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It 15 regretied that ounng to lack of space the lecture could not be published
w full and as there was nsufficient time for the lecture fo be rewritten the
Jollowng 1s published as ‘“ EXTRACTS FROM THE TEXT ”

INTRODUCTION BY THE CHAIRMAN

LADIEs AND GENTLEMEN,—A number of you may not know our lecturer of
this afternoon and I am glad to be able to tell you something of his past
experience by way of an introduction

Mr SHAPIRO has had several years of engineering experience and his
first aircraft appointment was in France working on the design of gyroscopic
mstruments, which post was rudely termunated by happerungs in 1940
He came to this country and jomed Power Jets, working on jet propulsion
and then had a further period on aiwrcraft instruments design This was
followed by work on electric assister units for aircraft before he joined the
Cierva Autogiro Company 1n 1943 as Senior Technical Officer

Mr SHAPIRO 15 a Founder Member of our Association, an AFR Ae S
and holds an engineering diploma of the Federal Polytechnic in Zurich

It was mntended that he should tell us something of the problems of
mult1 rotor design, and 1t 15 due to circumstances beyond his control that
the subject had to be changed at a late date and he will now talk instead on
“ Some Aspects of W 9 Development ”

It 15 agamn a pleasure to welcome our guests today on behalf of the
Association

MR J S SHAPIRO

MR CHAIRMAN, LADIES AND GENTLEMEN

I am going to report this afternoon on some experiences with an experi-
mental helicopter Considering the rapid progress in this art, I may call
them early experiences  Some of the conclusions which you will hear to-day
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have been generally accepted, others are controversial, but all must be
judged 1n their context, having regard to time and circumstances

THE TORQUE EQUILIBRIUM OF SINGLE-ROTOR HELICOPTERS AND
THE CONTROL FORCES IN TILTING HUBs

Static Equihbrium of a Helicopter

Figures 1 and 2 show a hovering helicopter and illustrate the principal
forces acting on 1t  The torque reaction, being, together with the hift, the
resultant of all acrodynamic forces acting on the rotor, 1s represented by
the moment vector Qg This vector 1s a free vector and defines direction

and magnitude only and not a line of action It 1s, therefore, depicted along
an arbitrary line normal to the tip path plane of the rotor

For the sake of simplicity 1t could be taken, to start with, that flapping
hinge off-sets are absent, and we are, therefore, entitled to assume that the
resultant rotor thrust goes through the centre of rotation As regards the
precise direction of the thrust vector, we can again make assumptions
1dentical with those relating to the resultant torque vector

Static equilibrium of a hovering single-rotor helicopter, as that of every
free body, requires the fulfilment of six equilibrium conditions expressing
the absence of resultant force and moment components

Most of these conditions are trivial but some deserve mention For
simplicity, minor naccuracies are covered up by the following, somewhat
Ioose, terminology—

As easily seen 1n Figs 1 and 2, rotor thrust balances the weight of the
aircraft  The thrust 1s vertical in the pitching plane (Fig 1), but in the
rolling plane (Fig 2) a lateral thrust component has to balance the tail
thrust F Whulst this tail thrust 1s represented as being generated by a
reaction jet, this 1s by no means an essential feature of the present argument

Moment equilibrrum 1s established as follows Qg 1s the rotor torque
reaction The moment vector Q, representing the couple between tail

force and lateral thrust component, which, agamn, 1s a free vector, 1s shown
along a line intersecting the hine of the moment vector representing torque
reaction, and the direction of the compensating moment 1s at right angles
to the plane defined by the hine joming the rotor centre with the centre of
the tail thrust and by direction of the tail thrust stself

The mam thesis of this chapter 1s a fact of elementary simplicity, but
too often overlooked, that the compensating couple can only fully balance
the rotor torque reaction when their two lines of action are parallel and that,
consequently, 1f an angularity exists between the two lines of action, an
unbalanced moment 1s present which we have termed ¢ residual torque’ and
which may have pitching and rolling components

It 1s clear that since the direction of the rotor torque reaction depends
on the tup path plane and the direction of the compensating moment depends
on a plane defined by the aircraft, the restdual torque 1s varied whenever
the tp path plane 1s displaced with regard to the arrcraft

Furthermore, any mncrement of residual torque, caused by an angular
displacement of the tip path plane, acts about an axis at right angles to the
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axis about which the mclnation of the tip path plane takes place These
relationships are quite fundamental and entirely independent of the control
system of the rotor provided only that direct control 1s applied, z e, the
rotor 15 displaced relatively to the awrcraft Residual torque components
m pitching and rolling must be compensated by pitching or rolling couples
if equilibrium 1s to be mamntamned These can only be generated by off-sets
between the line of action of gravity applied at the ¢ g of the aircraft and the
Imme of action of the rotor thrust applied at the rotor centre (See Figs 1
and 2)
Forces in Direct Rotor Controls

To examine the influence of these relationships on control forces 1t 1s
now assumed that 1n a certain position which may correspond to the neutral
stick posttion, the hovering helicopter 1s 1n equlibrium and, for the sake of
generality, 1t may be assumed that this equilibrium 1s associated with pitching
and rolling moments balanced by the above off-sets We now proceed to
incline the rotor by application of control 1n the pitching sense and 1t follows
from the above that, before motion sets n, apart from an unbalanced pitching
moment which 1s the primary purpose for applying pitch control, a rolling
moment 1s also generated Whulst the pitching moment 1s proportional to
the thrust and the change of tilt in pitching, the rolling moment 1s propor-

DIRECTION OF
ROTATION
Fia3
~
BROJECTION OF C F PrOJECTIQUOF CF
OF REAR BLAGE < ﬁ‘/OF FRONT BLADE
Fla4 \

i
tional to the torque and equally, to the change of tilt m pitching Up to
this pomnt we have ascertamned that the rolling moment always finally acts
on the aircrafr but 1t depends on the control system 1n what way this rolling
moment 1S transmitted
It 1s further concluded that 1n a cyclic pitch controlled rotor this rolling
moment mcrement 1s transmitted entirely through the mechanical axis of
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the rotor and through 1ts bearings to the aircraft  However, when the rotor
1s controlled by tilting, the rolling moment mcrement, arising as a consequence
of pitching inchnation of the rotor tip path plane, 1s transmutted partly
through the mechanical axis and partly through the control mechamsm
itself

The former statement can be very easily illustrated by representing the
rotor by the centrifugal forces of the blades acting along their longitudinal
axes, this bemng a very useful pictorial simplification adequate mn most
mstances Inclination of the tip path plane 1s identical with first oder
flapping which causes the longitudinal axes of the blades to have different
vertical components on both sides of the rotor Since these components
act at an off-set from the axis of rotor due to the torque, the presence of a
lateral or rolling moment 1s immediately visible when fore and aft flapping
takes place (¥igs 3 and 4)

To find the proportion 1n which residual torque mcrements are trans-
mitted directly to the aircraft or indirectly through the control mechanism
1n a tlting rotor, we have to examine the torque transmussion mechansm
of the rotor In the first place, we examine a constant velocity joint in
which torque 1s transmitted through pressure elements always maintamed
along the hne bisecting the angle between the mput and output shafts of
the jomt It 1s clearly seen from the diagram 1n Fig 5 that half the residual
torque 1s transmutted through bending of the input shaft and the other half
appears as a lateral tillung moment acting on the output shaft, and therefore,
loading the control_mechanism

If, mstead of a constant velocity joint, an ordinary Hook’s joint 1s used,
the proportion of the two moments varies periodically between two extremes
m one of which the entire residual torque is transmutted as bending of the
mput shaft and in the other the enure residual torque 1s transmutted as a
lateral tilting moment on the tilting hub and hence as a control force

Among various arrangements examined 1s one in which the rotor 1s
tilted together with the main speed-reducing gear box , 1n such a case the
only forces anising from the drive are those associated with high speed torque
and these are only of secondary importance It can then be demonstrated,
however, by examining the gimbal mechanism on which the rotor with 1ts
gear box 15 suspended, that, on the average, half the residual torque will
still be transmitted through the control linkage

It ought to be emphasised that since the total travel of a control column
1s a constant determuned by the pilot’s convenience, maximum stick load 1s
proportional to the square of the angular range associated with maximum
stick travel In view of thus quadratic relationship, 1t 1s 1mpossible to
predict the forces mn a ultng control without precise knowledge of the
required range of ult, which can only be found by experience or comparison
with other helicopters

From the pilot’s point of view the transmussion of part of the residual
torque through the control mechamsm 1s felt as a control force at right
angles to the stick movement Though the control force as such can be
ehminated 1n an 1irreversible mechanism, an unbalanced resistance to the
application of control remains For instance, whilst a certain amount of
fore and aft control 1s mamtamned, an applicatton of control to port has to
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overcome the control force due to residual torque, whilst an application of
control to starboard 1s aided by residual torque

Powered Control Systems

Guven the range found necessary to control the W9 machine, the
control forces due to residual torque can be shown to exceed the per-
mussible level for precise and comfortable response by the pilot They
represent the only aspect in which a ulting power driven rotor 1s funda-
mentally different from a similar autogiro rotor
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Among other causes responsible for control forces, there 1s friction
which, 1n some autogiros having plain bearings for flapping hinges, has been
responsible for excessive control forces This 15 not the case with rolling
bearings and the needle bearings provided m the W 9 are quite adequate
for this duty However, 1 a rotor with flapping hinge off-set the presence
of flapping, such as 1 forward flight cond:tions, causes a biasing moment
transmutted through the control linkage in a tilting control This biasing
moment, 1 contrast to that arising from residual torque, 1s partly in phase
with the control displacement It can be used to provide a measure of
“stick free” static stability Its neutral position and characteristics can
be, to a large extent, controlled by selection of the tilting hinge of the rotor
The stability aspect was not intended 1in the W 9 machine It could not
be used because of the large forces involved and ongmally also because of
the out of phase component of biasing moment

At that stage the order of magnitude of control moments was investigated
on reasonable assumptions under adverse conditions, mamly high speed
forward flight, and 1t was found that moments of the order of 200 or 300
Ib ft occurred due to residual torque and moments of the order of 400 to
5001b ft occurred due to flapping hinge off-set, the latter moment, originally
found to exist 1n equal measure 1n both rolling and pitching could, later on,
with the introduction of the compound back coupling linkage, be confined
to pitching moments only

By suitable positioning of the rotor centre against the ¢ g of the aircraft
and swtable arrangement of imitial angularity of the drive, maximum
moments could be reduced to half the above value It 1s clear, however,
that moments of this magnitude are beyond the power of a human pilot

It was decided to apply a powerised control system 1installation which
had been contemplated from the beginning Upon examunation 1t became
evident that the most elegant solution, from the mechanical pomt of view,
was a hydraulic assister unit on the follow-up principle and the unit chosen
was a pair of Lockheed “ Servo-dyne ” jacks which are hydraulic servo
motors characterised by the following features —

(@) Positional correspondence 1s ensured by placing the follow-up valve
on the moving part of the servo motor and arranging the pressure
and return lines through flexible hose connections

(6) Double action 1s obtamned by arranging different effective piston
areas for the two senses of motion and maintaming continuous
pressure on the smaller area, whilst controlling, on and off, the
larger area

(¢) The “ Selector ” or follow-up valve 1s of the poppet type and the
flmd pressure 1s counteracted by spring loading of the valve
elements
Thus last feature 1s responsible for an extremely small lost motion
(of the order of 3 thou ) but calls for a comparatively large mnput
force to control the “ selector * valve

Though 1n the course of flight testing there have been many modifications

to mechanical details such as lever ratios, selector valve spring loading, and
ratio between pitchung and rolling control, the assister unit installation can
be regarded as a complete success In spite of mitial “ sales ” resistance
the test pilot became accustomed to the feel, or rather lack of feel, of
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an assisted control mechanism of this type and the control force could be
adjusted to swt the pilot’s convemience After several dozens of hours of
flight and operations on the ground involving an estimated number of control
movements runmng imto several 10,000’s, no mechanical trouble of any kind
has been experienced with the installation

ToRrRQUE COMPENSATION BY TAIL JET USING ENGINE WASTE HEAT
RESPONSE TO YAWING CONTROL

The basic conception of a tail jet 1s simple and no different fundamentally
from the tail airscrew  Physically, both forms of thrust generating devices
embody the reaction principle and are subject to the law that thrust is
proportional to the square of the velocity of the reaction jet and the power
expended to generate the thrust 1s proportional to the cube of that velocity
and 1t 1s, therefore, more advantageous to work with low velocities Hence,
to attain a given thrust, both mass flow and area of jet must be as large as
possible One difference between airscrew and jet 1s that the effective area
of the jet may be equal to that of a (well designed) orifice, whereas the area
of the atrscrew slip stream 1s only half the disc area of the airscrew

It follows from this simple consideration that, given equal conditions,
an airscrew will be more efficient as 1t 1s quite impossible to design jet
orifices even approaching half the size of a reasonable airscrew disc area
Conditions, however, are not equal 1n several respects

1 The required magnitude of thrust for torque compensation naturally
depends on the distance of 1ts Iine of action from the axis of the
rotor It 1s quite concervable that an orifice may be placed further
out for an equal weight of tail structure as compared with an
airscrew 1nvolving a concentrated weight and giving rise to
vibrations

2 It s possible to improve jet performance by the addition of waste
heat from the engine  Although the amount of heat 1s large, the
benefit from the addition of heat depends entirely on the pressure
level at which 1t 1s added The highest pressure level can only
be equal to the dynamic head of the reaction jet It 1s clear,
therefore, that a larger, and therefore more efficient orifice, leads to
a reduced benefit from the addition of heat

3  The very size of the tail arrscrew makes it necessary to raise its
axis, mainly to enable the helicopter to carry out certain manoeuvres
near the ground which require a tail-down attitude  Such rasing
of the airscrew axis 1s accompanied by additional weight, which 1s
equivalent to additional power

The jet reaction system was mainly proposed for reasons other than
performance considerations, principally for the sake of avoiding vibrations
in forward flight and for safety near the ground The latter feature un-
doubtedly remains a valid argument m favour of a jet, but it 1s felt that, in
the meantime, designers of tail airscrews have succeeded in elimmating
vibrations peculiar to that source and 1t can no longer be regarded as an
argument against the tail arrscrew  The orginal opinion that a jet offers
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less drag 1n forward flight 1s totally wrong  Although a jet installation lends
itself more easily to the arrangement of a fin which can furmsh all the torque
reaction required at and above crumsing speed for approximately 2—21 19
of total power, with due refinement a tail airscrew may furnish the equ1valent
of 1 or 2% 1n the form of thrust It 1s seen, therefore, that this aspect 1s
altogether marginal

Summarising, 1t can be said that the jet system, when properly laid out,
1s marginally inferior in performance, but offers safety to personnel on the
ground

It 1s, however, 1n the control of the tail jet which constitutes the yawing
control of the aircraft that the greatest difficulties arose  The original design
was arranged to provide a throttling control on blower intake by moving
shutters This proved to be a problem 1n mechanical design which could
only be satisfactortly solved by the addition of considerable weight It was
also realised that any type of throttling control, whether applied to blower
mlet or orifice outlet, would require a continuous power input to the blower
corresponding to the highest value of thrust requred at any time during the
apphcation of the yawing control Experience showed that the variation
of thrust for yawing control comparable to control by tail airscrew required
an increase 1n tail thrust of the order of half the average value for torque
compensation 1n hovering The power increase 1s even greater than the
percentage of thrust increase and 509, of increase in thrust would amount
to 849, increase 1n power, which, 1n the circumstances, was not acceptable

These considerations led to the construction of a variable pitch fan of
all metal design which was fitted to the machine Although a mechanical
solution for controlling the torque reaction jet was thereby fully achieved,
the method of jet control “ at the source ” proved to be inadequate in
comparison with the yawing control provided by a variable pitch tail awrscrew

The disadvantages attributed to this form of control are as follows —

1 The control 1s sluggish, that 1s, 1ts effect 1s felt after an appreciable
lapse of time following the application of control In view of lack
of measurements, 1t 1s difficult to state in terms of physical mag-
nitudes what precisely 1s the meaning and magnitude of the time
lag and whether the sensation of angular acceleration or the obser-
vation of the change of position 1s predominant but, for what it 1s
worth, the pilot states that the delay in control effect 1s of the order
of 1 to 2 secs The cause of this delay 1s believed to be due to
the compressibility of the air and must depend on the cubic capacity
of the tail which acts as a pressure vessel In fact, were the air
mcompressible, an increase in blade pitch would produce an
immediate rise 1 pressure throughout the tail and the jet would
commence accelerating immediately until the jet velocity acquires
a new equibbrium value The period of acceleration already
constitutes mcreased thrust It 1s clear that the chief weakness of
the W 9 installation, 1n having the blower mounted very far forward,
was a feature greatly contributing to thus particular disadvantage

- of yawing control by jet reaction
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2 Whulst the continuous expenditure of power by jet torque reaction
may, as mentioned previously, be justified on performance grounds
alone when everything 1s taken 1nto consideration, such an increased
expenditure of power per unit of torque causes large power variations
to accompany an application of yawing control The effect 1s
mseparable from any type of torque compensation involving the
expenditure of power unless special interlinkage mechanisms are
used The magmtude of the effect may make 1t rrksome to the
pilot, especially if he 15 used to a different level of variation

Undoubtedly, the combination of the two disadvantages 1s an added
difficulty for the pilot because, in the attempt to reduce the control lag, he
increases the amount of control unnecessarily and thereby aggravates the
mterference with rotor power

HOVERING STABILITY OF HELICOPTERS WITH ROTORS HAVING
PrONOUNCED FLAPPING/P1TCH COUPLING

At the ume when the following investigations were made, hovering
stability of helicopters was known 1n 1ts application to machines with counter-
rotating rotors of the superimposed or side-by-side types Such machines
offer, 1n principle, a substantial simplification of analysis due to the fact that
hovering stability can be examined separately 1n the two principal planes of
the machine, namely the pitching and rolling planes A further simplifi-
cation 1s made 1f blade flapping or, what amounts to the same, the inclination
of the tip path plane 1s not considered a separate degree of freedom Hovering
stability then involves only two degrees of freedom, namely fore and aft
movement and tilting 1n pitch of the whole arrcraft, and leads to characteristic
equations of the cubic type which can be solved with very little labour

The elimination of flapping as a degree of freedom implies that the
tip path plane adjusts 1tself to the general motion within a time interval of
neghgible length in comparison with the natural period of the general motion
Flapping, therefore, enters the picture only 1n 1ts effect on the derivatives of
the rotor force and moment with regard to motion 1n the two degrees of
freedom

In actual fact, 1n a single-rotor helicopter, there 1s no inherent reason to
separate the pitching and rolling planes There 1s, m fact, a side force
generated by forward mouon and vice-versa In what follows 1t will be
seen that these “‘ cross ” forces and moments are of decisive importance 1n
a single-rotor helicopter from the point of view of control and the develop-
ment of the * compound back coupled * rotor can, from the pomt of view
of stability and control, be simply expressed as the elimmation of coupling
between the pitching and rolling planes of motion (or any other two planes
through the vertical axis of the machine normal to each other)

In the first place, a considerable amount of work was done whilst
disregarding the coupling terms 1n an endeavour to establish stability and
control features derived from the * flat tracking ” properties of the rotor
irrespective of phase relationships It was subsequently found that the
conclusions reached from such investigations can be appled, without
modification, 1 principle, to a practical rotor i whuch the coupling 1s
eliminated stead of being disregarded We shall, therefore, regard the
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results as applyng to a ““ flat ” tracking rotor of any description, that 1s a
rotor 1n which the flapping 1s automatically substantially reduced as compared
with a freely flapping rotor

As 15 well-known now, single-rotor helicopters are generally unstable
mn hovering 1n the sense that, when left to themselves after a disturbance,
they carry out an oscillaung movement mvolving both tilting and fore and
aft translation which motion 1s self-excited and has a natural period measured
in seconds and a rate of amplification which depends to a large extent on
the design parameters

The mnvestigation was concerned with the influence of important design
parameters on the amplification factor and the natural period of the free
motion of the machme Most of the conclusions are to-day well-known
and have been verified by various mvestigators so that emphasis 1s put here
on the effect of * flat tracking ”

Before dealing with the mfluence of “ flat tracking,” we must point out,
however, one feature which 1s usually surprising to designers, namely that
high mertia of a machine has a destabilising effect 1n the sense of increasing
the amplification factor Although high machine mertia also increases
somewhat the natural pertod and makes 1t, therefore, easier to deal with
instability, beyond a certain machine mertia all other design parameters
become of decreasing importance Expressed in practical terms, there 1s
hikely to be less difference between single-rotor helicopters 1n the pitching
plane than 1n the rolling plane

W 9 Stability in Hovering
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The main result of this investigation 1s the destabilising effect of “ flat
tracking  expressed 1n a linear increase of the amplification factor with
the pitch change ratio, whilst the natural period remains almost unaffected
This 15 particularly visible with low machine 1nertia (roling) The result
Is surprising 1n a sense, and emphasises the importance of investigating
the machine as a whole rather than the rotor itself ~ In visual terms, 1t points

~
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to the completely musleading nature of observations made on a model when
the hub 1s rigidly mounted In such a model a high negative pitch change
ratio, by making the rotor more ““ flat tracking > and reducing the oscil-
lations of the tip path plane caused by casual disturbances 1n the wind tunnel,
produces the impression of stability It 1s this apparent stability which has
led to the expression “ gust stability,” and whulst 1t 1s true that m a rotor
with a high pitch change ratio the rotor plane 1s less disturbed in relation to
the hub, this does not mean stability of the machine as a whole, but the
very opposite

Related to more systematic investigations leading to explicit expressions
for the amplification factor, 1t can be said that the moment derivative of
tilting motion and the force derivative of translational motion have a stabilising
effect whereas the moment derivatives of translational motion and the force
derivatives of tilting motion have a destabilising effect  Numerically, both
moment dervatives are the more immportant ones Roughly speaking, the
main effect of a negative pitch change ratio 1s to reduce both moment
derivatives It has, therefore, both a stabilising and a destabilising effect
However, 1n a first approximation the amplification factor 1s proportional
to the moment derivative of translational motion and 1nversely proportional
to the square of the moment derivative of the tilting motion The nett
effect of a negative pitch change ratio 1s, therefore, destabilising

W 9 Compound Back-Coupled Rotor
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It 15 known that these investigations were based on several approxi-
mations It has already been mentioned that flapping as a separate degree
of freedom was elimmated The vertical and yawing degrees of freedom were
also neglected Both these approximations are amply justfied Further-
more, the resultant rotor force was assumed to be normal to the tip path plane
and, moreover, 1n the tlting motion no dissymetry of the slip stream was
considered  Both approximations are unjustified, and have been corrected
by a more exact treatment The results suggest that numerical values are

W 9 Compound Back-Coupled Rotor
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sufficiently modified to make 1t desirable to avoid the last two approximations
wherever the actual magmitudes are of importance, but neither of these
approximations 1s responstble for a shift of emphasis 1n the general conclusions
reached

However, the disregarding of coupling between the pitching and rolling
planes, 1 the presence of a high negative pitch change ratio which produces
considerable out of phase flapping m rotational and translational motion
appeared to be totally unfounded and an investigation was carried
out taking mto account all four degrees of freedom The equations of
motion led to four simultaneous differential equations, the characteristic
equation of which was of the sixth degree Numerical values were intro-
duced and applied to the W 9 machine, but, for the sake of generality, the
method of flapping reduction remained unspecified and was merely intro-
duced by a coefficient expressing a reduction of flapping in phase with the
direction of motion to 1/3 of the freely flapping rotor The out of phase
component of flapping was given values beginming with 0 and ending
with a component of equal magnitude to the in-phase component The
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coefficients of the sextic were plotted against the ratio of the derivatives in
the two phases and most coefficients found to be symmetrical about the
zero value The numerical solution of the sextic was carried out by the
Mathematics Division of the N P L and the results showed that no critical
mcrease 1n instability was introduced through the coupling between the
roling and priching planes On the contrary, the highest amplification
factors were reduced by the existence of the coupling which signified, as 1t
were, that the lower instability in the rolling plane and the higher instability in
the prtching plane are mixed into an mtermediate nstability when the two
planes are cross-coupled

RESPONSE TO AzIMUTH CONTROL OF HELICOPTER
WitH TILTING ROTOR AND PRONOUNCED FLAPPING-PITCH COUPLING

The nvestigations summarised under this heading are concerned with
the behaviour of a helicopter arbitrarily constramned to tilt about an axis
through 1ts ¢ g This axis can comncide with the pitching or rolling axs and,
to be specific, the pitching axis was chosen In this instance, the flapping
of the blades expressed by the mnchnation of the tip path plane was considered
a separate degree of freedlom  The motion, therefore, consists of two degrees
of freedom, viz , rotation of the machine about a horizontal axis through 1ts
c g and inchination of the tp path plane relative to a chosen reference plane
fixed 1n the machine

Viewed 1n thus light, 1t 15 immaterial whether out of phase flapping
euists and the investigation does not reveal its effect  Consequently, results
reported here are the same whether we disregard the out of phase flapping
or eluminate 1t through a compound linkage

Apart from the existence of cross coupling between the pitching and
rolling planes, these calculations also exclude the translational motions to
which the real machine 1s subject once the hovering equilibrium 1s disturbed
by the application of control Furthermore, the calculation assumes that
a control displacement 15 completed instantaneously '

At the time, the calculations were carried out to crystallize the influence
of control parameters i the comparison between hovering helicopters of
vartous types It 1s believed that the results do, 1n fact, reveal significant
features and measure magnitudes of real value 1n judging the control of a
helicopter The reason 1s that control displacement can be apphed within
ume mtervals which are neghgible compared with the duration of motions
here considered and that the first few seconds of the motion of the machine
mutiated by a control displacement are unaffected by the interaction between
the translational and rotational degrees of freedom On the other hand,
the existence of out of phase force and moment components has proved to
be a decisive feature causing inability of the pilot to control the W 9 machine
1 hovermg until these out of phase forces and moments were substantially
elimmated This aspect will be discussed fully 1n the next chapter

Perhaps 1t 1s profitable to proceed from the physical aspect It would
seem that the essential difference between control by cyclic pitch change
and hub tilting, when both are associated with flapping hinge off-set, 1s that,
1 the cyclic pitch controlled rotor, the tip path plane 1s tilted first, and as
soon as the tip path plane 1s inchned, the centrifugal force of the blade
exercises a so-called T bar effect on the hub, producing a powerful moment
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m the same direction as the moment of the resultant rotor thrust about the
cg of the arrcraft  When the aircraft attams a certain rate of pitch this
rate causes a backward inclination of the tip path plane and angular accelera-
tion ceases when the backward inclination restores the tip path plane to a
position where the moment about the cg vamshes
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When, on the other hand, the hub is nlted, during the initial period,
the t1p path plane has not moved yet the * T bar effect *” works the opposite
way and the machne actually experiences a reverse acceleration to start with
In the next phase, the tip path plane has followed the hub and exercises a
moment by virtue of the mchination of the left vector but without T bar
effect Fmally, equilibrium sets m when the same condition 1s fulfilled
as above

The mamn object of these calculations was to establish whether the
mitial period of acceleration 1s responsible for a difference 1n behaviour
which 1s likely to affect control from the pilot’s pomnt of view The result
of the calculations can be expressed numerically 1n a very simple way A
given amount of control displacement corresponds to a steady rate of tilt
to which the machmne settles down, asymptotically A line, representing
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this rate of nlt in a graph giving the angle of nlt upon time, cuts the ume
axis at a pomnt which can be taken to represent the mtial delay between
the imstant of application of control displacement and uts effect on the
machine An illustration shows mmtial delay and rate of tilt almost 1dentical
mn the R4 and W 9 machines and gives an 1dea of influence of flapping
hinge off-set and pitch change ratio It 1s seen, for instance, that an increase
1n flapping hinge off-set reduces the rate of tilt m the t1lting hub controlled
machine but has no effect on the rate of tit 1n a cyclic pitch controlled
machme A pronounced negative pitch change ratio increases both the
rate of tilt and the mitial delay in a tilting hub controlled machine and has
the same effect on a cyclic pitch controlled machine  The latter combination,
mcidentally, represents a hypothetical rotor not attamned by any known
blade articulation

These investigations showed further, when compared with the calcula-
tion of instability, that 1n a W 9 type of hub, all parameters which reduce
mstability, such as larger hinge off-set, lower pitch change ratio and higher
blade inertia, also slow down control response, 1n the sense of reducing the
rate of t1lt But rotor height (above c g) when increased up to a certain
limat marginally reduces instability and quickens control Machine inertia
whose 1ncrease makes instability worse, has no effect on control rate of tilt
but mcreases the nitial delay following the application of a control displace-
ment These results apply to a tlting hub  With cyclic pitch control an
mcrease 1n flapping hinge off-set both reduces instability and quickens the
control response

ComPoUND Back COUPLING LINKAGE

In this context the relevant aspect of this Iinkage 1s its functional
purpose This can simply be described as a mechamism ensuring the
absence of out of phase components of forces and moments in the motion
of the rotor following the application of control It can equally well be
described as the elimination of ““ cross ” derivatives in free rotor motton,
for example, translational movement of the rotor in a direction X produces
forces and moments on the machine substantially only 1n the plane containing
the rotor axis and the direction X A smmple flapping rotor without
coupling between pitch change and flapping fulfills this condition, though
not accurately, but to an acceptable degree

In view of many misconceptions encountered since the introduction of
this hinkage 1t 1s desired to emphasise that 1t differs from the simple pitch/
flapping coupling only 1n the presence of rotor motion Once that motion
ceases, or 1f no such motion can take place, both the simple pitch flapping
coupling and the compound linkage produce the i1dentical result—namely,
that upon the application of a control displacement, the rotor, after a very
brief transient, but highly stable motion, settles down to a new position 1n
strict sympathy with the control displacement 1n magnitude and direction
It 15 clear, therefore, that the difference could hardly be discovered by
merely observing the manner 1 which a model rotor, mounted on a nigid
base, follows the application of tilting control

Further, the effect of out of phase forces 1s clearly a matter of degree
No rotor system can ehlmiunate all * cross ” components under all
conditions and the degree to which such rotors have been flown successfully
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shows that “ cross ”” components, up to a certamn magnitude, are acceptable
This aspect emphasises the mmportance of a practical flight test since in
mvolves the translation of human reactions, 1n a manner not hitherto generally
explored or summarised, mnto physical magmtudes It 15 clear, therefore,
that had attention been concentrated from the start on the phase aspect of
rotor response to motion and control, there would be no means of telling
whether “ cross ”’ components were excessive or not except by a practical
flight test 1n full scale

In fact, to some extent, calculation would have been musleading as
analysis would have to concentrate on the mnstabihty which, as was proved
later, does not deteriorate 1n the presence of * cross > derivatives

The choice of means for the elimination of ““ cross ” components was
dictated by mechanical considerations, having regard to the design of the
exising hub  The “ compound back coupling linkage ” constitutes one
such method which has the advantage that, from the mechanical aspect, 1t
1s no more comphcated than the sumple pitch/flapping coupling The
essence of the mechanism 1s that the pitch angle of each blade depends
umgquely, and in the simplest case hinearly, upon the sum of two terms
being constant multiples of the flapping angle of the blade itself and that
of the preceding blade respectively

This defimition, although 1t fully characterises the adopted mechanism,
does not represent the most general expression of the fundamental require-
ments This must be expressed in terms of the following magnitudes —

1 Ratio between maximum amplitudes of pitch variation and flapping

oscillation—d
2 Non-dimensional blade inertia about flapping hinge expressed
by J/K

3  The azimuth angle («) between the phase of maximum flapping
and the phases of maximum pitch amplitudes of any blade moving
through a revolution This phase difference can be registered 1n
a varlety of ways, none of which 1s a direct materialisation of 1ts
fundamental definition since, of course, no blade can be 1n two
places at the same time In reality the phase displacement can
be introduced 1n one of the following ways —
(a) By making use of a neighbouring blade
(6) By imtroducing a datum expressing the steady motion of all

blades

(@) was the method actually used, of which only the mechanical design
1s new The 1dea of coupling between neighbouring blades was first con-
cerved by Oemichen and a combination between such nterconnection and
a direct pitch change linkage was already mentioned by Young, though 1n
an apposite sense and without realising 1ts himitations

Method () has not been previously proposed or used

Although the two methods are equivalent 1n fulfilling the basic require~

ment of phasing, they are different in thewr response to motions involving
higher harmomics of flapping than the first

The fundamental requirement refers to spectfic elementary motions of
the rotor It 1s fortunate that the two basic types of rotor motion,
namely tlting and translational motion, do not lead to contradictory
requirements and tilting motion can be taken as the determinming condition,
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being much easter to handle analytically 1n view of the absence of mherent
second harmonics of flapping
We can now express the fundamental requirements i the following
form —
I J

I
tana+&COSa:21—<

It can be easily verified that for any reasonable values of J/K and a value
of d around 2, the fundamental requirement cannot be fulfilled by either a
direct pitch/flapping linkage or a pure ““ backed coupled >’ linkage and must,
therefore, be met by a compound linkage except 1n a six-bladed rotor where
a pure “ back coupled ’ linkage 1s possible

Leaving the generalised expression we concentrate on the actual
mechamsm incorporated in the W 9 rotor A drawing shows the mechanism
The essential dimensions of this drawmng are e, g and £, their effective

ComPounp BAck COUPLING LINKAGE

ratios are — p = g/f, q = ¢/f, referred to as the direct and advanced pitch
change ratios Thege two form the coefficients i the expression for the
blade pitch, where 6, 15 the representative geometric pitch of blade No 2
6o 1s the pitch setung at zero coning 3, the flapping angle of blade No 2,
B, the flapping angle of the preceding blade No 1
6, = 60— pB:—9qB
To characterise this rotor system quanttatively, the most significant
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burlt-in geometry parameters are the following combinations of the above
ratios p and q —
1 The comng ratio ke =p + q

2 The advance proportion s = d

The coning ratio 1s important on 1ts own as 1t determines the behaviour
of the rotor mn all symmetrical flight conditions such as vertical cimb and
descent, and, 1n this respect, 1s the equivalent to the pitch change ratio 1n a
simple linkage

However, the operationally significant magmitudes are the ratio dg of

maximum effective prtch variation to the maximum flapping amplitude and
the angle « between the phase of maximum flapping and the phase of

maximum effective pitch varlation  Effective pitch 1s the sum of geometric
pitch and the first harmonic of flapping, which sum, m conjunction with a
given slip stream velocity, determines the incidence and hence lift of the
blade These operational parameters can be expressed in terms of geometry
parameters

The mmportance of dg and of derives from the fact that they are

simply connected with the magnitude of flapping ¢, during a steady rate of
it and with the azimuth angle ¢, between the phase of maximum flapping
amplitude and the normal to the axis of tult

In numerical terms relattons are given in graph form which 1s self-
explanatory It 1s seen that with coning ratios k. between two and four, the
advance proportien to achieve -flapping 1n phase with the normal to the
axis of ult (¢ = 0) 1s around umty and this advance proportion was
actually adopted 1n the W 9 machine whilst the coning ratio was maintained
at 2 A graph shows dg as a function of p for equal k.

It 15 to be noted that numerical relations are not greatly affected by
flapping hinge off-set and 1ts elimunation means a great sumplification mn
the formulae

Blade flapping motion 1n forward flight was mvestigated by setting up
equations of motion mcorporating the two first harmonucs of flapping and
solving 5 simultancous differential equations for various advance proportions
to obtain the unknown flapping coefficients  Calculations were carried out
for a conmng ratio of two and the results are presented showing
the maximum amplitudes of first and second harmonics of flapping C; and
C,, the tangent of the out of phase azimuth angle b;/a;, and the coning
angle as, at a up speed ratio of M = 35 and a through-flow ratio A corres-
ponding approximately to level flight with a given forward drag It 1s seen
that the maximum amphlitudes of flapping vary but litle over the whole
range of advance proportions but the phase angle alters considerably, going
through zero around an advance proportion of unity

These 1nvestuigations also show that with a coming rauo of zero, there
1s some out of phase component of flapping which can be eliminated by
mtroducing a direct prtch/Hlapping coupling of 4

The behaviour of a machine equipped with a compound back coupling
linkage 1n regard to performance, control and hovering stability has already
been referred to under the appropriate headings Summarising, the
ehmnation of out of phase components of flapping leads to a behaviour as
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predicted mn a machine 1n which the out of phase component 18 disregarded,
provided dg has the same value On the basis of equal coning ratio, the

compound Iinkage 1s slightly more effecuve  In performance computations
1t 1s presumed that the coming ratio alone 15 of any consequence and influences
rpm requirements at a given setting angle throughout the forward speed
range

When the W 9 machine was equipped with the compound linkage, 1t
became at once controllable 1n hovering and 1t must be concluded, therefore,
that out of phase components of flapping approaching in magmtude the
m-phase components during the application of control are unacceptable to
the helicopter pilot and make 1t impossible for um to control the machime

Several hours of flying were logged with this set up n 1ts final form,
mcorporating several adjustments of lever ratios, etc  Antictpating further
findings, 1t can be said broadly that * azimuth > control was successful and,
after some adjustments, could be considered as equivalent to the Sikorsky R 4
machme m flymng qualities

The above account 1s necessarily incomplete, but 1t 1s believed that the
selected topics represent those aspects of the many phases of W 9 development
which are of general interest from the technical point of view

It has been said that experience consists 1n learning from other people’s
mistakes The Cierva Autogiro Co , 1t’s Chief Designer, Mr C G PULLIN,
and my colleagues had to learn from their own mistakes In view of the
record of the Company and 1t’s associates 1n the development of Rotating
Wing Arrcraft,”they can afford to be candid 1n the assessment of past ex-
perience true to the motto of Francis Bacon  “ Truth emerges more easily
from error than from confusion ” It 1s this spirit which enables us to look
confidently into the future and await the unfolding of subsequent develop-
ments representing the materialisation of years of experience in practical
machines for practical users

References from which general information has been extracted are too
numerous to be listed I have to acknowledge gratefully the help of my
colleagues on the Staff of the Cierva Autogiro Co, and wish to express my
appreciation of the company’s permission to disclose the mformation given
mn this paper It gives me particular pleasure to acknowledge the contnued
support given to our work by the Mimstry of Supply and, in particular, by
Captain R N LiptroT, D D RD Helicopters I thank you, Ladies and
Gentlemen, for being a patient and attentive audience
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