5.62)

Zrt_lj = 8/,(22-ii-ﬂas uby + ay + 2yC2 % (for u > 0.08) (5.63)
% - % - 1_2—52,2 D(% (5.64)
d;;f =30 (5.66)
T (a/4)}t It + o (5:74)
Ztva mji,, when 11 =0 (5.78)
O = e (for 1> 0.08) 579
o0 (1-p22)(1 +2(ua/4)/h/tc Yo (5-75)
% = 1= uzl,gé; L+ as) (for > 0.08) (5.80)
d;&\? T+ (a/4)i Ite +0) E'al HOo + pE /2% (5.77)

Ohe, _ dau? 6,(1-9u/2)6 + Ap
ow ~ 8u+tas 1— 22

(for u > 0.08) (5.81)

e _
29~
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Jay 16 1
-5 = 5.82
a2q y 1-—u?2 (5:82)

ohy,

ari 20 1931
0(’,1 Z[E/\ +Uay — U 00]—,\

aq

(5.87)

5.5 The longitudinal stability characteristics

The longitudinal derivatives for the example helicopter of Chapter 4 have been
calculated and are shown in Fig. 5.8. But, before discussing the stability over the
whole speed range, let us examine the hovering case since, although the analysisis
very much simplified by the absence of a number of derivatives, the stability
characteristics are typical of most of the flight range.

The stability derivatives for the hovering case (c.g. on shaft axis) are

X, =—0.032 Xy =0 Xg=0
z,=0 z,=-0.52 ;=0
m,, = 0.016 my, =0 mg = —0.099
Zw
-0.4
Xw
-0.2 X,
. 02 R
0 0.1 03 u
ZU
my,f=0
0.02 m;, f = 0.02
0.01 m;, f=0
. . m,,, f = 0.02
0 0.1 0.2 03 1
o __—mj/10

-0.02 -

Fig. 5.8 Typical variation of helicopter derivatives with speed
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The relative density parameter 1* = 47.6 and t = 1.82 seconds.
Taking ig = 0.11 as the non-dimensional longitudinal moment of inertia gives

m,=68  m,=0, my=-0.90

In hovering flight V= 7. =0 and, since z, = 0 also, we see at once from egn 5.15
that the vertical motion is uncoupled from the pitching and fore-and-aft motion, and
egn 5.15 gives

A—=2,=0
or A=-0.52

indicating a heavily damped subsidence. The other modes of motion are determined
from

A=Xy, W _
-m, A2 -mA |
or A% = (X + Mg)AZ + x;mA + mw, = 0 (5.94)

This is the characteristic equation for hovering flight; it could also have been
derived from the characteristic quartic, of course, which would have given the root
A = z,. Inserting the numerical values above gives

A%+ 0.932% + 0.0291 + 058 =0

which has the solution
/\1 = - 126, /\2,3 = 0.165 + 0.65i

Thereal root represents a heavily damped subsidence, whose amplitude is halved
in one second, and the complex roots represent a divergent oscillation with a period
of 17.5 seconds and whose amplitude doubles in 7.1 seconds.

The motions corresponding to the roots of the characteristic cubic, egn 5.94,
involve attitude and speed changes only; the vertical motion in hovering flight, aswe
have seen, is independent of these two degrees of freedom. To get some idea of the
nature of these modes of motion we substitute the values of A back into the equations
of motion from which the roots originated, i.e. eqns 5.14 and 5.16, with w absent and
7. =0, giving

(A=xy) Up +W.6,=0
~Mmyg + (A —mA)6p = 0
Since the characteristic equation expresses the consistency of these equations,

either can be used to find the ratio uy/ 6, for the root in question. Then from egn 5.16
we have, using the numerical values of the derivatives,

Ug/6p = (A? + 0.91)/6.8
Taking the real root A = — 1.26 gives
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Uy/ 6 = 0.0655

In dimensional terms this represents a subsidence in which there is a forward
speed change of 1 m/s for every 4.3° of nose up attitude. It is difficult to attach a
physical meaning to this mode.

The complex root A = 0.165 + 0.65i gives

Uoleo =—-0.036 + 0.117i

Reverting to dimensional values, this result shows that speed changes of about
0.5 m/saccompany attitude changes of 1°. The complex ratio ug/ 6, can be represented
by rotating vectors, and we see that the speed leads the attitude by about 107°. The
physical interpretation of this motion is as follows, Fig. 5.9. Imagine the hovering
helicopter to experience a small horizontal velocity disturbance Fig. 5.9(a). The
relative airspeed causes the rotor to tilt backwards and exert a nose up pitching
moment on the helicopter. A nose up attitude then beginsto devel op, and the backward
component of rotor thrust decel erates the helicopter until itsforward motion isarrested.
At thispoint (b) the disc tilt and rotor moment vanish but the nose up attitude remains
so that backward motion begins, causing the rotor to tilt forwards and exert a nose
down moment (c). Following this, anose down attitudeis attained (d) which accelerates
the helicopter forward and returns it to the situation (a). The cycle then begins again
but, as we have found analytically, the motion is unstable and its amplitude increases
steadily.

The unstable motion described above is due entirely to the characteristic backward
flapping of the rotor with forward speed, although the rate of divergence is reduced
by the favourable damping in pitch m,. If it were possible for m, to be negative, i.e.
for therotor to flap forward with speed, it follows that the last term of eqn 5.94 would
be negative, implying a positive real root and a pure divergence, which is even less
desirable. Zbrozek' investigated the effects of configuration changes on the dynamic
stability but found that no reasonable departure from the conventional helicopter
shape would significantly improve the stability. In particul ar, the c.g. position, which
is of great importance in the stability of the fixed wing aircraft, has no effect on the
stability of the hovering helicopter. For the helicopter with zero offset hinges and
zero fuselage moment, the rotor force vector must pass through the c.g., as we saw
in Chapter 1, so that moving the c.g. merely has the effect of changing the fuselage
attitude without altering the pitching moments. When the flapping hinges are offset,
or if the blades are hingeless, a hub moment can be exerted and it is no longer

Fig. 5.9 Disturbed longitudinal motion of helicopter
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necessary for the rotor force to pass through the c.g., so that changes of rotor force
can contribute to the pitching and rolling moments. But, aswe saw earlier, in hovering
flight the thrust changes due to forward speed, dt/du, and to pitching rate, at./dq,
are both zero and, although & ./éw # 0, inspection of the coefficients of the quartic,
egns5.18t0 5.21, showsthat when V =0 the m,, derivative can make no contribution.
Thus, in hovering flight, it istrue for al types of helicopter that movement of the c.g.
has no effect on the dynamic stahility.

5.5.1 Forward flight

The roots of the stability quartic, eqn 5.17, have been calculated for the speed range
u=0to u=0.35and are shown in root-locus formin Fig. 5.10 for the two cases, c.g.
on the shaft (I = 0) and forward c.g. (I = 0.02). On the scale of thisfigure, the large
negative roots (corresponding to A = — 1.26 of the hovering case) cannot be shown
but, since they represent the most stable mode, they are of least significance. The
most important roots are those representing the unstable oscillation and it can be seen
that, for the case | = 0, the destabilising effect of the positive m,, becomes more
important as the speed increases; if higher speeds had been considered it would have
been found that the two complex branches of the curve would have met on the real
axis and then moved in opposite directions along this axis, implying two real roots
and at least one divergent mode.

The effect of setting the c.g. forward of the shaft is shown by the case | = 0.02
(IR = 13 cm). Here the moment generated by the rotor thrust is stabilising and
opposes the moment due to the rotor tilt. Although the aircraft remains unstable, the

Unstable
Stable 0.2
-0.8 -0.6 -04 -0.2
Ot oot ! . . .
p=0.1 0.15 0 0.3 0.35 0.2 0.4 0.6 A
-0.2

—o0— /=0

-0.4
--e--/=0.02
~0.6 oo
.

‘\

Fig. 5.10 Root-locus plot for typical single rotor helicopter
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deterioration of stability with increase of speed is much reduced. As we have noted
before, to obtain amoment contribution due to change of thrust requires a continuous
hub moment to be exerted on the fuselage in order for the rotor force vector to be
displaced from the c.g., and this can be achieved with offset hinges or hingeless
blades. But a constant moment exerted on the fuselage implies a fluctuating load on
the rotating hub, and problems of fatigue limit the amount that can be tolerated. Thus,
although setting the c.g. forward of the shaft with offset or hingeless rotorsimproves
the stability, the improvement is restricted by the necessity to keep loads low enough
to avoid fatigue failure.

5.5.2 The effect of a tailplane

The effect of a tailplane on the stability of the helicopter has been calculated by
considering the tailplane referred to in Chapter 4, i.e. one having atail volume of 0.1
and alift slope of 3.5. The derivatives (m,,)r and (my)T were calculated from egns
5.91 and 5.92 respectively; for the purpose of illustration, (m,)+ was taken as zero
since it depends on the rigging angle, which can be arbitrarily chosen, and (my, )T
was neglected. The results for the case | = 0 are shown in Fig. 5.11, together with the
tailless case for comparison. It can be seen that in the upper half of the speed range
the beneficial effects of the tailplane become large enough to confer positive stability.
Asthe speed increases, the two negative roots coal esce to form two complex branches
whose values indicate a well-damped rapid oscillation.

0.3
0.35¢ 0.2r
-06 -04 -02 O 0.2 0.4 0.6 Ape

r—0.2

r—0.4
Tailless, e =0.04, I=0—°—
With tailplane —— —0.6f

Fig. 5.11 Effect of tailplane on stability roots
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5.5.3 The effect of hingeless rotors

The full analysis of the hingeless rotor will be made in Chapter 7, but to discuss its
effect on helicopter stability it need only be assumed that, like the rotor with offset
flapping hinges, the hingeless rotor can exert alongitudinal moment proportional to
the tilt of the disc a;¢ (relative to the shaft) and a lateral moment proportional to the
sideways tilt by For illustration we shall take a hingeless rotor which, for a given
rotor tilt, can exert a hub moment five times greater than that of the 4 per cent offset
hinges of our example helicopter. In Chapter 7 it will be found that, under a given set
of conditions, the flapping of a hingeless rotor is aimost identical to that of a hinged
one. Thus, al the rotor forces and flapping derivatives will be the same as before and
itisnecessary only to increaseterms such as C,.da,/du (eqn 5. 53) to 5C,, da,/du
to represent the hub moments of a hingeless rotor. This has been applied to the
moment derivatives calculated earlier (and shown in Fig. 5.8).

For hovering flight, the characteristic cubic of our example helicopter becomes

A%+ 34120%2+0.11A +1.95=0

whose roots are
A1=-=354 and A,3=0.065=+ 0.74i

The subsidence is even more heavily damped than previously. Then divergence of
the oscillation is a little milder, and the period has decreased from 17.5 seconds to
15.4 seconds.

The roots of the quartic have been calculated for forward flight and are shown in
Fig. 5.12. Also shown is the same hingeless helicopter fitted with the tailplane of the
previous example. It can be seen that the instability, as might have been expected, is
intensified by the hingeless blades and that at the top speeds the unstable oscillation
degenerates into two purely divergent motions, indicated by the two positive real
roots. The tail plane reduces the severity of the instability but for our case is unable
to provide positive stability. Setting the c.g. forward would further improve the
stability, but we are again faced with the objection that thiswould involve the fluctuating
hub moments and associated fatigue problems.

The longitudinal dynamic stability of the hingeless rotor helicopter is therefore
generaly inferior to that of the helicopter with flapping hinges of small offset, and
worsens at high speed. Autostabilisation is generally incorporated to bring about an
improvement. In mitigation of the inferior stability is the fact that the larger hub
moments allow much greater control power to be achieved.

Asiswell known, the longitudinal stability quartic of the fixed wing aircraft splits
up into two quadratics whose coefficients are related in a very simple way to the
coefficients of the quartic, leading to a simple physical interpretation of the motion.
Unfortunately thisis not so for the helicopter. We have already seen that in hovering
flight the interaction of the pitching and horizontal motions leads to a characteristic
cubic equation, and this is further complicated by coupling with the vertical motion
as speed increases.
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0.8
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with ~ —0.6
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Fig. 5.12 Stability roots of helicopter with hingeless blades

5.6 Lateral dynamic stability

5.6.1 The equations of motion

Writing the lateral equations of motion A.2.13,A.2.15and A.2.17 in the same manner

as for the longitudinal equations, we have

(WIg)v — Y,v — Y,p + (WIQ)Vr — Y;r — Wecos 1, — Wsin T,

= Y A+ Yo, 6, (5.95)
—Lo+Ap—Lyp—Ef —L,;r =Ly A +Lg 6 (5.96)
~N,v —Ep—Nyp + Cf —=N,r = Np A + Ng, 6, (5.97)

The variables are defined as shown in Fig. 5.13; A; and 6, are the lateral cyclic and

tailrotor collective pitch angles respectively.
The non-dimensional derivatives are defined by:

Yo = Y,/pSAQR, y, and y, are found to be negligibly small.

I, = L,/psAQR?, n,
I, = Lp/psAQR®, '
np = Ny / pSAQR®, ny

= N,/psAQR?
= L,/psAQR3
= N, /psAQR3
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Fig. 5.13 Nomenclature diagram for lateral stability

5, = La/pSAQ2R3 15, = L, / pSAQ?R3
Ny = Np /pSAQ?R?, Ng, = Ng /psAQ?R?
Ya = Ya [PSAQ?R?, Vo, = Yo | BAQ2R?

The non-dimensional moments and products of inertia are defined by
in= AMR?, i,=CImR? ig=E/mR?

and i and t are the same as for the longitudinal case.
The non-dimensional forms of the equations of motion are then

d ~d .
d—l; —Y,U — W(QCOS T, + Vd—utj —WeSin T, =y A+ Yg, 6, (5.98)
d? d ic d? d
At G oG i e g T IaA el (599

Cnp_led_ de d dy_
N =i arz " dr Tgrz T ar = Na ALt g 6 (5.100)

where |, = u*lyfia, 1y =1plia, ..., Ny = *nylic, ny =nilic, ...,

5.6.2 Stick-fixed dynamic stability

Putting the control displacements A; and 6 to zero and assuming solutions of the
form

v=ve", =@, ..., dc.
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leads to the vanishing of the determinant

A=Y, —W,; COS T, VA — W, SINT .
-, yZ = 1pA —(iglig))A2 =12 =0
-n, —(igfic)A? = npA A2 —nA
and to the characteristic frequency equation
AMAA + BA3+ CA2+ DA+ Ep) =0 (5.101)
where
Bz = _yv(l_IE/IAIC) - N2 (5103)
Co =y,N, + P, + 1, (igfic)V + n,V (5.104)
Dy =y,Po +1,Q: — Ry (5.105)
E2 = IUSZ — anz (5106)
and
Ny = 1o+ n + (iglig)l, + (iglia)ng (5.107)
I:)2 = Ipnr - |rnp (5.108)
Q= np\7 — W, COS T (5.109)
R, =1,V —w, sin, (5.110)
S, = NpW, SIN T + NW, COS T (5.111)
T, =W, sin T + |,w, cos T (5.112)

the suffix 2 denoting the lateral coefficients.
The zero root of eqn 5.101 impliesthat the aircraft has no preference for a particular
heading.

5.6.3 The lateral stability derivatives

Referring to Fig. 5.13 the side force AY in disturbed lateral motion will be
AY =Tdb, + OT; + OY;

where JT, and dY; are the incremental tailrotor and fuselage forces respectively. We
assume that in lateral motion the main rotor thrust remains constant and that, apart
from rolling motion, the force in the plane of the rotor disc remains very small.

In general, the helicopter longitudinal axis will be inclined to the wind axes, Fig.
5.14, and the effective tailrotor height h/R and the rearward distance I{R from the
c.g. are related to the datum distances by
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~——

\

% h{R
hR
Fig. 5.14 Moment arms for calculating lateral moments
hiR=(h, cosas —I; sina )R (5.113)
= (h—lLagR
and
I[{R=(l; cosas + h; sinag)R (5.114)
=R

The rolling moment will consist of the moment of the main rotor thrust and side
force, the hub moment due to rotor tilt, and the moment of the tailrotor thrust, i.e.

AL = h]_RTdbl + h]_RéY + M55b1 + ht' R5Tt

It will be assumed that the contribution of the fuselage to the rolling moment is
negligible.

The yawing moment contributions will arise from changes in the tailrotor thrust
and the fuselage and fin. Thus

AN = —1!R3T, + ON;

The sidedlip, rolling, and yawing disturbances all give rise to axial velocity
components at the tailrotor, and the associated thrust changes can be cal culated from
the relations aready obtained from the main rotor. Thus, if we denote any of these
velocity components by w, we have

aT /v = —0TIow

In the rolling motion, w = — h{Rp, and

ot _ 0T
ap - NRGS

and for yawing, since w = |{Rr,
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Then
. Y
Lp:thﬁT%+g—Zﬁ—h Rzg—Iv+Msng
L,:h{I{Rzg—\Tv
N, = RO+ (N,),

oT
N, = ht’”Rzm + (Np)s

N, = 7R I0 4 (N,),

(5.115)

(5.116)

(5.117)

(5.118)

(5.119)

(5.120)

To calculate db,/dv we recall that, when a rotor is placed in a stream of air of
velocity V, the rotor tilts backwards with angle a; and sideways with angle b; with
reference to the plane of no-feathering (Chapter 3). The resultant tilt is therefore
(a2 + b2)Y2 a angle yp = tan™! (by/a;) towards the advancing blade, ¢, being
measured from the rearmost position of the blade. Then, when a small side wind
blows, the relative wind appears to come from anew direction, making sideslip angle
Bss = v /(V cos a,y) to the original direction, in the no-feathering plane. Thus, the
resultant flapping will be of the same magnitude but rotated through angle B so that

the new sideways flapping will be
by + Oby = (af + bf)? sin (o — Bs)

= (af + b2)Y? (sin g cos B — sin B COS o)

= b, — B, for small B.
Therefore
oy = — a1 = — av/(V COoSs )
and so
b /00 = — a,lu

where 0 = v/QR.

(5.121)
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It should be noted that the sign of db,/d0 depends on the sense of rotation of the
rotor, and this should be allowed for in the derivation of any formulae; but a little
consideration shows that the rotor always tilts away from the component of relative
wind so that there should be no confusion about the appropriate sign of the forces and
moments due to sideways flapping. In this work the rotor is supposed to be rotating
in an anticlockwise direction when viewed from above, i.e. positive sideways flapping
is directed to starboard.

By the same reasoning, the side wind will always cause a sideways component of
the longitudinal in-plane H-force, and it is easy to see that

dYlov = — HplV cos ap
remembering that we are considering forces in the plane of the disc.
The non-dimensional form is
0y.l00 = —hlp=—-%o

inwhich y, = Y/psAQ?R? and the inflow contribution to h. isignored (see eqn 3.64).
The calculation of the rolling moment due to the rate of roll p follows a similar
procedure to that described for the pitching moment, and we find that the non-
dimensional rolling moment derivative due to the rotor forcesis

(1) = hy(te +aAp/8)dby /3P (5.123)

in which dy/db, = dhJda; = aAp/8 from eqgn 3.64. Also, if the extraterms dueto p
from egn 1.16a are added to the right-hand side of egn 3.48, and an examination is

made of the various harmonic terms (as in the pitching case), then it can be shown
that
ob,/9p = —-16/y(1 + L?/2) (5.124)
It has been shown! that the fusel age contribution to the side force can be expressed
approximately as
(V) = — 0.3uSg/sA (5.125)

where S is the projected side area of the fuselage.
The non-dimensional forms of all the lateral derivatives are

a _ ot
Y, = —tcﬁl -15- s[ﬂf — o.3u% (5.126)
o ot
v T _(hltc + Cms) 71 - htstmf (5-127)
, [(tc +aAp/8) + Cpr ] ,,_ Ot
|p:_% 1 1“32/2 ms - hi%s 3% (5.128)
HE h{l't—v% (5.129)
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n =15 2%+ (n); (5.130)
W

np = hilis £+ (ny), (5.131)
_ ot

ng =— {ZS[WE +(ny)f (5.132)

where §; = s{A(QR)/sAQR. But, usudly, (QR); = QR; hence §; = s{A//sA.

The fuselage derivatives are not likely to be known accurately except, perhaps, the
contribution of the fin. In the example below, the fuselage moment derivatives have
been taken as zero.

5.7 The lateral stability characteristics
The lateral stability derivatives for the example helicopter have been calculated and
are shown in Fig. 5.15, taking
=12 and h,=01

and considering level flight, . = 0.
The non-dimensional moments of inertia are taken to be

iA = 0033, ic = 011, iE =0

0.08 |
ny
0.06
0.04

0.02 1 I and nj,

0.1 0.2 0.3 u 04

-0.02 |

Derivative values

-0.04 |

-0.06 [

-0.08 |

-0.10 |

Fig. 5.15 Lateral derivatives for typical single rotor helicopter
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Now we found for the longitudinal hovering case that, in addition to the speed
being zero, some of the longitudinal derivatives were also zero, and thisled to agreat
simplification. Strictly speaking thisis not so for the lateral case, because the yawing
and rolling motions are coupled by the tailrotor, and this coupling is represented by
the derivatives |, and n,. However, if we assumethat |, is negligible —if, for example,
the tailrotor shaft were on the roll axis — the resulting motion would be analogous to
the longitudinal case, with the corresponding characteristic equation

A =)IA3 = (¥, + 1A% + Yl — 1w =0 (5.133)

The root A = n, indicates that the yawing motion is independent of the sideways
and rolling motion. The cubic is analogous to the longitudinal equation, egn 5.94, but
we should note that the moment of inertiain roll is much lower than in pitch, with a
consequent increase in the numerical values of the coefficients.

The numerical values of the lateral derivatives are

n =-0.25 vy,=-0.052

I, =my =-0.099, I,=-30

[, =—-m, =-0.016, |, =-23
The characteristic cubic is

A% +30502+0.16A +196=0
with roots

A=-319 and A=0.07+0.78i

Substitution of the real root A = — 3.19 back into the equations of motion shows
that it corresponds to an almost pure rolling motion, i.e. it can be regarded as the
‘damping-in-roll’ root. This motion is heavily damped with a time to half amplitude
of less than half a second. The complex root represents a divergent oscillation of
period 14.8 seconds which doubles amplitude in 18 seconds. The yawing motion
previously mentioned has a time to half amplitude of about 5 seconds.

5.7.1 Forward flight

The quartic egn 5.101 has been solved for arange of u, and the roots are shown in
the root-locus plot of Fig. 5.16. It can be seen that the mildly unstable oscillation in
hovering flight very soon becomes stable and becomes progressively more so as the
speed increases. The increase of the imaginary part of the root indicates that the
period of the oscillation steadily becomes shorter. The mode shape of the oscillation
at the higher speeds shows that (= — B = — v/U, i.e. the helicopter ‘weathercocks
with very little sideways translation, and the motion is similar to the ‘Dutch roll’
oscillation of the conventional aeroplane. By neglecting the rolling that occurs and
using the above approximation, it follows from egn 5.100 that the time of oscillation
of the ‘Dutch roll’ oscillation is approximately

T =2nt/V(n,)
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Fig. 5.16 Root-locus plot of lateral stability

We also find that the quartic has a small root given approximately by
A=— E2/D2

which corresponds to the ‘spiral root’ and, as we have already seen, alarge negative
root which corresponds to almost pure damping in roll. Thus, except for fairly low
speeds, where the characteristic hover mode is dominant, the lateral stability modes
of the helicopter are similar to those of the conventional aircraft. This is rather
remarkable when it is considered that, apart from the tailrotor, which would be
expected to act like a fin, the forces and moments from a helicopter rotor arise in
quite adifferent manner to those of the aerodynamic surfaces of afixed wing aircraft.

5.7.2 The effect of hingeless rotors

Aswith the longitudinal case, we represent the hingeless rotor by increasing the hub
moment of the 4 per cent offset hinge of our example helicopter by a factor of five.
This increases the moment derivatives |, and i, since they arise almost entirely from
the main rotor, but not the ‘weathercock’ derivative n,,.

The characteristic equation for hovering flight becomes

A%+ 11202 + 0591 + 6.48 =0
whose roots are
Al =—-11.2 and A2’3 =+ 076|

The subsidenceis now very heavily damped and the previously unstable oscillation
has now become neutrally stable with a period of 15.2 seconds, which is almost
identical to the period of the longitudinal motion.
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It is interesting to note that increasing the rotor hub *stiffness’ (hub moment per
unit rotor tilt) is equivalent to decreasing the moment of inertia. It happens that
increasing the hub moment five times in the longitudinal case produces almost the
same effect as changing from the longitudinal to lateral moments of inertia, and we
see that the cubic equations for these cases are numerically very similar.

L et us decrease the moment of inertia so that it approaches zero. It can easily be
seen that the cubic characteristic equation, eqn 5.133, then degenerates to the quadratic

A=y, A=, )w, =0
whose roots are
A=3y, £ V[3y2+ (1,11 )w]
This represents a lightly damped oscillation whose period, ignoring they, term, is
T =2mtV(I /1, W)

This, in our notation, is Hohenemser’s formula® for the period of oscillation in
hovering flight. For the longitudinal case the period is

T = 2t V(-mg/myw, )

For the case considered,

Time of oscillation (seconds)

Exact Hohenemser
Longitudinal (4% offset) 17.5 14.2
Longitudinal (hingeless) 15.4 15.1
Lateral (4% offset) 14.8 14.2
Lateral (hingeless) 15.2 15.0

Thus, for high control power or low inertia, Hohenemser's formula gives quite
accurate results.

The stability in forward flight with the hingeless rotor, Fig. 5.16, shows that,
unlike the longitudinal case, the lateral stability isgenerally improved compared with
the aircraft with 4 per cent offset hinges.

5.8 Autostabilisation

We have seen that the helicopter is unstable both laterally and longitudinally in
hovering flight and that the longitudinal instability becomes worse with increase of
forward speed, particularly when the rotor has hingeless blades. We have also seen
that atailplane is really effective only in the upper half of the speed range and that,
since the unstable characteristics of the rotor also deteriorate with speed, the tail plane
may be incapable of making the machine completely stable.
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Although adequate control power is usually available to correct disturbances, an
unstable aircraft will require continuous correction and will be tiring to fly for long
periods, even in quite calm weather. Furthermore, in some conditions, such as flying
oninstruments, an unstable aircraft could be quite dangerousand it is clearly desirable
to provide someform of artificial stabilisation to make good the inherent deficiencies.

The stabilisation devices in common use fall into two categories:

(i) amechanical/gyro devicewhichisanintegral part of the rotor system, as used on
Bell and Hiller helicopters;

(ii) automatic flight control systems using feedback control based on signals from
sensors such as attitude or rate gyros.

5.8.1 Mechanical/gyro devices

The simple Bell stabilising bar embodiesthe essentials of all mechanical/gyro devices.
The Bell bar isbasically abar pivoted to the rotor shaft, Fig. 5.17, and provided with
viscous damping. The bar behaves like a gyroscope with lag damping.

The bar islinked to the blade so that aftilt of the bar relative to the shaft causes a
change of pitch of the rotor blade.

Since the bar can pivot relative to the shaft, its equation of motion is precisely the
same form asthat of the blade under the excitation of gyroscopic and inertiamoments,
egn 1.16. Thus, if By is the angular displacement of the bar, its equation of motion
is

ébar + (2T, )t'9bar +Q26,, = -2Qqsin Y+ qcos Y

in which the viscous damping is conveniently represented by the ‘following’ time T,
or the time taken for a sudden displacement of the bar to diminish by 63 per cent. The
last term of egn 1.16 is negligibly small in practice and so the equation above can
also be written

d?6ue/dy? + (2T Q) B, /A + By = — 2§ SN Y (5.134)
Let ¢, be the linkage ratio such that
0= 6y (5.135)

Control

Fig. 5.17 Bell stabilising bar
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so that, if ¢ is unity, one degree of the tilt of the bar produces one degree of blade
pitch. Since the bar does not affect the collective pitch, egn 5.135 can be written in
the form

C 6y =—A Sin Y —Bycos Y (5.136)

where the cyclic pitch amplitudes A; and B, are functions of time.
Substituting egn 5.136 in 5.134 and equating coefficients of sin (y and cos  gives

A+ (2T Q)AL + 2B + (2T Q)B; = 2¢/§ (5.137)
and
2A + (2T Q)A - B — (2T;Q)B, =0 (5.138)

where the dashes denote differentiation with respect to (.

The free motion corresponding to egns 5.137 and 5.138 is found to consist of a
high frequency ‘ nutation’ mode, of no practical interest, and asignificant low frequency
mode. An approximation to thislatter mode can be obtained by ignoring the A; terms,
giving

dB,/dy + (UT;Q)B;, = ¢/q (5.139)

A similar relationship exists between the lateral cyclic pitch A; and the rate of
roll p.
In terms of aerodynamic time, egn 5.139 can be written as

dB,/dr + (£/T;)B, = ¢,dldr (5.140)

Then considering hovering flight, the equations of stick fixed longitudinal motion
are

du/dt — x,u + w.8=0

—myu + d26/dr2 — m,d@ldr — mg B, = 0

¢, do/dr — dB,/dr — (t/T;)B, =0

The characteristic equation of this motion can be written as
(A + £/T;){ hovering cubic} — ¢ mgA(A —x,) =0 (5.141)

where the ‘hovering cubic’ is the uncontrolled characteristic equation, egn 5.94. The
control derivative mg, is the moment coefficient for unit cyclic pitch change; and
therefore, for our example helicopter, mg, = —0.0214 (zero offset).

The quartic, eqn 5.141, has been solved for alarge range of values of the following
time T;/f and the two linkage ratios ¢, = 5 and ¢, = 1. The roots indicate a heavily
damped oscillation of short period and a lightly damped oscillation of long period,
which can be regarded as the original undamped stick-fixed motion modified by the
presence of the bar. The roots of this latter oscillation are shown in Fig. 5.18. It can
be seen that the amount of stabilisation provided by the bar is rather limited.
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Fig. 5.18 Effect of Bell stabilising bar on lateral stability roots

The Hiller stabilising bar is similar to the Bell bar, except that small aerofoils on
the bar provide aerodynamic damping in place of the viscous damping. A further
difference is that the pilot controls the bar directly, which acts as a servo control
between the stick and the rotor blades. By their nature, Bell and Hiller stabilising bars
are well adapted to the two-bladed teetering rotors which are a characteristic of these
helicopters.

5.8.2 Automatic flight control systems

Some automatic flight control systems (AFCS) are specifically designed to deal with
the basic instability inherent in conventional helicopters. Thelatter implies continuous
pilot activity on the controls in order to fly uncomplicated manoeuvres or even
simply straight and level, which can be tiring over long periods. The stability
augmentation system (SAS) described briefly in (a) below is designed to address this
problem. The automatic stabilisation system (ASE) described in (b) below is aimed
at maintaining a desired manoeuvre attitude and therefore normally operates over a
shorter time period. More detailed descriptions of these and other types of AFCS
fitted to helicopters may be found in McLean'? and Pallett and Coyle'®. Generally,
these systems are fitted to the larger and more expensive machines, the application of
mechanical gyro devices such as the Bell and Hiller bars being confined to the
smaller helicopters. The latter tend to confer only alimited improvement of stability
and can add considerably to the drag of the rotor head, whilst the former offers a
more flexible means of stabilisation and is accommodated completely within the
airframe.
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(a) SAS (stability augmentation system)

The SAS is designed to maintain the helicopter at the datum to which it has been
trimmed. It uses a simple feedback control in which arate gyro senses pitch rate, for
example, which, on integration, provides a correcting input at the swash plate (if this
isthe means of rotor control). Within the feedback loop, however, thereisaso-called
‘leaky integrator’ path parallel with the output from the rate gyro, the effect of these
parallel paths being equivalent to that of a phase-lag network. The leaky integrator
path leads to asignal proportional to the angle through which the helicopter has been
disturbed; this initially provides an input to the swash plate that counteracts the
angular disturbance. In the longer term, the input decays or ‘leaks away’, so that if
the helicopter does not respond to the corrective action, or the pilot holds the new
attitude, then the final angular position becomes the new equilibrium state.

(b) ASE (automatic stabilisation equipment)

The ASE is designed to control a desired attitude, e.g. pitch or roll. The attitude
angles are sensed from a gyro and these, and their rates which are found by
differentiation, are summed in appropriate proportions, together with signals from
the cyclic stick (control) position and the c.g. trim system. The latter centres the gyro
to a datum corresponding to successive new flight conditions. The signal from the
stick is used to cancel the gyro signal when the pilot demands a manoeuvre, otherwise
the attitude control would hold the original datum and oppose the manoeuvre demanded.

5.9 Control response

We now consider the behaviour of the helicopter in response to the pilot’s control
input and to vertical gusts. A detailed account of the motion following these disturbances
would be out of place here, and the discussion will be limited to those features of
helicopter response which are usually regarded as being the most important. These
are

(@) the normal acceleration in response to a cyclic pitch displacement,
(b) the normal acceleration in response to a vertical gust,
(c) the pitching and rolling response to cyclic pitch displacements.

Response to collective pitch changes will not be considered, sinceitisnot normally
regarded as a ‘short-term’ control, although it may be possibly used in an auto-
stabilisation system.

Detailed knowledge of the control response is essential for determining the flying
qualities of ahelicopter, and subsequent assessment of how theserelate to the separately
identifiable tasks within a flying mission. An extensive treatment of the topic is
provided in Padfield®.

In order to proceed with this limited study of the control response, the force and
moment derivativeswith respecttocyclic andcollective pitch applications are now found.
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5.9.1 The B, control derivatives

The application of longitudinal cyclic pitch tiltsthe no-feathering axisin thelongitudinal
plane and produces precisely the same effect asiif the cyclic stick had been kept fixed
and the incidence of the helicopter had been reduced by the same amount, i.e.

AB, = —Aa = —(Up)AW

0 - _, 9
o 0B, How
Thus
gthl = —u% (5.142)
oh oh
aéf =—u a\Cf\? (5.143)
Jda Ja
ﬁ = _“d_v“i (5.144)

the w derivatives being given by egns 5.79 to 5.81.

In obtaining the force and moment derivatives we have to alow for the fact that
the no-feathering axis moves relative to the shaft when cyclic pitch is applied. Thus,
the X force must be written

X=-Tsin ap —Hp cos ap
=-Tsin (as + a; — B;) — Hp cos(as + a; — By)

where qag is the incidence of the shaft (rotor hub axis)

Then
oxX _ _ _o'?_T . 3 Jay 3 @
ﬁ—XBl Ty snap TcosaDQE 1
JHp . day @
+ cosap + Hp sina @d——l 5.145
dBl D D D Bl ( )
_ a7 Jday JHp
=~ 55 o+ TQL - G (5.146)
In non-dimensional form,
_ xBl _ dtc 08.1 dhCD
Xg = 5RO R = 78, ap +tC§1+u o _—dB_L (5.147)
Similarly

Zg, = —0tJ0B; = —uz, (5.148)
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The moment derivative is

dal

= —hyXxg + 11z - Cmsgl + u (5.149)

which can also be written as
da oh,,
M, = —(1 — haw) 2 Sa - (th C%)Ql 1§+ e (5150
Numerical examples show that the terms in h;, can be neglected. The force and
moment derivatives for our example helicopter have been calculated and are shown

in Fig. 5.19.

5.9.2 The 6, control derivatives

Differentiating eqn 3.33 with respect to 6, gives

o, _ 2y . OA D
But A= MO — /\i

therefore
OA06y = — OAil 06,

since u and a, are independent of 6.
Taking as before

Al = st /2V(V2 +A2)

06 [ 1 0.12
051 zg, 101
XBy

0.4 F 4 0.08 Xay
Zp; and

03t e, 4 0.06 —mg,

0.2 4 0.04

0.1r 4 0.02

0 0.1 0.2 0.3 u

Fig. 5.19 Control derivatives (cyclic pitch)
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we have
dAi — S dtc _ Stc/\i dA,
90y 2V(V2 +A2) 98y 2V2 + A2)¥2 96,
A A Oh
tc 06, ' 06,
or
JAi _ A, ot
gAYy =21 c
1+vy )590 t. 28, (5.151)
giving finaly
dt. _a 1+ 3u?/2
==0 5.152
360 6 L+ (ah A)(1L+57) (5152
For V= U =0 we have approximately
dtc — ﬂ a/\i
30, ~ 3 D8Ai T (5.153)
and for > 0.08
ote 4 1+3u?2
90, 3% grras (5.154)

From
_ 21(460/3 + A)
y=———-
1—u?2

doy _ 24 4, 0A O
06, ~1-u22EB 96, H
- 2[1 D4 _ dA, O
1-u22EB 96, H

Since da;/96, is obviously zero when u = 0, it is sufficient to consider only the
simpler case u > 0.08. Then from egns 5.151 and 5.152 we find

AN 2 1+3u?/2
0, 3% gitas (5.155)
giving
0O las(1+3u?/2)0
da, _  8ul3 sas(1 + 3u®/2) (5.156)

90, 1-p225 ~ 8u+as -
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Finaly, differentiating egn 3.64

dhe, __0d a)‘Dalg Qa”ADQOQ
50, _ 96, 50,0 4

oA da A
%%Hl_aes 1@ @)\ + 0055 (5.157)

Ap = H(ans + &) — A
OAp _ O 0A

98, 6, 96,

so that egn 5.157 can be calculated in conjunction with egns 5.155 and 5.156.
The force and moment derivatives are

dal dtc _ ahCD

Since

Xe, = _tCE - 55~ g, (5.158)
ot
Zg, = — 092 (5.159)
Mg, = —hyxg +11Zs — Cp, 2204 (5.160)
0 0 0 000
which can also be expressed as
, dhCD
mp, = —(I - hals) + (tch+ Cpy ) d % (5.161)

Again, the terms in h;, are negligibly small. The 6, derivatives for our example
helicopter are shown in Fig. 5.20.
5.9.3 Control response in forward flight

Asmentioned earlier, response to collective pitch variation will not be considered, so
the non-dimensional equations of motion reduce to

du/dt — X, U — X,,W + W8 oS T = Xg By (T) (5.162)
—z,u + dw/dr — z,w — Vdardr + wlsint, =zg B (1) (5.163)

—myu — m,w — my,dw/dr + d26/dr? — myd6/dr = mg, B, () (5.164)

in which 8 here is the fuselage pitch attitude change.
The cyclic pitch displacement B, is a function of time, either as a prescribed
control input by the pilot or, aswe discussed earlier in the section on autostabilisation,
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Fig. 5.20 Control derivatives (collective pitch)

related to some of the other variablesthrough acontrol law. We have already considered
an example of the latter case in the section on stabilising bars.

Many of the control displacementswhich result in responses giving useful information
enable the above equations to be conveniently solved by the Laplace transformation.
Denoting the Laplace transforms of u, w, and 8 by T, W and 8 and supposing the
aircraft to be initially in trim, the transformed equations of motion become

(P = Xy)U — X\ W + W0 COS T, = Xg, B (5.165)
~2,0 + (P — 2y )W — (Vp — W, SN T )8 = 25 By (5.166)
—m,0 — (pmy, + M, )W + (p? —mgp)8 = mg, B; (5.167)
Solving for U, W and 8 gives
/B, = Xg, /(P + Upp? + Ugp + Ug)/A (5.168)
W/B, = zp, (P + Wop? + Wip + W )/A (5.169)
/B, = mg, (Hap? + Hip + Hy)/A (5.170)
where
A = p*+ By p® + C;p? + Dyp + E; (the stability quartic)
and

~ z
U, = —(zy + My +Vmy,) + xwi1
Xp,

~ . ~ Mg,

U, =z,my —Vm, + myw, sin . + (VX, — W, COST) Ea

BL

z
—(XwMmgy + m;, W, cos rc)il
Xg,
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Zp

. m
Uo = my,We SIN T — My, We COST ¢~ — il

+(z, COST . — Xy sinrc)wcx—

X ~m
Wo = —x, — My + 2, =% + V—2
Zg; Zg;

~ Xp, N . Mg,
W = XMy = (zymg —Vmy, )—— — (VX, + W, SINT¢)——
Zg, z
. Xp, . Mg,
Wy = myw, COS T, — MW, Sin T°E + (Z,W, COST; — X, W, SINT ) —
Zp
H, =1+ m;
2 m, Me,

X Z
Hl ==Xy —Zy t (mu + Zum\iv)% + (mw _me\iv)%

Xg, Zg,
HO = XuZw — Xwiy + (Zumw - Zwmu)m_ + (meu - Xumw)m_

B,

Equations 5.168, 5.169, and 5.170 are the transfer functions of the variables u, w,
and 6 in relation to the control input B.

Let us use the equations to find the normal acceleration due to a sudden increase

of cyclic pitch B;. The increment of acceleration can be expressed as ‘g’ units and

_,,d6 dw
ng = VE - E
or, in non-dimensional form, taking V= u, as

_10.d8  dwQ
n= W_CEFE ~aro (5.171)

The Laplace transform of egn 5.171 is

P,

=, (KO —-W)

and for the input of cyclic pitch

B, =B/p

so that
=Bt 08 wl
=1 2 W 5.172
WEusl s (5.172)

Usually the solution of A = 0 consists of two real roots and a complex pair, and the
inverse of egn 5.172 then takes the form



186 Bramwell’s Helicopter Dynamics

n=F+ GeM + He’'® + &' ¥ [CcosAinT + SSINA 7] (5.173)

with similar solutions for u, w, and 6. For the less usual solution of two complex
roots, the inverse of n takes the form

n=F + "7 (C; cOS iy, T + S SiNA i, T ) + €"27 (C, COSA i, T + S SINA i T )

In the above two equations, F, G, H, C, C;, etc. are constants that are determined
by the initial conditions.

The normal acceleration in response to astep input of longitudinal cyclic pitch has
been calculated for our example helicopter (e = 0.04), for = 0.3, and is shown by
the full line of Fig. 5.21. Now, in a manouevre of this kind it would not be expected
that the stick would be held fixed for more than about three seconds, because the pilot
would want to retrim the aircraft into a new steady state. During such a relatively
short time interval, the forward speed would be expected to change very little and it
would seem reasonable to omit the speed terms, i.e. the u- and X-force derivatives,
from the response equations. The result of doing thisis shown by the broken line of
Fig. 5.21, and it can be seen that the error in omitting these termsis quite small. The
simplification to the response equations is, however, considerable. The normal
acceleration can then be written as

n=_10,0 _awQ
W, far “ar o
__ 1
= _W_C(ZBlBl + Z,W) (5.174)

from, the simplified egn 5.163.
Then, for a step input of cyclic pitch,

257F

201

t seconds

Fig. 5.21 Time history of normal acceleration in response to sudden change of cyclic pitch
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+ —
we Hp " *p2+Bp+ciH

n=-—

(5.175)

where My = —my + umg /zg and Bj; and C; are the quartic coefficients By and C;
with the speed derivatives neglected.

The response calculations presented in Figs 5.22 to 5.24 have been made using
egn 5.175.

Figure 5.22 compares the response of our example helicopter (e = 0.04) with a
hingeless helicopter which, as before, is assumed to have a hub moment five times
larger than that of the 4 per cent offset flapping hinge. It can be seen that the greater
control power and the increased instability result in arapid increase of acceleration,
and the roots of p? + Bj.p + C; = 0 indicate this growth to be rapidly divergent.

A peculiarity of helicopter normal acceleration isthe sudden jump of acceleration
which occurs with the initial application of cyclic pitch. This is due to the force
produced by the sudden change of rotor disc incidence which is roughly proportional
to speed.

Fitting the tailplane considered earlier to both helicopters, Figs 5.23 and 5.24,
shows that the rate of increase of acceleration reaches a maximum and then beginsto
decrease.

5.9.4 Control response in hovering flight

Another important flying quality of the helicopter istherolling response in hovering
flight, particularly in relation to accurate manoeuvring near the ground. We shall
assume that we need consider only pure rolling, in which case the equations of
motion reduce simply to

d? d
dr—f —|pd—‘f =10 A (5.178)
2571
Hingeless

e=0.04

t seconds

Fig. 5.22 Time history of normal acceleration for hingeless helicopter
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20+
1571 Tailless, e = 0.04
5 y
\f /’/
1.0 .
/7
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/
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Fig. 5.23 Effect of tailplane on longitudinal response (articulated rotor)

20r Hingeless, no tailplane

/ With tailplane

t seconds

Fig. 5.24 Effect of tailplane on longitudinal response (hingeless rotor)
The rolling response to a sudden application of cyclic pitch A is

d(0 — |A1 IpT
ar —K(l —eP)A

Numerical valuesfor our example helicopter with 4 per cent hinges and of helicopters
with zero offset and with a hingeless rotor are shown in Fig. 5.25.

It can be seen that the high roll damping of the hingeless helicopter enables it to
reach a constant rate of roll within less than a second, whereas the helicopter with
zero flapping hinge offset has not reached a steady rate by even four seconds. It is
interesting to note that, for a given amount of cyclic pitch, the final rates of roll are
the same. Thisis because the control power, represented by |, and theroll damping
I, vary inroughly the same proportion, and it is the ratio between them that determines
the final rate of roll. Pilots have described the response of the hingeless helicopter as
‘crisp’, whereas some would say of the helicopter with zero hinge offset that it ‘lags
the application of control. The probable explanation for this is that the roll damping
of the latter helicopter is so weak that, roughly speaking, control application demands
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15}
P Hingeless e=0.04
o e=0
S 10}
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t seconds

Fig. 5.25 Rate of roll in response to sudden application of lateral control

roll acceleration which is, so to speak, two stages in advance of the roll angle which
is usually the required response. Thus, since a steady state is not reached in afairly
short time, considerable anticipation is required of the pilot in order to check the
rolling motion and prevent overshooting the required bank angle. The control of the
hingeless helicopter is said to command roll rate because of the high damping.

An indication of the pilot’s action required to achieve a 20° angle of bank in 2
seconds is shown in Fig. 5.26 for the hingeless helicopter and for one with zero
flapping hinge offset. The roll manoeuvre demanded is assumed to be given by

@ = 1.25[cos(3r/2)t — 9 cos(m/2)t + 8]°

The quantities d?/d7?® and dg/dr are therefore known and inserted in egn 5.178 to
obtain the lateral control A directly.

It can be seen that for the helicopter with zero offset hinges the manoeuvreis only
about one quarter completed when the stick begins to move in the opposite direction,
and is barely half completed before considerable opposite stick has to be applied to
check the rolling motion and settle into the required bank angle. The hingeless
helicopter, on the other hand, requires very little opposite stick to achieve the same
manoeuvre. The amount of stick movement required is not only much less but is
smoother than that of the helicopter with zero offset. Thisresponse would be regarded
as very satisfactory, and is one of the benefits of the hingeless rotor.

_ Roll angle
or e=0
6 demanded
5°r _-—— q20°
of e =
g ! / g
a 37 4 -
o 10°5
O 9ol
© s . <Q
> 4ol s Hingeless >
o 1 p c
T o - <
g 1 L 2
4 t seconds
_2°-
—3°F

Fig. 5.26 Lateral cyclic pitch to achieve given roll manoeuvre
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5.9.5 Response to vertical gusts

In this section we shall describe briefly the response of ahelicopter to asharp vertical
gust. A thorough investigation taking into account the time taken for the rotor to enter
the gust and the subsequent blade bending and flapping response would be very
lengthy. We shall assume that the rotor takes a negligible time to enter the gust
completely and, as in the section on forward flight response, we shall assume that
changes of forward speed are negligible, at least for the important initial response.
We shall also neglect the flapping motion of the blades.

The effect of meeting an up-gust, as far as the calculation of the blade forces and
momentsisconcerned, isidentical to the effect of adownward vel ocity of the complete
helicopter; i.e. if the gust has velocity wg, the vertical force due to the gust alone is
Z, Wy and the pitching moment is M,,wy.

The non-dimensional equations of motion corresponding to level flight are therefore

dw de _
op ~ W — g = ZuWg (5.179)
dw d2e do _  dwg
_m’VE—mWWerT_Z_qu_mWTerWWQ (5.180)

The increment of normal acceleration ng is given, as before, by

_ 90 .dé dwQ
=w.f'ar “@r o
or
—_ ZW
n= —W—C(Wg +w) (5.181)

from egn 5.179.
By comparing egn 5.181 with eqn 5.174, the L apl ace transformation of the response
to a sharp-edged gust is

ZyWg 01 p+l, O
— 3 +z — -
we Hp " ™ p?+BLp+c O

Equation 5.182 has been solved for the cases of the helicopter with 4 per cent
flapping hinge offset and one with a hingeless rotor, both with and without atailplane,
and the results for ¢ = 0.3 are shown in Figs 5.27 and 5.28.

Both tailless helicopters are unstable, as has been shown before, and we see that,
apart from a slight initial drop, the normal acceleration increases indefinitely, the
hingeless helicopter diverging more rapidly due to the larger, positive, value of m,,.
When atailplane is fitted, the response is improved and the normal acceleration of
the helicopter with offset hinges subsides quite quickly. The hingeless helicopter at
thisforward speed isjust about neutrally stable, and the normal acceleration remains
practically constant. At higher forward speeds, the hingeless helicopter becomes
unstable and the normal acceleration diverges.

n=-— (5.182)
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Fig. 5.27 Longitudinal acceleration in response to sharp-edged vertical gust for a tailless helicopter
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Fig. 5.28 Effect of tailplane on gust response

It is sometimes said that, because helicopter blades can flap or bend, the rotor is
effectively self-alleviating with regard to the gust loads. There is a grain of truth in
thisasfar asthe initial load is concerned because, while the blades are accelerating,
the reaction at the hinge will usually be less than the sudden change of lift*. But we
know that the blade flapping response is extremely rapid and can be regarded as
practically complete within about % second, so that after that time the lift load will
be fully transmitted to the hub and airframe. This extremely short time interval is
insignificant compared with the total response time, and justifies the assumption that
the blade flapping motion can be ignored. Furthermore, the rather academic example
of asharp-edged gust represents the worst case; the more realistic ‘ramp’ type of gust
would give the blades even more time to reach equilibrium before the maximum gust
velocity is reached.

It isinteresting to compare the initial acceleration response of the helicopter with
that of the fixed wing aircraft. If wy istheinitial gust velocity, the normal acceleration
is given by

*|f the centre of lift coincides with the centre of percussion of the blade the initial hinge reaction
will be zero.
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_ ~ZwWy
ng= Wig

for the helicopter and for the fixed-wing aircraft.
For the helicopter,

_ ZypsAQRwg  Z, Wy
T W psAQZRZ T WOR

and for the fixed-wing aircraft
n= —pr%VWg

For the helicopter we can take z,, = —2au/(8u + as), and for the fixed wing aircraft
z,, = —3a, where ain the latter case is the lift slope of the complete aircraft.

Let us compare our example helicopter (hinged or hingeless) with a fixed wing
aircraft whose wing loading W/Sis 1450 N/m? and whose lift slopeis 4. Then, if Wy
is 10.5 m/s (standard gust velocity), the initial acceleration for both aircraft is as
shown in Fig. 5.29.

That the normal acceleration of the helicopter is practically constant is easily seen
physically since, for even quite high forward speeds, the rotor lift isdominated by the
(constant) rotational speed of the rotor, so the effect of a given vertical gust is almost
independent of speed. On the other hand, the response of the fixed wing aircraft
increases with speed.

5.9.6 The longitudinal characteristic quartic coefficients E; and C,

The coefficient E;. Consider a helicopter changing from one trimmed speed to
another, the collective pitch remaining fixed. For small changes of speed from level
flight, the resulting angle of climb or descent will be quite small, corresponding to
the *gliding flight’ of classical fixed wing stability theory.

2.0f

Fixed wing
151 WIS = 1430 N/m?

n
1.0f
Helicopter

W/A = 270 N/m?

051
0 20 40 60 80 100 m/s

Speed

Fig. 5.29 Comparison of helicopter and fixed wing aircraft response to vertical gust
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The pitching moment under these conditions will be a function of the tip speed
ratio u, the (non-dimensional) vertical velocity w, and the longitudinal cyclic pitch
B;. Since the helicopter is supposed to be in trim, we must have C,,(u, w, B;) = 0 at
al speeds. Therefore

dC, _odC, , dC, dw ,6 JC, dB; _
= + — + —— =
du ou ow du 4B, du
Since the thrust will be practically constant, we also have
dtc _ dtc dtc dW &tc dBl —_
— bt =0t 4 7 4t T2 =
du oJu ow du 0B, du
In terms of the aerodynamic derivatives, these two equations can be written
approximately as

0

and

dw d
Zu+2wm+231%=0

Eliminating dw/du gives
d;Bl — MmyZ, — MyZy
du  mgz, —mM,Zg
Now, when calculating the control derivatives, we found that zg = — uz,, so that

dBl - myZz, — MyZy
du  zy(mg, + pmy,)
_ E.
Zwtc (m81 + /me)
from egns 5.21, 5.25, and 5.27, with 7. = 0.

Thus, the rate of change of cyclic pitch to trim with forward speed is proportional
to the constant term in the stability quartic, i.e. it is a measure of the static stability
of the helicopter. The result is analogous to that of the fixed wing aircraft. Now, in
the theory of the static stability of subsonic aircraft it is usual to regard m, as zero,
so that the static stability isentirely determined by the sign of m,,, whichis proportional
to 0C,/dC,. But dC,,/dC, is proportional to the distance of the c.g. from the neutral
point, and for this reason — dC,,/dC, is called the ‘static margin’. Thus the static
stability of the fixed wing aircraft is related simply to a quantity which has a clear
physical meaning. Unfortunately, as we have seen, in helicopter work there is no
such simple parameter which directly controls the static and dynamic stability. Both
types of stability are affected by a number of quantities over which the designer has
only limited powers of variation. At low speeds m,, is small, and the static stability
is dominated by m, which, although positive, is responsible for the helicopter’s
characteristic divergent oscillation. At high speedsthe static stability is often improved,
because m, has changed very little and m,, although being much larger and positive
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(i.e. in the unstable sense), is usually associated with a positive z,. When atailplane
is fitted to improve the dynamic stability, at the high speeds for which z, is usually
positive, the combination z,m,, is such as to decrease the value of E;. Thus the
desirability of apositive static stability is not as straight/forward for the helicopter as
it iswith a fixed wing aircraft.

Thecoefficient C;. Consider ahelicopter performing apull-up manoeuvre at constant
speed in avertical plane, Fig. 5.30. It will be assumed that the flight path is circular
and the helicopter isin trim. The pitching moment will be a function of the vertical
velocity w, the rate of pitch g, and the cyclic pitch By; i.e. in the trimmed manoeuvre
we have C(w, g, B;) = 0 with w and q being dependent on ng, the excess normal
acceleration. Therefore

dCpn _ 9Cy dw , OCp dg  9Cy dB; _
dn ~ dw dn 9q dn 4B, dn

0

dB, _ (dC,/dw)dwidn + (9C,,/dq)dg/dn
dn - 9C,,13B,

where, in egn 5.183, w and q have been non-dimensionalised (section 5.2). Then, if
AT isthe increase of thrust in the manoeuvre, we have

or (5.183)

ng= 2T
9= Wig
or
= (OTIowW)WQR __ 2w,
W W,
so that
dw W,
dn "z,
Now
-9
9= va
therefore dg_ g _ W
dn  VQ uu*

Fig. 5.30 Helicopter in vertical pull-up
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dB;, _ MyWc/z, — mgWe/pp*

dn Mg,
- umy,, — Zqu
Uz, Mg
oc

Hence, as with the fixed wing aircraft, the rate of change of control angle to trim

with normal acceleration is proportional to Ci, i.e. the value of C; when the forward
velocity terms have been neglected. Now we have seen that the normal acceleration
response to either alongitudinal control input or avertical gust depends on the value
of Cji; if it is positive the motion is stable (since the coefficient Bj. is always
positive), and if it is negative the response is divergent. Thus the slope of the control
angleto triminapull-up gives adirect indication of the normal acceleration response.
Again, aswith the static stability, the c.g. position has little influence on the slope of
the control angle with acceleration, but we note that C; is not confounded by the
presence of forward velocity derivatives and its value can be directly affected by a
tailplane. Thus, with a large enough tailplane, one can always ensure that C| is
positive, although the tailplane may have to be inconveniently large to suppress the
inherent instability of the hingeless rotor at high speeds. However we should note
that alarge tailplane (negative m,) with a positive z, may lead to static instability, as
indicated in the discussion relating to E;.
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Rotor aerodynamics in forward
flight

6.1 Introduction

In Chapter 3 we gave some methods for calculating the induced velocity in forward
flight on the assumption that the rotor could be regarded as a lifting surface. These
methods give simple expressions for the induced velocity which can be incorporated
into the equations for calculating the rotor forces and blade flapping and which
eventually lead to fairly simple formulae for these forces and moments. We have so
far used only ‘linear’ aerofoil characteristics, e.g. alinear lift slope without stall and
a constant drag coefficient.

We now consider the fact that, asin hovering flight dealt with in Chapter 2, vortex
wakes spring from the individual blades and form a complicated downwash pattern
as the vortex elements spiral downwards below the rotor plane. We aso consider the
aerofoil characteristics under conditions of high Mach number and changing incidence.

6.2 The vortex wake

Consider the blade in steady forward flight. As in hovering flight the circulation, in
general, varies along the span and, in consequence, vortex lines leave the trailing
edge and spiral downwards beneath the rotor. In addition, however, and as we saw in
Chapter 3, both the incidence and chordwise velocity vary over wide ranges in
forward flight causing timewise changes of incidence at a given radial position. In
accordance with Kelvin's theorem each change of circulation at the blade must result
in a counter vortex being shed in the wake. Thus, in forward flight the vortex wake
also includes vortex lines which lie in the spanwise direction. These are referred to
as‘shed’ vortices, to distinguish them from the ‘trailing’ vortex lines arising from the
spanwise circulation variation. Thetrailing vorticesthemselves are of varying strength
due to the timewise variation in the bound circulation in forward flight. The vortex
wake from a blade can be represented as in Fig. 6.1.
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Shed vortex

Trailing vortex

Fig. 6.1 Shed and trailing vortices from lifting blade
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Let uslook at a small portion of the wake in more detail. Consider an element of
the blade of span dr. The local circulation is ", and trailing vortices of this strength
leave the ends of this element, Fig. 6.2. If the rate of change of circulation is ol /ot,
the circulation at an instant dt before would have been I — (0I'/0t) dt, and the change
will have resulted in a spanwise vortex element or filament of strength (o' /ot)dt
being shed behind the element, as shown in Fig. 6.2. Since the strength of the bound
circulation at the earlier instant was ™ — (0I'/dt) dt, the arrangement of vortex filaments
can be represented in the form shownin Fig. 6.3, i.e. the vortex wake can be regarded
as an assembly of infinitesimal vortex rings. The distribution of vortex rings is
equivalent to a layer of doublets whose axes are perpendicular to the vortex sheet,

and Baskin® has used this to develop an induced velocity theory.

Fig. 6.3 Modelling of vortex wake
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The total induced velocity at a point P on a given blade of the rotor will be the
combined effect of the velocities induced by the trailing and shed vortices of all the
blades and of the bound vortices of all the blades except the one in question. If " is
the strength of a vortex element whose length is ds, and | is the displacement vector
between the element and the point P, Fig. 6.4, the Biot—Savart law gives for the
corresponding increment of induced velocity

_ I xds

Using this formula it would appear straightforward, in principle, to integrate the
contributions mentioned above. Unfortunately, as we also saw in the hovering case,
the vorticesinteract with one another and the wake pattern becomes very complicated.
This means that we are unsure of the positions of the vortex elements, particularly in
the more distant parts of the wake, or, in other words, | in egn 6.1 is not known for
certain. Due to the forward flight case not having the axial symmetry of vertical
flight, the pattern of vortex interaction is different because, except at low speeds, the
flow through the rotor is determined largely by the component of forward flight
speed which is, of course, constant over the disc. Let us suppose that the induced
velocity issmall compared with the forward speed (corresponding to alightly loaded
rotor at high forward speed) and ignore the distortions due to vortex interaction. To
include partially the effect of the induced velocity we can calculate the * momentum’
value and add it to the component of the forward speed perpendicular to the rotor
disc. The trailing vortex lines then lie on the surfaces of skewed cylinders. This
represents, in effect, arigid wake model by analogy with that for hovering flight. The
plan and side views of atrailing vortex line are shown in Figs 6.5 and 6.6.

If the x axislies along the direction of motion and in the plane of the rotor, and the
Z axis points upwards perpendicular to the rotor plane, as shown in Figs 6.5 and 6.6,
the co-ordinates of atrailing vortex element which was shed when the blade azimuth
angle was @ are

X=-r;cosp—Vtcosap, Y=XRsnh¢@ z=Vtsinap—uit
wheret isthe timetaken for the blade to rotate from ¢to . Since ¢ — = Qt, we have
X=—=rqc0s Y- (Vcosap/Q)(Y—¢ =-rqcosY— pRY- ¢
y=xRsin g
z=(Vsinap —v)( - P/IQ = AR - 9

-

ds

Fig. 6.4 Induced velocity at P
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Figs 6.5 and 6.6 Plan and side views of vortex filament

where p =V cos ap/QR, Ap =(Vsin ap —v;)/QR, X; =r4/R

It can be seen that the plan view of a trailing vortex filament, under the given
assumptions, isacycloid, and the side view shows the constant downward displacement
of the cycloid.

Returning to egn 6.1, let

| = |1| + I2] + |3k
and ds=ds)i +ds, | + dszk

wherei, j, k are unit vectors along the x, y, z, axes. Then, if w; denotes the downward
component of induced velocity due to atrailing vortex of strength I

lLds, =1, d
de:%_[lSZIs/—ZZSi (6.2)

where 12 =12 +12 +12
Then, measuring ds in the direction away from the blade,
ds; = —dx = —R(x; sin @ + ip) dg
ds, = —dy = —x;R cos @ dg

From Figs 6.5 and 6.6 we see that, relative to the blade from which the vortex
element originated,

l[y=rcosy—rqcos @+ R(Y - @
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l, =—R(Xsin y— X4 Sin ¢

l3= A RWY-9

The blade in question will also be affected by the trailing vortices of the preceding
blades. The above equations still apply provided we allow for the appropriate phase
shift in the tranglational terms of 4, |5, I3. Thus, more generally,

l1 = R[x cos ¢y —x; cos ¢+ tp(Y — @+ (2rb)n)]
[, =—R(Xsin ¢y — X%y Sin @ E (6.3)
ls = AoR(W— @+ (211b)n) .

wheren=0, 1, 2, ..., b—1, and b is the number of blades.

Now the appropriate value of I of the trailing vortex filament is the change of
circulation (Fig. 6.2) over an element of the span dr, i.e. (0 /dr)dr. Then, integrating
along the trailing vortices from infinity up to the blade and along the span and
summing for all the blades, we have

n DX1+XX1003(4/ @) + Lo (xsin g—x; Sin @
W = 4an0I D2

4 Holy— ¢— (27b)n} cos ¢ or
SEZ Hox; dx, do (6.4)

where ¢, = (2r7b)n,n=0,1,2, ..., b-1

and D =x?+x2 204 cos(@— @)+ (1B + R) Y- ¢+ (2 o)n)?

+ 2up{Y — @— (27b)n}(x cos Y- x; cos @

To calculate the induced vel ocity w, from the bound vortices of each blade, consider
two blades separated by angle ¢, as shown in Fig. 6.7.
The co-ordinates of a bound vortex element ', are

Xg=—rycos(Y+ ), yr=rysin(y+ )
Hence, for the elementary line
ds; = —dry cos (¢ + ), dsp = dry sin (¢ + )

Fig. 6.7 Effect of bound circulation on succeeding blade
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and the components of the line joining the line element to a point on the reference
blade are

Iy =—r cos +rycos (Y + )
lLb=rsiny—rysin(Y+ )

Then, noting that this calculation does not include the reference blade, n = 0, the
total contribution of the bound vorticity to the downwash at P is

b - 1 H
Wi, 1 l.I; Xsnwnrn(xl) (65)

-1 z dx
ATR n'=1 (x2 + X12 — 2XX; COS (»Un)?’/2 '

According to Miller?, the contribution of the bound vortices is usually extremely
small.

Finaly, calculating the induced velocity component wg for the shed part of the
wake, we have, see Fig. 6.8,

ds; =—drqcos iy, ds,=drqsin Yy

Thevalues of 14, I,, 15 are the same as those of egn 6.3; hence, integrating in both
the azimuthwise and spanwise directions gives

b2l A W xsin(y - @) — tbR(Y— @ sin @dr,
W= [ [ O ORI doon (60
The upper limit of the inner integral in egn 6.6, must be treated with care. In
integral egn 6.4, the azimuthwise integration is taken up to the span axis of the blade
since, in calculating the effect of the trailing vortices, it is reasonable to neglect
chordwise velocity variations and apply the idea of lifting line theory to the high
aspect ratio blade. The shed wake integral, on the other hand, really demands lifting
surface techniques since the chordwise vorticity distribution behind the aerofoil induces
a considerable chordwise velocity distribution as well as difficulties of singularities
in the region of the trailing edge. This matter will be dealt with in more detail in
section 6.2.2.
The induced velocity contributions given by eqns 6.4, 6.5, and 6.6 must now be
related to the circulation which gave rise to them. If W is the resultant chordwise
velocity at the blade, the local loading is

L.

ot X7 5599

Fig. 6.8 Shed vortex element
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dL/dr = 12 pW?3C, c (6.7)
and the Kutta—Zhukowsky relation is
dL/dr = pWI
Equating egns 6.7 and 6.8 gives

Fr=1WC.c
Let us suppose that the lift slope is constant. Then
C. =aa
and writing
a=agy+ a

where o, istheincidencein the absence of theinduced velocity and a; isthe downwash
angle relative to the blade, we have

r=2%1a(a, +a;)We
But
a; = w/W

therefore
[ =1aWa,c+ 5 ac(w, +w, + W) (6.9)
where w;, Wy, W are given by egns 6.4, 6.5, and 6.6.

Equation 6.9 is the integral equation for the circulation of the reference blade.
Although the equation has been simplified by the assumption of a rigid wake, no
standard method exists for solving it. One possible way which suggests itself is to
assume a simple induced velocity distribution, such asauniform or Glauert type, and
make afirst approximation to the circulation. From this approximation the integrals
egns 6.4 to 6.6 are calculated, and new values of " are obtained from egn 6.9. The
process is repeated until satisfactory convergence has been obtained. It cannot be
certain that convergence will always occur.

It is not necessary, of course, to develop an integral equation such as egn 6.9.
Some methods begin by assuming a prescribed wake model based upon experimental
data or reasonable physical arguments and performing piecewise calculations of their
contributions to the induced velocity, as discussed in the following section.

6.2.1 Prescribed wake model development

One of the first attempts to depart from the idea of the rotor as a lifting surface, and
to use reasonable physical arguments to model the vortex wakes from individual
blades in such a way as to make the problem tractable, was that of Willmer. The
main feature that allowed effective computation, particularly in view of the speed of
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computers at that time, was his principle of ‘rectangularisation’. Consider the trailing
wake from two successive blades, Fig. 6.9. Willmer argued that the radius of curvature
of the sheetsislarge enough (especially for the important outer parts of the blade) for
the sheets to be regarded as straight. Actually thisis the same assumption as the one
made by Prandtl in his method of calculating ‘tip loss' in hovering flight, section
2.10.1.

Under ‘rectangularisation’, the trailing wakes, Fig. 6.9, are replaced by those
shown in Fig. 6.10. The wake attached to the reference blade is assumed to be a
straight sheet extending back to infinity, while those of the other blades are assumed
to be doubly infinite sheets placed so that the straight vortex lines are tangential to
the curved wakes where they pass under the reference blade. Part of the problem in
Willmer's work was to determine the appropriate positions of the wakes of the
blades. Any number of parts of the original curved wake could be included, and the
choice made depended on the required accuracy. Once the numbers and positions of
the sheets had been chosen, the induced velocity at the reference blade could be
calculated by an extension of Glauert’s wing theory. It should be noted that this does
not imply that the vortex wake is regarded as a number of discrete vortices, as is
sometimes thought, but that the vortex wake is continuous and conditions are satisfied
at anumber of points along the span (method of collocation). Unfortunately, because
the loading of arotor blade is very different from the elliptic, or near elliptic, loading
of the conventional fixed wing, a larger number of spanwise points are needed for
acceptable accuracy. A comparison of the calculation of the blade thrust by Willmer’s
method with that of experiment and of the theory using constant induced velocity for

Fig. 6.10 'Rectangularisation’ of vortex sheet
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u=0.08isshownin Fig. 6.11. Although the agreement with experiment can only be
described as fair, it is clear that the new model provided a great improvement on the
theory using constant induced velocity and went far to explain thelarge thrust variations
which often lead to large vibration at low values of L.

Two important defects of the work were that it took no account of shed vorticity
and, related to this, it assumed that the strength of the trailing vortex elements were
constant along their length.

6.2.2 The shed vorticity

The question of shed vorticity and investigations into suitable representations of the
vortex wake have been considered by Miller. Since Miller and others have given
considerabl e attention to the effect of the shed wakes, it may be useful to give a short
account of the methods of calculation here.

Consider an aerofoil, Fig. 6.12, whose incidence is changing. Any change of
circulation about the aerofoil must be accompanied by a corresponding vortex or
vorticity of the opposite sense in the wake, since Kelvin's theorem requires that the
total circulation in acircuit containing the aerofoil and the wake must remain constant
with time. Thus, an aerofoil whose incidence is continually changing must deposit a
sheet of vorticity in the wake whose local strength isrelated to the time history of rate
of change of circulation. Now, the presence of vorticity in the wake plays a part in
satisfying the Kutta—Zhukowsky condition at the trailing edge of the aerofoil, so that
the circulation about the aerofoil is different from what would have been the case had
the vorticity been absent. Also, since the motion we are discussing is unsteady, there
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Fig. 6.11 Variation of blade loading with azimuth angle
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Fig. 6.12 Vortices shed by aerofoil changing its incidence
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isan extra pressure, or ‘virtual mass', term which relates to the accel eration of the air
particles in the flow about the aerofail.

The most important case of unsteady motion isasinusoidal variation of incidence.
The first complete theory was given by Theodorsen®, who showed that for an aerofoil
whose incidence is changing by performing a sinusoidal vertical (heaving) motion,
the lift L as afraction of the steady lift L at the instantaneous incidence is given by

L/Lo = C(K) + di(k) (6.10)

where C(K) is Theodorsen’s function and k is the frequency parameter nc/2V, n being
the frequency of oscillation and ¢ the aerofoil chord. Theodorsen’sfunction is defined
by
C(k) = Kq(iK)/[Ko(ik) + Kq(iK)]
where Ky(ik) and K;(ik) are Bessel functions of the second kind.
For an aerofoil oscillating about its mid-chord, the corresponding result is

LiLo = 1 [i + (i + 2/k)C(K)] (6.11)

These results can be expressed in vector form as shown in Figs 6.13 and 6.14.

The results egns 6.10 and 6.11 can be obtained in a number of ways® but, since the
‘method of vortices' is closely related to the ideas being discussed in this chapter, it
will be described briefly below.

Corresponding to changes of circulation dI" about the aerofoil, vortex elements of
strength ybdé&, equal and opposite to the circulation, are deposited in the wake, y
being the vorticity and £ the distance of the element from the centre of the aerofoil,
non-dimensionalised in terms of the semi-chord b, Fig. 6.15.
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In particular, for a given increment of time dt, the change of circulation isdl" and
avortex element — Vydt is shed at the trailing edge. Since y isafunction of both time

and distance, we can write

I3

dr/dt = —Vy (I, 1)

and since the total amount of vorticity shed in the wake must be equal to the total

ydé

circulation about the aerofoil, we also have the relation

r(t)=—bf V(& 1)dE

From thin aerofoil theory’, the chordwise vorticity distribution can be expressed

as

y(x) = A tan (3 cos™n) + élAn sinn (cos™n)
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The assumed form, egn 6.14, automatically satisfies the Kutta—Zhukowsky condition
at the trailing edge. The induced velocity at x due to a vortex element on the aerofail
anis
_y(nt)dn

dU(X) = m (615)
Substituting the series egn 6.14 for y and integrating across the chord from —1 to +
1, gives

v(x) = — 1A, — % $A, cosn (cos™n)

where we make use of the well known result

T : —1
J- cos ng _ _snn(cos™n) (6.16)
0

cosp—cos(cos?n) °  sin(cos?n)

L et us suppose that, in addition to its forward vel ocity V, the aerofoil has avertical

(heaving) velocity of z at a point about which the aerofoil is also rotating, Fig. 6.16.
The relative air velocity normal to the chord at x due to the motion is

u(x) = aV + z— ab(X — x)

The induced velocity at x due to a vortex element in the wake is

__ ydé
M) = (= %)
and the velocity at x induced by the entire wake is
©_ ydd
1 21(&-X)

Since there can be no flow perpendicular to the chord, we must have

w(x) =

uix) + v(x) +w(x) =0
or
c o ydd
1 277(5 X)
(6.17)

A -3 2 A, cosn(cos™n) + [aV + z—ab(X —x)] +

|
N[~

Fig. 6.16 Aerofoil oscillating in heave
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Now egn 6.16 can also be expressed as
I" cosng &= V(& - )"

o £—cosg V(&% - 1)
so that the Fourier coefficients A, occurring in egn 6.17 are easily found to be
* . 0
AO:l &+Z(av+z—ab>‘() 0
n 1 \/(52 - 1) |
0
A, = EI Dz— 10y dZ + 2ba H (6.18)
Th p/é*-1) O 0
0
_2 ("E-V(é* -1 D ae O
f V(&2 - 1) H

The linearised Bernoulli equation gives for the pressure difference between the

upper and lower surfaces
7
P —puzng%‘ﬁv&“’@ (6.19)

In terms of the vorticity on the aerofoil, the velocity potentia is

o(x) = %b J’ yax
A

so that
dp
I - 2
and
0p _ 1, 9
E—zbdt _1de

The lift on the aerofail is

L= bJ'_1 (P — py) X

Substituting for the pressure difference from egn 6.19 and the vorticity from
egn 6.14 leads to

L= prbEb 2 (A — 1A2) + b S (A + 3A) + V(A + 3A) (6:20)

The circulation about the aerofoil is

r= bJ':rll ydx = br(Ay + $A) (6.21)
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From egns 6.18 and 6.21, the first two terms in the bracket of egn 6.20 can be
written as
1b—(A0 A)+—d_rzgi w1_52+§\/(52_1)yd£
2 ot mot ), V(&2 - 1)
1 0r
m ot

+b(aV +z+abx) + =

_ba (" bo ("

=wa [, Ve[ W& -Dyd
10I’
T ot

Now, each element of vorticity in the wake is carried backwards with velocity V,
so the vorticity must be of the form

y(&, 1) =f(t—bS/V)
Since, for a given element of vorticity, t — bf /V is constant, it follows that
9y dt + =%

—b(aV + z+ abx) + = (6.22)

dy= ot f d{ 0
b yz_
and dt — dE =0
. oy _ v Iy
ie b (6.23)

in the wake.
Differentiating under the integral sign and making use of egn 6.23, we find

G [ vese-g [ W& -y

- bI ayfd{+bj' x/(EZ—l)aydE

—%[yf]f+%jl yde+ L [w(&-1)|;

A N 2
b, V(fz—l)dg

=-L{le-ve -y ] bj ydé

v _vé
bJy V(&2 -1)

on integrating by parts.

ds,
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Now & — V(&% — 1) = 1/[& + V(&% — 1)], from which it follows that, since y(&, t) is
finite, the term in the bracket vanishes at the upper limit. At the lower limit the term
in the bracket is equal to (V/b)y(1, t). Thisterm cancelsidentically with the last term
of the egn 6.22, so that

102 (A - 3A) + L& s v(a + 3A)

v v ¥ S
—ﬁL VdE—TTIl mdf+b(aV+z—abx)+V(Ao+%Al)

= VA, + Vba + b(aV + Z — abx)
on eliminating the integrals by means of egn 6.18. The lift can then be written as

_ydd

277 5 _
1) + e (aV + z — abx)

L=2mpvb[ oV + 2+ ab(% -x)]+pvJ' X

(6.24)

Thefirst termisthe‘ quasi-steady’ lift which alone would occur if the motion were
steady, the second term represents the lift due to the vortex wake, and the third term
isthelift dueto the fluid inertia or * apparent mass . Denoting the quasi-steady lift by
Ly, we have

Ly = 2mpvb oV + 2 + ab(3 — X)]

“0 £+1 —1Eyd£
1 V(E*-1) O

on eliminating I and A, + $A; from egns 6.13, 6.18, and 6.21. It then follows that
egn 6.24 can be written

Im yédé
L=Ly0— 1 V(¢ wl) + T2 (V + 72— abx)  (6.25)
yeds | ydé
Il V(&% - 1) Il V(&% - 1)
For sinusoidal motion, the lift can be expressed as L = L, €t and the vorticity in
the wake, as was discussed earlier, must be of the form
y({, t) =% eiw(t—bf/v)
= @9t gk
where k = wb/V is the ‘reduced frequency’.

The ratio of integrals occurring in egn 6.25 then becomes
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®  y&d¢ © y&dE
| :.[1 V(€2 - 1)
T yEdE | ydE \/m
J'l V(&% - 1) J: V(&% - 1) L -1
> ¢ -iké g
Jove
0 C‘e{+1 _ike
1\3{—16 dé

= C(K), Theodorsen’sfunction, referred to earlier.
The lift can now be written
L = C(k) Lq + md?(aV + Z — abx) (6.26)
The pitching moment about the point of rotation x = X is found to be
M = bC(K)(% + X)Lq + md3[X2 - Va(k — %) —ba(k +x?)]  (6.27)

In particular, the lift in purely rotational harmonic motion about the mid-chord
can be written as

L = mpvb? a+ 2 mp/?b(1 + iki2)C(k) a (6.28)
and for heaving motion as
L = md?z + 2 mp/bC(k)z (6.29)

In both cases the term proportional to C(k) is due to the bound circulation.

If Ly isthe steady lift at the instantaneous incidence the values of L/L, can easily
be shown to reduce to the forms of egns 6.10 and 6.11.

It isinteresting now to consider the velocity component v, at the 3 -chord point
due to the aerofoil motion. For aerofoil rotations about the mid-chord, we have

Ugg = aV + %ba
For harmonic motion, a = ay €, and
vys = aV(1 + ik/2)

If L, denotesthelift dueto the bound circulation, i.e. that part of thelift proportional
to C(k), we see from egn 6.28 that

Lb = 27T/)\/bC(k)U3/4
For the heaving motion we have simply

Vg4 = 2
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and, again, from egn 6.29,
Lp = 2mpvbC(K)v 34

Thus, in both cases, it appearsthat the part of thelift arising from the bound circulation
is proportional to the ‘downwash’ at the 3 -chord point. For this reason, the 2 -chord
point is known as the ‘rear aerodynamic centre’ and is the appropriate chordwise
position to consider when lifting-line techniques are used in cases such as those
described above, where the chordwise variation of velocity may be important.

Theeffect of shed vorticity inthe special case of hovering flight has been investigated
by Loewy?® and Jones®. Although hovering flight is usually regarded as a symmetrical
flight state, any disturbed blade motion will give rise to periodic lift forces and the
generation of a shed vortex wake in addition to the trailing vortices. The work of
L oewy and Jones was based on two-dimensional analysis which one would expect to
overestimate the effects somewhat, since the shed vortex lines in practice extend only
the length of the span. The mathematical model used isasindicated in Fig. 6.17. The
shed wake pattern is imagined to consist of the semi-infinite wake attached to the
blade and a vertical array of doubly infinite wakes representing those of other blades
and of the previous passages of the reference blade. The vertical spacing h between
each sheet is determined from the mean flow through the rotor. If the effect of the
lower sheetsis averaged over the blade chord (lifting-line assumption), thelift on the
blade is then

o + 0
L = pVI J’ +pVbZJ' ﬂ+Lo+p7ﬁb2
\/(52 —l) n=1 |_. n2h2 +é’2

which is the same as egn 6.24 except for the addition of the second term which
denotes the contribution of those sheets below the blade. For oscillations which are
integer frequencies of the rotor speed, Miller found that

J—iv,

L
— = C(k,mh) = - - . :
(k.mh) Ji—iY, +Yo +ido +[2i/eMk e2'™ _1)]

Lq

= Fe+iF,  (6.30)

where Jy, Yo, J1, Y are Bessel functions of the first and second kinds, of orders zero
and unity and argument k; m= «w/Q and k = wb/QR. Figure 6.18 shows the comparison
of egn 6.30 with Loewy’s exact lifting-surface results. The agreement is extremely
good for Fg but thereis poor agreement for the phase shift represented by F,. However
as pointed out by Miller, typical values of h are greater than unity and the error is
fairly small.
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Fig. 6.17 Vortex sheets shed by oscillating aerofoil in hover
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Fig. 6.18 Comparison between exact and approximate oscillatory parameters

The case of an infinite number of blades leads to a particularly simple result. The
shed vorticity is then uniformly distributed vertically, and Miller found that, if the
frequency is nQ, the induced velocity at the aerofoil becomes

dé dz

_inbel, @@t 2* ot gincé/2Rr
~ 8m?RA 0 I—oo 7> + &
where A is the mean inflow ratio and I, is the amplitude of the bound circulation.
From the blade element theory, if 8 = 6, €™ is the blade pitch variation we have

[ = MQRc(6 — WIQR)

since the quasi-static circulation is 'y = TQRcE,.
Elimination of w and writing s = bc/7R leads finally to

C = 1(1 + s1t4A)

Thus, in this approximation, C is independent of the frequency. The analysis is
unable to predict the phase shift. Comparison of this method with Loewy’s results
shows very good agreement for values of h below 5, i.e. for typical values of h
occurring in practice.

Miller extended the approximate analysis just discussed to the three-dimensional
vertical flight case. It was assumed that the circulation was constant along the blade,
so that the trailing vortex wake consisted only of atip vortex and a vortex along the
rotor axis. Applying the above approximationsto the integrals 6.4 and 6.6 leadsto the
result

w = (b/ATIAR)(T s SIN NY + T ¢ COS NY)
when the bound circulation is given by
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M, =T Sinny+ I cosny

Thelift deficiency function C turns out to be exactly that of the previous analysis,
namely,

C = V(1 + sm4))

It isinteresting to note that, although the contribution of the shed wake in this case
issmaller on account of the finite length of the vortex lines, thisis exactly compensated
for by the effect of the trailing vortex lines which, in the two-dimensional case, were
omitted.

The values of the lift deficiency function indicate that the effective lift slope of the
blade is much reduced and, under some conditions, could approach zero. Thisimplies
correspondingly reduced damping of the blade flapping motion.

Because of the good agreement between Miller’'s approximate two-dimensional
analysis and the exact analysis of Loewy, Miller argued that for calculations of the
forward flight case it is reasonable to consider both the shed and trailing wakes in
two parts: a ‘near’ shed wake which corresponds to the first quadrant of the wake
and a ‘far’ wake consisting of the remainder. Furthermore, the ‘near’ wake could
be regarded as straight and extended back to infinity, as was assumed by Willmer.
It was supposed that the classical two-dimensional unsteady theory of Theodorsen
could be applied to account for the shed vorticity in this section of the wake.
For the treatment of the shed vorticity in the far wake, it was assumed that the
chordwise variation of velocity at the blade could be neglected and that only a mean
velocity need be considered, as in Miller's two-dimensional analysis. Calculations
showed that, above u = 0.2, the far wake has little effect and the values of Fg
and F, approach those of the classical two-dimensional theory. The results
suggested that a good approximation could be obtained by simply ‘fairing’ the
results found for the hovering case to those of the two-dimensional aerofoil theory,
Fig. 6.19.

1.0
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Complete shed and trailing wake
e Shed wake only
——————— Near shed wake only

Fig. 6.19 Variation of oscillatory parameters in forward flight
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Calculations made by assuming infinite straight vortex filaments for the spiral
trailing vorticesin theintegral 6.4 showed littleloss of accuracy but agreat reduction
of computer time.

Calculations also showed that good accuracy was retained even when the trailing
wake was assumed to consist of only two discrete vortices, one springing from thetip
and another a little inboard of the mid-span. Such a vortex system has indeed been
found by Tararine® from smoke tests, Fig. 6.20.

Comparison of Miller's calculations with experimental air loads is shown in Figs
6.21 and 6.22.

The peak loading at an azimuth angle of about 90° is due to the tip vortex of the
preceding blade. This peak travels down the blade as it advances from 90° to 180°,
and can be detected in Figs 6.21 and 6.22. It might be thought that the peak could be
reduced by increasing the number of blades, but, although the vortex strength is
reduced, so are the blade spacings, with the result that the vortices pass closer to the
blade in question. According to Miller, the peak loading is influenced very little by
the number of blades.

A further conclusion of Miller'swork isthat almost all the harmonic content of the
air loads is contained in harmonics above the second, and they are derived from the
effects of the far wake. These harmonics are practically independent of blade flapping
motion.

Aswas stated earlier, Miller’'s work was based on the assumption of arigid wake.

Fig. 6.20 Representation of shed and trailing vortices (after Tararine)
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Fig. 6.21 Blade loading variation with azimuth angle
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Fig. 6.22 Blade loading variation with azimuth angle

6.2.3 Free wake model development

In the 1960s, Cornell Aeronautical Laboratory carried out a programme of work
aimed at improving the understanding of, and the ability to model, the wake of a
helicopter in steady state flight. As part of this, Piziali'! proposed a wake model that
embodied the shed and trailing vorticity in the form of a mesh of straight line vortex
filaments, as shown in Fig. 6.23. This occupied the near wake adjacent to the blade,
whilst the far wake was modelled simply by concentrated root and tip vortices, the
former being deleted for some studies. The mesh part of the wake could be truncated
at any chosen position downstream. Initial studies in the forward flight case placed
the wake mesh points on an undistorted skewed helix (i.e. arigid wake), but later
models allowed distortions from this to occur for afixed length of time, the distorted
wake being maintained thereafter. Blade flapping bending modes were included in
the programme, and the cal cul ated loading, blade response, and corresponding induced
velocity were interdependent and were calculated iteratively until all quantities were
self-consistent.

LikeMiller, Piziali gave great attention to the unsteady aerodynamic characteristics
due to the shed wakes. To test the validity of the finite element representation of the
shed vorticity, the cal cul ations were made for the two-dimensional aerofoil and compared

Trailing-vortex
filaments

Shed-vortex
filaments

Root and tip
vortices

Fig. 6.23 Piziali's wake model
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with the classical exact theory discussed in the previous section. It was found that,
unlesstheinterval between successive vortex lines was much smaller than wasreally
practical for the computational capabilities that were then current, agreement was
rather poor, but by advancing the shed wake towards the aerofoil by about 70 per cent
of a complete interval the agreement was greatly improved. In a later paper by
Piziali, a smoothing routine was employed to simulate a continuous wake from a
number of finite elements. Comparisons of measured loadingswith thosefrom Piziali’s
method are shown in Figs 6.24 and 6.25.

In the free wake model of Landgrebe®?, the basic rotor wake is similar to that
described above, but the vortex elements are allowed to take up positions determined
by the free stream velocity and the induced velocity of all the other elements. Only
the bound and trailing vortices were considered in the cal cul ations; the shed vorticity
was accounted for by using two-dimensional unsteady aerofoil data.

One of the difficulties of representing the wake by discrete vortex elementsis that
infinite velocities occur at the vortex itself. To overcome this, Landgrebe supposed
that the vortex had a core within which the induced velocity can be neglected. The
coresize assumed by Landgrebe was 1 per cent of the rotor radius. Other investigators
have assumed that the velocity within the core varies linearly with radial distance
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Fig. 6.24 Blade loading variation with azimuth angle
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(i.e. asif the core were solid). Measurements conducted to investigate the structure
of the tip vortex have been described by Cook®2.

In order to reduce the computational time and expense, not all the vortex elements
were assumed to be freeto convect in accordance with thelocal velocities. Computation
was greatly reduced by assuming that the positions of the vortex elements beyond a
certain distance from the point of interest remained the same as in the original
prescribed wake which formed the starting point of the calculations. An example of
Landgrebe's calculationsis given in Fig. 6.26, which shows the axial displacement of
thetip vortex filament compared with the* classical’ rigid wake uniform displacement.
Another example is the theoretical wake boundary at low u compared with that from
a smoke visualisation study, Fig. 6.27. It can be seen that the vortex filaments at the
front of the disc lie very close to the disc. This might have been expected from the
Glauert or Mangler distributions, since they predict a slight upwash at the leading
edge of the disc. Landgrebe’s calculations also showed that the wake boundary rolls
up, eventually forming two large vortices very similar to those observed by Heyson
and Katzoff, as described in Chapter 3.
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Complete vortex interaction

O Approx. vortex interaction
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Fig. 6.26 Displacement of tip vortex in forward flight

v V/QR = 0.05 ‘ Rotor plane

(Like symbols indicate positions of
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-------- — Classical wake blades at same instant of time. The time
Distorted-wake analysis interval between spaces corresponds
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Fig. 6.27 Displacement of wake boundary
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The pioneering studies of Piziali, Landgrebe and associates, together with those of
Clark and Leiper, for hovering flight, and others of that era laid the foundations for
much subsequent wake modelling research. The main difficulties that had to be
overcome, once computational power became sufficient, were largely numerical,
such as instability and/or poor convergence. In order to avoid such problems, Bagai
and Leishman®* used a relaxation method, as opposed to a time-stepping approach,
which enforces periodicity as a boundary condition and specifies that the trailing
vortex filaments be attached to the blades as an initial condition. The basic model
was similar to that in Fig. 6.23. An improvement over an existing free wake modelling
code was demonstrated and comparisons made with existing experimental data.
Perspective views of the computed rotor wake in the hover and in forward flight
shown in Fig. 6.28; the rolling up of the wake boundaries downstream at the faster
forward flight speedsis clearly seen.

The advent of computational fluid dynamics, or CFD, has brought with it a steady
advance in the complexity of flows that can be analysed. However, the computation
of the complete flow field around a helicopter in forward flight, which may include
interaction with the fuselage and tail surfaces, remains an outstanding problem with
current computing capabilities. A brief account of the difficulties of using the various
CFD approaches is given by Coppens et al.™® in the introduction to an account of a
time-marching method of computing the rotor wake.

Figure 6.28 for the forward flight cases shows the rotor blades passing close to tip
vortices shed by preceding blades; this proximity, which is termed blade-vortex
interaction, or BVI, leads to impulsive loading and noise problems. It is particularly
severein descending forward flight, such as during an approach to landing, when the
rotor tends to fly through its own wake. The plan view of atypical pattern of BVI is
shown in Fig. 6.29 (from Tangler®) for a two-bladed rotor at an advance ratio of
0.145. Four interactions are shown on the advancing side and three on the retreating

U =0.075 u=0.1

Fig. 6.28 Perspective views of computed rotor wake (Bagai and Leishman'®)
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180°

Fig. 6.29 Plan view of blade-vortex interactions (from Tangler'®)

side. The strength of each interaction is dependent on the strength of the tip vortex,
the vortex core size, the instantaneous angle between the blade and the vortex at the
interaction, and the normal separation between the two, or the ‘miss' distance. When
the rotor is in descending flight, the miss distance can become quite small.

On the advancing side, the approach of a blade section to a preceding vortex is as
shown in Fig. 6.30, with atypical resulting lift coefficient history indicated (adapted
from Leishman'’). On the retreating side, the rotation direction of the vortex with
respect to the blade is reversed, and the lift coefficient history is similarly affected.
Sincethelift change occurs over avery small period of time, it ispractically impulsive,
leading to two predominant effects. One is that of blade loading, which possesses a
high frequency content, and the other is that of acoustic radiation, or noise.

The introduction of the improved wake modelling described earlier has allowed
the problems of BVI to be defined more accurately and solutions proposed with a
greater degree of confidence. The impulsive blade loading problem is a problem
because it leads to undesired structural vibration, but a possible solution can be
provided by use of higher harmonic control, or HHC. In this approach, higher than
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Fig. 6.30 Lift coefficient time history (adapted from Leishman'’)

once-per-revolution input is introduced to the pitch control by means of subsidiary
signals to the actuators below the swash plate. An alternative scheme allows for the
signals to be fed to supplementary actuators positioned between the swash plate and
the blades, this being termed individual blade control, or IBC. Practical tests on both
arrangements applied to a four-bladed wind tunnel rotor model are described by
Kube and Schultz*®, and these cover both vibration and noise aspects.

Considerable effort has been expended in studying noise propagation from
helicopters, since commercial viability is strongly affected by environmental
acceptabilty. Schmitz and Yu'® provided a comprehensive review of theoretical and
experimental studies asan aid to understanding the problems, and L owson?® suggested
the way forward towards achieving quieter helicopters. From the point of view of the
observer on the ground, the most recognisable component of sound radiation is that
of ‘blade slap’, which tends to occur at slow to medium speeds with the helicopter in
descending flight. The interaction which normally provides the predominant effect is
number 4 in Fig. 6.29, for which the miss distance is small and the intersection angle
is highly oblique. For a four-bladed rotor, this occurs at an azimuth angle of about
60°, and leads to a directional preference for the radiated sound pressure level, as
described by Ehrenfried et al 2% in experimental testsand by Lowson? from fundamental
considerations.

6.3 Aerofoil characteristics in forward flight

We saw in Chapter 3 that the blade encounters a wide range of conditionsin forward
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flight. The incidence of the retreating blade increases with tip speed ratio so that the
stalling angle may be reached, particularly on the important outer section of the
blade, while on the advancing blade the Mach number may reach values at which the
compressibility drag rise begins. These varying conditions may be conveniently
shown in a ‘figure-of-eight’ diagram, as in Fig. 6.31, which shows the a-Mach
number relationship at the radial position x = 0.913 for a ‘Wessex’ rotor flying at
u = 0.32. The hovering case would be represented by one point on the diagram.
As uincreases, the ‘figure-of-eight’ gradually expands, extending into regions of
higher C, and higher M. To test whether the aerofoil will encounter stall and
compressibility drag rise, one can plot on the same diagram the a—M boundaries for
these conditions. For the NACA 0012, which is the aerofoil on the ‘Wessex’, the
boundaries are shown in Fig. 6.32, together with the a—M variation of Fig. 6.31. It
can be seen that the a—M loop passes well into the stall region on the retreating blade
and well into the drag-rise region on the advancing blade. The effects on the pressure
distribution of the NACA 0012 aerofoil have been examined in detail by Pearcey et
al.2 and they show that the flow is supersonic over some part of the aerofoil for almost
the compl ete azimuth cycle of the blade. Thisisindicated in Fig. 6.32 by the fact that
the a—M loop lies entirely beyond the supercritical boundary. Pressure distributions
at the azimuth angles ¢y = 112°, and = 237° are shown in Fig. 6.33. Pearcey found
that the stall following = 237° is precipitated by shock induced separation, the Mach
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Fig. 6.32 Stall and compressibility boundary
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number near the leading edge being about 1.4 although the free stream Mach number
isonly 0.4. There is then a collapse of the pressure distribution until reattachment
occurs when the blade reaches its most rearmost position (¢ = 360°).

The conditions described above relate to a section near to the blade tip, and
impose constraints on the performance of the helicopter. Improvements can be gained
through appropriate design of thetip to alleviate the adverse effects on both advancing
and retreating sides, and through design of the aerofoil shape itself in the tip region
and inboard of thetip. The NACA 0012 aerofoil was not designed with helicopter use
in mind and is not ideal for operating under the extreme conditions described above.

In pursuit of the alleviation of the most undesirabl e transonic effects on the advancing
side, tip shapes other than straight rectangular have been investigated and are currently
in use. A comprehensive study by Desopper et al.?* was based on a series of
computational and experimental studies at ONERA. Preliminary work (including
that of other researchers) indicated that the intensity of the transonic flow was reduced
for alarge azimuthal sector of the advancing blade side by using aconstant 30 degree
sweptback tip, and hence the power required to drive the rotor was also decreased.
However, a strong expansion observed on the outboard part of this tip limited the
total benefit to be gained. A sweptback tip having a progressively increasing angle of
sweep, i.e. a parabolic leading edge, was found to eliminate, or at least delay, this
expansion, hence providing a further gain.

A systematic study of blade tip shapes was then undertaken covering analytical
and experimental studies, which provided ample verification. Thetip shapes considered
in the former are shown in Fig. 6.34 and the pressure contours computed using a
three-dimensional unsteady transonic small perturbation method are shown in Fig.
6.35. The parabolic swept tip (PF2) indicates a significant decrease in supercritical
flow intensity, this being borne out by experiment as indicated in Fig. 6.36 (the FL5
tip is similar to PF2 except that there is no discontinuity in sweepback angle at the
start of the parabolic tip section).

On theretreating side of therotor disc, the main performance limiting factor isthat
of stall, or to use amore appropriate term, dynamic stall. The stalling characteristics of
an aerofoil subject to rapidly changing or dynamic conditions is markedly different
from that operating in steady conditions, as will be described later. The maximum
value of C, under dynamic conditionsthat can be attained determinesthe stall boundary,
and blade design aimed at increasing this val ue can lead to a significant improvement
in performance.

Research conducted by the UK Royal Aircraft Establishment (RAE), now the Defence,

0 0.5 1.0 0 0.5 1.0
x/c x/c

Fig. 6.33 Chordwise pressure distribution (showing local Mach number)
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Fig.6.36 Measured pressure distributions onthe upper side of rectangular and parabolic swept (FL5) blade tips?*

Evaluation and Research Agency (DERA), with GKN Westland Helicoptersled to the
BERP(British Experimental Rotor Programme) rotor design®. Thebladehasasweptback
paddle-shaped tip, as shown in Fig. 6.37, which is its most obvious observable
characteristic. However, the design of the blade as a whole and the aerofoil sections
selected are also vital features. Flight tests on rectangular blades had shown that the
highincidenceperformancerequired ontheretreating sidewasnot needed over the whole
span, but the requirements could not be relaxed between 65 and 95 per cent radius.
Thus, if athin section were used near the tip to avoid advancing blade Mach number
constraints, thiswould have an adverse effect on theretreating blade stall performance,
even though a more appropriate, i.e. thicker, aerofoil section were used inboard.

As will be seen in a later paragraph, the BERP tip confers a high incidence
capability independent of these considerations, and allows the conflicting requirements
on the advancing and retreating side of the rotor to be met independently. The BERP
blade uses an aerofoil (RAE 9645) between 65 and 85 per cent of blade radius that
produces a high dynamic C o for good stall performance. However, it aso gives
rise to a high nose down pitching moment which would be undesirable were it not
counteracted by using a different section, RAE 9648, inboard of 65 per cent radius.
This has areflexed trailing edge and a nose up pitching moment characteristic; being
inboard, its lower stalling angle is not so important. The BERP tip is swept and its
increased chord provides it with a lower thickness to chord ratio than just inboard
(without decreasing the actual blade thickness), thereby avoiding the shock on the
upper side and consequent pitching moment change when the blade is advancing.

When the bladeis retreating, atip vortex isinitiated from the outermost part of the
tip at low angles of incidence, but when at high angles of incidence, the vortex starts
at the point where the chord changes, i.e. at the the start of the parabolic leading edge.
It acts rather in the same manner as the bound vortex on a narrow deltawing aircraft,
e.g. Concorde, maintaining a flow on the upper surface of the aerofoil at a high
incidence and delaying stall (see Fig. 6.38).

The forward extension of the leading edge at the start of the parabolic sweepback
alowsthepitching moment caused by anormal geometric sweep of thetiptobe minimised.

6.4 Aerofoil characteristics when oscillating at conditions of
high incidence

So far the discussion of rotor characteristics and the cal cul ations made have assumed
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Fig. 6.37 The BERP blade

that the characteristics of the aerofoil sections of the blade are the same as those
measured in two-dimensional steady flow. Provided the theoretical values of incidence
do not exceed about 12° anywhere over the rotor disc, theoretical and experimental
values of rotor forces and flapping motion are generally in good agreement. However,
it was observed in, for example, the wind tunnel tests of Squire et al.?® that, for a
given collective pitch angle, the slope of the curve of the thrust coefficient with shaft
incidence decreased when the shaft angle exceeded a certain value. It was assumed
that, in this region, stall was occurring on the retreating blade and that the stall area
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Fig. 6.38 Tip vortex at high incidence on BERP tip

was increasing with increase of shaft incidence. At that time the introduction of
aerodynamic data which included the stall was not possible, as it required computer
facilities which were not available until the 1960s. When such data was included in
rotor theory, it was rather suprising to find that the slope of the thrust coefficient in
the stalled region was much less than that given by experiment?’, Fig. 6.39. The
phenomenon had also been reported by Harris et al. %8, Fig. 6.40.
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Fig. 6.39 Thrust coefficient as a function of shaft angle (RAE tests)
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Fig. 6.40 Thrust coefficient as a function of shaft angle (Boeing-Vertol tests)
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It was also found that the calculated torque was considerably higher than the
experimental values. It was therefore concluded that the rotor blade did not stall in
the same manner as when under two-dimensional steady conditions. This notion was
reinforced by analysis of the wind tunnel tests of Meyer and Falabella?® and the
flight-test data of Scheiman® which indicated values of lift coefficient far in excess
of the maximum steady values, asin Fig. 6.41, which shows the results from the tests
of Meyer and Falabella. The C, contours for calculations made with the steady two-
dimensional data and uniform induced velocity distribution are shown in Fig. 6.42
where it can be seen that the magnitudes and shapes of the C, values and contours are
quite different from those of Meyer and Falabella.

Now, it has been known for some considerable time® that, when awing is changing
its incidence, the stalling angle and associated lift may be different from that in
steady flow. In particular, when the aerofoil is oscillating about a mean incidence
above that of the steady-state stall, the lift coefficient may exceed the steady-state
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. , , .
0.85\ ™
270° f——— ({reeres: 90°
7
/'/( .
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an = —10° '/qﬁ”
SAS
330° L2

Fig. 6.42 Computed C; contours using two-dimensional steady aerofoil data
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valuewhen theincidenceisincreasing and fall below it when theincidenceis decreasing.
Further results have been given by Halfman et al.® for flutter investigations, but
valuable data for helicopter applications were first given by Carta®™, who reported
oscillation tests on a NACA 0012 aerofoil. A typical result of Carta's tests is shown
in Fig. 6.43. The aerofoil in this case was oscillated at 4 Hz (typical rotor frequency)
with an amplitude of 6° about a mean incidence of 12°.

It can be seen that under these conditions the lift coefficient varies by as much as
0.5 from the steady values, and the difference may often be far greater. In the papers
by Bramwell et al.?” and Harris et al.?8, attempts were made to express the oscillating
aerofoil data of the kind shown in Fig. 6.42 in numerical or mathematical form and
apply it to rotor force calculations. In Bramwell’s paper the difference between the
steady and unsteady lift coefficients was superimposed on the experimentally derived
hovering aerofoil characteristics (‘synthesised’ data); in Harris's paper the values
were superimposed on two-dimensional steady aerofoil data in which the C; was
corrected for the local sweep angle. The improvement in the calculated performance
isshown in Figs 6.44 and 6.45. The former also paid attention to the C, contours over
the disc. Figure 6.46 shows the contours obtained by superimposing oscillating aerofoil
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Fig. 6.43 Hysteresis loop for aerofoil oscillating above stall
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Fig. 6.44 Effect of applying oscillating aerofoil data to rotor calculations (RAE)
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Fig. 6.45 Effect of applying oscillating aerofoil data to rotor calculations (Boeing-Vertol)
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Fig. 6.46 Effect of applying oscillating aerofoil data on C; contours

data on the synthesised aerofoil characteristics; these should be compared with those
of Figs 6.41 and 6.42. Although the test conditions were not exactly the same as those
of the calculations, the figures show that the use of oscillating aerofoil dataresultsin
contours whose appearance resembles those of the rotor tests far more closely than
the steady two-dimensional calculations.

Sincethework of Carta, many others haveinvestigated the unusual aerofoil behaviour
which occursat high incidence under unsteady conditions, notably Ham and Garelick®,
and McCroskey and Fisher®®. From the analysis of chordwise pressure distributions
on the blade, it is seen that, as the blade moves into the retreating region, the rapid
rate of increase of incidence allows the aerofoil section to exceed the normal steady
stall incidence without signs of a flow breakdown; i.e. there is still a large suction
peak near the leading edge. As pointed out by Carta, this may be due, in part at least,
to the apparent increase of camber due to the rotation of the aerofoil. Astheincidence
increases further, a vortex is formed and shed from the leading edge and moves
backwards across the aerofoil at a speed somewhat less than the local flow speed.
The effect of the vortex isto produce a suction peak in the mid-chord region, resulting
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in a large nose down pitching moment. The lift continues to grow even after the
leading edge suction has started to collapse. After this, the aerofoil moves into a
condition of deep stall and the tests show that torsion flutter may occur. When the
blade reaches approximately the rear of the disc, where the blade incidence is greatly
reduced, the flow returnsto the steady pattern of low incidence. The aerofoil’s chordwise
pressure distributionsin the sequence described are sketched in Fig. 6.47, with typical
values of Cy and incidence at four azimuth angles on the retreating blade.
McCroskey and Fisher®® have observed that the relationship between the normal
force and pitching moment coefficients in their model helicopter measurements and
those of the two-dimensional aerofoil measurements of Ham and Garelick* are

o Forward flight
A Hover or non-rotating data
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Fig. 6.47 Chordwise pressure distributions at high incidence

remarkably similar. Figure 6.48 shows the variation of Cy and Cy, with blade azimuth
angle for the point r/R = 0.75 on the rotor blade, and the corresponding values from
the two-dimensional tests for similar values of the incidence a and of a .

From the similarity of the curves, it can be inferred that the performance of the
blade section at high incidence has little to do with the three-dimensional rotating
environment and that the section characteristics can be obtained with sufficient accuracy
from unsteady two-dimensional aerofoil tests.

The particular flow states mentioned above can beidentified on Fig. 6.48; thus, for
themodel rotor results (full line), for increasing from 90°, the normal force coefficient
increases to beyond the maximum steady state value (about 1.5) until ¢ = 210°.
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Fig. 6.48 Variation of pitching moment and normal force coefficients with azimuth angle

Beyond this azimuth angle, Cy continues to increase but accompanied by asignificant
nose down pitching moment; this is associated with the shedding and movement
rearwards of the concentrated vorticity from the leading edge region. After ¢y = 240°,
Cy decreases corresponding to the aerofoil being fully stalled, and the vortex having
passed clear of the trailing edge. At about 360°, the flow re-attaches.

This sequence of events has been modelled by Leishman and Beddoes®® and
validated through comparison with experiment following initial work by Beddoes®”
to produce a practical and versatile design tool. For the attached flow in the initial
phase, the changing normal force and moment are modelled indicially using lift and
moment deficiency functions, rather as for fixed wing theory in relation to gusts and
other time-dependent conditions. Leading edge separation occurs when Cy achieves
acritical value which is dependent on local Mach number; however, thereisalag or
time delay in unsteady flow which allows Cy to reach higher than normal static
values. This delay is determined empirically and has been found to be largely
independent of aerofoil shape.

Subsequently, the vortex which separates from the leading edge is transported
downstream causing the centre of pressure also to move rearwards. Meanwhile, the
vortex itself generates lift which dissipates (exponentially) as fast as it accumulates,
until the vortex passes clear of the trailing edge, whereupon the lift (or Cy) decays
rapidly to avalue appropriate to fully separated flow, assuming the angle of incidence
isstill sufficiently high. The speed of convection of the vortex downstream is derived
from alarge body of experimental datainvolving dynamic stall over a wide range of
Mach numbers.

Theindicial approach has been further implemented by L eishman® to account for
arbitrary motion of arotor blade section, aswell as encounterswith gusts or interactions
with vortices shed by other blades.
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6.5 The boundary layer on a rotating blade

The first attempt at calculating the boundary layer on a rotating blade was made by
Fogarty® in 1951 for the case of hovering flight. Fogarty made use of a theorem of
Sears™ which states that if @(x, 2) is the potential for plane steady flow past the
cylinder in a parallel stream at unit speed, then the potential ¢ for flow about the
cylinder when rotating at angular velocity Q is

@=Qyler(x 2) =] (6.31)

It was also shown that the velocity components uy, v4, Wy, relative to the blade are,
Fig. 6.49,

u; = Qy g/ ox
v, = Q[ei(X 2 — 2X]
wy = Qy 0@ /oz

Thus the velocity components u; and w; in the plane of the cylinder are the same
as those of steady plane flow about the cylinder in a stream of velocity Qy. The
spanwise component v4, which is independent of the radial distance, can be found
directly from the planeflow potential ¢;. These relationships establish the appropriate
boundary conditions outside the boundary layer.

The equations used are the familiar Navier—Stokes equationsreferred to co-ordinates
rotating with the blade, Fig. 6.49. If the usual boundary layer approximations are
made, and certain terms are neglected on account of the high aspect ratio of the blade,
we have for the boundary layer equations

W, U ol 100, 0
Uax "Waz X "otV oz
u@+W@+ZQu—QZy=—l@+v6—zv
0x 0z p ay 072
apldz =0

together with the continuity equation
oulox + owldz = 0

To find the pressure gradients dp/dx and dp/dy we use Bernoulli’s equation for the
external potential flow, i.e.

Fig. 6.49 Co-ordinates of rotating blade
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plp + H(u? +v?) = 3Q2(x? +y?) + constant

Then, neglecting the small terms v,0v,/0x and v,0v4/dy, we have approximately

1P _ g2y
0 Ox Q7 — Uy ox
10p = 02y_u oy,
p dy ' oy
so that, on substituting for the pressure gradients, the boundary layer equations are
ou, 0u_, ou 0%
u I +w 3 - Uy I +v 37 (6.32)
v, 0 =y W, 0%
u x +w oz +2uQ =y, 3y +v 372 (6.33)

oulox + owldz=0
together with the boundary conditions
zv=w=0 forz=0
Uu- u=Qyaplox, v - vy=Q[@(x, 2 —2X
w - wy; =Qydploz, for z - o«

We notice that egn 6.32 is the same as the boundary layer equation for two-
dimensional plane flow and may therefore be solved by any of the known methods.
Having solved this equation for u and w, we can obtain v from the solution of
egn 6.33. This has been done by Fogarty for the case of a flat plate and the section
defined by z = kx(1 — x?). The results for the flat plate are shown in Fig. 6.50.

Theimportance of Fogarty’sresultsisthat the spanwiseflow, or ‘ centrifugal pumping’,
is usualy very small. As an example, let us take a point at aradia distance of 6 m
from the hub. Since the chord will be about 0.5 m at most, let us take x = 0.3 m.
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Fig. 6.50 Velocity distributions in laminar boundary layer
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Then, if Q is 25 rad/s, Qx = 7.5 m/s and the largest spanwise velocity is about
7.5 x 0.3 = 2.25 m/s, compared with the free stream chordwise velocity of 150 m/s.
The spanwise flow becomes considerable only near the hub, where x/y is no longer
a small quantity. Thus, for the conventional rotor blade the spanwise, or secondary,
flow appears to be insignificant, although it might be important for wide blades such
as marine propellers.

McCroskey et al. *! have calculated the details for a turbulent boundary layer, the
results of which are shown in Fig. 6.51. We see that the spanwise flow is even
smaller, due mainly to the larger stresses in the turbulent layer.

McCroskey and Yaggy*? have extended the theorem of Sears to the forward flight
case and have made calculations on the basis of Fogarty’s laminar flow theory in
hovering flight. The calculations show that the spanwise flow is dominated by the
spanwise component of forward speed, as the example in Fig. 6.52 shows.

The chordwise flow is affected by several terms which are additional to those
arising in the hovering case. Generally, the effects represented by these terms are
favourable with regard to the delay of laminar separation, particularly in theretreating
quadrant 180° to 270°. This may be another reason for the improved performance of
therotor blade compared with steady two-dimensional aerofoil characteristics although,
as we saw in the previous section, it seems that it is the unsteady motion which is
largely responsible for the peculiar behaviour of the aerodynamic characteristics at
high incidence.
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Turbulent
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Fig. 6.51 Velocity distribution in turbulent boundary layer
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Fig. 6.52 Laminar boundary profiles in forward flight
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Structural dynamics of elastic
blades

7.1 Introduction

In previous chapters the rotor blade has been assumed to be rigid, and this assumption
has been adequate to provide the solution to a number of important helicopter problems
with acceptable accuracy. A rotor blade is of course very flexible, and a number of
problems arise which make it necessary to study the effects of flexibility on blade
motion. For example, we need to know whether the motion of the blade significantly
affects the estimated performance and rotor blade loading; what stresses occur in the
deformed blade; and whether the frequencies of the blade motion coincide with the
frequencies of the aerodynamic forcing loads. The problem of blade flexibility is a
very complex one, for not only has the blade several degrees of freedom but the
aerodynamic loading depends strongly on the blade shape. However, for the purpose
of illustration, we shall consider the flapwise, torsional, and lagwise motions of the
blade separately, and try to draw some general conclusions. For the far more complicated
problem of coupled motion between the degrees of freedom only a brief discussion
will be given and the reader will be referred to specialist papers.

7.2 Free vibrations of rotor blades

7.2.1 Flapwise bending

We define flapwise bending as deflection of the blade in a plane perpendicular to the
rotor hub plane, Fig. 7.1.

Let Z be the displacement of an element of the blade above the flapping plane and
r the distance from the axis of rotation. Consider the motion of this element under the
forces acting on it, Fig. 7.2; § is the local shear force, M the bending moment, and G
the centrifugal tension in the blade.
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r

Fig. 7.1 Blade flapwise bending Fig. 7.2 Forces on blade element

The equilibrium of the blade element requires that

dG + mQ*r dr=0

(7.1)
2
s +mdr&Z =0 (7.2)
ot
GdZ+Sdr-dM =0 (7.3)
From eqn 7.1 we get at once
R
G= J. mQ?rdr
and eqns 7.2 and 7.3 give
IS 0*Z
-— = -m=— 7.4
or "o (7.4)
oM 0z
Differentiating eqn 7.5 and substituting eqn 7.4 we get
2M _ 0 dZ as 9 dZ 027
=2 |6 |+2E=CL|c=|-mZEt
or? 8r( 8r)+ o ~or\"or )T o
But elementary bending theory gives
20’z
M =El=—+%
ar?
so that we have, finally, for the equation of bending
0* 0*Z d /4 2*Z
— |El—% |- |G= =0 7.6
arZ( aﬂ) 3r( 8r)+m8t2 (7.6)

Equation 7.6 represents the free motion of the blade in vacuo.
Let the solution of eqn 7.6 take the form
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Z = S(rer) (7.7)

where S(r) is a function of r alone and ¢(¢) is a function of ¢ alone. Substituting eqn
7.7 into eqn 7.6 gives

d? (EId*S/dr?)/dr? — d(GdS/dr)[dr  d*¢/dt?
mS(r) O)

Now, the left-hand side of eqn 7.8 is a function of r only and the right hand side
is a function of 7 only. Since the two sides are always equal they must be equal to a
constant. The constant has dimensions 72 and it is convenient to write it as 12Q>.
Thus, we have

(7.8)

A’ (pd?S)_d (5dS 2025 =
e (EI = ) e (G dr) +mA*Q*S =0 (7.9)
and
ﬂ/lezq):O (7.10)
dr? '
Let us write z = Z/R, x = r/R, and y = Qt. Then eqns 7.9 and 7.10 become
d? dzs > d das 202 R4 ¢
W (El_dsz_R e de - mA*Q*R*S =0 (7.11)
and
2
d (Z +A%0=0 (7.12)
dy

The boundary conditions to be satisfied are as follows.
(a) Hinged blade (including flapping hinge offset)
At x = e (at flapping hinge)
S=0
d?s/dx*> =0 (zero bending moment)
At x = 1 (blade tip)
d%S/dx*> = 0 (zero bending moment)
d3s/dx® = 0 (zero shear force)
(b) Hingeless blade
Atx=0
S=0
dS/dx =0 (zero slope)
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Atx =1
d%S/dx* = 0
d3s/dx* =0

Equation 7.7 will be a solution of eqn 7.6 provided S(x) and ¢ (y) satisfy eqns 7.11
and 7.12 and the appropriate boundary conditions.

There is an infinite number of solutions of eqn 7.11 since A is not a fixed number
but can be adjusted to satisfy the equation in association with the appropriate boundary
conditions. These solutions represent the blade shape and are called normal modes on
account of the orthogonal property to be proved in section 7.3.

Equation 7.12 is the equation of simple harmonic motion, and the infinite number
of discrete values of A determine the frequencies @ = AQ of the corresponding mode
shape. A, is therefore the ratio of the blade natural frequency , to the shaft rotational
frequency Q for the nth mode shape.

It can easily be verified that when there is no flapping offset, i.e. e = 0, a solution
of eqn 7.11 is S(x) = x, with A = 1, that is, the first normal mode shape of the centrally
hinged blade is a straight line whose flapwise frequency is exactly equal to the
rotational frequency of the shaft. This is the ‘rigid’ blade shape already assumed in
the previous chapters. If e # 0, the mode shape is not exactly a straight line, although
for typical values of e it is very close to it.

Methods for calculating the blade mode shapes and frequencies are dealt with
below. Figure 7.3 shows the first four shapes for a typical helicopter blade.

T Sy, 25 = 460 Si(x), Ay = 1
0 - o .
01 02 03 04 05\ 06 07 08 /09 1
/R
_1-
. Sa(X), Ag = 7.18
ORN01 0203 04 05 06 0.7 08 09 1
/R

S5(X), Ao = 2.58

Fig. 7.3 Mode shapes of typical helicopter blade
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7.2.2 Calculation of blade mode shapes and frequencies

We must now attempt to solve eqn 7.11 in order to obtain the blade mode shapes S,,(x)
and associated frequencies 1,Q. In general, both the blade elastic stiffness EI and
mass distribution m will be complicated functions of the radial station x, and it is
obvious that a simple analytical solution of the blade bending equation is out of the
question. Typical spanwise variations of stiffness and mass for a uniform blade are
shown in Fig. 7.4.

It can be seen that over the greater part of the blade the stiffness and mass distributions
are practically constant, but that near the blade root large and often discontinuous
changes occur because of the root attachment.

Now it is well known that for a uniform non-rotating beam there is an exact closed
solution of the mode equation and that other exact solutions exist for some particular
mass and stiffness distributions. However, there is no known closed solution for the
rotating beam, even for the apparently simple case of constant mass and stiffness, the
equation of which is given below, eqn 7.13:

4
kzﬁ—%%[(l—xz)%]—&%zzo (7.13)

where k> = EI/mQ* is constant.

The mode shapes and frequencies of a rotating uniform blade for k> = 0.0055 have
been calculated and are shown in Fig. 7.5. The broken lines show the mode shapes
and frequencies for a non-rotating blade of the same thickness (standard results for
a uniform vibrating beam). It is perhaps a little surprising to note that the effect of
rotation is quite small, which suggests that the non-rotating mode shapes might serve
as useful approximations in the calculation of the rotating modes.

The lack of an exact solution of eqn 7.13 is unfortunate because, although the
mass and stiffness distributions might not be representative of a practical blade, it
would be very useful for testing the accuracy of approximate methods of solution.

o
£ 2
g S
2 £
€ @
S [0}
S 8
o .
&3 i
=

Spanwise co-ordinate Spanwise co-ordinate

Fig. 7.4 Mass and stiffness distributions of a typical uniform blade
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Fig. 7.5 Mode shapes of rotating and non-rotating uniform blade

The approximate methods usually used fall under two main headings:

(1) method of assumed modes,
(i1)) method of lumped parameters.

7.2.2.1 Method of assumed modes

This method consists of choosing a finite sequence of functions which, preferably,
approximate to the expected mode shapes and satisfy the appropriate boundary
conditions. This latter requirement is not essential, however, since it is always possible
to include restraint conditions in the analysis.

We shall consider three methods employing assumed modes:

(a) Lagrange’s equations
(b) Rayleigh—Ritz procedure,
(c) Galerkin’s method.

(a) Lagrange’s equations
Let the sequence of functions which are to be used to approximate to the blade shape
be

Y(X), Yo(x)s vy Yi(X), .oty Yu(X)

and let the displacement be

2(x,y) = 21 7i(xX)o(y)
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It will be assumed that the functions %;(x) satisfy the boundary conditions.
Then

oz/dy = E] 7i(x)¢/(x)

and the kinetic energy T in term of blade axes (see section 7.3.2) is therefore

n n 1
T=-lop3y ¥ ¢,.'¢;J my.y; dx (7.14)
2 i=1 j=1 0
— Z Z Aij¢z”]”
i=1 j=1
1 1
where A; = EQZR3 J. my,y; dx
0

is a generalised mass or inertia coefficient.

It should be noted that the orthogonal properties do not apply to the integral of
eqn 7.14 since the functions ¥(x) themselves are not exact solutions of the blade
bending equation, eqn 7.11.

The strain and potential energy U is, as will be seen from eqn 7.92.

n n 1 2. d2 . o dy
U:LZ Z(pi¢jj (Eld v &7 +R2G%Lde

dx?  dx? dx dx

1 2 2
1 d*y; d7y; 2~ dyi 474
where B =5R J.o [El—dx2 e + R G_dx T dx

is a generalised stiffness coefficient (including both structural and centrifugal stiffening
effects.
Then applying Lagrange’s equations eqn 7.95, with dW/dg, = 0, gives

j=1 j=1
If ¢; = ¢y sin Ay, eqn 7.15 becomes

As a simple example, let us calculate the first two mode shapes and frequencies of
a centrally hinged uniform blade and suppose that the deflection amplitude can be
expressed as
Y= % + $0%2

where
71(x) = x and p(x) = 10x*/3 — 10x*/3 + x°



Structural dynamics of elastic blades 245

It can easily be seen that the functions satisfy the boundary conditions of a centrally
hinged blade. Then evaluating the integrals A;; and B;; we get

1 o _7 16 5 _ 1304
Ay = §, Ap =4y = 6_2’ Ay = %
z _1 5 _5 _16 5 80,2 1850
311—3, By, = 2 =63 322—21k + 237

the bars denoting that the integrals have been divided by %szR3, and where k% =

EI/mQ’R*. In this case the tension G is %szR3(1 — x?). substituting in eqn 7.16

gives, in matrix form,

1 16 1,2 1642
3 63 P10 ) 3 A a3 A P10 o
16 80 .2, 1850 16 ;o 1304 5, -
63 215 *en7 L9 a3t emrt L%
or
1(12_1) E(2,2—1) ho
3 63 o
16 .2 . 1304 ,» 80 ,, 1850
63 (47 -1 6237 A 21 K 6237 P

The frequency equation is found by putting the determinant of the square matrix
to zero. If we take k> = 0.004 as a typical value, the determinant gives

A2 -1 07619(A2 — 1) o
A2 -1 0823242 -12279|

or (A= D(A* - 7.5988) = 0

This equation gives A = 1, a value we should expect since ¥; = x is known to be
an exact solution, and A = 2.757. We cannot find the absolute amplitudes of the
modes but only the ratio of the amplitudes. Taking the second equation of the matrix
form of eqn 7.16 gives

(A2 = Dy + (0.82324% - 1.2279) ¢, = 0

When A = 1, we have ¢y/¢;o = 0, i.e. if @19 # 0, ¢,y = 0 indicating that in the
oscillation whose frequency is € the mode shape consists entirely of the function
Y = x. This is, again, just what we should expect, as ¥ = x is an exact solution of the
flapping equation. The higher frequency 2.757Q gives @;o/¢g = —0.759 and the
corresponding mode shape can be written

S5(x) = =3.15x + 4.15x°(10/3 — 10x/3 + x?)

The two modes are shown in Fig. 7.6. The accuracy of the mode shapes and
frequencies improves with the number of functions chosen, the lower modes being
improved the most. In general, the stiffness and mass distribution will be such as to
require numerical integration of the integrals A;; and Bj;.
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Fig. 7.6 Normal mode shapes

(b) The Rayleigh—Ritz procedure
It can be shown! from the calculus of variations that a function satisfying the fourth
order linear differential equation

d? d’s 2 d (45 202 pdc
e (Eldxz)—R i | Ggy | -mAPQ RIS =0 (7.11)

in association with either set of boundary conditions for the hinged or hingeless
blade, is a function which gives a stationary value to the integral

1

2 2
_ 1 202 pdc2 _ d’S | p2a (98
L=55 OlmAQRS EI(—dxz) RG(dx dx (7.17)

It will be seen from energy considerations (eqns 7.87, 7.89 and 7.91) that L, termed
the Lagrangian, is the difference between the kinetic and strain energies in a given
mode of motion, i.e.
L=T-U
The Rayleigh—Ritz procedure is to assume a finite series of approximation functions
S,(0) =A X)) +Apx)+ . +AY+ .+ ALY,

where the terms 7 satisfy the boundary conditions, and substitute the series into
eqn 7.17. Since Ay, A,, ..., etc. can be arbitrarily varied, the condition that L should
have stationary values is

oL _JdL _ _ JdL _ JL

A, dA, T dA;, T A,

giving n equations for the evaluation of the terms A;.
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We find that this gives exactly the same set of equations as we obtained by the
Lagrange method of the previous section. It is worth mentioning, however, that the
Rayleigh—Ritz method can be applied to problems, e.g. static equilibrium, to which
the Lagrange equations would not normally be applicable.

The Rayleigh—Ritz method is a generalization of the application of Rayleigh’s
principle? that the frequencies corresponding to the solutions of eqn 7.11 have stationary
values. This means that, if the chosen functions differ from the exact solutions S; by
small quantities of the first order, the calculated frequencies will be in error by only
small quantities of the second order. Thus, it can be expected that quite a poor
approximation to the true mode shape will give a good approximation to the frequency.

Now, when a system oscillates in a normal mode with frequency m; = 1,Q, each
part of the system oscillates in phase or in antiphase with every other part of the
system. Thus we can write for a typical displacement in a normal mode

Z = y(x) sin (@t + €)
= %) sin (Ay + &)

Then the kinetic energy T of the system, as will be seen from eqn 7.87, is
1 2
T=1q2p3 J m(a—}/) dx
2 o 9y
| 1
=5 AZQ?R3 cos® (ALy + €) I my? (x)dx
0

and from eqns 7.89 and 7.91 the potential energy of the rotating blade is
U=Ug+ UG
2

dy; 1 oo by
2R sin? (A, y + e)J. EI( ) dx+§Rs1n (ALiw+¢€) jo G(W] dx

In this simple harmonic motion the maximum kinetic energy must equal the maximum
potential energy. Thus the coefficients of cos*(4;y + €) and sin’(A; ¥ + €) can be
equated giving

1 1
j EI(d?y,/dx?)%dx + R? J- G(dy,/dx)*dx
0 0

i
R* J. my? dx

0

22Q7 = (7.18)

Then, if a mode shape %;(x) is assumed which is reasonably near an exact mode,
eqn 7.18 gives the corresponding frequency. The use of the Rayleigh method is
usually confined to the calculation of the lowest frequency, since the corresponding
mode shape will probably be comparatively simple and a good guess can usually be
made.

Equation 7.18 has been used by Southwell® to obtain a relationship to the non-
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rotating frequency of the blade and its natural frequency under rotation. Equation
7.18 can be written

1
j G(dy,/dx)? dx
L . (7.19)

RZ 1
J. my?dx
0

w? = A2Q% = 0l +
where @,, is the non-rotating frequency of the blade.
Now
R
G = J mQ*rdr
1
= Q?R? J- mx dx
therefore
1 2 1 pl 2
dy; dy;
_[ G(i) dr = Q?R? j j mx dx (i) dx
0 dx o Jy dx
The integral on the right-hand side can be transformed to read
1 X 2
Q2R? -[ mx I (di) dx dx
0 o \dx

and eqn 7.19 can finally be expressed as
0? = 03 + o;Q? (7.20)

where @, is the natural frequency of the non-rotating blade and
1 X
j mx j (dy;/dx)?dx dx
0 0

I
J my?dx
0

o = (7.21)

Equation 7.20 is Southwell’s formula.

To consider a specific case, let us use Southwell’s formula to calculate the first
bending frequency of a uniform blade hinged at the root (k> = 0.004) having the mode
shape found earlier, namely

S5(x) = =3.15x + 4.15x3(10/3 — 10x/3 + x?)

Substituting in eqn 7.21 with m constant we find
o, = 8.241
o being unity and corresponding to the rigid blade mode. The frequency of the non-

rotating blade is obtained from the standard results* for a pinned-free non-rotating
uniform beam, which give
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0 = u*Ellm
— ‘Ll4R4k292

where U is a constant given in the above reference.
If we take Q = 25 rad/s, then k*Q? = 2.5 and the value of (uR)* is 237.7.
Hence

w2 =593
and Southwell’s formula for this case is therefore

®3 =594.3 + 8.241Q2

The frequency at Q = 25 rad/s is 3.031€Q, which is higher than the value we
calculated before but this is to be attributed to the fact that the assumed mode shape,
which was based on only two functions, differs considerably from the more exact
value, and the departure from the true shape is equivalent to the imposition of constraints
which effectively increase the stiffness.

Southwell’s formula is very useful for showing the effect of the rotor speed on the
natural frequency of the blade. Strictly speaking, ¢; is not constant because the mode
shape would be expected to change slightly with Q. However, assuming ¢; constant,
we see from eqn 7.20 that as the rotational speed becomes very large we have

o, —»> N

The curves of eqn 7.20 for the various modes are often plotted in conjunction with a
‘spoke’ diagram, Fig. 7.7. One can see at a glance if there are any natural frequencies
of the blade which coincide with a harmonic of the rotor speed, indicating the possibility
of resonance.

(¢) The Galerkin method
We start with the blade bending equation

4Q

1Q

Rigid-blade mode

Fig. 7.7 'Spoke’ diagram of bending frequencies
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d* d’s, > d ds, 202R4C —
e (EI 0 -R P G e - mA;Q°R*S, =0 (7.11)
and suppose as before, that

S,(0) =Anx) +Apx) + .o F AR + .+ Ay (7.22)

We now substitute for S,(x) in eqn 7.11, multiply each term by ¥, integrate from
0 to 1, and equate the result to zero. When i is made to take the successive values
1,2, ..., n, we obtain n simultaneous equations which determine the coefficients A;.

Duncan has shown® that this process is equivalent to finding the error £(x) which
results from substituting the approximate solution eqn 7.22 into eqn 7.11 and finding
the stationary values of the integral

1
JE.[ e2dx

0
by satisfying the condition

The Galerkin process can be regarded as a ‘least-squares’ fit of the assumed
solution eqn 7.22 to the exact solution of eqn 7.11.

Duncan has also shown® that the Galerkin and Rayleigh—Ritz methods, and therefore
the Lagrange method, are all equivalent in linear problems, but notes that the Galerkin
method can be extended to non-linear and non-conservative problems.

The application of the Galerkin method differs from the other two in that the
integrals to be calculated are those derived from the terms in the differential equation
7.11, instead of those to be found in eqns 7.88 and 7.90. This means that in the
Galerkin method the integrand of the elastic terms involves differential coefficients
of the stiffness, and this may be a disadvantage if the stiffness undergoes sudden
changes.

Figure 7.8 shows the rigid mode and the first bending mode when the first four
functions

r Si(x), 4 =1

So(x), Jp = 2.68

—1L

Fig. 7.8 Rigid and first bending modes and frequencies of a uniform beam
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y=x, %=(+2)+3)x6 —i(i + 33 +i(i + Dx'6 i=2,3,4

are used to calculate the mode shapes and frequencies of a uniform beam.

7.2.2.2 Method of lumped parameters
We now consider two methods of analysis which are described as ‘lumped-parameter’
methods. In this technique the continuous blade is represented by a number of discrete
segments, so that the partial differential equation of blade bending is replaced by a
set of simultaneous ordinary differential equations.

The two methods to be described are

(a) the Myklestad method,
(b) the dynamic finite element method.

(a) The Myklestad method

This is a development of the Holzer’ method which was originally used for the
calculation of torsional oscillations but was later extended and modified by Myklestad
for the calculation of lateral beam vibrations.

Consider the deflected blade, Fig. 7.9 divided into a number of concentrated
masses between which the elastic properties remain unaltered. The nth element and
the forces acting on it are shown in Fig. 7.10.

With reference to Figs 7.11 and 7.12 we also define the following elastic coefficients
in relation to the application of a unit force and of a unit moment.

Assuming the elastic properties are constant over the element, the four coefficients
can be expressed as

up, = [;/6(ED), Ve = 13 12(ED),
U = I212(ED), VM, =In/(ED),
We now imagine the blade to be forced to vibrate with harmonic motion of frequency

. This adds an inertia force mn+1a)zZn+1 to the element, and the equilibrium of the
element leads to the following relations:

2
Gn+1 = Gn + ’/nn+lg2 L (723)
Y S,
d> m
Z /;Xfxn Gn
Iy Mp_g" M.+
Z. Mpy4
In+1 Onsi 1 Gns1 Z,
z A
Zn+1 Zn+1<— /,, R l
r g sn+1

Fig. 7.9 Distributed-mass representation of helicopter ~ Fig. 7.10 Forces on blade element (Myklestad
blade (Myklestad) method)
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Fig. 7.11 Definition of unit load coefficients Fig. 7.12 Definition of unit moment coefficients
Sn+l = Sn - mn+1a)zzn+l (724)
Mn+1 = Mn - Snln + Gn(Zn - Zn+1) (725)
Ol = an(l + GnVFn) - SnVFn + MnVMn (726)
Zn+1 = Zn - (ln + anGn)an + anSn - uMnMn (727)
We obtain at once from eqn 7.23
n
G, = X mQ°%r, (7.28)
i=1
and eliminating Z, — Z,,; between eqns 7.25 and 7.27 gives
Mn+1 = Mn(l + uMnGn) - Sn(ln + anGn) + Gn(ln + anGn) (729)

For a given value of ®, these recurrence relations enable us to calculate S, M, o
and Z at any point along the blade in terms of the corresponding values at one end.
Thus, for example, the boundary conditions at the blade tip are

S =m o M, =0; oy = Qy, say; Z =1

It may seem that the first boundary condition contradicts the requirement of zero
shear force at the tip, but it must be remembered that the mass of the last element is
concentrated at the tip so that it really represents an average condition for the element.
The last two boundary conditions are arbitrary and merely define the scale of the
blade displacement. It can easily be seen that, at any given station, S, M, ¢, and Z
must be of the form

Sp = cn + dyong (7.30)
M, = e, + futtio (7.31)
&y = gn + hn0hio (7.32)
Zy = Jn + knOio (7.33)
where c,, d,, ..., etc. are numbers* which depend on the blade station in question.

* Recurrence relations expressing these numbers in terms of the original constants and tabulation
methods for the calculation procedure are given in detail in reference 7 and need not be given here.



Structural dynamics of elastic blades 253

Now at the blade root the displacement is zero. Thus, if the suffix r denotes the
root,

Z.=j, + ko

or oy = —j./k;
The remaining root boundary condition to be satisfied is either

M, =0, for the hinged blade
or

o, =0, (or, possibly, a known non-zero value) for the hingeless blade.
For the first case, we have from eqn 7.31, after substituting for ¢,
M, = (ek, — jif )k, =0

Now the term in the bracket is a function of the assumed value of the frequency
. Thus, if a range of values of @ is taken, a natural frequency occurs every time the
function becomes zero, Fig. 7.13. For such a value of ®, the mode shape, defined by
the values of Z,,, can be determined from eqn 7.33.

Similarly, for the hingeless blade, we have from eqn 7.32

o = (grkr - hrjr)/kr =0

and, again, we seek the values of @ which make the function in the bracket zero.

Now, in the methods described earlier, if it is required to calculate, say, the fifth
mode and frequency, it may be necessary to take at least ten functions and solve the
resulting ten simultaneous equations to obtain reasonable accuracy for the fifth and
lower modes. In the Myklestad method, however, each mode can be calculated
independently of the others, although a certain amount of ‘searching’ may be necessary
to locate the appropriate zero.

The Myklestad method described above refers only to pure flapwise bending. An
extension of the method has been given by Isakson and Eisley® which includes the
effect of coupling between the bending and torsional modes of vibration. Their
analysis, however, is far too lengthy to be included here, and the reader is referred to
the original paper.

(b) The dynamic finite element method®
As in the Myklestad method described in the previous section, the blade is divided
into a number of elements, not necessarily of equal length. In this case, however, the

erkr - jrfr

N A

Vi

Fig. 7.13 Variation of boundary function with frequency
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mass of an element is not concentrated at its ends but is imagined to be distributed
uniformly along its length. The system of forces and moments acting along the
element is as shown in Fig. 7.14, and its equilibrium in harmonic motion leads to the
following equations

Gra =G, + | Q2rmdr=G, + 2 mQ> (57 ~ 12 (7.34)
Tn+1
St =S, j O Zmdr=S$, - X mol,(Z, + Z,,)  (135)

Tn+l
n

My = My, = Gy (Zy = Zynt) = Sl + f (r = r) @ mzdr

n+1

- In (Z, — Zp1 ) Q2 rmdr

n+1
= Mn - Gn (Zn - Zn+1) - Snln + wzlr%m(zzn + Zm+1 )/6
- £22ln’n(zr‘n + rn+1)(Zn - Zn+1 )/6 (736)

These three equations are analogous to eqns 7.23, 7.24, and 7.25 of Myklestad’s
method. Inspection of the above equations shows that the bending moments
My, My, ..., M, ... along the blade can be expressed in matrix form as

M = @*aZ + Q*bZ (7.37)

where a and b are square matrices, and functions of r and m, Z is the column vector
of the element displacements, and M is the column vector of bending moments.
The deformation of the blade represented by Z may be split into two components

Z=ZE+ZR

where Zg is the elastic deformation of blade bending and Zy, is the rigid-body rotation
about the flapping hinge. If there is no flapping hinge, Zy = 0.

To obtain a relationship expressing the blade deformation as a function of the
applied moment distribution, we use the unit load method'. This states that, if M, is
the bending moment distribution due to the application of a unit load at a point at
which we wish to calculate the deflection, and if M is the actual moment distribution
then the required deflection J is given by

?nﬂ Mn
G

M4 / n

4—& Y
G Sn

n-

" Zn+1 / z

n n

Fig. 7.14 Forces on blade element
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R
5= J (MM, /ED)dr
0

Let us consider the contribution to this deflection due to one of the blade elements.
Let M4 and My be the moments at the ends of the element due to the applied loading,
and let M,; and My, be the moments due to the unit load, Fig. 7.15, at which it is
required to know the deflection. If we suppose that these bending moments vary
linearly across the element, the contribution d,z to the deflection can easily be
calculated and expressed conveniently in matrix form as

5AB = J‘ (MM]/EI)dr
AB

L L ][ Ma
3EI 6EI
= [MAI,MBI] ) /

6EI  3EI || M,

where [ is the length of the element.

If a number of successive elements is now considered, with the corresponding
moment distributions My, Mgy, ..., Myq, ... and My, My, ..., My, ..., the deflection
due to all these elements is

5: [MAlrMBl;"'7MN19""]

ﬁ ﬁ 0 0 ol Ma

ﬁ 36T * 36 65‘5] 0o o0 My
0 67 smtam sm 0 O] (7.38)
............................................................................. My

Y 0 0 Il |

To define the deformation of the complete blade, we need to know the deflections

My \
Mgy l

7
M, Mg T

Fig. 7.15 Moment due to application of unit load
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at the ends of each of the elements. This will require repeating the above calculations
using the bending moment distributions corresponding to unit loads applied at each
station. When this is done, the row matrix [M,;, Mpg;], ...] then becomes a square
matrix M, say, the columns of which give the bending moment distributions due to
each of the applied unit loads. The centre matrix of eqn 7.38 is called a flexibility
matrix and will be denoted by f. The total set of deflections is then given by

Ze =M fM (7.39)

where Z is the matrix of the values of 6. Eliminating M between eqns 7.37 and 7.39
gives

Zg = WPa*(Zg + Zg) + Q°b*(Zg + Zg) (7.40)

where a* and b* are matrices resulting from the addition and multiplication of
previously defined matrices. Rearranging eqn 7.40 gives

(I - Q’b*)Zg = ’a*(Zg + Zg) + Q*b* 7y
giving Zp = (I - Qb a*(Zg + Zg) + QI — Q2b* b2z
or Zp = 0 c(Zg + Z) + Q%dZy (7.41)

where ¢ and d are square matrices.

The hingeless rotor
If no flapping hinge is present, Zz = 0, giving
Zp = 0’ cZg
or (c—lw*)Zg =0 (7.42)
The eigenvalues and eigenvectors of eqn 7.42 give the required frequencies and

mode shapes.

The hinged rotor
When there is a flapping hinge, the moment at the hinge line must be zero and from
eqn 7.37 we have

M, = @’a,(Zg + Zy) + Q°by(Zg + Zg) = 0 (7.43)

the suffix & indicating that the row of the matrix corresponding to the hinge line is
used. Substituting the value of Zg given by eqn 7.41 into the second bracket of eqn
7.43 gives

’an(Zg + Zg) + Qby[0Pc(Zg + ZR) + dZg + Zg] = 0
or, on rearranging,
@ (ay, + Q°byc)(Zg + Zy) + Qb (I + d)Zg = 0 (7.44)

Now the unknowns in Zy are linearly related through an unknown rotation o about
the flapping hinge, i.e.,
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Zg = et (7.45)

where ¢ is a column matrix giving the distances of the ends of the blade elements
from the flapping hinge. Then substituting eqn 7.45 into eqn 7.44 gives

Q% (I + d)ea = — @ (ay + Q?bye)(Z + Zg)
or
o = — @ [Qby(I + d)e] (ay, + Q2buc)(Zg + Zy)
so that eqn 7.45 can be written
Zg = — @Pe[Q2by(I + d)e] \(ay, + Q%byo)(Zg + Zg) (7.46)
Substituting for Zy in eqn 7.41 gives
Zg = 0[c — de{Q%b,(I + d)e} \(ay, + Q?byo)|(Zs + Z) (7.47)
and on adding eqns 7.46 and 7.47 we get
(Zg + Zp) = 0*[c — (I + d)e{Q%by(I + d)} N(ay, + Q?*b,O)|(Zg + Zz)  (7.48)
Defining ¢* to be the matrix in the square brackets, we have
Zp + Zp = 0 c*(Zg + Zg)
or
[c* = I |(Zg + Zg) = 0 (7.49)

The eigen values and eigen vectors of ¢* yield the required frequencies and mode
shapes of the hinged blade.

The above method need not be confined to straight elements. For a given number
of elements, the accuracy can be greatly improved by taking curved elements—for
example, a cubic variation — the curvature being determined by the deformation of
neighbouring elements. The relationships eqns 7.37 and 7.39 have to be modified
accordingly, but the net result is a considerable increase of accuracy for only a slight
increase of computer time.

7.2.2 Lagwise bending

When considering motion of the blade in the lagging plane*, i.e. in the plane of
rotation, we have to note that the centrifugal force on a blade element is directed
radially outwards from the hub and therefore, unlike the flapping case, the direction,
as well as the magnitude of the force, varies along the blade. Consider the forces,
inertial and aerodynamic, acting on a given element of the blade and their moment
about another point P of the blade, Fig. 7.16. If r, is the radial distance of the element
and r the radial distance of the point P from the hub, the moment of all the forces
about P is

*Lagging and chordwise motion are the same only if the blade chord is parallel to the plane of
rotation, i.e. when the pitch angle is zero.
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Y A
Q?r,dm
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P ot?
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Fig. 7.16 Lagwise forces acting on blade
92y R . R
M = EIW = I mQ2r (ry — r) sin o;dry — J mQ2r (Y, = Y) cos a;dn
R 92y,
—j 82(rl r)dn (7.50)

Differentiating with respect to r we have, after cancelling certain terms,

K a (* k9%
%—A’{ =- Ir mQ*Y,dn + o -[ mQ*r dn + J-r m 82‘21 dn

K Y ko 9%y
:_J. szYldr1+WG(r)+J. m 821 dr

r

Differentiating again gives

I’M _ 9? %Y P) Y 2’y
ot o [Ela }‘E[GW]_’"(W mer

9% 2%Y 0 )4 2%y )
EI -=|G—=— -QY|=0 7.51
ar? [ o | "o |9 | T o (7.51)
where it is understood that the value of EI refers to lagwise bending.
To discuss the free lagging motion of the blade, assume a solution

or

Y = RT()x(1)

where T(x) is a function of x alone and x(¢) is a function of ¢ alone. By the same
argument as that used for the flapping equation, we arrive at the mode shape equation

d* d-T 2 d dar 2 pd
ix? [El—dxz:l R i (G I -m(v? + DQ*R*T=0 (7.52)
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and the frequency equation
Eyldy? + viy =0 (7.53)

The boundary conditions relating to eqn 7.52 are the same as those of flapping
motion:

(a) Hinged blade (including lag hinge offset)
Atx=e, y=0, d*>y/dx> =0  (where y = Y/R)
Atx=1, d>yldx* =0, dydx’=0

(b) Hingeless blade
Atx =0, y =0, dy/dx = 0
Atx=1, d?yidx* =0, dydx*=0

The lagging mode shape equation, eqn 7.52, is identical in form to the flapping
equation except that the frequency ratio v appears as v> + 1 in the mode equation.
This is explained physically by the fact that the centrifugal force field in the lagging
plane is radial instead of parallel as in the flapping plane, and the relationship between
the mode shape and the frequency is different.

The only exact solution of eqn 7.52 is T(x) = x for e = 0, which gives V> + 1 = 1
or v = 0. Thus, the first mode shape is a straight line from the hub associated with
zero lagging frequency. When the lag hinge offset is not zero there is no exact
solution to the lag equation but we would expect a close approximation to be a
straight line moving about the hinge point, i.e. like a rigid blade, with a frequency of
approximately V(3/2¢)Q, e being the non-dimensional lag hinge offset. As we mentioned
in Chapter 1, a typical value of e is about 0.05, in which case v| = 0.274.

The calculation of the lag mode shapes and frequencies generally can be achieved
by the methods described for the flapping equation.

For hingeless blades the first mode shape is determined largely by the stiffness
near the root; in fact, the structural element at the root is designed to give suitable
flap and lag frequencies. Since the stiffening effect of the centrifugal field is much
less than in the flapping motion, the first lag frequency is much more sensitive to
changes of root stiffness. The lagging and flapping stiffnesses are ‘matched’ in such
a way as to minimize torsional moments when lagging and flapping motion occurs.
This point will be discussed in more detail in Chapter 9 on aeroelastic coupling, but
the typical first mode frequencies arising from such a choice of stiffnesses are usually
in the region of 0.55 Q to 0.7 €, i.e. much higher than for the hinged blade.

When considering the higher modes, it will be appreciated that the lag stiffness
will be much greater than the flapping stiffness; typically, over most of the blade the
lagwise stiffness is about ten times greater. Calculations show that the shapes of the
lagging modes have the same general appearance as those of the flapping motion but,
whereas the first lag frequency is usually much smaller than the first flap frequency,
the reverse is true for all the corresponding higher modes since the curvature of the
blades invokes the much greater stiffness.
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7.2.3 Torsional deflections

Consider a portion of the blade of span dr under the action of torsional moments. If
C is the torsional moment of inertia per unit length of span, the inertia moment due
to angular acceleration 6 is — CO dr and that due to the ‘propeller moment’ section
1.10, is — CQ*0 dr.

Then the elementary moment dL tending to twist the blade in the nose-up sense is

dL=-C8 dr — CQ*0 dr (7.54)

Now consider the torques acting on the sides of the element and let us define the
positive value of the torque when its sense agrees with the positive direction of r. If
W is the torque on the element, Fig. 7.17, the value is —W on the left-hand side and
W + (dW/dr) dr on the right-hand side. For equilibrium we must have

oL W

—W+Edr+W+Wdr=0

or
OWIor + dLIdr =0 (7.55)

Now the relationship between the angle of twist 8 and the torque on the element
is
26
W=EJ==
™ oor
where EJ is the torsional rigidity of the element, £, being the modulus of rigidity or
shear modulus and J being the polar second moment of area.
Hence, from eqns 7.54 and 7.55, the blade torsion equation is

" (ESJ ‘;—(Z) _Cé-CQ%0=0 (7.56)
Assuming solutions of the form
0= 001

we obtain the mode-shape equation

% (ESJ i—g) +C(w} - Q)0 =0 (1.57)
and

d?¢/dt* + w5&=0
WD %dm N W+‘9a—"r'/dr

Fig. 7.17 Torsional moments acting on element
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where wy is a natural frequency of the free motion of the rotating blade.
Now the pitch control usually has a considerable degree of flexibility, so that the
boundary condition to be satisfied at the root is given by

[EJ dO/dr] = kg8, (7.58)

where 6, is the change of blade pitch at the feathering hinge and kg is the stiffness of
the control system. Actually, the flexibility of the control system may be such as to
allow as much as 70 to 80 per cent of the deflection at the tip to occur at the
feathering hinge. The boundary condition at the tip is

de/dr =0 at r=R (7.59)

which expresses the fact that the moment vanishes at the tip.

Consideration of eqn 7.57 shows that, since the torsional stiffness EJ is unaffected
by rotor speed, the torsional mode shapes are also independent of the rotor speed, i.e.
the mode shapes of a blade are the same whether it is rotating or not. It therefore
follows that

®; — Q? = constant
When Q = 0, @y is equal to the non-rotating torsional frequency, @y say; hence
2 _ 2 2
Wy =w; +Q

i.e. the square of the torsional frequency is simply the sum of the squares of the non-
rotating frequency and of the rotor speed.
Unlike the mode shape equations of flapping and lagging, the simpler form of the
torsional equation, eqn 7.57, enables some exact solutions to be obtained.
Consider the case of constant torsional stiffness (except for flexibility at the root)
and zero rotor rotational speed. Equation 7.57 can be written

d?Q/dx* + Q=0 (7.60)
where o® = wlCR*IE,J (7.61)
The solution of eqn 7.60 is
QO =Acos ox + Bsin ax (7.62)
The boundary conditions, eqns 7.58 and 7.59, give
Bo = (Rkg/EJ)A (7.63)
and
tan o = B/A = Rkg/EJo (7.64)
or
atan o = Rkg/EJ (7.65)

Solutions of eqn 7.64 in conjunction with eqn 7.61 give the frequencies of the non-
rotating blade for given values of kg and EyJ.
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The displacement at the blade tip is given by
O(l) =A cos o+ B sin o
= A[cos o + (B/A) sin o]
= A sec «, from eqn 7.64

The displacement at the root due to control flexibility is
00)=A
Thus the ratio of the root deflection to that at the tip is
0(0)/Q(1) = cos « (7.66)

Let us suppose that in the first mode of motion the control stiffness is such that
the root deflection is half that at the tip. Then, for this case, we see from eqn 7.66 that

cos o = % or o = 7/3. Then, if we take EJ/CR = 4000 as a typical value, we have

from eqn 7.61 that
Wy = 10.5 Hz

which is about two and a half times the typical rotor frequency. Thus, at normal rotor
speed (4 Hz), the torsional frequency of our rotor blade is about 3.35 Q.

The choice of o for the first mode fixes the value of Rkgy/EJ in eqn 7.65, and the
values of « for the higher modes are given by the solutions of

o tan o = (7/3) tan (/3) = /N3 = 1.82

The next two solutions are easily found to be o = 3.62 and 6.54, giving @, = 36.2
and 65.4 Hz respectively. The corresponding mode shape outboard of the feathering
hinge and normalised with respect to the tip deflection is

O(x) = Alcos ax + (B/A) sin ax]
= COS (¢ COS Ox + sin ¢ sin ox
=cos [ (]l — x)] (7.67)

The mode shapes are found by giving o its appropriate values. The first shapes are
shown in Fig. 7.18.

It is usual that the first mode frequency is several times the rotor frequency and
may be as high as 62 or even more.

7.2.4 Intermodal coupling

In the previous sections we have examined the flapping and lagging and torsional
mode shapes and frequencies on the assumptions that the motions are independent of
one another. In general, however, a certain amount of elastic and inertial coupling
exists when there is built-in twist and if the elastic and mass axes do not coincide.
The complete coupled equations have been given by Houbolt and Brooks!! and, more
recently, by Sobey!?.
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-1

Fig. 7.18 Torsional mode shapes of a uniform blade

Aerodynamic and inertia coupling of the first-mode motions relating to classical
blade flutter will be considered in Chapter 9.

To give an indication of how the torsional motion of the blade modifies the
flapping equation, consider a blade with zero built-in twist. Referring to Figs 7.19
and 7.20 we see that twist introduces the following flapping moments and shears.

(i) A component Ge, sin 6 of the moment Ge,, Gep being the moment of the
blade tension about the elastic axis when the latter is displaced from the
section centroid.

(ii)) The moment of the centrifugal force due to the displacement of the centre of
gravity of the blade section relative to the elastic axis. The moment is easily

R
seen to be equal to J- Q2mr, (e,0,)dn.

(iii)) The change of shear force dS due to the inertia loading — me6 dx resulting
from the twisting motion.

Centroid

C,g

I J-cs
Centroid
7/ ———————————— k Elastic axis

Fig. 7.19 Blade section geometry

Gey

0

(Z+ ) dm

Fig. 7.20 Blade section forces and moments
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Then, if M” is the sum of the moments due to the effects of twist, we have, for
small 6,

*M’ IS

ot =or 3 " (G A0) + - (ermee) — meb

Adding these terms to the uncoupled flap-bending equation, eqn 7.6 we get

82 027 a % ) . s
Ep (EI o0 GeABJ > (G P ) o — (Q7rmeB) + m(Z + e6) =0

This agrees with the equation of flapwise bending given by Houbolt and Brooks
for the special case of zero built-in twist. By similar arguments we could derive the
coupled lag and torsional equations of motion.

When the blade also has built-in twist, there is elastic coupling between the flapping
and lagging motion. The full equations are given by Houbolt and Brooks, but a
simple model used by Ormiston and Hodges'? to investigate flap-Jag instability will
serve here to give a simple illustration of the effects of elastic coupling on the
flapping and lagging motion. The flexibility of the blade is represented in the diagram
of Fig. 7.21. Part of the flexibility is contained in the hub springs, which have
flapping and lagging stiffnesses of kg, and K¢, respectively. The remaining part of
the blade flexibility lies just outboard of the feathering hinge so that the associated
spring system, with stiffnesses kg, and K¢y rotates when blade pitch is applied.

Itis clear that, when pitch is applied (i.e. 8+ 0), flapping motion, i.e displacements
of the blade perpendicular to the plane of rotation, causes moments in the plane of
rotation, and vice versa. It is not difficult to show that for flap and lag displacements
B and & the elastic moments M, and L, in the flap and lag planes are given by

M, = - g [Kﬁ + pe(K'é — K'ﬁ) sin? 0] - (K‘g K‘ﬂ) sin 260 (7.68)

Fig. 7.21 Representation of stiffness coupling
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, Bp. .
L, =- % [Ke — pe(Kz — Kp)sin®0] — 3A (ke — Kp)sin26  (7.69)
where
Ke+Kg
A=1+p.(1-p.)————sin" 0 (7.70)
Kekp
Xa= K ps K pu o = KpsKey
g (K, + KﬁH)’ : (K'EB + K§H)
and p, is the degree of elastic coupling defined by
Pe = KplKpg, = KelKg, (7.71)

When p, = 0, the hinge system is contained entirely at the hub, i.e. the outboard
springs are infinitely stiff, and no elastic coupling is possible. When p, = 1, all the
blade flexibility exists outboard of the feathering hinge and there is full elastic
coupling.

To illustrate the effect of elastic coupling using the above model, let us consider
a fully coupled hingeless blade (p. = 1) with a given flapping stiffness but whose lag
stiffness is to be varied. Let the collective-pitch angle be 15°.

Suppose that the uncoupled flapping and lagging frequencies g and @ are given
by the following Southwell formulae:

a)f3 = (xp/DB + 1.12Q7 (7.72)

a)g = (Kg/[)é +0.23Q? (7.73)

where [ is the (same) moment of inertia in flapping and lagging and Q is the rotor
angular velocity. Let k3/I be fixed and equal to 0.13 Q2. If, for simplicity, we suppose
that the coning angle is zero, so that the Coriolis moments can be ignored, and also
that the change of lag stiffness kg does not alter the constant in eqn 7.73 then, using
eqns 7.68 and 7.69, the flapping and lagging equations are

d°p 1.185 0067— i 0.13 0 7.74
dy? ( * )ﬁ 4 (192 - }5 779
and
d2¢ 1
W ( )§+ (192 013)[3 0 (7.75)

Substituting the assumed solutions ﬂ = Bye*Vand E= & e*¥ leads to the characteristic

equation
K K
A2+ | 1185 +0.067 —= ||| A2 + ] 0. : -
IQ Q

2
-i(x”’ —0.13J =0 (7.76)
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Solution of this equation for a range of lag stiffnesses ki gives the flap and lag
frequencies shown in Fig. 7.22. The figure shows an interesting phenomenon. When
the blades are elastically uncoupled, the curves of flap and lag frequencies cross
over as the lag stiffness is increased. However, when elastic coupling exists, the
frequencies lie close to the uncoupled values when the frequencies are fairly widely
separated, but as the cross-over point is approached the curves begin to diverge
from one another and each becomes asymptotic to the frequency curve of the other
mode.

It is instructive to examine the flap—lag ratio of each mode as the lag stiffness is
varied. The flap—lag ratio can be obtained from either of eqns 7.74 and 7.75. Thus,
from eqn 7.74, after substituting B = B, e*¥ and & = ™Y, we get

By (i /1Q7 — 0.13)?
& 16[A% + (1.185 + 0.067 k:/1Q%)]

Inserting values of A corresponding to the lower curve shows that /&, is very
small for low values of k¢, indicating that the motion consists almost entirely of lag,
agreeing with the corresponding uncoupled motion, but that for large values of K we
find that f3,/&, is also large, indicating that the motion now consists mainly of flapping,
in agreement with the uncoupled frequency curve which lies close to it. Thus, along
either of the frequency curves of coupled motion the mode changes its character in
the region of the uncoupled cross-over point.

A similar situation arises when flap and lag stiffness are kept constant but the
frequencies change with rotor speed such that there is an intersection of a flap and a
lag mode. For example, the second lag frequency might intersect the frequency curve
of the fourth flap mode, as indicated in Fig. 7.23. Again, we would find that the
lagging motion at low speeds would become mainly flapping motion after passing
the uncoupled cross-over point, and vice versa.

It appears, therefore, that the coupling is important in the region where the frequency
curves of two uncoupled modes would intersect one another.

wp, O 4 Uncoupled lag frequency

Uncoupled flap frequency

Mainly fla Mainly flap

Mainly lag

x/(:c,g/TQZ)

Fig. 7.22 Effect of stiffness coupling on flap and lag frequencies
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Fig. 7.23 Variation of blade bending frequencies with rotor speed

7.3 Forced response of rotor blades

7.3.1 Orthogonal property of the normal modes

The mode shapes possess a very important orthogonal property which can be deduced
from the flapwise bending equation, eqn 7.11. Let S,,(x) and S,(x) be two different
solutions of eqn 7.11, with their associated frequency ratios 4,, and A,,.

Thus, we have

d? d’s, 2 d ds,, 202pde  _
<5 (EI s )—R L — mA2Q2R*S, =0 (1.77)
d? s, > d ds, 202p4c _
and e ( 00 ) R i ( 1 -mA;Q*R*S, =0 (7.78)

Now multiply eqn 7.77 by S,, and eqn 7.78 by S,,. Consider the first equation:

2 2
s, 4= Erd5n | _grg 4 (g 8n) 020245 5 =0 (7.79)
dx? dx? dx dx

Integrating the first term by parts from x = 0 to x = 1 gives

1 2 2
J.s 4= (Eldszm)dx=[S
0 dx? dx

Q‘;J

1 ds, d s, dr
o dx dx d
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The term in the square brackets vanishes on account of the boundary conditions
for both the hinged and hingeless blade. Further,

1 2 2 ! 1 2 2
s, d £l d S2m I ds, EId S, _J‘ EId Szm d i,, dr
o dx dx dx 0 0 dx” dx

El

~ J'1 dzs, d2s,
0 dx? dx?

on applying the boundary conditions again.
Similarly integrating the second term of eqn 7.79

1 1
j smi(cdsn dx=_j G IS dSn 4,
0 dx dx 0 dx dx

Thus, the term by term integration of eqn 7.79 yields

1 2 2 1 !
I Er 4 Sz’” d 5;" dx + R? J' G I5m 45, dx — 2,Q°R* J mS,S, dx =0
0 dx? dx o dx dx 0

(7.80)

Treating eqn 7.78 in the same way gives

1 2 2 1 1
EId S didx+R2 G% ds, dx - A2Q2R* | mS,,S,dx=0
0 dx? dx? 0 dx dx 0
(7.81)
Subtracting eqn 7.81 from eqn 7.80 gives
1
(A2 - A2) I mS, S, dx =0
0
We conclude that, since A, # A,, when m # n,
1
J. mS,,S,dx=0, m#n
0 (7.82)

= f(n), say, whenm = n

Equation 7.82 expresses the orthogonal properties of the modes in relation to the
weighting function m(x) (mass distribution). This means, for example, that if we
integrate the product of any two dissimilar mode shapes together with the mass
distribution m(x), the result is zero. This fact serves as a useful check on the accuracy
of computed mode shapes.

The orthogonal properties do not hold for a hingeless blade with a built-in coning
angle B, say, for in this case the boundary conditions are dS/dx = tan 3 at x = 0 and
some of the terms in the integration of eqn 7.79 do not vanish at the limits. However,
this is not really a restriction since the reference axes can be tilted so that the new d.S/
dx becomes zero at the blade root. There will then be a component of centrifugal
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force — mQ?r tan f3,normal to the undeflected blade which can be treated as a spanwise
loading to be added to dF/dr. Thus, the orthogonal properties can be made to apply
to the blade with built-in coning by using the boundary conditions (b) and applying
an extra spanwise loading —mQ?r tan Bo.

We should also note the rather interesting fact that the teetering rotor satisfies both
sets of boundary conditions. Figures 7.24(a) and 7.24(b) show two examples of the
way the blade can bend. In Fig. 7.24(a) the shape of the blade is anti-symmetric about
the hinge, so that there is a point of inflection there; i.e. d2S/dx> = 0 at x = 0 and the
boundary conditions are those of the hinged blade. In Fig. 9.4(b) the bending is
symmetrical and each half behaves as if the root were rigidly fixed to the shaft; the
boundary conditions therefore are those of the hingeless blade. Thus, the teetering rotor
has twice as many mode shapes and frequencies as a single hinged or hingeless blade.

7.3.2 Forced response equations

Equation 7.6 refers to the free vibration of the rotor blade in the flapwise sense. The
corresponding equation, taking into account the presence of external loading F, is

9’ (g 2°Z)_ 9 (9% 9’z _IF
= (EI = ) - (G ar) + (7.83)

o T or

We now make use of the orthogonal properties of the normal mode shapes to simplify
the problem of determining the blade motion under the action of applied forces.

Let us suppose that the solution of eqn 7.83 to a known blade loading can be
expressed as

Z=R T 5,(09,(¥) (7.84)

where the terms S,,(x) are the blade mode shapes calculated from solving eqn 7.11 but
the terms ¢@,(y) have yet to be determined. Substituting eqn 7.84 into eqn 7.83 gives

- d? dzs, ds
§¢<w>{ ( LS )dedx( dx]]

+mQ’R* X S, d”
n=1 dl//

¢ 2 OF
i ox

T
(a) (b)

Fig. 7.24 Possible deflections of the teetering rotor
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But from eqn 7.77 the terms in the large bracket can be replaced by

mQ2R* T AZS,

n=1
giving

< | d? 1 JoF
| —2+ A2 S =——F = 7.85
z [ IR (w)] V()= e (7.85)
Multiplying eqn 7.85 through by msS,,(x), integrating from O to 1, and applying the

orthogonal properties as defined by eqn 7.82, gives

d? !

0 g =L [ (yax (7.86)

dy Q2R%f(n) J, Ix

1

where f(n) = J mS? (x)dx is the generalised mass or inertia term for the nth mode.

Thus, the teorms ¢, of eqn 7.84 are determined from the solutions of eqn 7.86.
Unfortunately, although the orthogonal properties ‘decouple’ the inertia and elastic
terms, represented by the left-hand side of eqn 7.83, the blade loading dF/dr depends
on the blade deflections which will, in general, contain all the blade modes of motion.
Otherwise, each azimuth co-ordinate ¢, could be calculated individually from
eqn 7.86. We shall discuss means of solving eqn 7.86 later in the chapter.

We may also derive the forced response equation from energy considerations.

It is convenient to express the energy forms in terms of the blade axes, which are
non-Newtonian due to the rotation present. However, energy forms relative to these
axes may be used in the same way as those for absolute energy forms, provided the
inertia forces resulting from the rotation are treated as normal external forces'*!3 in
developing energy forms. In the present case, the inertia forces acting on a mass
element in the blade are the centrifugal force and the Coriolis force. The former is
normally considered to provide a potential energy term arising from the centrifugal
effect, which can then be added to the potential or strain energy from elastic forces;
the latter is usually removed to the right-hand side of the equations of motion,
together with the other external, i.e. aerodynamic, forces.

The kinetic energy T of the mass elements of the blade relative to axes rotating

with the blade is
R 2
_1 9z
T= 5 -[) m( 81,‘) dr

1 ! o\
_ 2p3
=5 Q°R J:) m(a ) dx (7.87)

m being, as usual, the mass per unit length of the blade.
Assuming as before
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= § S, ()¢, ()
we have
8Z _ - d¢n
W = nz=:l Sn ()C) dl//

so that substitution in eqn 7.87 we find

o oo 1
r=loigr g ¥ Y 4o [0 0 o gy
2 m=1 n=1 dl// dl// 0

29 ‘R X 1(d¢”) f(n) (7.88)

from the orthogonal relations eqn 7.82
The strain energy Upg due to bending is

2
UB:%J El(gr ) dr

10

_ 1 9’z
= 2RJ. El(ax ) dx (7.89)
0 oo 1 2 2
-1l yy J.EIdS’”dS”d 7.90
2R i o O o dx? dx? * 750

The potential energy U due to the centrifugal stiffening effect arises from the centrifugal
force G acting on a mass element doing negative work when the radius of its point
of application decreases as a result of blade bending (the ‘shortening effect’). Then

R
Ug = J G{r -1 - (3@Z/13r)*1"?*} dr

0

_1 22\

for small deflections. Substituting for dz/dx we have

i ds,, ds
E¢¢JG— " dx
=1 0 dx dx

The total strain and potential energy is

1 2 2
¢¢n_|. (Eld Su 428y, p2c 9w dandx

UG=

l\.)l»—l
||[\4X

U:UB+UG:

by

||MX

1
_R 0 dx?  dx? dx dx
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1
=1 QR 2 2 07 J mS,,S, dx (7.92)
m— n— 0
from eqn 7.81, so that
U= % AR T f(n)g; (7.93)

on using the orthogonal properties again.
The external work done by the elementary force (JF/dr)dr in an arbitrary displacement
is
JoF <
5(6W) =R E dx n§1 Sn (x)&]),,
and for the whole blade

SW= RZBq)n O;FSd

so that

99,

Note that since only blade bending is being considered, the Coriolis force, which acts
in the lead—lag sense, does not contribute to this work form.
Now, Lagrange’s equations for small displacements are

i(aT) or U _ oW

1
—RI 9—FSndx (7.94)
o 9x

26,) " 9, " 99, = 99,
or, with v = Qt,
d (T 8T dU W
(aebn') "3, "9, " 9, (799
Then, using eqns 7.88, 7.93, and 7.94, Lagrange’s equations give
4’9, + A2, = 2; 5F S-Su(0dr  as before (7.96)
dy? Q*R*f(n)

The response equations of the blade in lagging motion are of the same form as for
the flapping motion, i.e. they take the form

Zn _
dy? Vi = Q2 R? (n)j ox

F T, (x)dx

where

1
g(n) = J mT? (x)dx

0
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is the generalised inertia for the nth lag bending mode, and F is the lagwise external
(aerodynamic) loading.

7.3.3 Solution of the forced response equation

We shall now consider the solution of the forced response equation, eqn 7.86 above.

For a rigid blade, ¢, can be identified with the flapping angle 8 and the right hand
side with the aerodynamic moment M. As mentioned before, the orthogonal properties
of the normal modes decouple the inertia and stiffness terms so that the terms on the
left hand side of eqn 7.86 are independent of the other modes. Unfortunately, the
aerodynamic loading contains all the modes, since the complete blade motion is
required to determine the aerodynamic incidence. This means that the right hand side
is a function of ¢;, ¢, ..., etc., so that the mode equations cannot be solved independently.
We are therefore faced with the problem of integrating these equations in the most
efficient way.

The usual procedure is to assume a starting value for the blade motion— for example,
we may take the classical rigid blade flapping — and compute the aerodynamic loading
and the integral on the right hand side of eqn 7.86 for the modes being considered.
The value of the integral is then imagined to remain constant over a small azimuth
variation Ay and the corresponding changes of ¢, and d¢,/dy are computed from
eqn 7.86. The loading integral is then re-calculated and ¢, and d¢,/dy are computed
for the next azimuth step Ay. These stepwise integrations are continued until the
required values of ¢, converge to within an acceptable limit. The integrations may
extend over several resolutions before satisfactory convergence has been achieved.
Part of the process of convergence concerns the transient blade motion, because of
the inevitability of some error between the assumed blade motion, taken as the
starting value, and the true motion; and part will be due to the inherent features in the
integration process. There must, of course, be as many integrations as there are
modes taken to represent the blade motion.

Of the methods of integration, the most common is probably the fourth order
Runge-Kautta, but it appears that convergence difficulties arise if the step lengths are
too small, particularly for the higher modes.

A simpler and yet more accurate method is to take advantage of the fact that, if the
right hand side of eqn 7.86 is kept constant, the equation can be solved exactly over
the step length. Let us denote the right hand side of eqn 7.86 by f;, where f; is the
constant value corresponding to the ith step. Then eqn 7.86 can be written as

429,y + 229, = b, (7.96)

To avoid confusion, we shall drop the suffix n from ¢, and let ¢ represent any mode
displacement. Let ¢; and ¢/ be the values of ¢ and d¢/dy at the start of the ith step;
then eqn 7.96 can be written as

d*¢/dy? + 229 =f,

whose solution is easily found to be
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i ¢

d)— 5 (1 = cos Ay) + ¢ cos Ay + = smll//

If Ay is the step change of y, the values of ¢ and d¢/dy at the start of the (i + 1)th
step are

Ji
12

¢

(1 — cos AAy) + ¢ cos /lAl//+

O = sin AAy (7.97)

and

¢ = % sin AAy — A¢; sin AAy + ¢ cos AAy (7.98)

These are the initial values at the start of the next interval, at the end of which

G2 = JE{;] (1 —cos AAy) + ¢,y cos AAy + Pis

l " sin Ay (7.99)

Eliminating ¢7,, and ¢/ by means of eqns 7.97 and 7.98 leads to the recurrence
relationship

1 — cos AAy
212
connecting the mode displacement with the values at the two previous intervals and

the corresponding loading integrals.

Wilkinson and Shilladay'® have obtained the same result by appealing to sampled
data theory and using the Z-transform. The values of f; can be represented as discrete
input functions occurring at regular intervals, as in Fig. 7.25.

The use of constant values of f; over the interval is referred to as a zero-order hold,
Fig. 7.26. Improved accuracy can be obtained by assuming that f; varies linearly over
an interval according to the slope of the straight line connecting the values of f;_, and
fi_1, Fig. 7.27. This is called a first-order hold. The differential equation for this case
is

Bisr =20, cos ;{'Al//_ ¢ - (fis1 + 1) (7.100)

i

Ay

Ay

Fig. 7.25 Discrete input frequency Fig. 7.26 Zero-order hold forcing
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v
Fig. 7.27 First-order hold forcing
d2
49 Ji —fier
+ A ; (7.101)
TR ]

with the solution

_fi fi-fin fi-fia o

o= e (1 —cos AAy) + Ay A sin Ay + ¢ cos ll//+ sin Ay
(7.102)
By proceeding as before, we obtain the recurrence relationship
Giva = 2¢141 cOS AAY — ¢; +
_ sindA
/11_2 |:(fz 1= 2fi +fiv) (COS Ay ).Al//l//) + 2 fi (1 = cos )LAV/):|
(7.103)

Wilkinson and Shilladay have tested the recurrence relationships eqns 7.100 and
7.103 for cases with known exact solutions and have found that they are more
accurate and allow faster computation than the Runge—Kutta method.

We can also take advantage of the fact that in steady flight the aerodynamic
loading, and the consequent blade motion, is periodic so that the right hand side of
the modal equation 7.86 is expressible in the form of a Fourier series. If this is done,
the complete solution of eqn 7.86 can be written down at once, since it represents the
well known response of a second-order system forced by a series of harmonic functions,
Appendix A.4. Of course, the loading integral on the right hand side of eqn 7.86 will
not, initially, be known exactly, since it depends in a complicated way on the motion
being calculated. An integrative solution must be adopted, and the classical rigid
blade flapping can be used as a first approximation. The loading integral is then
calculated, expressed as a Fourier series, and the values of the mode displacements
¢, are obtained. The values of ¢, and d¢,/dy are then used to obtain a second
approximation to the loading dF/dx, and the process is repeated until satisfactory
convergence has been achieved. There are, of course, a number of numerical methods
for calculating the Fourier series of a set of periodic values.

If, in the method just described, the modal equation is used as it appears in
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eqn 7.86, we shall encounter the difficulty of resonance!® for those modes with a
natural frequency equal or close to the rotor frequency. This can be avoided by noting
that the aerodynamic loading contains damping which, although non-linear on account
of the non-linear aerodynamic data which will undoubtedly be used, will nevertheless
be roughly proportional to d¢,/dy.

It such a term is removed from the loading integral of eqn 7.86 and is transferred
to the left hand side of the equation, we shall have the case of a harmonically forced
system with quite high linear damping, and the large amplitudes near resonant frequency
will not occur. Since d¢,/dy will not be known when transferred, the calculation of
the damping terms remaining in the integral must be based on the blade motion of the
previous approximation, as has been described for the case earlier.

7.4 Blade deflections in flight

The deflection of the rotor blade in flight can be calculated by the method of the
previous section in conjunction with the estimated blade mode shapes and frequencies
and the aerodynamic loading. These calculations can also be used to obtain the
stresses in the blade and at the hub. For illustration, however, we give below examples
of the measurement of blade deflection obtained by photographing the blade in flight.
In this experiment, a 16 mm camera taking 240 frames per second (about 60 frames
per rotor revolution) was mounted on the hub of an experimental Westland ‘Scout’
with a hingeless rotor, and was directed to look along the span of one of the blades.
A typical photograph (y = 290°, 54 m/s, level flight) is shown in Fig. 7.28. It was
assumed that the contributions of the first three modes were sufficient to account for
the measured blade deflection. The calculated mode shapes and their associated
frequencies are shown in Fig. 7.29.

The flapping deflection of any part of the blade would then be expressible in the
form

Z(x, ¥) = R[S;(0)d1() + S2:(0)92(Y) + S3(x)¢3(Y)]

With Sy, S, and S; known, the generalised co-ordinates ¢, ¢, ¢ in terms of
azimuth could be determined from analysis of the photographs. The results, expressed
in terms of the displacement of the blade tip, are shown in Fig. 7.30.

It should be emphasised that the displacements are measured relative to the hub
axis. The amount of first-mode displacement which occurs, is of course, directly
dependent on the amount of cyclic pitch applied and will be such as to trim the
longitudinal and lateral moments about the hub, including the hub moments due to
blade deflection in the second and third modes.

It can be seen that the contributions of the second and third modes to the blade
deflection are quite small and would be still smaller if the first mode deflection were
measured relative to the no-feathering axis. This justifies the assumption of the rigid
blade which is used in much of helicopter analysis. Calculations show that, for the
flight case considered, neglect of the second and third modes results in only about a
7 per cent error in the hub moment.
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Fig. 7.28 Typical photograph of blade in flight (hingeless Westland ‘Scout’, 53.5 m/s, w = 290°)

7.5 Basic features of the hingeless rotor

Many helicopters now employ hingeless rotor systems. The design of such systems
has become possible due to two main factors: the increased understanding of the
aeroelastic and dynamic hebaviour of rotor systems and the application of composite
material to critical components in the aeronautical field.

The initial development was the replacement of the conventional flapping and
lagging hinges by flexible structural elements. Such a system is normally referred to
as the semi-rigid rotor. Subsequent developments led to the totally bearingless rotor
where, in addition to the elimination of the flapping and lagging hinges, blade feathering
is accommodated by the torsional flexibility of the hub elements.

The main advantages claimed for hingeless rotors are:
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(i) the elimination of hinges leads to a great simplification of hub design, with
consequent reduction of manufacture and maintenance costs, and also reduced
aerodynamic drag;

(i) much greater hub moments, leading to improved control power which is virtually
independent of the level of rotor thrust, and increased angular rate damping.
Both these features contribute to an improvement in handling qualities.

In this section we shall consider only the flapping mode shapes and frequencies of
the hingeless blade and the hub moments exerted when the blade is deflected. The
problems of the various forms of intermodal coupling and the particular problem of
air resonance are considered in Chapter 9. A comprehensive review of the benefits
and problems associated with hingeless rotors has been given by Hohenemser!”.

The mode shape analysis of the hingeless blade can be dealt with by the methods
described earlier in this chapter, noting that the root boundary conditions are z = 0
and dz/dx = 0, or perhaps some fixed value (‘built-in’ coning).

Typical lower mode shapes and frequencies are given in Fig. 7.31.

The first flapping frequency ratio of hingeless rotors usually lies within the range
1.08 to 1.17 and, as can be seen from Fig. 7.31, the curvature of the blade is confined
mainly to the root region, most of the outer part of the blade being almost straight.
It is this local curvature, however, when combined with a typical distribution of
bending stiffness in this region, which produces the large hub moments characteristic
of the hingeless blade.

In order to investigate the second of the benefits of the hingeless rotor listed
above, a method is needed for calculating the moments transmitted to the hub due to

101

0.6 [

S4(%), Ay = 1.092
0.4 F

06 Sp(X), Ap = 3.157

-0.8 -

Fig. 7.31 Typical flapping mode shapes for hingeless blade
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the deflection of the blades. The first analysis for such calculations was made by
Young'® who produced a very simple expression for the hub moment. Fig. 7.32
refers.

Young calculated the moment at the blade root M(0, ¢) of the aerodynamic, centrifugal,
and inertia loadings as

(%-mmz m% )rdr (7.104)

M@,1) = JR

0

By means of the blade bending equation

P (g Z)_ 9 (g92), 22 _9F
arz(Elarz)_&(G&r)er&tz_8r

the terms OF/dr — md”Z/dt* can be eliminated from eqn 7.104 giving

2
MO, 1) = J [;22 (EI grf) 2 (G %) - mQ2z] rdr

Writing the blade deflection as

Z=R X 5,(00,1)

the root moment can be written

2
M, 1) = Zq),, [ d? (Eld )—%(G?J—mgzsn]rdr

o n=l dl"

But the blade mode shapes satisfy the equation

2 2
d—(EId S"J_i(G%)—ml,%QSn=0

dr2 dr2 dr dr
z dF
Q A
NP /
> Q%rdm
2
Y 9°Z dm
ot?
V4
0
. , . X

Fig. 7.32 Flapwise forces acting on blade
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so that the root moment finally becomes
oo R
M(,t) = Q>R 21 0, (A2 = 1) I mrS, dr (7.105)
n= 0

Since, in the case of the rotor with a flapping hinge we only need to use the first rigid
blade mode for considerations of performance and stability and central, let us assume
that we need only consider the first bending mode of the hingeless rotor for the same
purposes.

Then if only the first mode is considered, the moment is

1
M©O,1)=(A* = 1) R? ¢,(1) J; mxS; dx (7.106)

This is a slightly more general form of the equation given by Young, who calculated
only the increment due to a cyclic pitch change in hovering flight.

It has been shown by Simons'® and by Curtiss and Shupe®® that the derivation of
eqn 7.106 implies that the aerodynamic loading distribution has the same shape as
the first bending mode, i.e. that

Ir . Sy (x) - m(x)
dx
This implicit assumption may not be seriously in error at low values of 1, but one
might expect that at high values the loading might depart considerably from the first
mode shape and throw doubt on the validity of eqn 7.106.
To avoid this difficulty, another expression for the root moment can be derived.
References to eqn. 7.104, the root moment can be written as

R R
M, t):J. ra_Fdr—QZJ mt(g;% +z) dr (7.107)

o Or 0

Writing, as before
Z=R X S,(00,(v)
eqn 9.110 becomes

R oo 2 1
M(O,t):J‘ ra—Ferz—R3 Z(d;’);'+¢n)‘|. Mx S, dx
0 31‘ n=1 dl/f 0

Equation 7.106 has been used by Bramwell® to obtain stability derivatives of a
hingeless rotor.
Defining a root moment coefficient by

M, = M/pb Q*R*
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eqn 7.106 can be written in non-dimensional form as

a(Af -1

)
Mo = =5 0u(y) (7.108)

pacR
1

mx S; dx
0

where y; =

which is equivalent to the lock number for the hinged rigid blade.

Since, for considerations of performance and stability and control, we may consider
only the 1st harmonic response, the flapping of the hingeless blade can be written in
the form

¢ (y)=B=a, —a, cos y— b, siny

when ,[_3 ,dy,a,, b, are analogous to the rigid blade flapping angle and flapping
coefficients. Then the pitching and rolling moment coefficients C,, and C; of a hingeless
rotor with b blades are

2 p—
C, = M (7.109)
Y1
_a(Af - Db,
C, = —2% (7.110)

The flapping coefficients @, a;, b; can be calculated by a similar analysis to that for
the hinged rigid blade. The equations, although quite straight forward, are rather
cumbersome because unlike those of the centrally hinged blade, the integrals involving
the mode shapes do not lend to simple fractions and the equations do not give the
coefficients explicitly. The equations have been given by Bramwell?! and Curtiss and
Shupe?. The calculations show that the amplitude of flapping is only a little less than
that if the blade were hinged.

Returning to the determination of the hub moment, and since we are interested
only in the pitching and rolling moments on the helicopter, only the first harmonic
motion need be considered, in which case, for the nth mode

q)n = (EO )n - (al )n cos ¥ — (Bl )n sin "4

d’¢,

so that 5
dy

+ ¢, = (ap)n

hence, substituting in the modified version of eqn 7.110, we have

= 1
dr + Q2R3> X (¢y), j mxS, dx
n=1 0

oF

MO, y)=r o
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When all the blades are taken together to form the total pitching and rolling
moments, the last term on the right-hand side vanishes, so that the hub moment
reduces to

R oF
MO, y) = L rWdr (7.111)

In this equation, given by Simons and by Curtiss and Shupe, no restriction need be
placed on the loading, although, in practice, the loading will depend on the number
of modes chosen to represent the blade motion. According to Curtiss and Shupe, only
one mode is necessary over a well range of conditions, but for high values of U two
modes ought to be used for better accuracy. On the other hand, if the general equation
in terms of blade flapping is used, eqn 7.106, we have to include that number of
modes which, in superposition, approximate to the true loading shape. In general,
this is longer than that for eqn 7.111.

Let us now consider modelling the hingeless rotor by defining an equivalent
hinged rigid blade system.

Although Young derived eqn 7.106 for the particular case of a cyclic pitch application
in hovering flight, instead of proceeding with the calculations in terms of mode
shape, as has been discussed above, he replaced the hingeless blade with a rigid blade
with an offset hinge and a torsional spring. The amount of offset and the torsional
spring strength were chosen to match the rotating and non-rotating natural frequencies
of the actual blade. This model of the hingeless blade has received general acceptance
and serves very well for calculating the flapping motion and hub moment; indeed it
is quite usual to express the moment of a hingeless blade in terms of an ‘equivalent
hinge offset’.

An interesting point is that, if the offset blade and torsional spring are taken as a
mechanical equivalent to the hingeless blade, the hub moment of the hingeless blade,
when calculated from first principles, approximates more closely to that given by
eqn 7.111 than to that given by eqn 7.106. For, taking the spring strength as k per unit
flapping angle, Fig. 7.33, the equations of motion of the blade are

2 1 1
Q2R3 j—lj J m(x — e)>dx + 92R3[)'J mx(x — e)dx + k= M (7.112)
v e ¢

and

Fig. 7.33 Equivalent offset hinge
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d2
Mbgzrg e =F-S5 (7.113)
dy
where M, is the moment of the aerodynamic force about the hinge M, is the blade
mass. F is the aerodynamic force on the blade, and § is the shear force at the hinge.
B, as usual, is assumed to be a small angle. The moment at the root is clearly

eR aF
M@, v) = SeR + k3 + J rWdr (7.114)
0
Now, for simple harmonic motion, and omitting the constant coning angle, we have
d2
d S=p
v

so that eqn 7.112 can be written

1 1
M, = Q>R {J. mx(x—e)dx—J. m(x — e)? dx}xksﬁ

e

1
=QZR3[3eJ. m(x —e) dx + k3 (7.115)

e

Similarly eqn 7.113,

2
F-S=M,Q, jwe

can be written

R
F-S= —QzﬁJ. m(r — eR)dr
eR

I
= _QZRZ,BJ m(x — e)dx (7.116)

Eliminating the integral between eqns 7.116 and 7.115 gives
SeR + k8= FeR + My

so that substituting in eqn 7.114 gives for the hub moment,

eR

M, y) = FeR + M, + _[ r‘g—f dr (7.117)

e

R R eR
=€RJ. a—Fdr+J (r—eR)a—Fdr+J. ra—Fdr
or oR ar

eR o or

K 9F
=J-0 rW~dr
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which is identical to eqn 7.111, except, of course, that in the evaluation of 8— the

or
incidence would be determined by the rigid blade flapping.

If now, we ignore the aerodynamic shear force at the hinge, i.e. we put F = 0, then
we have from eqn 7.116

1
6= QszﬁJ. m(x —e) dx

and, if we ignore the moment at the root due to aerodynamic forces between the
hinge and the root, then we have from eqn. 7.114

M(0, y) = SeR + kB

giving
1
M (0, l//)=eQzR3ﬁJ' M(x —e)dx + k,f8 (7.118)

If we ignore the aerodynamic shear force at the hinge and the moment of aerodynamic
forces about the hinge i.e. we put M, = 0 in addition, then the blade flapping motion
is unforced and the motion will take place at the natural frequency of rigid blade

flapping.

2
This implies d [3 +A2B=0
dy

d’p

dy?

Substituting for into eqn 7.112 gives

1 1
—QZR3AfﬁJ- m(x —e)?dx + Q2 R3ﬂJ. Mx(x —e)dx + k,8=0

1
R3 J Mx(x — e)dx + ky/Q?
hence, A = <

I
R3 J. m(x — e)?dx

1
eR? J. M(x — e)dx + k,/Q?
giving A2 —1= £

I
R? J. M(x — e)>dx
Substituting the numerator of this expression with eqn. 7.118 finally gives

1
M0, w) = Q>R3¥(A? - l)ﬂj m(x — e)*dx (7.119)
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This expression is equavalent to eqn 7.106 with the flapping angle 3 in place of ¢,
with the integral term corresponding to the mode shape integral.
1
In fact, the integral R* J. m(x — e)? dx is the moment of inertia of the blade

about the flapping hinge. If we denote this by T, we can write eqn. 7.119 as
MO, y)=Q%I5(A} - DB (7.120)

Thus, Young’s model of the hingeless blade is seen, by comparison of eqns 7.106 and
7.119, to be equivalent to the model utilising the modal approach (and considering
only the first mode of bending), providing that the effect of the aerodynamic forces
are ignored.

It might appear that the offset hinge rigid blade model, as depend by eqn 7.119,
might be a very convenient way of handling the rigid blade problem. However, it is
easily seen that calculation will involve integrals whose lower limit is e and, as this
gives rise to a large number of terms in powers of e up to e*, the algebra becomes
rather unwieldy. In practice, an analysis based directly on the true mode shapes is no
less convenient, and will be followed in order to determine the pitching and rolling
moment coefficients in terms of rotor and aerodynamic parameters. It is the case that,
although eqn 7.107 is formally very simple and appears to require no more than two
modes for its accurate evaluation, it has some disadvantages compared with eqn
7.106. When eqn 7.110 is evaluated in terms of the aerodynamic parameters 6, A,
and the flapping and central coefficients, the expressions are found to be quite lengthing.
Defining the integrals

1 1 1
C1=J.x2S1dx, F1=J.x51dx, G1=J‘S1dx
0 0 0

we find for the pitching and rolling coefficients
cy=[-2 {c +lu2(1—G)}E—ya{(1—G)—lF}
M 4 1 4 1 0 2 1
1 1 ,)_ 1 1~ 4
_ZAI (1+§,u )—ZK,AI+ZQ+4 p/J/l:l (7121)

and

a 1+ 3u? 1 _2ue
Cl:(_Z) [—%(T'u)&—{C1—Z#2(1—G)}a1+ .L;O

1 Liasls 44
+2,u61 +2,ul+4p 7’1] (7.122)
where A; and B are the cyclic control angles, 4; is the mean induced velocity ratio,
Kk the induced velocity gradient, 0, the blade twist workout, and p and ¢ one the non-
dimensional pitching and rolling velocities. Similar equations have been given by
Curtiss and Shupe®’.
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Equations 7.121 and 7.122 should be compared with the particularly simple results
indicated by eqns 7.109 and 7.110. Further, numerical examples show that the ‘coupling’
moments, e.g. the rolling moment arising from a longitudinal central displacement,
appear as the small difference between two nearly equal quantities, i.e. they are ‘ill-
conditioned’ and the results could be husbandry®?. If we denote by (M,), the hub
moment coefficient based on the aerodynamic loading, eqn 7.111, and if (M_); is the
coefficient based on the flapping displacement eqn 7.106, Simons'® has shown that
when one mode is considered

1
(M), = (M.); + (al2b) j (x - FS,)xa dx (7.123)
0

where o is the local blade incidence, F = y,/y,, and the equivalent Lock’s number

1

for the hingeless blade, 5 = p acR/E,, where E; = j mS? dx is the generalised
0

mass or inertia of the blade first flapping mode.

Thus, the hub moment of eqn 7.111 can be found in terms of eqn 7.106, together
with a ‘correction’ term represented by the integral of eqn 7.123. Then to a very good
approximation?? it is found that

(Cn)e = (0/27’1)(112 -Da; +j, pa
and

= 1 . .
(C), = (0/27/1)(/112 - Db, +]2(Bi - 5#91) —Jj3MBy — jauA  (7.125)

1 1=
where j, = (a/2) [1 - G _EFI _fF(l —Dl)]
. 1 —=
12=Z—FC1
. 2
J3 :§—2FF1
]'4—%—FG1

1
and D, = J. SZdx

0
Equations 7.124 and 7.125 are only a little more complicated than eqns 7.109 and
7.110 but, for an analysis based on one mode, are just as accurate as eqns 7.121 and
7.122 and avoid the ‘ill-conditioning’ feature.

The stability and control derivatives for a hingeless rotor have been given by
Bramwell?"?2. Generally speaking, it is found that the force derivatives are only
slightly defferent from those calculated for the hinged rotor and presented in Chapter
5. The flapping motion of the blade, in spite of the elastic moment at the root, is also
very slightly different from that of the rigid hinged blade under similar conditions, so
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that the principal difference between the two rotors is the moment they exert on the
hub. For the centrally hinged rotor, the pitching moment coefficient for a unit of the
rotor has already been shown to be 7.4 and, of course, the same thrust moment applies
to the hingeless rotor.

Let us use eqn. 7.108 to find the additional elastic moment coefficient for a typical
case.

For unit flapping we have

M. = (al2y,)(A] = 1)

Typical values for a hingeless rotor are a = 5.7, % = 7.5, A} = 1.24, so that C,,, =
0.091. For t.h we have already used the value 0.0214 (Chapter 4), so that the total
coefficient for the hingeless rotor is 0.1124, giving a ratio of 5.26 to 1 when compared
to the value for the centrally hinged rotor.

Thus quite a good approximation to the derivatives of a hingeless rotor helicopter
is to take the force derivatives calculated in Chapter 5 and increase the flapping
moments in some ratio determined from a calculation similar to that above.
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Rotor induced vibration

8.1 Introduction

We have seen in Chapter 3 that the aerodynamic loads on a helicopter rotor blade
vary considerably asit movesround the rotor disc, and in steady flight these loads are
periodic. The rotor forces and moments causing fuselage vibration are transmitted
from the blades to the rotor hub and then by means of the main rotor drive shaft into
the main rotor gearbox bearings and hence into the gearbox casing, and finally into
the fuselage at the gearbox attachment points.

Again, as we saw in Chapter 3, these loads arise from the aerodynamic forces on
the rotor blades, together with the inertiaforces produced by the flapping and lagging
motions of the blade.

In addition to the main rotor loads, tail rotor force fluctuations may also be of
concern but in the vast majority of cases the main rotor forcing is the prime cause of
unwanted vibration.

The control of vibration isimportant for four main reasons:

(i) to improve crew efficiency, and hence safety of operation;

(ii) to improve the comfort of passengers;
(iii) to improve the reliability of avionic and mechanical equipment;
(iv) toimprove the fatigue lives of airframe structural components.

Henceit isvery important to control vibration throughout the design, development
and in-service stages of a helicopter project.

It may be appreciated from section 3.11 that the generation of oscillatory aerodynamic
loads at frequencieswhich areintegral multiples of the rotational speed isfundamental
to the edgewise operation of the rotor in forward flight, and hence forced vibrations
of the helicopter cannot be entirely eliminated. Therefore the efforts of the design and
development organisations must be devoted to the minimisation of the vibratory
loads and to the minimisation of the fuselage response.

Subsequent sections of this chapter will indicate how thisis achieved, although it
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should be recognised that it is not yet possible to predict accurately the vibration
level of ahelicopter in aspecific flight condition. However, much valuable information
can be generated which can lead to an acceptable standard of vibration.

8.2 The exciting forces

The hub forces and moments from each blade can be resolved into force components
X, Y, Z, and moment components L, M, N relative to fixed axes in the helicopter,
Fig. 8.1. The axes are taken to conform with standard stability notation, i.e. with
the Z axis pointing downwards along the hub axis and the Y axis pointing to starboard.
The moment N can be disregarded since it forms part of the rotor torque.

In Chapter 1, section 1.11, we defined the rotating reaction forces along and
perpendicular to the hub axes as Ry, Ry, Ry, Fig. 8.2.

If @ isthe azimuth angle of the zeroth (reference) blade, the azimuth angle of the
kth blade is 4 = @ + 27k/b. The corresponding components in the fixed X, Y, Z
directions are given by

Xy = — Ry €os ¢ + Ry sin

Fig. 8.1 Force components resolved along helicopter body axes

X
R3 >y
Y R,
Ry
A
V4

Fig. 8.2 Reactions at blade hinge
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Yk = Ruk SIn ¢y + Ry cOs Y
2= — Ra

Now, in steady flight theforces Ry, Rk, Rg Will be periodic and therefore expressible
in the form of a Fourier series as

Rk = Pg + Pq cos Y + P, cos 2y + P3 cos 3y + ...

+Q15in l.Uk+Q2$in Zwk+Q3Sin 3Lﬂk+... (81)
Ry =S+ S cos Yy + S, cos 2y + S3cos Y + ...
+T1 sin ll/k+T25in 2l,Uk+T3 sin 3l,Uk+ (82)

Rax = Ug + Uq cosy + U, cos 2y, + Uj cos 3y + ...
+ Vi sin Y+ V,sin 2y + V3 sin 3y + ... (8.3)

Considering the force components along the shaft first, the total force in the Z
direction is

b-1 o b-1 o b-1
Z=- k§0 Rs = —bUgy — nzl kgo U, cosny, — n§1 k:ZO V, sin Ny,

From the results of Appendix A.3, the summations can be simplified to give
Z=—-Db[Ugy + Uy cos by + Uy, cos 2by + ...
+V, sinby + Vy, sin 2by + ...] (8.9)

Thus, the only harmonics which remain are those which are multiples of the number
of blades. If, for example, the rotor has four blades, only harmonics of frequency 4Q,
8Q, ..., etc. contribute to the total vertical force, apart from the steady load bU,. This
result assumes, of course, that all the blades are perfectly matched (track and balance).
If one or more blades are not matched, other frequencies Q, 2Q, ..., etc. may arise.

Considering now the force components in the plane of the hub, the X force is of
the form

b-1 b-1 )
X= —gOPO cos Yy + 2 S sin

o pb-1 o b-1
-2 2 PR n -5 5 inn
n=1k=o " cos Ny cos Yy =1 Q, sinnyy cos Yy

b-1 0 b-1

+ ngl kgo S, cosny, sin @y + ngl k:ZO T, Sinnyy sin @y (8.5)

If the blades are perfectly matched, Py and S, are the same for all blades and the

first two terms vanish. Using the well known formulae for the products of sines and
cosines, the remaining sums can be written as
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o b-1 o b-1
X=1 5,2, + T 0o+ DY 3 3, 3, (R ~Ty) oo D
o b-1 0 b-1
~3 3 5 (Q-S)sn(n+ D@ —% 3 3 (Qu+ ) sin(n- Dy,

(8.6)

Using the results of Appendix A.3, the first and third sums reduce to b cos mby and
b sin mby, respectively, whenn+ 1=mb, i.e. whenn=mb-1,(m=1,2, 3, ...),and
the second and fourth sumsto b cos mby and b sin mby when n=mb + 1. Therefore,
X becomes

X= _%b mél[Pnb_l + Tmb—l + Pmb+]_ —Tnb+1]cosrTbljl

_%bmél[me—l_Srrb—1+an+1+S"rb—1]5inmbw (8.7)
Similarly

Y= %b mz:l[sn“b—l - me—l + Smb+1 + an+1]C03mblll

00

+3b 2 [P_1+ Tip-1 = Pw+1 + Top w1 ]Jsin mbyy (8.8)

Thus, if ablade of athree-bladed rotor produces aforce F = R, cos 2 on the hub,
the corresponding X and Y force components are — R, cos 2 cos ¢ and R, cos 2y
sin y respectively. By expressing the trigonometrical products as the sums of sines
and cosines, these components are— 1 R, cos 3y and — 3 R, cos (in the X direction
and 2R, sin3yand— R, sin yinthe Y direction. But sincen + 1 = b, for this case,
the terms in 3y add, whereas the terms in (¢ cancel. If, however, F = R; cos 3y, the
Xand'Y componentsfor theindividual blade would consist of termsin 2y and 4y, but
for the complete three-bladed rotor these terms would vanish since neither (n + 1) nor
(n—1) isequal to b.

The type of hub influences the vibratory loading systems applied to the fuselage.
Thevibratory pitch and roll moments generated by an articulated rotor are significantly
smaller than those produced by a semi-rigid or hingeless rotor.

The choice of the number of bladesis also important. Thisis primarily due to two
effects. First, the level of aerodynamic oscillatory loading tends to decrease as the
harmonic order increases, and since the bQ forcing is the prime cause of fuselage
vibration, the larger the number of blades, the smaller will be the basic aerodynamic
vibratory input.

Figure 8.3 shows the predicted rotor head loadings for a typical medium weight
helicopter with a semi-rigid hub and four or five blades through the forward speed
range. It indicates a very significant reduction in hub vibratory moments when five
blades are used, which is primarily due to the fact that the 3Q aerodynamic loading
is not transmitted to the fuselage with a five bladed rotor.
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Fig. 8.3 Comparison of four and five blade hub loads

8.3 The dynamic design of rotor blades

The successful design of a helicopter rotor system is concerned with meeting the
exacting dynamic requirementswhich it is necessary to satisfy if acceptable behaviour
isto beachieved in the areas of handling qualities, fuselage vibration levels, acceptable
airframe and rotor blade fatigue lives, and rotor system aeroelastic stability. The
trend towards increasing mechanical simplification combined with increased
aerodynamic and structural efficiency has intensified the difficulties experienced in
achieving the optimum dynamic characteristics. However, the particular properties
of composite materials, often used in ahybrid glass and carbon form of construction,
have more readily enabled the design aims to be met.
The correct dynamic design of rotor blades is essential for two main reasons:

(i) theminimisation of the amplification of therotor blade aerodynamic vibratory
loading which is transmitted to the fuselage; and

(ii) the minimisation of the total vibratory loading of the blade to provide an
acceptable fatigue life.

For many years, helicopters utilised rotor blades of essentially constant radial
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distributions of mass and stiffness, and their dynamic characteristics, when associated
with arotor hub having alow offset of flapping hinge, and a modest helicopter cruise
speed, led to a not very satisfactory but acceptable situation. However, the advent of
rotor systems with higher actual or effective offsets of flapping hinge, together with
helicopter cruise speeds in excess of 150 knots, has led to the necessity for refining
the structural design of the rotor blade to offset the increase in vibratory loading due
to the above effects.

Figure 8.4 indicates the unsatisfactory positioning of natural frequencies which
occurs if rotor blades of constant radial structural properties are associated with a
rotor hub having a significant effective offset of flapping hinge.

The proximity of the second and third flapping mode frequencies to the 3Q and
5Q aerodynamic forcing loads will lead to high vibratory fatigue loading of the
blades and, for the case of a four-bladed rotor, large 4Q pitch and roll moments
transmitted to the airframe.

Figure 8.5 indicatesthe situation that could be achieved utilising the design flexibility

Y
Frequency I10§2 L39Q
f 8Q
Ls |- |
F
* 10
6Q
Fa 50
Fs
L, 4Q
Lo 30
Fa F,
_ ! 20
- |
L //,WPM/H
F, = L L L L ' | oy
50 100 150 200 250 300 Rotor speed
4
—+7 - > | > i L >
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Blade mass distribution Blade flapwise stiffness Blade chordwise stiffness

Fig. 8.4 Frequency spectrum for blade with constant radial properties
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Fig. 8.5 Frequency spectrum for blade with tapered radial properties

possible using a hybrid combination of composite materials to produce a significant
degree of mass and stiffness taper along the blade span. This improvement is
characterised by the separation of the second and third flapping mode frequencies
from the 3Q and 5Q aerodynamic forcing frequencies respectively. Calculations
indicate that the 4Q moment applied to the fuselage is reduced by 47 per cent for the
improved design.

Theratio of material propertiesthat strongly influencesthe dynamic characteristics
of abladeisthe modulus of the material divided by the density, i.e. E/p and E¢/p. As
the values of these are essentially constant for all normally used metals, the scope for
the dynamic tuning of metal blades is severely limited.

However, for fibre reinforced composite materials, the values of E/p can vary
from 50 per cent to 250 per cent of the typical metal values, and the value of E4/p can
vary from 20 per cent to 200 per cent of the metal values, dependent upon fibre type
and orientation.

Modern composite blades can use a mixture of glass and carbon fibre, and the
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required values of flapwise, lagwise and torsional stiffnesses can be achieved almost
independently.

Figure 8.6 indicates a possible method of achieving satisfactory dynamic
characteristics.

Flapwise stiffness can be adjusted without affecting lagwise or torsional stiffness
by introducing discrete layers of carbon fibre on the upper and lower surfaces of the
glass fibre D-spar. The lagwise stiffness can be adjusted by introducing carbon fibre
in aspanwise sense at the extreme trailing edge of the blade without affecting flapwise
or torsional stiffness. Control of torsional stiffness is best achieved by selecting the
appropriate fibre type and orientation for the trailing edge skins.

The desirable characteristics of spanwise taper of mass and stiffness can be readily
obtained by the selective introduction of unidirectional carbon fibre in the spanwise
sense on the upper and lower walls of the main spar section.

8.4 Main rotor gearbox mounting systems

In order to minimise the vibratory forces fed into the fuselage, various methods of
mounting the main rotor gearbox have been used.

The following descriptions form a representative selection of the main passive
systems which have been used with varying degrees of success.

(i) Simple soft mounting of the rotor/gearbox/engine system (Fig. 8.7). Soft
suspension systems derive from the principle illustrated by the simple single
degree of freedom sprung mass undergoing forced vibration that may be found
in student textbooks on vibrations, e.g. Thomson'. The force transmitted through
the spring to the support is seen to be reduced the lower the ratio of natural
frequency to excitation frequency becomes.

Since the quasi-static deflections of the suspended system would be
unacceptably large if conventional soft mountings are placed at the gearbox
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Metal erosion shield
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===

=
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ot |\
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give basic strength of carbon to

to blade control flap
stiffness

Fig. 8.6 Composite blade construction
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feet, it becomes necessary to isolate as large a mass as possible. Hence it is
attractive to mount the gearbox and engines on a raft, and then attach the raft
to the fuselage using the chosen mountings. By this means, an adequately low
natural frequency of theisolated system can be achieved without unacceptably
large displacements of the rotor, gearbox, engines and controls under trim and
manoeuvre loads. However, attenuation of the vibratory forces by this means
isonly modest and certain loadings may be transmitted without any reduction.

(ii) A rotor/gearbox/engine mounting system designed to respond to the bQ forcing
frequency in such a manner that the spring and inertia forces generated by the
response cancel, as far as possible, the effects of the rotor generated forcing
(Fig. 8.8).

For example, a possible design criterion for such a system could be the
minimisation of the total bQ frequency pitching moment at the helicopter
centre of gravity. The attenuation efficiency of such a system would only be
optimal for aspecific flight condition having a particul ar relationship between
the rotor hub forces and moments.

(iii) Systems employing the Dynamic Anti-Resonant Vibration Isolator (DAVI)!,
Originally developed for the isolation of crew seats by the Kaman company,
this principle has been applied very successfully to the mounting of the gearbox?.

’4’:{, l’ )
/v (VA W‘;
‘Lllgr = .

S ’

«—»F Engine

Fig. 8.8 Flexibly mounted gearbox and engine system
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Figure 8.9 illustrates its use and response characteristics. An appreciation of
how the vibration reduction is achieved may be obtained by study of the
simplified but equivalent model shownin Fig. 8.10. In this, the upper mass M,
represents the gearbox and rotor, and M, the helicopter fuselage, and between
them is mounted arigid arm, as shown, which carries a small mass myy, (the
‘bobweight’) at its tip.

The equations of motion when there is no damping are easily obtained as

DI—OL)Z[M]_"' mbob (1+ /\b)Z] +K (A)zmbob /h(l"‘ /\))—K D:P(l |:|
H M AL+ A)) =K —?[ My +Mygs(1+ A)2]+K T H
[(Foe'® O

=0 O
00 0

-«—
- -<<; 5[ :—0 DAVI unit

Fuselage
response

T
Blade passing frequency

Fig. 8.9 The DAVI gearbox mounting system

Foe'®

|

1
My

Bobweight
m

Spring d dy

K
1
M,

Fig. 8.10 Simplified DAVI model
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where F is the amplitude of the exciting force and A, = d,/d; is the ratio of
lengths of the rigid arm either side of the mounting point on M;. The system
is seen to be ‘free-free’ so the net linear momentum is zero at all instants of
time. Thisleads to arelationship between x; and X, which is used to eliminate
x; from one of the equations, allowing the following expression for x,K/Fg
(the normalised fuselage response) to be formed.

XK _ [@0? iy Mp(1 + Ay) = 1]
Fo [0? ty Mp(1+ M) =117 ~[1- P (1+ phy ZR)I[1~ GP( g+ Ho(1+ /4)?)]

The main parameters of the system are the fuselage to gearbox and rotor mass
ratio p, = M,/M;, the bobweight mass ratio iy, = my,/My, the bobweight arm
length ratio A, and the normalised excitation frequency & = w(K/M;)™Y2.
The denominator of the response expression is the characteristic equation for
the system, the roots of which provide the natural frequencies (one of which
is zero, since the system is ‘free-free’), and the numerator similarly provides
the zero response frequency. The latter shows that the bobweight mass is
reduced as /\, isincreased. However, thereis a practical upper limit, since the
greater theratio is, the stiffer, and hence the heavier, the arm becomes. Figure
8.11 shows the variation of the response amplitude with excitation frequency
for the simple undamped DAV I model for aparticular set of chosen parameters.

The DAV unit can provide avery high attenuation over a narrow frequency
range, whilst utilising avalue of spring stiffness which overcomesthe problem
of excessive quasi-static deflections. The system is also relatively insensitive
tovariationsin theisolated mass. The balance between the degree of attenuation

0.6 [~

0.4 -

X10
02 |-

Normalised fuselage response | x,K/F |

| | | |
0.5 1.0 15 2.0
@
Normalised excitation frequency

Fig. 8.11 Response amplitude of simplified DAVI model as a function of excitation frequency
(Ay = pn =10, ty = 0.01). Note: amplitudes on right-hand section of curve are multiplied by ten.
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and the ability to cater for variations in rotor speed can be controlled by the
amount of damping built into the DAVI units.

(iv) The Bell ‘“Nodamatic’ gearbox mounting system®

This method (Fig. 8.12) interposes a beam mounting arrangement between the
gearbox and the fuselage and is configured such that the fuselageis effectively
suspended from the node points of the beam system when it is vibrating in
response to the rotor hub forcing loads and moments. In fact, the system is
mathematically equivalent to the DAV principle, with the beam system providing
the stiffness and inertia properties of the DAVI units.

8.5 Dynamic response of the fuselage

Due to the fundamental design requirements of the helicopter primarily in terms of
the requirements of crew and equipment, and aerodynamic drag, the basic shape of
the fuselage will be determined by considerations other than its vibrational
characteristics. In the early stages of design, the fuselage can be represented by an
assemblage of beams of defined bending and torsional stiffness properties (Fig. 8.13)
together with the appropriate mass distribution.

Calculations can then be performed which will:

(i) indicate the rough proximity of any major beam bending mode frequency to
the bQ rotor forcing frequency; and

(ii) indicate the sensitivity of the forced response to changes in the stiffness of
structural components which may be amenable to significant ateration, e.g.

DETAIL FROM A
TYPICAL DESIGN

Gearbox Mounting Elastomeric

Bearing

Spherical Bearing

1
Elastomeric Sandwich
(Rubber/Steel Sandwich)

Airfam

Vibratory
Loads

Location on Helicopter

Fig. 8.12 Principle of the nodal beam mounting system
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Fig. 8.13 Fuselage beam (stick) model

main rotor head stiffness relative to the fuselage, and tail boom stiffness.
Thus, if ground vibration or flight tests indicate evidence of a major forced
response problem, it may be possible to significantly reduce the response by

making an acceptable change to the structural stiffness in a particular area
(Figs 8.14 and 8.15).

Fig. 8.14 Army Lynx with struts on tailcone
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Fig. 8.15 Lynx cockpit 4R vibration as a function of strut stiffness

An extension of thisapproach referred to as* structural manipulation’ has been devel oped
whereby an order of ranking of areas of structural sensitivity is determined (Fig.
8.16). The method* then optimises the values of stiffness changes required in a
chosen number of structural elements to minimise a defined ‘index of performance’
which could be in the form of the vibrational response in a designated area of the

fuselage due to specified forcing components applied at a defined location.
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Fig. 8.16 Structural manipulation
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When the structural design of the fuselage is at a more advanced stage, a finite
element method of dynamic analysis such as NASTRAN® will be used to predict
more accurately the dynamic response characteristics of the airframe. Figure 8.17
indicates a typical finite element model.

Due to difficulties in assessing the stiffness properties of structural joints, the
results of such calculations will be used to predict trends in the dynamic behaviour
of the fuselage as a result of possible changes in stiffness and mass distribution.
Following manufacture and vibration test of a prototype airframe, the finite element
model would be empirically adjusted to match the test results. The use of the adjusted
model will increase confidence in subsequent analytical predictions, from which
beneficial design changes may result.

8.6 Vibration absorbers

Having made all the beneficial stiffness and mass distribution changes which are
possible without major redesign, it may still be the case that the levels of vibration
experienced in flight at crew stations or passenger locations are unacceptable.

Inthiscase, it will be necessary to have recourse to additional methods of vibration
reduction which can be incorporated with minimum disturbance to the existing design.

The absorbers described in this section are all based on the principle of the simple
sprung mass vibration absorber described and analysed in vibration text-books. This
shows that by attaching an extra small mass by means of a spring or elastic mount to
abody undergoing forced vibration, the amplitude of vibration can be reduced to zero
(if the system is undamped, as in the ideal case), or nearly zero for small damping,
if the natural frequency of the sprung mass by itself is made to coincide with that of
the forcing frequency.

The available absorbers may be conveniently divided into two categories.

(i) those designed to reduce overall levels of vibration throughout the fuselage;

(ii) those designed to produce a reduction in vibration in a local area of the
fuselage.

Fig. 8.17 Fuselage finite element model
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Passive methods which fall into the first category are:

(@) The rotor head mounted vibration absorber, of which two distinct types have
been successfully employed:

(i) The centrifugal pendulum (bifilar) absorber® as developed by Sikorsky
(Fig. 8.18)

In the bifilar type, the required spring stiffnessis provided by centrifugal force
and hence the natural frequency of the device varies with rotor speed, as does
the forcing frequency. Thus the bifilar absorber exhibits a degree of self-
tuning with respect to changes in rotor speed.

Since the natural frequency also depends on the square root of the ratio of
mounting radius to pendulum length, the small value of the latter which the
bifilar geometry confers allows a practical design which can be mounted close
in to the centre of the hub.

Figure 8.19 illustrates the basic geometry of the bifilar absorber, and aso
the model from which the following equation of motion can be derived:

by +(a+c) Q%=0

Fig. 8.18 Bifilar absorber fitted to Lynx rotor head
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Fig. 8.19 Geometry and model of the bifilar

where y is the angular motion of the pendulum arm
a is the offset of the fixed pendulum point from the rotor centre of
rotation
b is the effective length of the pendulum
c isthe offset of the centre of gravity of the oscillating mass from its
pivot point
d isthediameter of the pin connecting the fixed arm and the oscillating
mass
D isthe diameter of the holesin the fixed arm and the oscillating mass
Thusb=D —-d

It should be noted that in the model, the arm of length ¢ always remains
parallel to the arm of length a.

For the case of small amplitudes of oscillation of the moving mass, we may
write y= «wf y, where w, isthe natural frequency of oscillation of the moving
mass, giving

Wy [ _ a+c
oQd D-d

Assuming some typical values of absorber geometry
a=75cm c=6cm D=10cm

then, for an absorber tuned to 3Q forcing frequency, the pin diameter, d, is
equal to 1 cm. The equivalent pendulum length, (D —d), isequal to 9 cm, thus
confirming its very small value.

However, dueto the large oscillatory amplitude necessary to provide adequate
force from a device of acceptable mass, the absorber exhibits a tuning non-
linearity with respect to amplitude and hence flight condition. Other features
of thistype of absorber include the fact that a single bifilar can only reduce the
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magnitude of either the (b — 1)Q or the (b + 1)Q components in the rotating
system, the relatively low ratio of mass producing the cancelling force to the
total installed mass, and the significant maintenance requirements necessary
to maintain minimum damping of the moving mass.

Applicationsinclude the S-61 series, the Black Hawk and the S-76 Sikorsky
helicopters. The S-76 usestwo bifilarstuned to 3Q and 5Q forcing frequencies.

(i) Thefixedfrequencyflexispring’ absorber’ asdevel oped by Westland (Fig. 8.20).
This type of absorber utilises glass fibre reinforced plastic for the spring
material, and operates efficiently over the small variation of rotor speed about
the governed datum typical of the modern rotor speed control system. The rate
of force-cancelling massto total installed massis high, it respondsto the total
bQ frequency forcing, and requires no maintenance. Applications include the
Westland Lynx and W.30 helicopters.

Figure 8.21 indicates the effect of the Flexispring absorber on the cockpit
vibration levels of the Westland 30 as a function of forward speed.

It should be noted that, although both the above types of absorber can only
generate oscillatory forces in the plane of the rotor system, they will respond
beneficially to any forced response mode which involves in-plane motion of
the rotor head, resulting from the total applied rotor forcing system.

(b) A centrifugal pendulum type of absorber mounted on the rotor blade®. This
type of absorber has been used on the Bolkow Bo 105 and Hughes 500
helicopters. Figure 8.22 shows the Hughes installation which consists of

Spindle

Lower
cover

Rotor hub

Fig. 8.20 Flexispring absorber
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Fig. 8.21 Effect of the vibration absorber on Westland 30 4R vibration

Fig. 8.22 Hughes blade mounted pendulum absorber
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absorbers tuned to the 3Q and 5Q excitation frequencies for the four-bladed
rotor version, where their purpose is to reduce the response of the second and
third flapwise bending modes of the blade to the 3Q and 5Q frequency oscillatory
air loads in the rotating system.

Passive methods which fall into the second category are:

(@) The fuselage mounted classical mass-spring absorber.

This involves the mounting of a suitably heavy mass, usualy situated in the
local region of the operating crew and passengers, tuned to the bQ forcing
frequency. Use may be made of an existing heavy item such as the aircraft
battery, asin the Sea-King helicopter (Fig. 8.23 shows the installation), or the
mass may be parasitic, as in certain models of the Boeing Vertol Chinook
helicopter. In theformer case, the natural frequency of the absorber is constant,
and to be effective the inherent damping of the moving mass must be minimal
so that the amplification at resonanceislarge. However, under such circumstances
the efficiency of the absorber will decline with excursions of rotor speed away
from the nominal governed value. This particular disadvantage is overcomein
the case of the Chinook helicopter by the use of an electrically actuated
system which changes the effective value of the sprung mass in accordance
with changes in rotor speed.

Fig. 8.23 Sea King battery vibration absorber
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8.7 Active control of vibration

Recent developments in the reduction of helicopter vibration by the use of active
control systems have produced encouraging results. These developments have taken
place along two quite different approaches.

8.7.1 The application of higher harmonic pitch control to the rotor
blades (HHC)®

Since airframe vibration originateswith the rotor blade oscillatory air loads, apotentially
attractive method of vibration control is the application of blade pitch at frequencies
greater than the rotor rotational frequency, in order to produce a forcing system
generating an airframe response which would oppose that arising from the basic rotor
forcing.

Figure 8.24 shows diagrammatically the concept of HHC. The rotor generates
oscillatory forces which cause the fuselage to vibrate. Transducers mounted at key
locations in the fuselage measure the vibration, and this data is analysed by an
onboard computer. Based upon this data, the computer generates, using optimal
control techniques, signalswhich are transmitted to a set of actuatorswhich, typically,
vary the blade pitch at frequencies of (b—1)Q, bQ, and (b + 1)Q. Oscillatory aerodynamic
|oads are thus produced which modify the total bQ frequency response of the fuselage,
and the whole cycle of measurement of the modified vibration, data analysis and
resultant actuator response is repeated.

Using the appropriate control strategy, the process can be made to converge to
minimise the fuselage vibration. Key elements in the successful implementation of
HHC are hydraulic actuators with an adequate high-frequency response characteristic
and a successful control algorithm.

Flight condition

Controlled
blade pitch .
signals > Main rotor
Helicopter . Airframe
structure vibration
Blade i
control
actuators Sensors
A
Adaptive
control < Measured
unit vibration

Fig. 8.24 Concept of HHC
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The oscillatory blade pitch motions can be applied either through a conventional
swashplate or spider control system, or by means of individual blade actuation in the
rotating system (Fig. 8.25). In the latter case, the input can be applied near the root
of the blade, or by the use of an outboard aerodynamic servo tab.

In defining the control algorithm, self-adaptive techniques are used in order to
cater for change in fuselage dynamics (due to loading changes, for example) and
rotor behaviour with flight condition.

The control algorithm depends on the assumption of alinear relationship between
measured vibration at bQ frequency and the higher harmonic rotor forcing of the
form

Y=TX +B

where Y is a vector consisting of the bQ sine and cosine Fourier components of the
measured vibration at a number of fuselage locations. The HHC input X is a vector
consisting of Fourier sine and cosine components of blade pitch at (b —1)Q, bQ and
(b + 1)Q frequencies. T denotes the rotor/fuselage transfer matrix, and B is the
background uncontrolled vibration. Since these parameters vary with flight condition,
a statistical estimator (Kaman filter) is used to track them during flight.

Thefinal part of the control systemisan optimal controller which usesthe estimated
T and B parameters to minimise the index of performance J, where

m n
J=2 WY2+ I A X2
i=1 ! j=1 1 J
where W; are the relative weightings of the m vibration measurements Y; and A, are

the relative weightings of the n HHC blade pitch inputs X;. Thisindex allows for the
weighting of the various vibration measuring positions according to helicopter role,

Fig. 8.25 HHC blade pitch actuation
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and the ability to limit the authority of the HHC inputs when constrained by the
proximity of rotor aerodynamic limits.

The estimates of the T and B parameters are continuously updated, which allows
the system to adapt to changes in rotor aerodynamic and fuselage dynamic states.
Figure 8.26 indicates a typical blade pitch waveform with and without HHC. A
feature of some concern is the increase in blade pitch at the 270° retreating blade
azimuth position. This could, near the flight envelope boundary, have the effect of
introducing a premature onset of blade stall.

It is possible that additional blade area may have to be provided to prevent this.

8.7.2 The active control of structural response (ACSR)"

Subsequent to the development of HHC, an alternative approach to the active control
of helicopter vibration has evolved. This consists of connecting a number of actuators
between convenient points on the airframe to apply oscillatory forcesto the structure.
The magnitude and phase of the loads generated by the actuators are determined by
a control algorithm which minimises the vibrational response of the fuselage at a
number of key positions. Figure 8.27 shows the basic concept of ACSR.

The basis of ACSRisthat, if aforce F isapplied to a structure at a point P and an
equal and opposite force (the reaction) is applied at a point Q, then the effect will be
to excite all the modes of vibration of the structure which possess relative motion
between points P and Q. This requirement for relative motion in the modal response
between the points where the actuator forces are applied is an essential feature of
ACSR.

Experience to date has indicated that positioning actuators across the main rotor

With HHC

-8 L Normal trim-no HHC

Fig. 8.26 HHC blade pitch waveform
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Fig. 8.27 Concept of ACSR

gearbox and fuselage interface is very effective, and Fig. 8.28 shows a method of
gearbox attachment which combines the mounting struts with the actuators.

The basic equation relating the various parameters is identical in form to that for
HHC,

i.e Y=TX+B

where Y is the measured fuselage vibration
X isthe vector of actuator forces

Actuator Compliant element

Torque struts

Main rotor gearbox

Fig. 8.28 ACSR gear box mounting struts with integral actuators



314 Bramwell’s Helicopter Dynamics

T isthe transfer matrix relating the actuator forces to the fuselage vibration
B is the background, uncontrolled, vibration

In general, with N control forces, the response at N locations in the fuselage can
be reduced to zero, provided that the T matrix is non-singular. However, it is
considered preferable to attempt to reduce the vibration at a larger number of
locations to acceptably low levels rather than to attempt to achieve zero vibration
at a few positions.

Two categories of control algorithm are applicable to the implementation of
ACSR. These may be classified as either frequency or time domain in nature.
Emphasis has been placed on the frequency domain approach in the early applications
of thistechnique.

The general arrangement for the frequency domain control strategy is shown in
Fig. 8.29. Thisindicatesthat the primary functions of the controller are signal processing,
parameter estimation and control.

As avery broad statement, it appears that active control techniques can produce
vibration levels which are in the region of about one-half of the levels achieved by
passive methods, and this has indicated that the long-term goal of the ‘jet smooth
ride’ helicopter may at last be a possihility.

Figure 8.30 shows a comparison of the vibration levels of the Westland W30
helicopter without a vibration reduction system, and when fitted with a Flexispring
rotor head absorber, and an ACSR system.

8.8 Vibration at frequencies other than hQ

The minimisation of forcing frequency components from the rotor system which are

Helicopter flight conditions Main
> rotor

} Rotor head forces

Controlling forces Fuselage Airframe vibration
dynamics
A
Actuators Accelerometers
A

X
8 Adaptive controller
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oL E=
(3} i n ©
e > Signal ac
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Fig. 8.29 ACSR frequency domain control strategy
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Fig. 8.30 Comparison of Westland W30 vibration levels

normally self-cancelling within the rotor is very much related to the ability to
manufacture identical blades and lag dampers. The major residual is usually at 1Q
frequency, and this is minimised by blade balancing and tracking procedures on a
whirl tower and on the helicopter during ground running, and if necessary also in
hovering and high-speed forward flight.

Reasonably identical lag plane damper performance characteristics are required so
that undesirable vibration under conditions of 1Q blade flapping (which results in
large lag plane oscillations) can be avoided.

A quite distinct type of vibration problem which is of aerodynamic origin is due
to the effects of vortices shed from the region near the main rotor head which can,
under certain flight conditions, strike thetail rotor and the fixed vertical and horizontal
tail surfaces. This phenomenon has been observed mainly as aresponse at the fuselage
fundamental lateral bending frequency and is particularly dependent on the sidedlip
anglein flight. This problem may be intensified by the addition of excrescences such
as a radome to the upper surface of the fuselage aft of the rotor.

This problem is often referred to as the ‘lateral shakes' or the *shuffle’. Solutions
to this problem have been found by the addition of suitable fairings to the main rotor
head and to the airframe aft of the head. Figures 8.31 and 8.32 indicate the origin of

Turbulent wake from pylon/rotor head
area affects fin/tail rotor

Fig. 8.31 Origin of the ‘shuffle” problem
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Flow curvature caused by beanie

Fig. 8.32 Effect of 'beanie’ on the turbulent wake

the problem, and the beneficial effect of the rotor head fairing (often referred to asthe
‘beanie’).

There can also be vibration problems due to mechanical excitation arising from
the transmission system. The effects of these sources of vibration can be held to
acceptable limits by the correct positioning of shaft whirling speeds, an adequate
standard of static and dynamic balancing of main and tail rotor hubs and transmission
shafts, and the accurate machining of gear teeth profiles.

8.9 Measurement of vibration in flight

As an example of the vibration amplitudes and forces occurring on a helicopter in
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Fig. 8.33 Spectra of vibration amplitudes
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flight, we discuss below some results from measurements made at the Royal Aircraft
Establishment.* The measurements of the amplitudes and forcesin three perpendicular
directions were made near the hub of a three-bladed single rotor helicopter over the
full range of flight speeds.

The results showed that the amplitude of the first-harmonic vibrations were quite
large, as can be seen from the harmonic spectrum, Fig. 8.33. However, the first
harmonic measurements showed alarge amount of scatter, particularly from flight to
flight, and this indicates that the vibration was probably due to a variable amount of
rotor blade imbalance. The next largest component of vibration was that of the third
harmonic, but the amount of scatter in this case was very small, Fig. 8.34, indicating
excitation from aerodynamic and inertiaforces of the complete three-bladed rotor, as
discussed in section 8.2.

The results shown in Fig. 8.34 show two features in common with those of other
helicopter vibration measurements. The first is that the level of vibration generally
increases with speed. Thisisto be attributed, of course, to the increasing asymmetry
of the rotor thrust loading and the corresponding increase of the harmonic content in

Each type of symbol refers to a separate flight.
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Fig. 8.34 Vibration amplitude as a function of airspeed

*Now the Defence Evaluation and Research Agency (DERA).
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the blade flapping. The other feature is the pronounced ‘hump’ at about 13 m/s (u =
0.07). It isin this region that the influence of the trailing vortices from the blades is
greatest. As was discussed in Chapter 6, at low speeds the upwash at the front of the
rotor is quite large in relation to the forward speed, and this has the effect of keeping
the trailing vortices close to the rotor. Consequently, there will be large velocity
gradients near the front part of the rotor, giving rise to large higher harmonics in the
flapping motion. It is of interest to note that large lateral blade flapping also occurs
in this range of flight speeds, and this was found to be due to the asymmetry of the
induced-velocity distribution with respect to the lateral axis.

=

o u

10.

References

Thomson, W. T., Theory of vibrations with applications, New Jersey, Prentice-Hall Inc., 1981.
Flannelly, W. G., ‘ The Dynamic Anti-Resonant Vibration Isolator’, 22nd Annual Forum of the
American Helicopter Society, Washington, May 1976.

Gaffey, T. M. and Bake, R. W., ‘Isolation of Rotor Induced Vibration with the Bell Focal
Pylon Nodal Beam System’, Paper 760892, SAENAEM Meeting, November 1976.

Done, G. T. S. and Hughes, A. D., ‘Reducing vibration by structural modification’, Vertica, 1,
31-38, 1976.

McCormick, C. W., ‘NASTRAN users manual’, NASA SP-22, 1969.

Paul, W. F. * The Main Rotor Bifilar Pendulum Vibration Absorber’, Vertiflite, February 1970.
White, R. W. ‘A Fixed Frequency Rotor Head Vibration Absorber Based upon GFRP Springs',
Fifth European Rotorcraft Forum, Amsterdam, 1979.

Amer, K. B. and Neff, J. R., ‘Vertical-Plane Pendulum Absorbers for Minimising Helicopter
Vibratory Loads , AHS/INASA Specialists Meeting on Rotorcraft Dynamics, Moffett Field,
Cdlif., February 1974.

Wood, E. R., Powers, R. W., Cline, J. H. and Hammond, C. E., ‘On Developing and Flight
Testing a Higher Harmonic Control System’, 39th Annual Forum of the American Helicopter
Society, St Louis, Mo., May 1983.

Staple, A. E., ‘An Evaluation of Active Control of Structural Response as aMeans of Reducing
Helicopter Vibration’, Fifteenth European Rotorcraft Forum, Amsterdam, September 1989.



Aeroelastic and aeromechanical
behaviour

9.1 Introduction

In previous chapters, the effect on the motion of the blade of coupling between its
degrees of freedom has been ignored. For performance and stability and control
aspects, this neglect is, in general, entirely justified, but possible blade and rotor
system instabilities due to coupling must be considered.

There are also important instabilitiesinvolving coupling of rotor blade and airframe
motion, and these must also be taken into account.

Rotor blade instabilities to be considered are:

(i) main rotor pitch—lag instability;
(i) main rotor pitch—flap flutter;
(iii) main rotor stall flutter;
(iv) main rotor blade weaving;
(v) tail rotor pitch—flap (‘umbrella mode’) instability;
(vi) main and tail rotor flap—lag instability;
(vii) tail rotor pitch—flap-ag instability.

A review of the aeroelastic problems of helicopter and V/STOL aircraft has been

given by Loewy™.
The coupled rotor blade and airframe instabilities to be considered are:

(i) ground resonance;
(ii) air resonance.
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9.2 Main rotor pitch-lag instability

Although referred to as pitch-ag instability, the degrees of freedom participating in
the motion are flap and lag, with the instability arising from the presence of a
kinematic coupling between pitch and lag, or a torsional moment which twists the
blade when it is deflected in the flapping and lagging senses.

The effect of these couplings is to induce aerodynamic lift loads in response to
blade lag deflections which cause the blade to flap and the resulting Coriolis loads
induce more lag motion.

One aspect which can cause a degradation in pitch-ag stability in certain flight
conditions is the change in kinematic pitch-lag coupling as a function of steady
coning angle, steady lag deflection and impressed blade pitch due to changes in the
orientation of the pitch control system track rods. This problem will be exacerbated
by the use of short track rods.

With semi-rigid and bearingless rotors the steady flap and lag deflections tend to
be much smaller than those for articulated rotors, hence this type of instability isless
likely to occur for these types of rotor system.

Pitch-ag instability is generally experienced as a limit cycle oscillation of the
rotor blades phased in a manner which transmits a stirring motion to the airframe,
due to the oscillatory shear forces generated by the blades in the plane of rotation.

On some helicopters, this type of instability occurs only under conditions of
large amplitude forced oscillation of the blades in the lag plane (due to the Coriolis
forces generated by large amplitude cyclic flapping), so that the effectiveness of
any lag plane damper which may be present is reduced. The frequency of the
oscillation of the blades relative to the rotating hub is that of the fundamental lag
plane mode.

Thefirst cause of coupling referred to in thefirst paragraph of this section may be
regarded as the a, effect (see section 1.2), and the relationship between the blade
pitch and lagging angle is, for small angles,

AB = — ayé

The second cause of coupling can be understood with reference to Fig. 9.1. Forces
dF, and dF, are capable of exerting torques about the blade span axes when the blade

Fig. 9.1 Blade bending deformation
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is deformed in bending. To calculate these torques, consider the moments exerted by
these force components, with reference to the projections of the deformed blade onto
the XY and XZ axes, Figs 9.2 and 9.3. The torque exerted by the sum of the elementary
forces dF, and dF, about a point P at a distance r from the axis of rotation is

L(r):—f[(zl—Z)—(rl—r)‘;—f] T

[0 --n §] G an 01)

Differentiating egn 9.1 with respect to r and cancelling terms results in

2
‘(’j'r-_—‘:T (rl—r)dF+(Cti (r, —r) dF,
2 2
=—‘3TN +f']|r_\2(|v|A (9.2)

since the integrals are the external lagging and flapping moments respectively. But,
if Ely and El, are the lagwise and flapwise blade stiffnesses, we aso have

d’Z/dr? = Mp/El, and d?Y/dr? = Np/El,
so that egn 9.2 can be written

dL 0 1 10
=M,N 9.3
ar aNp El, ZE (9.3)

It is clear that the torque due to blade deflection will be zero if El, = El, at every
point of the blade. If thisis satisfied the blade is called a ‘ matched-stiffness’ blade.
For a hingeless blade the structural element near the root, which allows most of the
lag bending of the blade, can be ‘matched’ relatively easily to achieve almost zero

(Perpendicular

Y z to paper)
3 (Perpendicular \ dF,4
to paper)
dF,4
P
P 2
4
Y V4
> X > X
— y ——> — y ——>
< n = < n >

Fig. 9.2 Projection of the deformed blade onto the  Fig. 9.3 Projection of the deformed blade onto the
XY plane XZ plane
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torsional moment along the entire blade. It is obvious that the torque exerted on a
hinged blade will also be zero if the feathering hinge lies outboard of the lagging and
flapping hinges, Fig. 9.4, for then the axis about which the torque is calculated
follows the blade when it lags and flaps.

Hansford and Simons® have shown that by neglecting the pitching inertia of the
blade, which is justifiable because of the high torsional stiffness, it is possible to
write the torsional deflection 6 as

A2 4 k2 |
6(y) = B E(y) ~ LT 8 (9.4
Vi 0
where | gand | g are the blade flapping and pitching moments of inertia, and A,Q, k1Q
and v,Q are the rotating blade uncoupled natural frequenciesin flap, lag and torsion
respectively.

If, for example, the flapping frequency is 1.1Q, the required lagging frequency for
zero twist isfound to be 0.458Q. Thus, a condition of zero or very small blade twist
can be achieved by suitably choosing the flapping and lagging frequencies. It can be
seen from egn 9.4 that the relationship isnon-linear in Sand &, but for small variations
about steady flapping and lagging angles 3, and &, the twist can be expressed as

SL1oA K D:—‘; (Bod + ZoB) (95)

Vi

JAY?)

This relationship between the pitch angle A8 and the flapping and lagging angles
can be expressed as

DO =ksB + ks& (9.6)

The same relationship applies to the hinged blade. The coefficient ks represents the
93 hinge effect and k; the a, hinge effect, as mentioned at the beginning of this
section. The inclusion of these terms merely adds — y (kg3 + k¢£)/8 to the left-hand
side of the appropriate equation of motion (see eqn 9.25). The usual solution procedure
leading to a quartic characteristic equation may be followed, and the stability can be
discussed in terms of the roots of the equation. This has been done by Pei®, who finds
for an approximate stability criterion that

> X
A

Fig. 9.4 Outboard position of feathering hinge
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2k
&
F+ - D'B—QC>O 9.7
£ 1= (BolOy)k; 6o S

where Fé is the lag damping coefficient in the equation of motion involving lagging
motion (see, for example egn 9.26) and C isthe moment of inertiain lagging motion.
However, Pei aso showsthat the above criterion can be deduced from simple physical
arguments. Since the lagging motion is generally of much lower frequency than that
of the natural flapping motion, the flapping response can be calculated as if the
lagging excitation at any instant were being steadily applied. Therefore, the change
of lift moment due to the lagging and flapping motion can be written as

M aM
M = .26 = S8 (k& + ksh)

The change in flapping angle g, if & is at sufficiently low frequency, can be
expressed as (change of lift moment)/(centrifugal moment) or,

_ (ke + kgB) MID6
BQ?

But in steady motion, with lift moment AM, the coning angle 3, is given by

6,0M/06
BO = OBT
so that
B = (Bol6b) (k€ + kppB)
or p= (PolBolkes ©8)

1 - (Bol6o)kgs

As aresult of the flapping motion, the Coriolis moment N causing lagging is, for
small disturbances,

ﬁo D Eé

= (Bol6o)kg

from egn 9.8. Since thismoment is proportional to 5, it may be regarded as aviscous
damping moment. Then, including the damping of the lag damper and the drag
moment, represented by Fé, the total damping will be positive if

2k
§ DB—QC>0

+
¢ T (BolOo)ks o

N = 2CQB,B=2CQ -2

as given by egn 9.7.
For the helicopter with hinged blades, the criterion can be expressed in terms of
the a, and &; hinges as
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2tan o, B2
1= (Bol0,)tan 3, "8, ¢~ 0

Fé+

Since Fé represents the lag damping, and is therefore positive, instability can

occur only if the second term is a sufficiently large negative number. The sign of this
term can be regarded as depending only on a,, since d; would have to be unusually
large and positive to change the sign of the denominator. Thus, instability is possible
when a, is negative, i.e. when the blade pitch increases as the blade moves forward
in lagging motion.

9.3 Main rotor pitch-flap flutter

Essential for this form of instability is a mechanism coupling blade pitch and flap.
Thetype of coupling normally encountered is due to adverse offsets of the chordwise
centre of gravity of the blade section from the blade feathering axis which isnormally
coincident with the %-chord point. This instability is very similar in nature to the
fixed wing bending torsion flutter problem, and has been avoided on almost all
helicopter rotor blades by mass balancing the blade so that the chordwise position of
the centre of gravity of each spanwise element is forward of the blade section -
chord point. This is usually accomplished by the use of non-load-carrying mass
balance weights along the full length of the blade.

In the region of the blade root end attachment, local reinforcing usually has the
effect of moving the centre of gravity well aft of the % -chord point. However, analysis
indicates that for a blade which isreasonably stiff in flatwise bending and torsion, the
product of inertia of the blade about axes coincident with the flapping and feathering
hinge lines is the significant parameter. Therefore, the effect of an aft movement of
the centre of gravity in the root region can be counteracted by the addition of a
relatively small mass positioned near the leading edge of the blade close to the tip.

For the case where complete decoupling is not achieved by mass balancing, then
the blade flatwise and torsional stiffnesses, and the effective torsional stiffness of the
pitch control circuit at the blade root, are important parameters.

The presence of blade flutter would normally be detected by the presence of high
oscillatory loads in the blade pitch control circuit.

Since on a conventional rotor blade the amount of mass balance material is of the
order of 9to 12 per cent of total blade mass, then considerable weight saving could
be achieved if it were possible to relax the mass balance requirements. However, a
reduction in blade mass implies an increase in blade coning angle for a given value
of lift, and this can lead to problemsinvolving increased lag plane loading, and more
severe damping requirementsin lag to suppress certain types of instability. A reduction
in blade mass would decrease the rotational moment of inertia of the total rotor
system, thus adversely influencing the autorotational characteristics of the rotor and,
in the case of partial power failure, the ‘fly-away’ manoeuvre.

Compared to the classical bending torsion flutter of aircraft wings, the motion of
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the helicopter blade is modified by the powerful centrifugal action which effectively
increases the stiffness of the flapping motion.

Themechanism of pitch-flap flutter isthat, asthe bladeflaps, inertial and aerodynamic
moments arise which twist the blade and, in turn, modify the aerodynamic flapping
moment. The inertial effect of pitching on the flapping motion is very small.

Let us derive the flapping and torsional equations of motion. It will be sufficient
to consider arigid blade hinged at the root but with arbitrary flapping and torsional
frequencies. We shall take the elastic axis of the blade as one of our reference axes
which, since it will not in general be a principal axis of the blade, requires the
eguations of motion to be derived with alittle care. If the axes are fixed in the blade,
Fig. 9.5 the angular velocity components about these axes when the blade flaps and
twists are found to be

w, = 0+QsinB= 6+ QP
w, = — [Bcos 6+ Q sin Bcos B= B+QQ

w3 = Bsin 8+ Q cos Bcos B= Q

Sincethe bladeisvery thin in relation to its chord and span, the products of inertia
D and E are negligible, but F, which represents the chordwise distribution of mass
relative to the elastic axis, should be retained. Then, from egn A.1.7 the components
of angular momentum are

h; = Aw, — Fw,
h, = Bw, — Fawy
hs = Ca

Differentiating with respect to time and retaining only first-order terms, we obtain

h, = AG+ AQ20+ FB+ FQ23

h, = — BB — BQ20- FO— FQ2?0

Fig. 9.5 Blade deflection in combined flapping and torsion
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The above expressions represent the inertia terms of the torsional and flapping
motion. If the elastic stiffnesses about these axes are included, the equations of
motion can be written

d’0 , 2 0d?B La
d? F Od2%e
dqu + A12/3 B E_dlllz E BQZ (9.10)

where v;Q and A,Q are the uncoupled torsional and flapping frequencies and L, and
M, are the aerodynamic torsional and flapping moments.

In calculating the flapping and feathering moments, we should consider the unsteady
aerodynamic coefficients discussed in Chapter 6 and represented by the function
C(K). It will be assumed that the flexural axis coincides with the aerodynamic centre.
Then, from egn 6.26, with X = — £ and replacing the theoretical lift slope 2rrby a
general value a, the spanwise thrust distribution is
B 1

ar _ g 1 L .
2PaCer2EH——+§9%DC(k)+ pac? Qra—rﬁ+zca

dr

where a isthe component of angular velocity about the blade span, which includes
the component of shaft angular velocity due to flapping, i.e. a = 8 + QB and
z = — rf3. The flapping moment M, is found by integrating rdT/dr over the span,
which gives

Theterm c/Risthereciprocal of the aspect ratio of the blade and istypically about
1/20. Since the terms in a and B are usualy negligible, the expression for My
reduces approximately to

M, = %pacQzR“ g é:(k) =Y po2§ ——%(k)
Similarly, the aerodynamic pitching moment about the flexural axisis approximately

_1 _302p2da _ 1 3 2 dé
LA—32pacQR dw—gpacQRde+ﬁD

- 1)BO% 0do g

32 A2 Ody ~ PO
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where A isthe blade aspect ratio R/c. The egquations of coupled pitch-flapping motion
are therefore

d’e F Od*g | O 1 Yy BOdo
dy? vio+ *AHagz TPHT T2 Az A PO

and

dp Dd 0 . D y 0o, dB
97 T E gt o= 5 P ap
where 6 represents changes of a from the steady state.

If the displacement of the c.g. of ablade elemental strip g,c (positive whenthec.g.
is behind the flexural axis) is constant along the span, it is easy to show that F =
— g4Crqy M, where ry is the spanwise position of the c.g. of the blade; and, if we also
write A = Mkzc?, the equations above become

d’0 , 1 B do . o OTofg Dd’B O 1 yB . _
0 - + B0+ 55 =0
dp? "2 azady V197 5 Hag? TPHY 32 AZA P

d’g .y B F Ud2e
C k + A2

dy? ( ) 1B dy?

Theterm proportional to F/B in the flapping equation and the second term involving

the aspect ratio in the pitching equation can be ignored. Then, writing for the flapping
moment of inertia B = Mk3R?, the fina equations in hovering flight are

GE 80(k)9 0

d20 , ¥ 1 ke f d6 , 2 O9ole 0d°B

_dl,UZ 8 D— k 0 dy +v;70 oz H_d(,llz BH 0 (9.11)
d?pg LY d,B y _

q07 8 g * AZB - £ C(k)8=0 (9.12)

The frequency equation corresponding to the equations of motion 9.11 and 9.12 is
easily found to be

s,V 1 ke U, 5
A4+ %:(k)+4Dk A

O y o v2 [k D2 O
2 2 _ Y 9 9 Kg 2
tR Vi mg e ClY % ko0 O
Zmz QDKBDZD 232 _ Vagrg
5 VCUO + § [y DA+ VAL — g g Ol = (9.13)
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Of the above constants, the only two which can readily be varied are the chordwise
blade c.g. position and the non-rotating torsional frequency. Divergence occurs when
the term independent of A is equal to zero, i.e. when

y2 = ¥ 9a's C(K)
18 ck? A2

(9.14)

For C(k) = 1, i.e. when unsteady aerodynamic effects are neglected, egn 9.14
defines a straight line relating the torsional frequency to the chordwise c.g. location.
It is clear that the boundary exists for positive values of gy, i.e. a rearward location
of the c.g. relative to the 2 -chord point. The physical interpretation of divergenceis
simply that, if the c.g. of the blade is located sufficiently far behind the 4-chord
point, the component of centrifugal force about the blade-span axis, which arises
when the blade flaps, exerts a nose up moment which is greater than the torsional
restoring moment.

To find the flutter boundary we put A =i w, the condition for undamped oscillations,
and equate the real and imaginary parts to zero. We then find

(w2 — 1)(x4/k)>

2 — 2
V2 = w? + 200 (9.15)
and
ke f  ck2 O, ., . y2C%(k)w?/640
=2 =0 ——~ A+ L= 9.16
99 Oka O yryC2 (k) 1 w0l —1 (9.16)

Equations 9.15 and 9.16 provide the relationship between v; and gy for which
undamped oscillations occur with «7, the square of the flutter frequency ratio, as
parameter. Thus, if v; is given, egn 9.15 can be solved for «?, which can then be
inserted into eqn 9.16 to obtain gy,

A sketch of typical divergence and flutter boundaries as functions of gy and v2 for
C(k) = 1 is shown in Fig. 9.6. The two curves correspond to the four roots of the
characteristic frequency quartic, egn 9.14. If the torsional frequency is fixed at the
value corresponding to the point A of Fig. 9.6 and the chordwise c.g. position is
moved aft, thelineAA' istraced. The motion iscompletely stable until the intersection
with the divergence boundary is reached. At this point, A’, one of the roots of the
frequency quartic becomes zero, and just to theright of A’ the root becomes positive,
denoting the unstable divergence. The remaining roots between A’ and A" are a
negative real root (stable) and a complex pair denoting a damped oscillation. To the
right of the point A" the oscillation becomes undamped also. Moving along BB” the
unstable flutter oscillation is met first, and then the divergence.

Analysis of the equations 9.13, 9.15 and 9.16 shows that the flutter and divergence
boundaries exist only for positive values of gy, which shows that pitch-flap motion
must be stable for g, < 0, i.e. when the centre of gravity of the blade is ahead of the
flexural axis. Since the torsional frequency must have a positive value, Fig. 9.6
shows that stable motion is possible even when the centre of gravity is behind the
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Fig. 9.6 Stability boundaries for torsional motion

flexural axis. Inspection of egns 9.15 and 9.16 shows that for flapping frequencies
greater than Q, i.e. A; > 1, the flutter boundary is shifted to the left. This suggests that
offset or hingeless blades are rather less stable than centrally hinged blades.

The effect of taking unsteady aerodynamic coefficients (C(k) # 1) into account is
quite small. The appropriate value of C(k) must be obtained iteratively, since the
flutter frequency cwmust be known before C(k) can be estimated. The flutter boundary
is modified as sketched in Fig. 9.7.

Stammers* has shown that forward flight has a stabilising influence on flutter
which tends to occur at half-integer frequencies.

9.4 Main rotor stall flutter

Thisis asingle degree of freedom flutter problem involving torsional oscillation of
the blade. It normally takes the form of a limit cycle oscillation giving rise to high

2
2%

Fig. 9.7 Stability boundaries for torsional motion (C(k) # 1)
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oscillatory loads in the blade pitch control circuit, and occurs over a stalled region of
the retreating blade side of the rotor disc. Thisregion must cover asufficient proportion
of the total disc area for the instability to alow one or more cycles of torsional
oscillation before the blade moves into a stable (non-stalled) region of the rotor disc.

Consider an aerofoil oscillating periodically in pitch in an airstream of velocity V.
The pitching moment coefficient can be expressed as

_ M(a)
%pVZCZ

m =ag +a Snpt+a,sin2pt+...+ b cospt + ...
where a isthe instantaneous incidence, p is the angular frequency, and c is the chord.
The work done in one cycleis

W:fMda

If the oscillations are harmonic, the incidence can be written as
a=ag+ agsinpt

where a, is the mean incidence and a; is the amplitude of the oscillations.
We then find that

271p
W= 1pv2c?p J' ayb, cos? pt dt
0

= 3TV 2C? agly

The work is therefore proportional to the coefficient by; if by is negative, work is
dissipated and the damping is positive. Thus, the damping depends on the out-of-
phase component of the pitching moment.

The basic mechanism of the instability is negative damping in pitch due to
aerodynamic pitching moment hysteresis caused by the periodic shedding of intense
vorti(:5ity at a blade angle of attack instantaneously greater than the static stalling
angle>.

Hovering rotor tests of these oscillations have been described by Ham and YoungP.
Explanation of the phenomenon has already been alluded to in Chapter 6. We saw
there that at high incidence a suction peak occurs over the rear part of the aerofail,
resulting in a large nose down pitching moment, and this gives rise to a substantial
out-of-phase moment of negative damping, particularly at the comparatively low
values of the reduced frequency typical of helicopter operation. The variation of
damping with incidence and reduced frequency is graphically displayed in the three-
dimensional diagram taken from Carta’s paper, Fig. 9.8. The ‘hollow’ indicates the
region in which negative damping occurs.

Now, aswe saw in Chapter 6, the aerofoil undergoes alarge variation of incidence,
and therefore of rate of change of incidence, at hightip speed ratios. It will be assumed
that the rotor blade responds to the changing conditions at its fundamental torsional
frequency wy, which, in association with thelocal chordwisevelocity QR(x + usin ),
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Fig. 9.8 Contours of blade torsional damping

enablesusto definetheinstantaneous val ue of the reduced frequency k, i.e. we assume
that the appropriate value of k is given by

k(X, ) = wh/QR (X + U sin )

where b isthe semi-chord. Thus, for agiven radial position, the variations of incidence
and reduced frequency trace out a closed path on the surface as shown in Fig. 9.8. In
the range, or ranges, of azimuth angle which lie in the region of negative damping,
torsional flutter can be expected to occur. It has been assumed that the damping at
any azimuth angle is the same as if the incidence and reduced frequency were fixed,
i.e. that the damping corresponding to given values of a and k appliesinstantaneously
at the given azimuth angle. For the blade as awhole we can define a‘ weighted-mean’
damping by integrating the local two-dimensional values in association with the first
torsional mode shape Q;(X) to obtain

1
ven = [[ Q2 O0C @) 0%
0

where the reduced frequency to be used is that defined above.

The torsional damping defined in this way has been calculated by Cartafor acase
inwhich y=0.17 and C;/o = 0.111, and the result is shown in Fig. 9.9. We see that
negative damping occurs in the region 225° to 10°, and in this region we can expect
stall flutter to occur. To test the validity of this assumption, the torsional stress and
pitch link loads for the same flight case, Fig. 9.10, have been examined. It can be
seen that large values of torsional stress and pitch link loads occur in this region,
demonstrating that the calculation of the damping gives a good indication of the
possibility of stall flutter.

The high pitch link loads which occur in stall flutter may be a serious obstacle to
increased flight speeds. According to Ham’, the most profitable way of reducing
these loads is to use aerofoil sections which have high dynamic stall angles, so that
they can operate in the retreating blade region below the stall angle as much as
possible.
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Fig. 9.9 Aerodynamic torsional damping as a function of azimuth
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Fig. 9.10 Variation of pitch link loads with azimuth angle

9.5 Main rotor blade weaving

Blade weaving is the name given to aform of instability which can affect two-bladed
‘teetering’ rotors, i.e. rotors with two blades rigidly connected together at their root
ends with a built-in non-zero coning angle, and suspended on a central flapping or
‘teetering’ hinge. The phenomenon involves the same basic coupling mechanism as
the main rotor pitch—flap flutter problem described in section 9.3, but since both
blades move as a single entity, extraterms arise in addition to those of egqns 9.11 and
9.12.

Consider the two-bladed teetering rotor of Fig. 9.11. The blades are joined at angle
23, (twice the built-in coning angle) and are feathered so that the steady pitch angle
between the blades is 26,. The two blades are then imagined to move as arigid body
except that torsional flexibility of the control system will allow some mutual feathering.
The latter motion will have a negligible effect on the moments of inertia of the whole
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Fig. 9.11 Teetering rotor with combined flapping and feathering

rotor system, so the assumption of complete rigidity is justified. If the lines of the
centre of mass intersect at the hub, Euler’s equations, eqns A.1.11 to A.1.13 can be
applied to the rotor as a whole. Coleman and Stempin®, who first investigated this
motion, have shown that, if A, B, C are the principa moments of inertia of the
individual blades, the corresponding moments of inertia of the rotor with coning
angle [, and collective pitch setting 6, are

A = 2A cos’f3, + 2B Sin?6, sin’f, + 2C cos?6, sin’By = 2(A + BBE)
B' = 2B cos’8, + 2C sin6, = 2B
C' = 2A SN’ + 2B sin?6, cos’f3, + 2C cos6, cos’f3, = 2(C — BB2)

assuming A + B = C for the individual blades.

As might be expected, the flapping and lagging moments of inertia are very little
different from those of the original blades, but the pitching moment of inertia is
greatly increased by coning angle. The angular velocity components of the rotor are
the same as those of the previous section, and the linearised Euler equations are
found to be

. Cy_B: 2 DAI+BI_CI D -_L
6+ & -8 29+ JAEB =C Hop= "2

>, C'—A ~2, A +B -C _ Mj
B+ B QB - B Qo= B
The important difference between these egquations and those of the pitch—flap
coupling of section 9.3 isthat, since the rotor can no longer be regarded as alamina,
A"+ B'— C' # 0 so that the coefficients of Q8 and Q do not vanish as they did in
the latter case. Let uswrite the equationsin the non-dimensional form originally used
by Coleman and Stempin. They are

G +Ho 0+ (1n +K)B=(L=1x) g ~Hof=0 (07
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d’g ., dB
d(l]_z dw"‘lBﬁ"'(l A)—+H36:O (918)

In the above equations, Hg and H, represent damping of the pitching and flapping
motion; 1, and |z are defined by

= CRE R
and
o= CA -2
and we have approximately
1-1,=2Bp2 + 71
and
Hs

1—|B=Zﬁg—?

where thetermsin H;{ and Hg represent aerodynamic damping. It can be seen that,
since B/A is usually avery largeratio, 1 — | 5 is strongly dependent on coning angle
whereas 1 — I varies little. Kj is the stiffness of the pitch control. Coleman and
Stempin state that Hp depends strongly on coning angle but that Hg is practically
unaffected.

The equations of motion 9.17 and 9.18 are similar in form to those of section 9.3
(egns 9.11 and 9.12) except for the presence here of the termsin dB /dy and d6/dy.
(Since the motion has been referred to principal axes through the centre of gravity of
the blade, the term in B is absent.) Coleman and Stempin’s calculations show that
these extra terms are destabilising and that the instability depends mainly on the
coning angle and to alesser extent on the pitch setting angle 6,. An important result
of their investigationsisthat instability can occur even when the centre of mass of the
bladeis ahead of the 4 -chord point. A sketch of the variation of the stability boundaries
with control stiffness, coning angle, and chordwise c.g. location isgivenin Fig. 9.12.
When instability occurs, the blade tips trace out a wavy or ‘weaving' path which
gives rise to the name of the phenomenon.

9.6 Tail rotor pitch—flap (‘umbrella mode’) instability’

This type of instability depends on the existence of some form of coupling between
blade pitching and flapping motions, and is very similar to the main rotor blade
pitch—flap flutter problem described in section 9.3.

In the case of the tail rotor, the coupling usually arises from the large &5 coupling
introduced to reduce tail rotor blade flapping and stresses in forward flight. This
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Fig. 9.12 Stability boundaries of blade weaving motion

coupling isnormally of the order of one degree of reduction in blade pitch per degree
of (‘upward’) blade flapping.

This form of instability is usually experienced as a limit cycle oscillation with all
blades moving in phase. Hence the description ‘umbrella mode’ applied to this type
of motion.

The stiffness and damping of the pitch control circuit between the blades and the
pitch control actuator have a fundamental influence on this phenomenon.

In general, stable solutions can be found with both high and low pitching mode
frequencies, in the absence of pitch circuit damping.

Where the possibility of instability arises, the onset of this is difficult to predict
due to the presence of backlash and friction damping effects in the pitch control
circuit, and in fact the occurrencein practice tends to be somewhat erratic. Disturbances
below a certain threshold will subside, but beyond this divergence will occur, rapidly
reaching a constant level.

The frequency of the oscillation isat or closeto the fundamental flapping frequency
of the tail rotor blade which is typically 1.2Q. The reason that it is significantly
greater than 1Q is primarily due to the additional aerodynamic stiffness arising from
the &; coupling.

Figure 9.13 indicates a typical stability boundary as a function of pitch control
circuit stiffness and damping.

9.7 Main and tail rotor flap-lag instability

We have already seen in Chapter 1 that blade flapping produceslarge Coriolis moments
in the plane of the rotor. For the articulated rotor, a drag hinge is provided to relieve
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Fig. 9.13 Stability boundary for coupled pitch—flap motion

the blade of these moments and allow it to move in the plane of rotation (lagging).
For semi-rigid and totally bearingless rotors, and for the majority of tail rotors, the
lagwise flexibility provided at the root end of the blade permits the corresponding
lagwise movement, and is designed to accommodate the resulting moments.

The lagging motion means that the instantaneous angular velocity of the blade in
the plane of rotationis slightly different from the (assumed) constant angular vel ocity
of the shaft, and thisin turn means that the centrifugal flapping moment depends on
the lagging motion. The variations of relative airspeed due to lagging aso affect the
aerodynamic flapping moment. Thus, the flapping and lagging motions are clearly
coupled, but to investigate the stability of these motionswe must derive the appropriate
equations of motion. Referring to Fig. 9.14, if the lagging angular velocity is &, then
the instantaneous angular velocity is Q + & and, by the arguments of Chapter 1, the
centrifugal flapping moment is—B(Q + &)?p, tending to restore the blade to the plane
of rotation. Neglecting the term in &2, the first-order flapping moment is

—B(Q? + 2Q &) B and the equations of flapping and lagging motion are
BB + BA2Q2B + 2BQBE = M, (9.19)
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3

Fig. 9.14 Simple flap—lag blade model

CE + Ck2Q% — 2CQPBB = N, (9.20)

where we have written A;Q and k1Q for the undamped natural flapping and lagging
frequencies which can apply to both hinged and hingeless blades. The aerodynamic
moments M, and N will contain aerodynamic coupling terms. To calculate them we
consider the force on a blade element under conditions of flapping and lagging. For
simplicity we consider only hovering flight. Referring to Fig. 9.15, the elementary
flapping and lagging forces are, respectively,

dZ=dL cos ¢+ dD sin ¢ =dL
dY =dL sin ¢ dD cos ¢= dLp—dD

Now
dL = 2pW? ca(6 + @)dr
= IpUfca(f+ ¢ dr
and
dD = 1pUZ cCp dr
Also,

tan ¢= ¢= Up/Ur

Fig. 9.15 Forces on blade element
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therefore,
dZ = $pac dr (BUZ + UpU7) (9.21)
and
dY = 3pac dr (BUpUt + Up)? — 2Cpedr (9.22)
The velocity components Up and Ut are
Ur=(Q+&r; Up=—r1B-u

Expanding egns 9.21 and 9.22 and neglecting squares and products of B and E
gives

dZ = pac[6(Q?r? + ZQérz) - Q[}r2 - Qru; — Qévi]dr
dY = — 1pcCp (Q2r2 + 2Q8r2)dr

—1pac(BQB2 + 6Qry; + 6Fv, — v2 — 2 fv;)dr

Integrating rdZ and rdY, assuming Cp, 6, and v; to be constant, we obtain for the
aerodynamic flapping and lagging moments

0 : £ [
_1 24 4, B 4,08
Ma = § pacQ?R ée =9 Q+Elze 3A,D—QE (9.23)
Co . 4 0 8,08
-_1 2p4 D L4 p9) _9)2 _9%9
Ny = pacQR %a +319)\I 2/\,D+ 3/\'DQ
+ o 4 Ay, DED(924)
D

The constant terms on the right-hand sides of egns 9.23 and 9.24 give the steady
state flapping and lagging angles [, and &,. Since we are concerned only with
perturbations from the steady state, these terms can be omitted; but, since the last two
terms of eqns 9.19 and 9.20 representing the Coriolis acceleration are products, they
must be written in first order form as 2BQ, ¢ and — 2CQLS, 3.

Finaly, if it is assumed that the flapping and lagging moments of inertia, B and C,
are equal, the equations of disturbed motion become

d’g _ y dB dé
w7 B dg +AIB+C; gy =0 (9.25)
SR A ST SIS (9.26)

B dy dqﬂ ¢ dy
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where

C. _230——5129 %

_Y D
F:=3g 0~ 2P

=%%*¥?*%%E
and where ké isthe non-dimensional artificial lag damping, if any. The characteristic
equation of this motion is
(A2 +yAB+AZ)A2 +FA +k )~ C,FA2=0
which is of the form

A*+BA3+CA2+DA +E=0

where
A=1
B =y8+ Ff
C = A12 +K12 +ny/8_CfFB
D = ny/8+F£A12
E = A2k?2

To find the neutral stability boundaries we equate Routh’s discriminant to zero,
i.e. we put

R=BCD-D?-B’E=0

It has been shown by Ormiston and Hodges'® that this expression can be put into
the form

Af [pC 64a(Af -k7) O
0—4)/3) = L D +k, + R
( 202 —1)(2-A2) E a ¢ y2(1+ a)(k? +a)kf)%
(9.27)
where

a= ké+ 2Cpla + 46A/3

Equation 9.27 includes artificial damping omitted by Ormiston and Hodges.

The relationship, eqn 9.27 shows clearly that instability, if it occurs at all, does so
only if 1< A? < 2, i.e. when the flapping frequency is between Q and Qv2. Further,
for agiven value of A4, the lowest possible value of @ for instability occurs when k;
= A4, i.e. when the lagging and flapping frequencies are identical, in which case the
corresponding value of 8is given by
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o ar e - (2Colak;)As
(0= = e D -17)

The absolute minimum value of collective pitch occurs when A; = k; = V(4/3) =
1.153, from which we easily find that

6= 4A/3 + 2V(2Cpla + k;) (9.28)

The stability boundaries for a case in which k; = 0, taken from Ormiston and
Hodge's paper, isshown if Fig. 9.16. It isclear that, unlessthe lag frequency is higher
than about 0.95Q, instability would not be expected to occur.

The vast mgjority of rotor systems, both articulated and hingeless, with more than
two blades have fundamental lag frequencies significantly below this value and are
therefore not likely to be susceptible to this form of instability. (The case of the two-
bladed teetering rotor with built-in coning angle is treated separately in section 9.5.)

An exception to the general rule was the gyro-controlled ‘rigid’ rotor developed
by Lockheed, where the fundamental lag frequency was greater than 1Q and the
design of such asystem would have to include consideration of thistype of instability.

However, the fundamental lag frequency of tail rotorsis normally greater than 1Q
(but significantly less than 2Q in order to avoid excessive blade and hub vibratory
loading), and tail rotors must be designed to avoid this form of instability, which is
generally referred to as tail rotor ‘buzz’ and is usually of amild ‘limit cycle’ nature.

Sincethetendency to instability increases asthe fundamenta flap and lag frequencies
approach the same value, it is instructive to examine the factors which influence
these frequencies. It is usualy the case that the elastic stiffness of the root region of
the blade is significantly less in the flatwise direction compared to the chordwise
direction. Hence, as blade pitch isincreased, the lower flatwise stiffness reduces the
lag frequency from its value at zero pitch. Furthermore, due to the large value of
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Fig. 9.16 Stability boundaries for coupled flap—lag motion
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pitch—flap (&) coupling typically employed on tail rotors (in order to reduce flapping
in forward flight), the fundamental flapping frequency will be well above 1Q.
Consequently it is very probable that the flap and lag frequencies will coalesce at
high values of blade pitch.

Figure 9.16 clearly indicates the increasing area of instability as blade pitch is
increased.

9.8 Tail rotor pitch-flap-lag instability®

The analysis describing the tail rotor ‘buzz’ phenomenon referred to in section 9.7
does not require the inclusion of the torsion, or pitch, degree of freedom, and hence
may be considered to represent the case of atorsionally stiff blade and pitch control
circuit.

If this additional degree of freedom is included in the analysis, an additional
region of instability appears which represents the much more severeinstability known
as tail rotor ‘bang’.

This form of instability is associated with the coalescence of the flap, lag and
torsion mode frequencies.

Figure 9.17 illustrates the position of the stability boundaries as a function of the
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Fig. 9.17 Stability boundaries for coupled pitch—flap—lag motion
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frequencies of thetorsion and lag modes, for typical values of uncoupled flap frequency,
&; coupling, and pitch angle setting.

Region A of the figure represents the *buzz’ instability appropriate to high values
of torsional stiffness, and Region B represents the ‘bang’ instability.

One aspect which has to be given careful consideration is the placement of the
torsion mode frequency. Because the blades will experience different stiffnesses at
the pitch change track rod depending upon the phase rel ationship between the torsional
motion of each blade, a number of torsion mode frequencies will exist.

Each of these frequencies must be chosen so as to avoid the unstable region.

This is an example of a case where the behaviour of the tail rotor and control
system must be considered in combination in order to define the correct data for the
appropriate single blade analysis.

In practice, increasing the bending stiffness of the pitch change ‘ spider’ arms, and
of the pitch change rod attached to the centre of the ‘spider’, has produced freedom
from both the ‘buzz’ and ‘bang’ instabilities.

9.9 Ground resonance

Any helicopter with amain rotor blade fundamental lag mode frequency lessthan 1Q
is susceptible in principle to the instability known as ground resonance.

The degrees of freedom involved are the lead—{ag motion of the rotor blades and
any fuselage mode containing motion of the rotor hub in the rotor plane.

If the blades lag in phase, the centre of gravity of the rotor system remains on the
axis of rotation, but out-of-phase oscillatory motion of the blades will cause the rotor
system centre of gravity to move off the axis of rotation and describe acircle, giving
rise to inertia forces which will subject the fuselage and its chassis to an oscillatory
force.

The mode of blade motion in which the direction of rotation of the centre of
gravity of the rotor system is in the opposite sense to the direction of rotation of the
rotor system is known as the ‘regressive’ lag mode, whereas the ‘progressive’ lag
mode refersto the case where the centre of gravity movesin the same direction asthe
direction of rotor rotation.

The potential for instability occurs in the vicinity of a frequency coalescence
between the ‘regressive’ lag mode and afuselage mode, provided that the fundamental
lag frequency is less than the rotational speed of the rotor. The phase relationships
between the couplings are such that a frequency coalescence when the lag mode
frequency is greater than the rotor speed does not produce an instability, neither does
a coalescence with the ‘progressive’ lag mode.

The important parameters with respect to ground resonance are blade lag mode
frequency and damping, fuselage frequency and damping, and fuselage mode shape.
Of lesser significance are flap mode stiffness and aerodynamic loads. Ground resonance
is basically a purely mechanical instability which could exist in vacuo.

In practice, a stability augmentation system can influence ground resonance, and
if a significant response of such a system can be anticipated at the frequencies
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associated with ground resonance, then its characteristics must be included in the
analysis. An aternative approach is to ensure that the feedback systems are filtered
in such away so as not to respond at the frequencies of potential ground resonance
oscillations.

Let us calculate the displacement of the rotor centre of gravity for an arbitrary
motion of the blades. Let x,, and y,  be the co-ordinates of the centre of gravity of
the kth blade relative to the centre of the hub, Fig. 9.18. This figure can represent
either ahinged blade or ahingeless blade (as an offset rigid blade with hinge restraint,
Chapter 7).

We easily find that

Xk, = — €R COs Y — g cos (Y + &)
Yi, = ERSIN e+ rg sin (Y + &
Since &, is a small angle, these relationships can be written approximately as
Xk, = — (ER +1g) COS Y + rgéy sin Y
Yk, = (ER+1g) sin ¢ + rgdy cos gk

Summing over the b blades of the rotor the co-ordinates of the centre of gravity of
the rotor are

eR+r, b1 r. b-1 _
X =~ ggocos wk+%k§1€ksnwk
or
b-1 )
Xr, = (fg/b) Z_ & singy (9.29)
and, similarly,
b-1
Yr, = (1g/0) 2 &y cosyy (9.30)
X
S >y
(D
‘\_\rg

Fig. 9.18 Blade displacement in lagging motion
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Now, suppose that the blades oscillate in lagging motion with frequency kQ such
that

&k = o COS K
Then substituting in egn 9.29
b—1 _
X, = (rgéo/b) k§0 COSKY , SN

b-1

= (1g0/2b) 2 [sin (k + s — sin (k — 1]

Since k is arbitrary we find from egn 9.29 that

Xrg :fgzio @ L Sin(k + 1)%# b L E— 1 SIN(K— 1)D¢l+ HBE
(9.31)
_ sn(k+ 1 _ sin(k-1m
WNETe 91 = SnfGec+ Drorb] 9 7 Snf( = Dre/e]
Similarly we find that
Y, = % %71 cos(k + 1)%# g 4 COS(K — l)glﬂ+ bgl n%%
(9.32)

The interpretation of egns 9.31 and 9.32 is that the centre of gravity of the rotor
whirls round the hub with a displacement consisting of two modes, one with frequency
(k +1)Q and amplituder 4¢,0,/2b and the other with frequency (k —1)Q and amplitude
r4¢00.1/2b. The motion corresponding to the upper frequency (k + 1)Q isin the same
direction as the rotor rotation and is described as a ‘ progressive’ motion; the motion
corresponding to the lower frequency (k — 1)Q isin the same or opposite direction to
the rotor rotation according to whether k — 1 is positive or negative. When negative,
the motion is described as ‘regressive'.

Thewhirling centre of gravity produces periodic inertiaforces which excite motion
of thewhole airframe on its undercarriage (‘ chassis mode). If one of the frequencies
of the oscillating inertia forces coincides with a chassis frequency, the potential for
the occurrence of ground resonance exists.

This coincidence of frequencies can be represented in diagrammatic form, Fig.
9.19, which appliesto an articulated rotor with no lag hinge restraint. The comparable
diagram for arotor with hinge restraint, or utilising an elastic hub element is shown
in Fig. 9.20.

For a blade without hinge restraint, i.e. without a drag-hinge spring or elastic
element, the lag frequency will always be less than the rotor speed and, therefore,
Kk — 1 will always be negative. In Figs 9.19 and 9.20 the horizontal line represents the
(constant) chassis frequency w.
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(k + 1)Q, progressive

(k — 1)Q, regressive

Blade frequency, kQ

Rotor speed Q

Fig. 9.19 Uncoupled chassis and rotor frequencies — articulated rotor, no hinge restraint

(k + 1)Q, progressive

O)

(k = 1)Q, regressive

Blade frequency, kQ

Rotor speed Q

Fig. 9.20 Uncoupled chassis and rotor frequencies — rotor with drag hinge spring or elastic element

In Fig. 9.20 the point A represents the blade frequency when the rotor hub is
stationary and is assumed here to be higher than the chassis frequency.

As the rotor speed increases, the branch corresponding to the whirl frequency
(k —1)Q intersects the chassis line at B and again at C when (k — 1) < 0.

If the chassis frequency were higher than the frequency of the non-rotating blade
there would have been an intersection with the (k + 1)Q branch.

The corresponding intersection for the case of the articulated rotor is point D on
Fig. 9.19. It will be shown later that this intersection and the one corresponding to the
point B cannot lead to instability. Ground resonance, if it occurs, is associated only
with intersection C.

Let us now derive the equations of motion of the chassis—rotor system. It will be
assumed that the chassis motion is confined to asingle degree of freedom in the plane
of the rotor — say, the lateral direction. The extension to two degrees of chassis
motion is quite straightforward, but the analysis becomes rather too involved for
simple results to be obtained. In practice, however, the chassis frequenciesin the two
directions are often far enough apart for the single-degree-of-freedom analysis to be
applied with reasonable approximation to either direction separately.
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The equations of blade lagging motion, relative to an unaccelerated hub, have
aready been obtained in Chapters 1 and 7. We must now include the inertia moment
acting on the blade due to lateral oscillations of the chassis mode. Referring to Fig.
9.21 the inertia force on a blade element due to hub acceleration is y dm in the
negative y direction. Hence, the inertia lagging moment N; about the real or virtual
hingeis

R
N; = —J. ry cos (¢ + &)dm
R

For small lagging angle &,, and neglecting the product yé, , we have, approximately,
R
N, = — ycoswk.[ r dm
eR
= —Mprg Y COS ) (9.33)
where My, is the mass of the blade. The equation of motion of the kth blade can then
be written

ék + 2KQ5Ek +K292{.k = - Mbrg .yCOS(,U k/|

= — (y/l,) cos W (9.34)

where disthe damping coefficient, which may include both aerodynamic and artificial
damping, kQ is the natural undamped frequency, and |, = I/M, 1.

The displacement of the centre of gravity of therotor in they direction has already
been found to be

b-1
Yig = (rg/b) Z_ & cos (9.30)

so that the equation of motion of the airframe and chassisis
(M +bMp)y = —bMpyg — (M + bMy)k & Q2y — 26 Q5 (M + bMy)y
b-1
=1gMp 2 & cosy — (M +bMy)k§ Q%y

—2KQ8, (M + Mp)y (9.35)

Fig. 9.21 Inertial force on blade due to fuselage motion
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where & is the damping coefficient of the chassis and k.Q is its undamped natural
frequency, M being the effective mass of the fuselage in the chassis mode.

The periodic terms in egns 9.34 and 9.35 can be removed by using the Coleman
co-ordinates, Appendix A.3. Let

b-1

n=-(2b) kZOEk sing

and

b1
{=—(2b) Z & cosyy

from which we get

b-1 .

b-1 . .
S & snyy = $0(Q0-n); T & cosy = - 1b(Q ~¢)

k=0

b-1 .. ) .
kgo &csinyy = - 3b(n —2Q7 - Q%)

:i; Ecosyy = — 3(( +2Qn - Q%)
Then, multiplying egn 9.34 by sin ¢, and summing over all the blades, we get
A +2Q07 + (k2 — 1)Q%0 — 2Q7 — 2Q%7 =0 (9.36)
Repeating the process with cos Y gives
0+ 20387 + (k2 = 1)Q% +2Qu +2Q%n —Vll, =0 (9.37)

and egn 9.35 can be written
§+ 2005,y + k2Q%y — (=0 (9.38)

where p = 1bM, /(M + bM,) isthe ‘massratio’, i.e. theratio of half the blade mass
to the total mass.

Equations 9.36, 9.37 and 9.38 are three simultaneous differential equations with
constant coefficientsin the variables ), ¢, andy. The solutions of these equations can
be obtained in the same way as the stability equations of Chapter 5 by assuming that

’7=’709M, Z=Zoe/\t: yzyoeAt
Substituting in the equations and expanding the determinant of the co-efficients
leads to a frequency equation of the form
AN +BAS+ CA*+ DA+ EA2+FA+G=0 (9.39)

where the coefficients are functions of the non-dimensional chassis and blade natural
frequencies k.Q and kQ. Unfortunately, the above sextic cannot be solved in general
terms and, even when solved numerically, the many parameters involved make
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interpretation difficult. One method of obtaining useful results is to note that the
regions of instability will be bounded by curves representing undamped (neutral)
oscillations. These can be found by assuming a solution to egn 9.39 in the form
A = iw, where w is real. Inserting this solution into the sextic and equating real
and imaginary parts leads to the equations

AP - Cu +E?-G=0 (9.40)
B —Daw?+F=0 (9.41)
in which A=1

To solve these equations we take a range of values of k., calculate the values of a,
¢, and e (which are functions of k;) and solve the biquadratic equation 9.41 for cw.
These values of w are inserted into the left-hand side of egn 9.40 which is then
plotted against w. The values of wwhich give zero values to the left-hand side of egn
9.40 are solutions of egns 9.40 and 9.41. We therefore have the values of the chassis
frequency at which undamped oscillations occur. Coleman and Feingold*! and Price*?
have presented these boundaries in the form of charts which enable the ranges of
rotor speed, if any, for which the oscillations are unstable to be found.

Although the method described above gives a complete solution to the equations,
it is possible to derive some valuable conclusions by simpler approaches. We shall
describe first an approach given by Mil*3,

Let us suppose that the chassis mode consists of lateral oscillations of amplitude
Yo and frequency p in the form

Y =Y Sin pt (9.42)
Then, according to egn 9.34 the motion of the blade is given by

ék + 2K§25$k +K2Q%, = ?’—0 p? sin pt cosy
b

:%yl_opgn{(p+§2)t+%] +sin[(p—Q)t—%} E (9.43)

Equation 9.43 represents a second order system excited by a pair of simple-
harmonic forcing functions. The solution must therefore be of the form

=&sinf(p+ Qt+ gyl + & sin[(p-Q)t + ] (9.44)

where &, &, Y4, Y, are amplitudes and phase angles which can be determined from
the known response of such systems, Appendix A.4. Now, the blade motion would be
expected to reach large amplitudes if one of the forcing frequencies lies close to the
natural frequency of the lagging motion of the blade. Let us first consider resonance
in the case

kKQ=|p-Q|
The amplitude of the blade oscillations will then be determined almost entirely by

the second of the forcing terms on the right-hand side of egn 9.43 and the response
can be written approximately as
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&= &y cos[(p—Q)t—2mk/b] (9.45)
where
$o=~ y0p2/45KQ(p -Q)

Now, from egn 9.30 the centre of gravity of the blades when the chassis mode
consists of oscillations in the form given by eqn 9.41 is

b-1
Yig =Y+ (rg/b) kgo &, cos (Qt + 2mk/b)
Substituting for &, from egn 9.45 and expressing the products of the cosine terms
as sums gives
b-1
Yig =Y + (rgéo/2b) k§0 [cospt + cos{(2Q — p)t + 47k/b}]
From an analysis similar to that of Appendix A.3, we can easily show that
b-1
go cos[(2Q — p)t + 47k/b] =0
so that

Yig = 3Tgé0 COSpt

The inertia force P;, acting on the chassis due to the oscillating centre of gravity
of the blades is given by

Pin = - beyrg

_ bMy Yo p4rg
801,kQ(p — Q)
and from egn 9.35 the equation of motion of the chassisis

(M + bMy)y + 20,k Q(M + bM,)y + (M + bM,, )k 2Q?

= —bM,y cos pt

_ beyO p4rg
T 8a,kQ(p-Q) cospt
or

Hyop*rg

y y + KEQPYy = — o —
Y+ 200Ky * KeQY = — g5 o (p - 0)

cos pt

But the solution to this equation must correspond to the motion assumed originaly,
egn 9.41 and this requires that

p = Kk.Q
and

_ UK E ly
00, = K(A-KJ) DE (9.46)
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remembering also that
KQ=|k.—1]|Q

From these three relationshipsthe critical rotor speed may be calculated. To ensure
that the oscillations at resonance will be no worse than neutrally damped, the product
of the dampings of the chassis and of the blade should satisfy the relationship egn 9.46.

If we now consider the other possible resonant state represented by

KQ=|p+Q]|

we find that the above formulae remain the same but that Q is everywhere replaced
by —Q. Then, according to egn 9.46 it appears that for undamped oscillations 44,
would have to be negative, i.e. that either d and d, would have to be negative. Since
this is impossible, we conclude that ground resonance does not occur for Kk Q =
lp+Q|

Referring to eqn 9.46 again, and since 4. cannot be negative, undamped vibrations
can only occur if Q > p. In Figs 9.19 and 9.20 this is satisfied only by point C, i.e.
the intersection of the branch of negative (regressive) values of k — 1 with the chassis
frequency.

An interesting method of simplifying the ground resonance problem has been
given by Done'*. In this method, details of which can be found in the original paper,
it has been assumed that, by a suitable choice of co-ordinates, the higher frequency
(progressive) mode branching from the point A in Fig. 9.20 can be neglected, so that
the simplified equations relate only to the chassis mode and to the lower frequency
rotor mode.

By means of this approximation and using egns 9.36 to 9.38 Done arrives at a
characteristic quartic equation of the form

(A% + 26,00 + K 207)A 2 + B @ + (@ - 1)2] + HEZT) s
2r

+ % OckeQ2A% =0 (9.47)
where I isthe blade rotating lag frequency in the absence of Coriolisforce coupling.
Theroots A = A, 1A, Where A, = K, of eqn 9.47 can be plotted as shown in
Fig. 9.22. The lower diagram, showing the imaginary parts of the roots, corresponds
to the diagram of Fig. 9.20 but with the degrees of freedom coupled. As can be seen
the effect of coupling is to modify the shape of the diagram in the neighbourhood of
the (uncoupled) crossing points. If unstable oscillations occur, the branches fail to
meet at C since real roots occur in this region, asis shown by the small loop in the
Are diagram. The extent of the instability is indicated by the size of the gap between
the branches.
The amount of damping required which just gives harmonic oscillations can be
found by substituting A = + ik.Q = £ i(Q — ') into egn 9.47. Done shows that this
leads to

00, = UKZ/I8k(1 —K.)
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Fig. 9.22 Effect of coupling on fuselage and whirling frequencies

asgiven beforein egn 9.45 except that, sincein Done' sanalysisthe bladeis represented
by a point mass, the value of ry/ly is equal to unity.

The damping requirement to suppress ground resonance is strongly influenced by
the lag mode frequency.

Figure 9.23 indicates the variation of the damping requirement for a range of lag
mode frequencies. The closer the lag mode frequency is to 1Q, the smaller the
amount of damping that is required to ensure stability.

As previously indicated, ground resonance is completely eliminated if the blade
lag frequency isgreater than 1Q. A rotor with this characteristic istermed ‘ supercritical’.
This solution is found in the two-bladed teetering rotor and the Lockheed gyro-
controlled multi-blade ‘rigid rotor* design.

However, unless the lag mode frequency is sufficiently greater than 1Q, e.g. 1.5Q,
there may be fatigue strength problems due to high amplification of thefirst harmonic
air and Coriolis loads. Flap-ag instability is also a possibility for a rotor with a
‘supercritical’ lag frequency, as described in section 9.7.

A significant point to note when designing for, and demonstrating in practice,
freedom from ground resonance is that the full available range of rotor lift must be
considered. Thisis because chassis geometry, oleo stiffness, tyre stiffness, and damping
rates are al functions of the reaction at the ground contact position. The non-linear
effects of oleo stiffness are very significant, and due to oleo *sticking’ when the load
becomes less than the ‘break-out’ load in the high lift condition, the oleo cannot
dissipate any energy. Hence, apart from the effects of stiffness change, the only
significant contribution to chassis mode damping in this condition is provided by the
hysteresis effects of the tyres.

Also to be considered are the full range of tyre pressures (deflated to overinflated),
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Fig. 9.23 Damping requirement as a function of lag mode frequency

tie-down situation and wheel orientation (particularly relevant to Naval helicopters),
wheel brake situation, and surface contact conditions.

Thevarious defined loading states of the helicopter will aso have to be considered,
since these will influence the chassis mode frequencies and shapes, e.g. the roll/
lateral mode frequency will be reduced by the presence of external stores.

Viscous damping in both the airframe and rotor is normally assumed in the
analysis, and once stability boundaries have been established, a conversion to the
particular form of damping employed in the rotor can be made. For example, a
common design of blade hydraulic damper utilises a very high rate of V2 damping
followed by a constant force cut-off. The conversion of the viscous damping
requirement to another form of damping is based on equating the energy dissipation
per cycle of oscillation. This leads to the concept of an allowable blade ‘swing
angle’ in the ground resonance mode, above which the motion of the helicopter will
be divergent. Disturbances of the helicopter producing blade ‘swing angles’ below
this value will subside.

Thissituation impliesthat it is necessary to know the levels of hub accelerationin
the plane of the rotor which will be experienced in service, and which may force the
blades to oscillate in the ground resonance mode.

In order to ensure stability over the full range of the many variables involved, it
has become the practice to define a chassis mode case (which may be realistic or
artificial) that will lead to the worst possible instability.

It can be shown that more bladelag damping isrequired asthe chassis mode frequency
increases (provided that the frequency coalescence still occurs below the maximum
possible rotor speed). Thus an assumption is often made in the design stage that the
frequency coalescence occurs at the maximum operating rotor speed, and sufficient
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damping is then provided to ensure stability in this worst case. Thus, freedom from
ground resonance will be established for the full range of operating conditions.

9.10 Air resonance

In Chapter 5, the dynamic stability of the helicopter was discussed on the assumption
that the motion was ‘quasi-steady’, i.e. the acceleration of the helicopter could be
ignored and the response of the rotor depended only in the instantaneous transl ational
and angular velocities of the helicopter. As we shall see, in making this assumption
acertain mode of motion is suppressed which is of little significance as a conventional
stability mode, but may, in the case of hingelessrotors, couplewith the blade ‘ regressive’
lag modeto produce aninstability inflight whichis closely related to ground resonance.

For such rotor systems, the regressive cyclic flapping mode can couple with the
fuselage roll and pitch motions to produce ‘ slow gyroscopic’ modes (sometimes also
referred to as ‘ pendulum’ modes) of the helicopter at frequencies which are close to
the ‘regressive’ lag mode frequency at normal operating rotor speed.

L et us suppose that the hingel ess helicopter is pitching and rolling with afrequency
high enough to prevent significant trandational velocities. Aswe shall be concerned only
with the first flapping mode, let the displacement of a point of the blade be given by

Z=RS|(X) B(¥)
where we write B (1) as the azimuth co-ordinate of the blade by analogy with the

flapping angle S of therigid blade, asin section 7.5. The mode response equation is,
by egn 7.86.

d’B .7 1
+AB = X) dx
dy? Ch Q2 sz(l) ax o S0
where A1Q is the flapping frequency and S;(x) is the first mode bending shape.
For pitching and rolling motion only, the blade loading 0F/0x can easily be shown
to be
a_F = = 2p3 D @ A o ~ D
ax 5PacQ“R B_XSldl,U +Xxpsny + xqcosq/E
dp
dy
Thefirst bracket represents the change of aerodynamic incidence dueto the angular
motion and flapping; the second and third brackets denote the gyroscopic and angul ar
acceleration inertiaforces. The flapping equation of the kth blade can then be written

d? By V2E1 dpy
dwz 2 dy

+2mQ2R? (xp cos i — xg sin ) + mQ?R? Sln(/J+X coswg

+ A2By = 22 (Rpsin g + Ry cos )

%pcosw 2qsin g+ dw smt//+ coswg (9.48)
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where E;, F4, 1 and y, have been defined in section 7.5.
We now define the Coleman co-ordinates of flapping motion by

_ b-1 _
a=-23 Pocosp: Bi=-2 3 Bosiny (9.49)

Then, adopting the same procedure asfor the lagging equations, the result of summing
egn 9.48 over al the blades leads to

ar+va, + (A2 —1)a + 2B, + Vb, = — yZFl g % Z@ (9.50)

by'+ Ub] + (A2 — 1)b, — 2a1—va1_—V2—F1‘ ﬁ% dg@ (9.51)

where v = y,E;/2, F = y,/ y;, and the dashes denote differentiation with respect

to (.
From egn 7.106 of Chapter 7, the moment exerted on the hub by the flapping
deflection of the kth blade is

My = (A2 — 1)Q2R3B, Il mxS; (x) dx
0

Resolving about the rolling and pitching axes and summing over all the blades
gives for the rolling and pitching moments

L = bpacQ?R*(AZ — 1)b, /2y,
M = bpacQ?R*(A? — )& /2y,

Including the thrust moment, the rolling and pitching equations of the helicopter
are

dp _ bpacQ?R*(A7 - 1) — _
& s b, + Thb, (9.52)

dg _ bpacQ?R*(A2 — 1) _
B = 5y + Tha, (9.53)

Non-dimensionalising egns 9.52 and 9.53 by dividing by psAQ?R3 gives

dp _a(AZ-1) -

th -
dg = 2uFiay, b1+iAH* o (959
F 2
& Al )y, Lh g (9.55)

dg = 2pFigy; 'BH*

where u*, i, and ig are the mass parameter and inertia coefficients defined in
Chapter 5.
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Therolling and pitching motions when the blade flapping acceleration isincluded
are represented by the four equations

a'+va, +xa, +2b, + Vb, + 2Fp + Ed—2+Kd:0 (9.56)
—2a] — vay + by + vb} + b, +F d5+Kp—2Ifd=0 (9.57)
cEo_dp
Kaby ~ g7 = (9.58)
Ksay —3—2 =0 (9.59)
where
c _anE-1 K - aAz-1)
ST H*'A 21¥igys IJ*'B

K=y.R/2, X=A7 -
The usual form for the solution, p = p, €’ ... etc., leads to a sextic characteristic
eguation
AN +BAS+ CA*+ DA*+EA2+FA+G=0
where

1
2v
=4+2x+ U2 +F(kat kg)
202+ X) + (ka+ kg) (K+ FV)
E=X?+V%+ (kat+ kg) [F(4+X) +KU] +Kknkg F?
F=(kat+ kg) (XK + 2FV) + 2FKkukg
G = kukg (K2 + 4F2)
Taking as typical values

UOUUJ>

V=0836, x=0245 F =1.08, K =1.146

k, = 0.102, kg = 0.0204,
the roots of the sextic are found to be
A1 =—0.408 * 2.03i
Az4=—0.215 + 0.246
A5 =—0.356, Ag=-0.07

If the complex roots are substituted back into the equations of motion and the
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ratios of the variables are examined, aswas done in Chapter 5, it isfound that the first
complex pair corresponds to atilt of the rotor disc whose axis moves in the same
direction as the rotor with a frequency just over twice that of the rotor; the second
pair of roots corresponds to arotor tilt which is a retrograde, or backward, motion,
with a frequency about a quarter that of the rotor. It is this latter mode of motion
whose frequency is likely to lie close to the lagging frequency of the blade.

Let us suppose that the shaft is fixed, i.e. that the pitching and rolling motion is
now absent. This assumption can be expressed mathematically by making k, and kg
infinitely large. The sextic is found to degenerate into a quartic which, with the other
constants having the same values as before, has the roots

AL =—0.42 + 2,03
A3 = —0.42 + 0.21]

It can be seen that the fast, forward, motion is hardly affected by constraining the
angular motion of the fuselage and that only the damping of the slow, backward,
mode is changed significantly. It can easily be shown®® that the motion described
above is exactly the same as that of a damped spring-restrained gyroscope whose
polar moment of inertiais the same as that of the rotor, and the spring stiffnessis the
same as the hub moment due to the rotor tilt.

The motion of the helicopter consists, therefore, of afast rotor precession, which
is practically independent of the motion of the fuselage, and a slow precession in
which the fuselage motion, mainly rolling, has some influence on the damping and
frequency. Because the fuselage moves considerably in this latter mode, and appears
to rock under the rotor, it is often referred to as the ‘ pendulum’ mode, but thisis an
incorrect description since, as we have seen, the mode is still present even when the
fuselage isfixed. The‘slow gyroscopic mode’ is suggested as a more apt description.

The two real roots of the sextic correspond to the damping in pitch and roll, as
aready discussed in Chapter 5.

We now have to investigate the interaction of this blade flapping and fuselage
motion with the lagging motion of the blades. Due to the rolling and pitching of the
fuselage, the associated acceleration of the hub contributesinertiatermsto the lagging
eguations as in the case of ground resonance. However, blade flapping also occursin
this motion, and the corresponding Coriolis inertiaterms must be included. Also, the
inertia of the lagging blades causes further pitching and rolling moments on the
helicopter.

The Coriolis terms due to blade flapping are proportional to 8 dB/dy , which, for
small perturbations, can belinearised to a, dB/dy , &, being assumed constant at the
valuefor steady hovering flight. There is also alagwise aerodynamic force due to the
change of direction of thelocal flow when the blade flaps, and thisisclearly proportional
to the local induced velocity and to the flapping rate dB/dy. Thus, both the coning

angle and the induced velocity are parameters of the motion.
If the co-ordinate of a point of the lagging blade is expressed as

Y =RTy (x) &(¢)
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the following non-dimensional quantities may be defined®, as

- mS, T, (dS;/dx)dx
H:ng_R mT (x)dx; J = IO !
W 2
J’O mT,* dx
_ B _ J’l mT; dx
L =23,J; H= 10—
] mT2 dx
0

and in addition to egns 9.50 and 9.51 we have the roll, pitch, and lagging equations
in the form

dp
hH g+ Kby - dfﬂ’ = (9.60)
hl:| -
7"+ 250 + (k2 -1 +27 +2n +La —Lb, — Ah c?l'z = (9.62)
n"+20n +k?-1n-20' -2 +La, + Lb; + Hh :ll/ 0 (9.63)

The derivation of these equations is given in Bramwell’s paper'®. As can be seen,
we now have six second order differential equations which lead to a polynomial
characteristic equation of the tenth degree when the usual method of solution is
adopted. Lytwyn et al.*® have considered amathematical model with eighteen degrees
of freedom which includesflexibility of the fuselage and of the feathering mechanism.
The problem is too complicated for simple results to be obtained as was found
possible with ground resonance. Numerical methods have to be used for calculating
the roots of the equations for ranges of values of the parameters occurring in a
particular case.

The results of such calculations, though, have been rather inconsistent. There
appears to be no ‘resonance’ of the kind occurring in the ground resonance problem,
i.e. there is no sudden deterioration of damping near the coincidence of blade lagging
and fuselage rolling mode frequencies. There may be an unstable lagging motiont’
when only the natural air damping (about 2 per cent of critical) and structural damping
are present, and this instability remains fairly constant over a wide range of rotor
speeds. This may be due to the fact that the flap damping is very high, which would
tend to ‘flatten out’ the response curve so that resonance is not apparent. Increasing
the lag damping to about 5 per cent of critical seems to place this mode in the stable
region. Typical roots from such calculations for the case of 2 per cent damping are

A1, =+ 0.008 + 0.37i (slow)
A3a=-003+17  (fast)

the unit of time being that corresponding to one radian of rotor revolution.
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Fig. 9.24 Real part of slow lag mode root, 2 per cent critical lag damping

Figure 9.24 indicates the real part of the slow lag mode root as a function of rotor
speed for arange of values of fundamental lag mode frequency and 2 per cent critical
lag damping.

Since the lag natural frequency for semi-rigid and hingeless rotor systems is
typically greater than 0.6Q, it is seen that stability is ensured for values of rotor speed
throughout the normal range and well beyond.

Because the fuselage ‘stiffness’ term arises from blade flapping, which is
aerodynamically heavily damped, the effective damping in the ‘slow gyroscopic’
modesishigh. However, we have noted that the important parameter in the suppression
of ground resonance isthe product of the blade lag mode and chassis mode dampings.
Indeed, analysis shows that with high fuselage damping and low lag damping the
width of the unstable region is large'’.

Thus, the possibility of air resonance remains if the lag damping is very low. On
the other hand, analysis shows that the amount of lag damping required to suppress
the instability is quite small. Consequently air resonance will only be a potential
problem for rotors with relatively high flap stiffness and low lag damping, a possible
combination for both semi-rigid and hingeless rotor systems.

However, the amount of lag damping required ismuch lessthan istypically required
to suppress ground resonance. Therefore, a helicopter which is stable under the
conditions most likely to give rise to ground resonance is unlikely to be subject to an
air resonance problem.

Reference 19 provides useful additional information on aspects of air resonance.
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Appendices

A.1 Euler's equations

A.1.1 Angular momentum and the equations of angular motion

We define the relative angular momentum, h, of a system of particles comprising a
body by

h=3rx(mv,) (A.1.1)

where r is the position vector of a particle of mass mand v,q is the velocity of the
particle relative to the origin, which may be that of a moving frame. The summation
is taken over all the particles of the system. Then

dh/dt = 3 (dr/dt) x (mv,g) + ST % (Mdo,o/d) (A.12)

Now, if v isthe absolute velocity of the particle and v the velocity of the origin
of the moving frame,

Uig =dr/dt =v — vy

and dv,g/dt = dv/dt — dvy/dt

Since

(dr/dt) x v,y = (dr/dt) x (dr/dt)
the first term of egn A.1.2 is zero; therefore,
dh/dt = Y r x (mdo/dt) — 3r x (mdv/dt)
But mdv/dt = F, where F is the resultant external force acting on the particle.
Hence
Srx (mdo/dt) =>rxF=T

where T is the moment of the external forces about the origin.
Also, since dvy/dt is constant over the system of particles,
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21 x (mdvg/dt) = Mrg x g

since Y mr is the mass moment of the system relative to the origin, M being the total
system mass, 1 the position vector of the centre of gravity of the system, and a, the
acceleration of the origin of the moving frame. Thus, finally,

dh/dt =T —Mrg x g9 (A.13)

We can obtain an alternative formula by defining the absolute angular momentum
by
H=>r x (mo) (A.1.9)

where, as above, v is the absolute velocity of the particle. By an argument similar to
that above we obtain the equation

dH/dt =T —vg X Moy (A.1.5)

where v is the velocity of the centre of gravity of the system of particles.

We now expand the general vector egns A.1.3 and A.1.5 in terms of components
measured in the chosen frame of reference.

From the defining equations A.1.1 and A.1.2 we find that

H=h+3rxmwg=h+ Mrgxuv,

For subsequent applications we shall choose axes which are fixed in the body, as
itisclearly convenient that theinertial properties of the body should remain constant
with time. We can then write for the particle velocity v,

v, = Xxr
where ) is the angular velocity of the body and axes, so that, from egn A.1.1
h=3rx(mQ xr)
=5mO(r -r) = >mr(Q-r) (A.1.6)
Now let us write
r=x+yj+zk
Q=wi+ wj+ wk
where, j, k are a set of orthogonal unit vectors fixed in the body. If we also write
h =hi + hyj + hgk
we find on expanding egn A.1.6 that the the components of angular momentum are
given by
hy =Aw;, —Fw, —Ewy 0O
h, =Bw, —Dw; — F cq% (A.1.7)
hy = Cw; — Ewy — D
where A, B, C, D, E, F are the moments and products of inertia defined by
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A=Smy’+27), B=Ymx¥+2), C=3Im(+y?

D = ymyz, E=Ymxz F=2>mxy
The relations given by egn 1.12 can be expressed conveniently in matrix form as

thhO OA -F —-E0OOw 0O

dep=gF B -Dgpop
MG BE -D CHEnE

where the square matrix is sometimes referred to as the inertia tensor.

The inertia tensor can be regarded as an operator which transforms the angular
velocity vector into the angular-momentum vector.

It is always possible to choose axes through any point in the body such that the
products of inertiaD, E, F vanish. These axes are called principal axes, in which case

h = Awii + Bay | + Cawik (A.1.8)
If the origin of the axesis a fixed point or the centre of gravity, we find that
dh/dt =dH/dt =T (A.1.9)

since, in both cases, ry x ag = 0 and either vy = 0 or vy = vy S0 that vy X vy = 0.
Since, in general, the axes will be moving
dh/dt = gh/ct + Q x h (A.1.10)

and taking the special case of rotation about a fixed point and referring the motion to
principal axes, egnsA.1.8, A.1.9 and A.1.10 give

Aw, —(B-C)w, wy =L (A.1.11)
Bw, —(C-A)wswg =M (A.1.12)
Cw; —(A-B)ww =N (A.1.13)

where L, M, N are the components of the torque T.
Equations A.1.11, A.1.12 and A.1.13 are known as Euler’s dynamical equations
and can easily be remembered from their cyclic form.

A.1.2. Euler's equations for a rigid blade

In dealing with blade motion, however, we often wish to regard the blade as a rigid
body moving about a hinge system which is offset from the rotor axis. To simplify
matters we can assume that the hinge system is effectively concentrated at a point.
Thus, the blade moves about a point which is not fixed, Fig. A.1.1, and Euler's
eguations no longer apply.

On the other hand, it would be inconvenient to take the centre of gravity as origin
for, in calculating the torque, we would have to consider the unknown reactions at the
hinge. We can, however, extend Euler’s equations by making use of eqn A.1.3. Let us
write the position vector of the c.g. relative to the hinge as
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Fig. A.1.1 Blade pivot point

Fg = Xgl +Yg] + 75k
and the absolute acceleration of the hinge as
a=ad +aj+ak
Then the term ry X @y in eqn A.1.3 becomes
Fg X 8= (Yo, — Zg@y)i + (Zgax — %@ + (Xgay — Yg@dK
and, taking principal axes as before, egn A.1.3 can be expanded to give

Aw; — (B - C)wpws — Mp(yga, — Za,) = L (A.1.14)
Bw;, — (C — A)wswy — My(Zgax — Xgay) = M (A.1.15)
Cwsz — (A—B)ww, — Mp(Xgay — Ygad = N (A.1.16)

in which My, is the blade mass. Equations A.1.14, A.1.15 and A.1.16 are referred to
as the ‘extended’ Euler equations. Actually, the centre of gravity of the blade can be
considered to lie practically on thei axis, so that we can writery = xgi and the above
eguations can be simplified to

Aw; —(B-C)ww; =L (A.1.17)
Bw; — (C— A)wsw; + MpXga, = M (A.1.18)
Cws;— (A= B)ww, — MpXgay, =N (A.1.19)

If the hinge offset distance is eR and the rotor shaft rotates with angular velocity
Q, then a, is clearly of magnitude Q%R and is directed from the hinge to the shaft
axis.

A.2 The stability equations

Thetheory of Appendix A.1 can be applied to obtain the stability equationswhich are
discussed in detail in Chapter 5. We take an orthogonal set of axes, fixed in the
helicopter and whose origin is located at the helicopter’s centre of gravity. It can be
supposed, asisusual with the fixed wing aircraft, that the helicopter has alongitudinal
plane of symmetry, although this is rather less true of the single rotor helicopter
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because of its tailrotor. The axes will be chosen so that the x and z directions lie in
the longitudinal plane with the y axis pointing to starboard, Fig. A.1.2.
The equations of motion of the helicopter, treating it as arigid body, are

F = mdv/dt (A.2.2)
and T = dh/dt (A.2.2)

where F is the resultant external force on the helicopter and mits mass, and T is the
moment of this force.

We shall suppose that in trimmed flight thereisno sideslip, so that the initial flight
velocity components along the x, y, z axes are U, 0, W. During disturbed flight the
increments of velocity will be denoted by u, v, w, so that the velocity vector v can be
written as

v = (U + U)i +0j + (W+ wk (A.2.3)

It will be supposed that the disturbance velocity components are small compared
with the steady components U and W. In trimmed flight the angular velocity of the
helicopter can be written as

Q =pi+q+rk (A.2.4)

Then if X, Y, Z are the components of the force F, the force equations, from egn
A.21 are

mlu + qW+w) —or] =X (A.2.5)
Mo +r(U +u) — p(W+w)] =Y (A.2.6)
mw+pv—-qU+u]=2 (A.2.7)

The angular momentum equation (egn A.2.2) can be written
T=0oh/ot+ Q xh (A.2.8)

Fig. A.1.2 Axis system for the helicopter
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and the components of momentum are, from egn A.1.7,
h, = Ap—Fq—Er
h, = Bg—-Dr —Fp
h; = Cr —Ep—-Dq
With T = Li + Mj + Nk, the expansion of egn A.2.8 gives
Ap-B-C)r +D(r>—q?) —E(pq+ r)+F(pr—q) =L  (A.2.9)
Bg—(C—Arp+E@pP —r®)—F(r+ p)+D@-Ff)=M (A.2.10)
Cr —(A-B)pq+ F(?—p?) —D(rp+ q) + E(rq— p) =N (A.2.11)

The two sets of equations A.2.5 to A.2.7 and A.2.9 to A.2.11 can be simplified
considerably by assuming that the disturbance vel ocity and angular velocity components
are so small that squares and products of them can be neglected. Further, if we
assume that the helicopter has a plane of symmetry, the products of inertia D and F
both vanish.

Then the force and moment equations simplify to

mu+ gW = X (A.2.12)
mo+rd —pwW=yY (A.2.13)
mwv —qu =Z (A.2.14)
and Ap—Ef =L (A.2.15)
By =M (A.2.16)
Cr—Ep=N (A.2.17)

In particular, if ‘wind axes are chosen, i.e. if the x axis is initially taken to lie
parallel to the flight direction, then W = 0 and the terms containing W vanish in egns
A.212 and A.2.13.

A.3 Multiblade summations

In some helicopter problemsit is necessary to calculate the total force or moment on
the helicopter by adding the contributions of the individual blades. In steady motion
these blade contributions are periodic, and atypical term for a given blade would be
A, cos ny. If there are b equally spaced blades, the contribution of the neighbouring
blades will be A, cos n (i £ 277b) and the total effect of all the blades is therefore

A, cosny + A, cosn(y + 2mb) + ... + A, cos n[y + 2m(b — 1)/b]

b-1
=A, k§0 cosn(y + 27k/b)
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b-1

Let C= k§0 cosn(y + 27k/b)
b-1

and S:kgosin n(yw + 27k/b)

so that

b—1
C+iS= Z gin(+21kib) — giny z g2kl

The terms in the summation are a geometric series, and we easily find that

einl// (GZmi _ 1)

C+iS= e2mib _ 1

If nisnot an integer, C + iScan be written

eim// einrr (einr[ _ e—in rr)

C+iS= ginb (ginnib _ g-iniib )
_snmm O b-1 0 .. 0o, b-1
—m[posngu B NE+|S|nn E{/}*‘Tr%
giving
__sinm b 1
C= Sn (7m/b) cosna,u (A.3.2)
and
__Snm b 1 D
S= sn(nn/b)smn%u (A.3.2)

If nisan integer but not a multiple of the number of blades b, we see that C +
iS=0. If nisamultiple of b

C+iS=0/0
By L’ Hospital’s theorem,
iy 0d(e*™ —1)/dn O

C+iS=e F
(GZmllb l)/dna multiple of b
_be" [2mi e2™ ]
- 27T e2rmi/b

=he

giving
C=bcosnyg and S=bsnny (A.3.3)
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Thus

__Snm b 1.0 o _
= Sn(mib) cosngu 7 if nisnot aninteger

=0, if nisnot amultiple of b
= b cos ny, if nisamultiple of b

= _3nm b1 g, .
sm(nn/b)s'nna’u if nisnot an integer

=0, if nisnot amultiple of b
=bsinny, if nisamultiple of b

The Coleman co-ordinates
In ground and air resonance problems (Chapter 9) there are equations of the form

X, + 2Qkx, + Q?x, = p(t) sin @ + q(t) cos Yy + ... (A.3.9)

where p(t) and q(t) are functions of time.

The equation can be taken to represent a variable quantity x, which is measured
with respect to the rotating kth blade. We wish to find the total effect of all the blades.
To do this we define new co-ordinates u and v, say, such that

b-1
— (2/b) kgo Xk COS (A.3.5)
b-1
UV =— (2/b) k§0 Xk sin wk (A36)

where, asin the previous section, y, takesthevalues , ¢+ 2mb, ..., + 2r(b -1)/b.
Differentiating eqns A.3.5 and A.3.6, we easily find, remembering dy/dt = Q

b-1 b-1
Z X Sin W, =b(Qu —v)/2; Z Xk COS Y, = —b(Qu + u)/2

b-1
k§0 kk sin ll/k = - b(U - ZQU - QZU)/Z

b-1
k§0 Xy COS Wy, = — b(U + 2Qu — Q?u)/2

Also, we can show that

Z sin? gy = Z cos? Yy = b2

b-1
and kgosin Wcosy, =0
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Then, multiplying egn A.3.4 by cos ¢, summing over the blades, and using the
above relationships, we get

U+ 2Qku + 2Qu + 2Q%kv = — q(t)
Similarly, performing the same procedure with sin ¢,
v+ 2Qkv — 2QU — 2Q%ku = — p(t)

The transformations represented by egns A.3.5 and A.3.6, called the Coleman
transformations, have removed the periodic terms from egn A.3.4. They effectively
resolve a rotating quantity into components along axes fixed in the helicopter body.

A.4 The frequency response of a second order system

It has been seen that the rotor blade, whether supposed rigid or flexible, can be
treated as a spring—mass—dashpot, or second order, system when the blade displacement
from equilibrium is small. Further, in steady flight, the loads forcing the blade are
periodic and can be expressed in the form of a Fourier series. The blade motion can
therefore be derived from the response of a second order system to a harmonic
forcing function and it is useful to present the main results in this Appendix.

The differential equation of the motion can be represented typically as

mX + cX + kx = Fy cos t (A41

where m is the mass of the system, c is the viscous damping coefficient, k is the
spring stiffness, and F is the amplitude of the applied force.

When Fy = 0 we have the case of free motion; when the damping is zero the free
motion is sinusoidal with natural angular frequency w, given by w, = v(k/m).

Let us write the critical damping coefficient (just suppresses oscillatory motion)
Carit = 2 V(k/m) = 2k/wy, and define a non-dimensional damping factor ¢ by ¢ = c/cgit.
The equation of motion, eqn A.4.1, can then be written

X + 2{w, X + wix = (Fy/m) cos at

The solution of this equation is known to be

X = Xg COS (wt — &) (A.4.2)
where Xo = Fol V[(k — ma?)? + c®af]
and £ = tan* [cal(k — mad)]

Defining a frequency ratio @ by @ = w/w,, X, and € can be written
Xo = Fol[k V{(1 = @?)? + 4° 0?%}] (A.4.3)
and
£=tan [20QI(1 — &?)]
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Now Fy/kisthe static deflection, i.e. the displacement of the system under a steady
load Fj. Denoting this deflection by x4 we can represent the amplitude x, of the
oscillating displacement as the static deflection multiplied by a magnification factor
H, where

I = Xg/*g = INV[(1 — @?)? + 4?07 (A.4.4)

Thus the response of the system can be completely expressed by the quantities
and ¢ as functions of the frequency ratio @ and the damping ratio ¢, these quantities
being shown plotted in Figs A.4.1 and A.4.2.

It can be seen from the solution of eqn A.4.2 that the response frequency is always

0.5 10 _ 15 2.0 2.5
w

Fig. A.4.1 Amplitude of second order system to harmonic forcing function

180°
135°
€ 90°

45°

Fig. A.4.2 Phase relationship between response of second order system and forcing function
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the same as the forcing frequency. When @ = 1, i.e. when w= w,, the system is said
to beforced at its resonant frequency. It might be thought that the response amplitude
is greatest at this frequency, but examination of Fig. A.4.1 shows that the maximum
amplitude occurs at rather less than the resonant frequency. In fact, the aerodynamic
damping factor of aflapping blade is typically of the order { = 0.4, from which we
see that the maximum amplitude occurs at @ = 0.85. However, at resonance the
phase angle is aways 90° however great the damping.
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Absorbers, see vibration
Actuator disc, 34, 37
Aeroelastic behaviour:
main rotor
blade weaving, 332
flap-lag instability, 335
pitch-flap flutter, 324
pitch-lag instability, 320
stall flutter, 329
tail rotor
flap-lag instability, 335
pitch-flap-lag instability, 341
pitch-flap (umbrella mode) instability,
334
Aerofoil characteristics:
in forward flight, 221-232
effect of Mach number, 222
oscillating at low incidence, 204-212
oscillating at high incidence, 225-232
Aeromechanical behaviour:
air resonance, 352
ground resonance, 342
Air resonance, 352
Angular momentum, 360
Attitude of helicopter:
lateral, 30
longitudinal, 28, 116
Autorotation, 132
Autostabilization, 175-179

Bell stabilising bar, 176
Bending of blades, 238-289
calculation of modes and frequencies, 242
finite-element method, 253
Galerkin method, 249
Lagrange’s equations, 243
Myklestad method, 251

Rayleigh—-Ritz method, 246
Southwell formula, 248
flapwise bending modes and frequencies,
238
intermodal coupling, 262
lagwise bending modes and frequencies,
257

forced response equation, 269

torsional modes and frequencies, 260
Biot—Savart law, 198
Blade deflections measured in flight, 276
Blade element theory:

forward flight, 92

vertical flight, 46
Blades, bending, see bending of blades
Blades, dynamic design, 294
Blade—vortex interactions (BVI), 219-221
Boundary layer on rotating blade:

forward flight, 235

hovering flight, 233

Circulation:

effect of finite number of blades,

62

Coleman co-ordinates, 367
Coleman et al:

ground resonance, 342

induced velocity distribution, 79
Coning angle, equation for, 107
Control derivatives, 180-183
Control response, 180-192

to cyclic pitch, 185

to vertical gusts, 190

to lateral cyclic pitch, 188

to longitudinal cyclic pitch, 183
Cyclic pitch:

helicopter response to, 183
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Cyclic pitch (continued)
lateral cyclic pitch to trim, 30
longitudinal cyclic pitch to trim, 28

Damping in pitch and roll, 139
Downwash velocity:
forward flight, 77
hovering flight, 39
Dynamic stability, 137-195
equations, 363
lateral, 166175
longitudinal, 140-166

Eigenvalues and eigenvectors of flapping
blade, 241
Euler's equations, 362
extended equations, 363

Feathering:
equation of motion, 10
torsional vibrations, 260
Figure of merit, 55
Flapping:
coefficients, 106
in terms of disc axes, 108
equation, 7
forward flight, 105
at high p, 105
in hovering flight, 10
response to pitching and rolling, 15
Flutter, 324
stall, 329
Free wake model 74, 216
Fuselage drag, 130
variation with weight, 130

Goldstein circulation factors, 63
Goldstein-Lock theory, 59
Ground effect, 57

Ground resonance, 342

H-force:
definition, 27
forward flight, 98
Hingeless rotor:
basic features, 277
hub moment, 279
effect on stability, 165, 174, 189

Hovering flight:
actuator disc theory, 34
blade element theory, 46
figure of merit, 55
induced velocity in, 39
inflow angle, 52
optimum rotor, 54
performance in, 50

Induced power:
forward flight, 90
hovering flight, 40
Induced velocity:
flight and wind tunnel tests, 84
forward flight, 77
hovering flight, 39
vertical climb and descent, 43
Inflow angle:
forward flight, 95
vertical flight, 52
In-plane motion:
equation of motion for, 9
effect of drag hinge distance on, 9
geometric interpretation, 19

Lagging:
equation of motion, 9
motion due to flapping, 19
Lateral trim equations, 30
solution of, 125
Lift coefficient:
contours of, 228
in terms of thrust coefficient, 49
Longitudinal trim equations, 28, 116
solution of, 1, 117-123
stability, 140

Mangler and Squire induced velocity
distribution, 81
Manoeuvrability, 186
pull-up manoeuvre, 194
Multiblade summations, 365

Offset hinges:
effect on flapping frequency, 7
effect on lag frequency, 9
moment due to, 25

Optimum rotor, 54
figure of merit, 55



Orthogonal property of norma modes, 267
Performance:
autorotation, 132
calculation of, 128
forward flight, 127-136
hovering flight, 51
Power calculations:
forward flight, 128
hovering flight, 51
induced power, 51
Prandtl wake theory, 60
Prescribed wake model, 69, 202

Response to vertical, gust, 190
Reverse flow area, 106
Rotating frame of reference:

angular momentum in, 360
Rotor:

axes systems, 26

forces and moments, 21

hinge system, 1

response to pitching and rolling, 15
Rotor wake, see vortex wake

Second order system, frequency response, 368
Solidity, definition, 48, 55
Stability characteristics:
forward flight, 163, 173
effect of hingeless rotor on, 165
hovering flight, 160, 173
effect of tailplane on, 164
Stability derivatives:
lateral, 168-172
longitudinal, 143-147
Stability equations, 363
lateral, 166—168
longitudinal, 140-143
Stall flutter, 329
Stall of oscillating aerofoil, 228
Static stability, 193
Swash plate, 17
Swirl velocity, 44

Tailplane:
effect on control response, 187
effect on dynamic stability, 164
effect on gust response, 190
effect on longitudinal trim, 123
Tailrotor loss in forward flight, 128
Theodorsen’s wake theory, 67
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Thrust:
coefficient:
definition, 48
forward flight, 96
hovering flight, 47
definition, 27
equations:
forward flight, 97
hovering, 48
effect on high incidence on, 225
Tip loss factor, 65
Tip shapes, 223
Tip vortex, 70
Torque coefficient, 50
forward flight, 102
vertical flight, 50
Turbulent wake state, 43

Velocity components at blade, 92-96
Vibration:
active control of vibration, 310-314
active control of structural response
(ACSR), 312
higher harmonic control (HHC), 310
dynamic design of rotor blades, 294
exciting forces, 291
frequencies other than hQ, 314
fuselage response, 301
main rotor gearbox mounting systems, 297
DAVI mounting system, 298
measurement in flight, 316
vibration absorbers, 304
battery, 309
bifilar, 305
Flexispring, 307
pendulum, 307
Vortex ring state, 42
Vortex wake:
forward flight, 196-221
prescribed wake, 202-216
free wake, 216-221
hovering flight, 59-75
rigid wake, 59-69
prescribed wake, 69-74
free wake analysis, 74-75
Vortices
shed, 196
trailing, 196

Weaving, blade, 332
Wind axes, 365
Windmill brake state, 42
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