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InTRODUCTION BY MR C G PULLIN
Mr Chawrman, Ladies and Gentlemen

It gives me great pleasure to introduce the lecturer this afternoon,
particularly as I have known him for the past 16 years and, better sull, we
have been associated in the development of rotating wing aircraft during
most of that period

Mr KeNNETH WATSON, who 1s a Founder Member of the Helicopter
Associatton and an Associate Fellow of the Royal Aeronautical Society, 1s
also Chief Mechamical Engineer to the Cierva Autogiro Company

MR  WaTsoN served his apprenticeship with Messrs G & J Werr,
Glasgow, and jomed the Aircraft Department of that firm n 1933, which
was then under my control His designing ability was quickly appreciated
and he was entrusted with the design of some of the major components, such
as rotor hubs, transmission systems and control organs I think I am right
m saymg that the Cierva Autogiro Company and their Licencees, Messrs
G & J Weir, have designed more prototype rotor systems than any other
firm engaged 1n the art, and 1n 1936 no less than five rotor hubs were made
and tested within seven months MR WATSON’s first introduction to
helicopters was the Weir W 5 machine 1n 1937, subsequently followed by
the W 6 and later by the Cierva Company’s W 8, W 8, W 9a, W 11 (Arwr
Horse) and W 14 “ Skeeter ” Mark I  In view of thus considerable back-
ground of design and practical experience, the lecturer will be able to submut
a paper of unique interest which should appeal, 1n a very large measure, to
those members of the audience of mechanical rather than scientific attain-
ments All those engaged mn the art will appreciate the necessity for the
highest class of mechanical design, which 1s just as essential to the success
of the hehcopter as the underlying scientific data associated with the
generation of hift and the attamment of forward flight and control

Finally, I would not suggest that you ask MR WATSON to design a flat
belt transmission, as this 1s, I think, the only instance wherein he has failed
to meet requirements, being unable to coax the belt to remain on the pulleys ,
the transmission was finally rebuilt with spur gears
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MR KENNETH WATSON

Mr Charrman, Members of the Helicopter Assoctation

Ladies and Gentlemen, I wish to thank you for the imvitation to talk to
you on the subject of Helicopter Transmission Systems When confronted
with writing a paper on Helicopter Transmussion Systems, I got together all
available data on the subject, collected over a number of years, and realised
that considerable time and space would be required to present this and not a
talk In the circumstances therefore, I trust that I will be excused for
confiming this talk mamnly to —

(1) Early efforts at driving rotors

(2) What does a purely mechanical transmission consist of and what
1s expected of 1t

(3) A bref description of the CIERVA ¢ AIR HORSE ” trans-
nussion and some of the problems 1n connection with 1t

(4) Some thoughts for the future, particularly with regard to mults-
engme and multi-rotor power distribution and the possibility of
a fool-proof speed change gear

During the past few years there have been important developments n
connection with transmissions for use with the mternal combustion 1n 1ts
application to the helicopter  For a long ttme previously, aircraft engineers
had directed considerable efforts towards the improvement of aero engines,
with the result that the helicopter engineer 1s faced with the formidable task
of catching-up with, and of necessity, surpassing the reliability of the modern
power umit  Acceptance of the helicopter implies for safety’s sake, 1ts safe
descent as an Autogiro 1n the event of a power faillure but may not apply m
the event of a transmission failure, since usually the transmission has
functions other than that of transmitting power from engine to rotor  In the
circumstances, therefore, 1t 1s absolutely desirable for the future of the
helicopter that its transmission has the utmost rehiability

HELICOPTER TRANSMISSION

In dealing with the present day helicopter transmission or drive, 1t
would seem appropriate to go back a few years and view early attempts and
the means employed to turn the rotors on early autogiros

Up until 1937 a considerable number of Autogiros were constructed of
varying types, size and characteristics, but they were primarily research or
experimental machines 1 which little or no attempt was paid to secondary
requrements In particular, the problem of 1mtially starting the rotor had
been left 1n abeyance and the rotor was generally started by a number of men
pulling on a rope which had been wound round the rotor hub Alternatvely,
the rotor could be started by towing the machme along the ground at
progressively increasing speed as the rotor speed was imcreased Such
methods, of course, formed a serious handicap to the practical utility of the
autogiro and various alternative mcthods were tried

In 1930 a jet reaction starter was bult for the Airr Mistry n which
the products of combustion of compressed air and o1l were discharged from
jets at the blade tips  Thus system, while 1t gave promusing results, was not
proceeded with on account of the weight and complexity  The first practical
starter system to be used on machines was arranged 1n such a way that the
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shpstream from the engine airscrew was deflected upwards through the rotor
by suitably inclining the tail structure The obvious device of gearing the
engine to the rotor hub for starting purposes, originally tried 1n this country,
was first perfected m mechanical detail by the Autogiro Company of America
and this system displaced all other methods of rotor starting Attempts
were also made at having the rotor driving gears separated in flight, the
engagement only taking place during revving up of the rotor By this means
the rotor was relieved of the necessity of driving the high speed pinion
together with the possibility of a pinion bearng serzure In one case the
pinon was mounted on a cam which on being rotated by a hand mechanmism
engaged 1t on the crown wheel The driving torque held the pmion in
engagement during runming up, 1t was subsequently thrown clear by the
over-drive upon the release of torque  There was also an attempt at holding
the separated gears 1n mesh by hand during the run up In this case the
driving pmion was mounted on the pylon structure and the crown wheel
on the tilting hub, so that by pressing the control column well forward the
gears were engaged and held m engagement until the control was pulled
back This simple scheme was not successful on account of the control and
structural nigidity being unable to look after the gear tooth separating forces
For the same reason, the cheap but cumbersome lookmng friction come
arrangement was not a success on account of bemng unable to build up
sufficient contact pressure for the frictton drive, so that the constant mesh
pmnton and crown wheel was retained with the autogiro starting system

It can be said that while the autogiro was a stepping stone to the ultimate
development of the helicopter, so also was the autogiro rotor drive system
an mmportant step towards the helicopter transmussion In helicopter
transmissions the duties are more exacting, but nevertheless, the autogiro
contamed more or less the elementary and the practical experience required
for the driving of a large articulated rotor

Turning now to the subject of this talk, 1t can generally be agreed that
the helicopter transmussion or drive requirements are clear The first
essential 1s a power unit  The choice here 1s a limited one since 1t confines
itself to the adaptation of an approved aircraft engine  Unfortunately, the
differences between helicopter and aircraft power requirements are so varied,
that 1t 1s hoped that eventually suitable power plants will be available The
arrcraft engine 1s essentially constant speed while the helicopter requirement
1s for a power speed combmation which do not align themselves with the
characteristics of the internal combustion engme The helicopter rotor
requires a low tip speed for maximum hovering efficiency and a hugh tip
speed for high speed flight so that the engine should be capable of developing
take-off power at lower r pm than the crwising rpm  This short coming
of the engine can, however, be overcome by the use of a speed change gear
1n the transmussion  Again, since the helicopter engine develops 1ts maxi-
mum HDP at zero forward speed, means have to be provided for blowing air
over the cylinder fins 1n the case of an atrcooled engine, or through a suitable
heat transfer unit mn the case of a hiquid cooled engine, also, since the power
plant 15 usually submerged within the airframe, the problem of exhaust
cooling requires careful attention

‘The next essential 1s for an engagement clutch so that the engine can be
started without the encumberance of the rotor and run up independently of
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the rotor The engaging clutch should of necessity be of the slipping type
and need not have the full torque capacity of the drive since 1t can be engaged
at low rotor pitch and speeds  The engagement can be either by hand opera-
tion or responding automatically to engine r p m , so that the rotor or rotors
can be accelerated to the desired r p m , without undue shock

In addition to the engaging clutch, 1t 1s essential to have a free-wheeling
or over-riding device 1n case of sudden engine fallure There are various
types of over-riding clutches but the one that finds most favour 1s jamming-
roller type, 1t 1s simple and reliable and has the advantage of being more or
less dead-beat mn operatton The small amount of rotational movement
between engagement and dis-engagement prevents the building up of lugh
mertia loads in the drive system due to rapid angular acceleration

In most transmission layouts and 1n particular the multi-rotor trans-
nussion, the engine 1s usually separated from the rotor or rotors by a
considerable distance and since the power has to be transmutted over this
distance the drive shaft 1s an extremely important component in the drive
mechanism and demands that, in addition to being capable of transmitting
the required torque, that the shaft length and supporting bearings are such
that the critical speeds of all shafts be outside the range of permissible engine
speeds under 1dling, power-on, autorotating and over-speed conditions
Due to the deflections of the structure in which the shafts are mounted,
flexible couplings are required which will give a degree of angularity These
couphings are usually of the Hooks Joint type where large degrees of angular
displacement are requured, or of the rubber bush type where the angularity 1s
of a smaller otrder The rubber type coupling has the added advantage of
absorbing the high peak torques of the aircraft internal combustion engine
It 1s essential that some form of damping mechanism 1s incorporated adjacent
to the engine output shaft mn the event of there not being sufficient fiywheel
mass avaiable otherwise the effects of peak loads on clutches, shafts,
couplings and gears will require consideration

SECTION “X-X,
Fig | Diagram of air-cooled exhaust system
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Since the speed of the power umt 1s usually many times that of the
rotor, a speed reducing gear 1s requred Thc choice of a reduction gear in
itself 1s a rather perplexing one due to the power and speed characteristic
of the rotor 1n 1ts various regimes of flight

In addition to the requirement mentioned, 1t 1s desirable to have low
mechanical losses, adequate cooling of gear boxes and 1n general, mechanical
simplicity and rehiability combined with good accessibility

THE “ AIR-HORSE ”’ TRANSMISSION

The power plant consists of a Rolls Royce Merlin Mark 24 engine
developing 1645 h p at take-off, with a single stage two-speed supercharger
The standard 42 to 1 reduction gear 1s retamed The engine fuel and oil
system are conventional and the coohng system follows modern practice
except that the radiator employs a light alloy matrix in place of the conven-
fional copper one

The exhaust system constituted a major installation problem Liqud
cooled jacketed manifolds were tried 1n the first place but were abandoned
1n favour of the aircooled manifold on account of penalties of considerable
increase 1 radiator size, mcreased fan hp and the possibility of long term
development The liquid cooling was, however, remarkably effective and a
mamfold of this type did many hours on the test bed

The air-cooled cross-over type exhaust manifold (Fig 1), was developed
1 collaboration with Rolls Royce The exhaust gas 1s collected from the
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centre of each manifold bank into a cross-over junction which results n a
high order of silencing due to the matching of the impulse orders on either
bank Each mamfold, together with cross-over pipe and junction, 1s
surrounded by a jacket through which cooling air 1s drawn from the four
open ends of the manifolds by the ejector action of the exhaust gas The
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cooling air and exhaust gas come together at the muxing pipe and are ejected
to atmosphere, only a percentage of the exhaust gas 1s used for pumping, the
remainder 1s ejected from the stack pipe on top of the cross-over junction
box Fig 2 shows the mamfold mounted on the engine

The coolant radiator, engine o1l and the separate transmission o1l cooler
recetve a flow of air from a horizontally mounted variable pitch fan (Fig 4),
drawing air from above and ejecting 1t down through the radiator and o1l
coolers

The cooling fan 1s geared direct to engine and 1s driven from an
extension shaft on the distribution gear box It absorbs approximately
1} per cent of the engine power and since the normal driving torque 1s low
1n comparison to the relative mertia of the fan, means are provided whereby
the drive elements are relieved of high torque loads due to rapid acceleration
or deceleration of the engine when the mamn rotor system 1s not engaged
(Fig 3) The fan hub 1s mounted on the opposed cone clutches which
provide for both axial and radial location The light alloy cones have
moulded Ferodo linings riveted to them and are spring loaded to one another
to slip at a predetermined torque  The fan hub 1s a magnesium casting and
the clutch friction faces are formed by a process of spraymng cast iron on to a
prepared magnesium surface  Ten cast magnesium alloy blades are located
1n the hub m plamn bearings with the thrust loads taken on ball bearings and
are connected 1 pitch by means of lever and rods to a spider which in turn
1s operated by a hand wheel 1n the pilot’s cockpit ~ Variation of pitch on the
blades give a very precise and effective means of temperature control

Fig 4 also shows the mounting of the engme and distribution gearbox
on a common cradle which 1s connected 1n the airframe on a four bolt pick-up
The whole unit 1s inclined at an angle of 73° This, combined with an 8°
universal joint angularity allows 1n effect a direct drive between engine and
the front rotor reduction gearbox

The Merhn engine 1s a standard umt except for one or two very minor
modifications  After some considerable nvestigation i1t was decided to
retain the engmne 42 to 1 reduction gear as the primary reduction since 1t
was found that the resulting simplification of the gearing more than off-set
the clutch, shafting and structural difficulties associated with the higher
torque of the engine propeller shaft

The coupling (Fig 5), between the engine and the distribution gearbox
1s enclosed within the gearbox and consists of an alloy steel member which
1s splined to fit the propeller shaft, carries on 1ts outer flanges the pins for
fifteen Silentblock o1l resisting rubber bushes  The light alloy outer housing
1nto which the bushes are pressed forms part of the clutch bell housing

Crankshafts of internal combustion engines vibrate tortionally, in which
case, unless specially catered for within the engine, the output shaft instead
of turning at umform velocity alternately accelerates and decelerates in
rapid successton If this fluctuation 1s transmutted unaltered, 1t gives rise
to load reversals in the transmussion To damp out the tortional vibration
1t 1s necessary to introduce an elastic member 1n the system in such a way
that the torque will be transmitted through 1t The torque variations which
accompany tortional vibration will cause the elastic member to yield and
rebound alternatively and the resilient motion must be accompamed by the
absorption of energy erther within the resilient member or by surfaces
which shde upon each other as a result of the resilient motion  The energy
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thus absorbed tends to damp the tortional vibrations No damper can
however, completely suppress tortional vibration because 1t begins to function
only when the vibration starts but 1f properly proportioned 1t can hold the
amplitude of vibration down to a minimum

The coupling 1 the “ Arr Horse,” 1n addition to 1ts damping qualities,
has the addrmional advantage of looking after imaccuractes mn alignment
between the engine and gearbox due erther to assembly or to subsequent
deflections under load, axial expansion due to heat, and to greatly reduce
the’mertia shock at starting

The function of the distribution gearbox (Fig 6), 1s to divide the engine
power 1nto the proportions required by each of the three rotors and to
provide 1n the event of a power failure that the three rotors remain perman-
ently geared together It also contamns within its magnesium alloy casting
the previously mentioned coupling, a slipping clutch for engaging the rotors,
a combmed free-wheel and positive clutch m parallel with the shpping
clutch, a rotor brake, the cooling fan drive, an extra power drive and a
lubricating o1l pressure and scavenger pump for the entire transmussion
right out to the rotor hubs In addition, 1t also provides drves for a
hydraulic pump for controls, separate rotor and engine r p m, generators,
and provision for other accessory services
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The propeller shaft torque 1s transferred back mto the engmne by a
splined coupling which acts as the torque-wise location between engine and
gearbox The three external shaft torques almost cancel one another by
virtue of their planwise displacement and direction of rotation, so that for
the case of the torque being split equally between each of the rotors there
1s only 16 per cent residual to be taken by the engine mounting to fuselage
The amount, of course, varies depending on how the power flow varies as
from rotor to rotor

In most helicopters today the rotor engaging clutch has the full torque
capacity of the drve, whether the engagement 1s by hand operation or
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responding automatically to engine rpm  Since such a clutch 1s required
to slip during engagement only, 1ts capacity at starting 1s over determined
It requires very skilful manipulation if the hand operated type otherwise
the transmission and 1n particular the rotor blades, are hable to severe
damage 1f the clutch 1s misapplied This also applies to the centrifugally
operated clutch 1f not fitted with a cut-out to look after the possibility of
rapid engine acceleration at starting In view of the hazards the solution
appears to call for an engaging clutch with sufficient torque capacity to allow
the rotor blades to be accelerated up to say half-speed at low mcidence after
which a positive locking type clutch 1s engaged for the remainder of the duty
The elements of such a positive locking clutch are already existing 1n the
free-wheel and over-riding clutch which 1s essential in the case of a power
failure, and 1t only remamns to provide means whereby this clutch will not
take up the drive until such time as the engine and rotor speeds have been
synchronised With such a combination only a very limuted amount of
torque can be applied at starting and during acceleration up to the positive
clutch engagement speed

Such a clutch combination (Fig 6) has been applied to the “ Air Horse »
It 1s very flexible 1n 1ts smoothness of engagement on account of the “ oil
wetted ** friction surfaces, although when starting from cold 1t takes a Iittle
time to accelerate the rotors to the positive clutch engaging speed  Since,
however, this takes place during the warming up period, there 1s no time
lost 1n actual fact Esumating the torque capacity of the slipping clutch
requires very careful consideration The rotor torque can be estimated
reasonably accurate but the torque due to mechanical drag when cold
requires very careful consideration particularly 1n a multi-rotor configuration

The clutch bell housing 1n the “ Air Horse > 1s machmed from an
aluminium alloy forging It 1s connected to the flexible coupling outer
housing and located radially and axially to the gearbox shaft by ball and
roller bearings The outer bore 1s splined to pick up with mating splines
cut direct on the outer diameters of four Ferodo discs Sandwiched
between each Ferodo disc 1s a hugh carbon thin steel plate each having
specially cut radial slots to ensure them remamng flat under vanations n
temperature  Each plate 1s splined internally and connects to the roller
clutch hub contaming the wedging tracks for the primary and secondary
free wheel clutches Torque from the shpping clutch 1s transferred to the
rotor shafts by the secondary free-wheel This has the advantage of
immedrately freemng the clutch drag from the rotors, otherwise, with the
system of two-stage clutching employed there would be a possibility of the
rotors trymng to drive the engine on the over-drive  This peculiar state of
events only happens when the shpping clutch and free-wheel clutch are
arranged to work 1n parallel It does not arise, however, when the clutches
are arranged 1n series

The pressure for engaging the clutch plates 1s obtained from the centri-
fugal action of eighteen heavy alloy (Tungsten) bob-weights (Fig 7), pressing
on a light alloy pressure plate When the clutch 1s at rest the bob-weight
toggles are imn-operative  When, however, the engine commences to revolve
the clutch housing, the bob-weights links tend under centrifugal force to fly
outwards causing the rollers to move away from the centre of the clutch using
the hnk abutment to force the back-plate more and more nto engagement
In order to overcome the possibility of engagement due to rapid engme
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acceleration at starting, each bob-weight toggle 1s held by a trigger to its
disengaged position This allows the engme to be run up to full rpm
and to be 1dled at a smooth speed for “ warming up  without fear of engage-
ment Engagement 1s achieved by allowing the trip-roller to trip each trigger
as 1t passes and ensures a progressive application of the bob-weights to the
pressure plate The trip roller 1s connected to the rotor brake operating
lever 1n such a way that the first part of the lever movement disengages the
rotor brake and the latter part trips the clutch for engagement The opposite
sequence applies for engagement of the rotor brake, for as soon as the engine
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15 stopped the bob-weights are returned to their neutral position by springs
allowing the triggers to click back and lock the toggle levers 1n the disengaged
position ready for the next start

The mamn free-wheel and clutch lock (Fig 8), 1s of the jamming roller
type 1n which the hardened steel rollers are contained in a hght alloy cage
which 1s rotated in the direction of roller engagement by the centrifugal
action of a sertes of fly-weights which are connected to the driven member
and pick-up on slots i the cage The fly-weights are held to their inner-
most position by coil springs In this position the roller cage prevents the
rollers contacting the wedging surfaces so that at starting the clutch 1s
completely free in the driving sense until such time as the shpping or starting
clutch brings the rotors up to a predetermined speed When this speed 1s
attamned the centrifugal effort of the fly-weights acting on the roller cage
overcomes the spring effort and rotates the cage mnto position for the rollers
to take the drive Further opening of engme throttle tends to shp the
starting clutch causing the rollers to be wedged more firmly between the
roller tracks to take the full driving torque  In this position the rollers are
still free to over-ride mn the event of an engine cut

Fig 9 shows the principle of the roller clutch * lock-1n > and * lock-out ”
action The outer or driving member has a plain cylindrical track concentric
with 1ts axis and the driven track has a sertes of flat wedge shaped surfaces
In operation, each roller contacts with one cam surface and with the smooth
cylindrical surface of the outer ring A tangent at the point of contact
between the roller and the cylindrical surface makes a small angle with the
cam surface This angle, which 1s termed the wedging angle, 1s of great
importance 1 connection with the successful operation of the clutch The
wedge angle ¢ must not be greater than twice the friction angle otherwise
the roller will be squeezed out and the clutch will not take hold It 1s also
obvious that the greater ¢ (within this limit), the smaller will be the stress

ROLLER CLUTCH ROLLER CLUTCH
LOCK _IN LOCK OuT
Fg 9
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in the material for a given torque load Unfortunately, the coefficient of
friction for a given material 1s very indefimite It varies with the finish of
the contacting surfaces with the viscosity of the lubricant and to a degree
with the contact pressure  Both the outer and nner rings are made from a
nickel-chrome case hardeming steel and the rollers from a direct hardening
steel

Theoretically there 1s a lime contact between the rollers and the engaging
surfaces but 1n actual fact, since all materials are elastic the rollers flatten out
under load together with an elastic deformation of the contacting surfaces
Since the contact pressure on each roller 1s the sum of the tangential driving
force divided by the tangent of the wedging angle 1t will be seen that both
the mner and outer rings require considerable radial backing to avoid
distortion The choice of wedging angle can be a very tricky business,
7° 15 a reasonable all round figure but 1t 1s mnfluenced by the type of power
unit used and the effectiveness of the torsional vibration damping system
employed

The distribution gearbox employs a mmimum number of power gears
by virtue of the engine inclination bemng up towards the front rotor This
type of layout shows to advantage 1n the three-rotor configuration since the
centre of gravity of the aircraft 1s such that the front rotor absorbs more
power than the rear rotors under conditions when the higher powers are being
used, for mstance, for hovering or for vertical cimb  The rear rotor shafts
are driven by bevel gears which mesh with a common bevel gear splined
to the gearbox shaft The gears are of the straight tooth type corrected to
avoid tip mterference Care was taken in the choice of gears to ensure
adequate strength for wear, since excessive wear 1s not as serious as tooth
breakage, because replacements can be made before complete failure occurs
For helicopter transmission gears therefore, by far the most mmportant
consideration should be that of tooth strength since a faillure may have
serrous consequences Each of the three main bevel gears are carried on
two parallel roller bearings for radial location or one ball bearing for thrust
locatton The outer track of the thrust bearing 1s radially free to ensure
that 1t will take thrust loads only

The transmussion lubricating o1l pressure and scavenge pump 1s located
on the distribution box It supplies o1l to the complete transmussion includ-
ing the rotor hub gear boxes, at the rate of 18 gallons per mmute at 100 ps1
A feature of the gear type pump 1s the elimination of pressure release ports
on the side faces This 1s done by having the pump gear teeth cut 1n such
a way that the volume of o1l trapped between the teeth 1s constant, irrespective
of the relattve position of the gear teeth  The pump 1s situated on the engine
side of the clutch to ensure that o1l 1s circulated throughout the transmission
before rotation of the rotors commences

A rotor brake 1s also provided, 1t 1s of the expanding shoe type and 1s
mounted on the front end of the distribution gearbox

A rather frightening problem at first sight 1s the transmussion shaft
layout, particularly since the rotors are placed at such a long way from the
junction box  On the rear rotors the shaft length between universal joints
1s 33 5 feet and 15 feet for the front rotor shaft The front length 1s made
up 1 two lengths with a steady bearing between each length and the rear
ones 1n four lengths with a steady bearing between each length The
shafts run through the centre of the outriggers and are connected to the
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distribution box and the rotor hub gearboxes by umversal jomnts which
work through an angle of approximately 71°  Each shaft length 1s connected
by large diameter flexible steel discs (Fig 10), which look after bending—
due to structural deflection and expansion of the shafts owing to temperature
changes It 1s always difficult to establish at first the best shaft diameter

Fig 10

Fig 10a

stnce so many things have to be considered  For example, on first thought
the best solution appears to be for a high speed shaft which has a correspond-
mngly low torque ~ This type of shaft however, may demand a larger number
of steady bearmngs or alternatively, whirling dampers together with good
dynamic balance On the other hand, the lower speed shaft although
looking heavier at first sight, considerably eases the problem, particularly
with regard to the dimensional quality of tubes that are available

On the “ Air Horse > the transmission shafts run at 42 times engine
speed They are made from large diameter light alloy tubes with lengths
between the steady bearings arranged such that the first order of critical
speed 1s about 10 per cent outside the running speed range For a given
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shaft length the light alloy shaft showed a substanual weight saving over
the steel shaft since, for example, having determined a diameter and wall
thickness that would look after torque and whirling, the steel tubular shaft
falls down on account of buckling  The light alloy shaft shows a good balance
on all scores and the resulting wall thickness 1s such that the ends of the tubes
can be serrated to attach the coupling flanges and sockets which are shrunk
on Fig 11 shows relauve ments of steel and light alloy shafts of a given
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Fig 11  Transmssion shafts

length, when considered on the basis of rotational speed, weight and buckhng
Assuming a given material there are three variables —

(1) Diameter of Shaft,

(2) Wall thickness of shaft ,

(3) Rotational speed of shaft
and the conditions to be satisfied are,

(a) The shear stress should not exceed the proof shear stress of the

material
(b) The shear stress should not exceed the permissible buckling stress
of the materzal
(¢) The rotational speed should not exceed the critical whirling speed
The two curves drawn satisfy conditions a, b and ¢, respectively, and
show that for a given speed there 1s an optimum shaft weight, as mdicated
at pomnt O
For speeds beyond this value the diameter of the shaft must be increased

above that given by Curve AB  On the other hand, 1t can be seen that an
mcrease mn diameter without a corresponding increase 1n wall thickness will
bring the shaft into the region where buckling alone 1s critical Hence,
from point O onwards, the shaft dimensions should satisfy conditions B and
C, condition A bemng automatically satisfied, so that for speeds greater than
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that corresponding to pomt O, the optimum shaft 1s one which 1s designed
to operate at its critical whirling speed and to be stressed to 1its critical
buckling stress These conditions are fulfilled on Curve CD  Pomnt O
indicates the lightest shaft commensurate with the speed at which 1t should
operate

Another interesting and often overlooked problem i connection with
shaft design 15 that connected with shafts coupled to cross-pin or “ Hookes
type umtversal joints running at an angle Due to the angulanty of the joint
a component of the torque which gives rise to a bending of the shaft has to

ENGINE AIRSCREW
REOUCTION CEARS

QOTOR REDUCTION CEARS,
P OrCLIC W TH

FIXED AN ULUS COOLING  FAN

FRONT ROTOR

Fig 12 Diagram of ¢ Awr Horse” Transnussion

be resisted In the “ hookes ” joint this component resolves itself into a
pertodic twice per rev impulse which reduces the first order of shaft critical
speed to half the normal runming speed, so that for shafts adjacent to universal
jomts to be run within their whirling speed the lengths should be arranged
such, that the whirling speed 1s twice that of the running speed

Power 1s split at the distribution box and transmitted by the transmuission
shafts and couplings to the rotor hub gearbox without change of speed
(Fig 12) Apart from the engmne reduction gear a final speed reduction
of 174 1s obtamed at the rotor hub making a total of 0733 between the
engme crankshaft and the rotors The reduction at the rotor hub gearbox
1s obtamed 1n two stages (Fig 13) The first by a pair of straight toothed
bevel gears and the second by a tram of epicyclic gears  Both sets of gears
are made from nickel-chrome case hardening steel and all teeth are case-
hardened with the exception of the planet annulus The three planet
gears are housed 1n a carrier which, 1 addition, forms the axle on to which
the rotor hub linkage 1s mounted The three gears are carried on parallel
roller bearings with the roller outer track formed as an integral part of the
gear bore and the end location 1s obtamed by a lip formed with the bore
bearing on plain bronze thrust washers The planet sun gear 1s almost
fully floating radially and 1s splined to one end of a quill shaft which receives
the drive from the lower end of the crown bevel gear axle The top end of
the sun gear 1s constramed lightly within a rubber backed bronze bearing
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At rest 1t centralises the sun gear but under load 1t allows the gear freedom
to accommodate 1tself radially so as to look after maccuracies whuch might
occur 1n the manufacture and mounting of the planet tramn which otherwise
might prevent the load from being shared equally between the planet gears

The annulus gear (Fig 13a), 1s spigoted and trapped between the top
and bottom halves of a magnesium alloy gear casing which bolts direct on

Fig 13 Rotor head reductnion gear box
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to the end of each of the outrigger booms The rotor hift loads are taken
on a special taper roller bearing which also forms the top location for the
planet carrier or rotor axle

Each of the three rotor drives 1s stressed to look after the possibility
of a momentary flow of the full engine torque to one rotor which mught occur
under certain conditions of control  This provision together with the safety
factor called for under requirements brings the factor for each drive umt

g [3a

under normal running conditions up to approximately 3 4 and although this
bears a weight penalty, 1t considerably enhances the reliability and life of
the transmission generally

WEIGHTS

The power unit nstallation weighs 14 per cent of the gross weight on
the “ Air Horse ” This includes exhaust manifold, cooling fan and ducung,
radiator, o1l cooler, plumbing and accessortes, etc

The transmussion weighs 10 per cent of the gross weight including the
transimussion o1l pumping system, o1l cooling radiator, plumbing and the
accessories which are mounted on the distribution gearbox

A major contribution to transmission weight, particularly in the multi-
rotor configuration, 1s that brought about by the necessity of having to
design around a very Iimited choice of ball and roller bearings Until such
tume as the bearing manufacturers can offer a choice of light sectton ball and
roller bearings, particularly in the larger sizes, the penalty will have to be
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paid otherwise the designer will have to resort to the practice of designing
“ specials,” a practice not to be recommended, particularly due to the hugh
first cost of prototype bearings For example, the weight expended on ball

Fig 14
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and roller bearmngs on the ““ Air Horse » transmisston 1s 220 Ibs or 13 per
cent of the transmission weight 4

With the demand for twin power units for civil use together with the
itroduction of more rotors to absorb the larger powers, will come a variety
of transmussion problems to test the ingenuity of the helicopter engineer
In the crrcumstances, therefore, 1t is proposed to touch briefly on some
layouts and 1t 1s hoped that these will provide the student of the helicopter
with some thoughts for the future

Fig 14 shows a typical three-rotor layout with twin Merlin engines
with the power harnessed to a central unit which splits the power into
proportions required by each of the rotors, gears all three rotors to one
another and provides an over-riding clutch on the output shaft of each
engine so that one or both engines can be over-riden 1n the event of a power
fallure Alternative gearbox layouts are shown and although that shown
on Fig 15 1s more compact and has less gears, 1t 1s, however, not as efficient
as that shown on Fig 16 The question of transmussion layouts that give
the lowest losses must always be aimed at, particularly in the higher ranges
For example, an additional 1 per cent loss on a 2,500 h p powered helicopter
can be represented by a loss 1 payload of anything up to two passengers

The twin radial air-cooled engine layout on Fig 17 shows up well from
the engime nstallation, mamntenance and accessibility point of view but does
not look so good when tackled from the transmission end

For the pure freighting helicopter, centrally disposed power units have
the advantage 1n, that they allow complete freedom of access to a rear freight
compartment particularly where the handling of heavy equipment has to be
considered On the other hand, when considered for passenger handling
or small bulk freight, power umuts located at the rear end of the fuselage give
complete access between the pilots and passengers compartments, effectively
1solate the fire zone and what 1s important for passenger carrying, consider-
ably ease the problem of noise level, and above all, offer remarkably good
access for servicing and changing of power units

STARBOARD  ENCINE
CRANK  SHAFT

CLUTCH & FRES WHEEL

STARBOARD
ROTOR

C

FRONT ROTOR

SHAET TO PORT ROTOR

LUTCH & PREC WHERL

RT ENCINE
CRANK SHAFT

Fig 15 Diagram of Transmssion, Turn-engine ¢ Awr Horse* (Scheme A4)
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The piston engine has now reached the stage where its performance can
only be improved by the provision of better fuels and by the introduction
of the ever-increasing mechanical complexity There are, however, on the
other hand, mndications that as the gas turbine 1s further developed, serious
consideration will require to be given to 1ts introduction as a helicopter
power plant The greatest advantage of the turbine over the piston engine

ST RBO RD ENGINE

CRANK  SHAFT CLUTCH L FREE WHMEEL

STARBOARD
ROTOR

FRONT ROTOA

SHAFT TO POAT ROTOR

PORT ENG NE
CRANK SHAFT

CLUTCH & FREE WHEEL
Fig 16 Dragram of Transmission, Twin-engine < Air Horse’ (Scheme B)

15 1ts sumplicity ' With only a fraction of the number of parts mamntenance 1s
greatly reduced and therefore, apart from the question of arrcraft service-
ability, 1ts introduction will reduce the number of servicing personel  Once
the specific fuel consumption 1s brought to reasonable limits for economic
operation there 1s no doubt that it will replace the piston engine, since the
turbme lends itself more readily to submerged power umt installations
which are a feature of the helicopter For example, the problem of engine
and exhaust cooling disappears, together with the ever attendant engine
vibrations which have to be catered for Fig 18 shows a hypothetical
layout for short distance passenger operation incorporating a twin “ Dart ”
gas turbine power plant Fig 18a shows a sumilar layout with provision for
front freight loading doors

Another interesting transmission problem 1s offered by the twin engined
four rotor configuration with the four planwise displaced rotors arranged
1n two sets oppositely rotating, each of the opposing rotors being driven by a
separate engine 1n such a way that failure of one power unit brings one pair
of rotors into autorotation while the other pair remamn to be driven as
helicopter rotors

SPEeD CHANGE GEAR

Until such time as an otherwise suitable power unit 1s available whose
characteristics can be matched with the power and speed characteristics of
a helicopter rotor in all flight conditions, the mstallation of a change speed
gear 1 conjunction with the conventional aero engine will considerably
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0 GENERAL ARRANGEMENT

2-BRISTOL "MERCURY ENGINES

Fg 17

improve the performance of the helicopter Efficiency mn hovering and
vertical ascent and high forward speed requires high tip speed to delay tip
stalling of the retreating blade Consequently, with a conventional aero
engine and fixed ratio of crankshaft to rotor, the maximum engine power
cannot be available i both these conditions , if the gear reduction ratio 1s
great enough to give the low maximum rotor r pm called for in hovering
and vertical flight, the maximum forward speed will be limited by tip stalling
to a value at which the full engine power will not be absorbed, : e, full
throttle cannot be used , but if the gear ratio will permut full throttle in
forward flight, the rotor will be imefficient in hovering and vertical ascent
owimng to excesstve rpm and too low a blade angle This 1s clearly
lustrated 1n a recent article by P1asEcKI and 1s shown on Fig 19
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Conventional change speed gears, however, are not satisfactory since
the drive must be interrupted during gear changes necessitating throttling
back of the engine to prevent over-speeding and re-opening of the throttle
when the selected gear 1s engaged Such a method of gear change 1s
unacceptable 1n a helicopter, for no matter how short the period of disengage-
ment durmng the changes may be, there still remains a momentary mterruption

Fig 18 Three rotor passenger configuration with twin gas turbines

of power input to the rotor which should be avoided at all costs whether
changing “up ” or “ down” Fig 20 shows a proposed speed change gear
which could be conveniently accommodated 1n a typical smgle rotor layout
There 1s no interval of complete disengagement and therefore, no mnterruption
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Fig 18a Three rotor freighter with turn gas turbines

of power Torque 18 continuously transmutted during gear changes, whether
up or down

Furthermore, a change speed gear of this type incorporates as essential
parts, elements which 1 any case have to be incorporated in helicopter rotor
transmussion systems, namely, a shpping clutch for startung a free-wheel
clutch and a tran of speed reduction gearing Consequently, a change
speed gear adds little 1if any weight and complication to the transmission as
compared with the fixed ratio system

In the “low ” speed drive the friction clutch 1s disengaged and the
power 1s transmutted direct from engine to rotor through the epicycle tramn
comprising of T, T#, and T3, which gives a speed reduction between engine

Tl
and rotor of ™1 Tl
Engagement of the “ lugh » speed drive 1s obtained by a gradual application
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of the friction clutch which speeds up the rotor shaft to give a reduction of
T2 x T
T + 19 + (1° > 19
between engmne and rotor When engagement of the ““ high > speed train
1s obtained sun wheel (1) 1s over-ridden on the engine shaft through the free
wheel (6) The change down 1s affected by a gradual disengaging and

slipping of the friction clutch until the free-wheel 1n the sun wheel of the
low speed train again picks up the drive

The speed changing clutch 1s also used as the rotor starting clutch
The roller free-wheel clutch (6) 1s of the *“ lock-1n,” *“ lock-out > type similar
to that used on the ““ Air Horse ” so that at rest it 1s inoperative This
allows the rotor to be started up by driving through the “ high ” speed
epicyclic tramn and then slipping the friction clutch until the roller clutch (6)
takes over to engage the low speed gear Prowvision 1s provided in erther
gear train for over-drive 1n the event of power fallure  In the “ low > speed
gear, the ““ lock-1mn,” “‘ lock-out ” roller clutch 1s free to over-ride and 1n the
“high ”* speed gear the free-wheel connecting the friction clutch plate to
the “ high ” speed sun gear 1s also free to over-ride As an alternative to
the speed changing friction clutch a ““ scoop ” controlled flud couphng
appears to offer advantages as the change-over ink At starting the couphng
1s normally empty  The drive 1s engaged by “ scooping ” the fluid nto the
coupling, so that for the speed change, a progressive and smooth shpping 1s
provided by application of the scoop control

The layman accepts the helicopter as a remarkable flying machine that
can perform many duties hitherto unknown  He observes the rotors whirling

Fig 19  EFFECT OF VARIAL. e GCAR RATIO ON POWER REQUIRED
CHARACTERISTICS OF A HELICOPTER ROTOR
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round, he hears the engine exhaust note, but what goes on between remains
a mystery Here lies a vast field of intricate and interesting problems that
will tax the ingenuity of the mechanical engineer

In conclusion, I wish to thank my colleagues of the Cierva Autogiro
Company for help given and to thank you, ladies and gentlemen, for your
attention I also wish to thank the Cierva Autogiro Company and Mnistry
of Supply for permission to present this paper
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Fig 20 Diagram of two-speed change gear
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Discussion

Mr G E Walker (Bristol Aeroplane Company) (Founder Member) Many
papers have been read before this association giving the scientific or mathematical
aspect of helicopters and I am sure many members and friends have been pleased to
hear something of the more tangible problems connected with the development of
this type of aircraft There must be many here besides myself who have questions
to ask and observations to make, and in view of this I do not wish to take up too
much time Having listened to MR WATSON’S paper, there are one or two points
on which I would like to say a few words

In the first place MR WATSON indicates that to the layman that part of a Heli-
copter between the engine and the Rotor blades remains a mystery I must say I
have more often heard 1t referred to as just common engineering I think that those
of us who are familiar with the inside story of Helicopter transmissions will agree
that although there are no such things as mysteries 1n engineering the problems are
by no means common

I heartily endorse MR WATSON’s remarks with reference to the need for simplicity
reliability—and I would add—ease and low cost of maintenance, as it will finally
rest with the operators to decide whether one partcular type of transmission 18 a
success or not  There must also be a tendency, as the development of the Helicopter
proceeds, for transmissions to be standardized, may be not as a whole, but component
by component By this I mean that as the majority of motor cars have single plate
clutches and bevel gear differentials 1n their back axles, so the clutches, transmission
shafts and free wheel units of Helicopters will by a gradual process of development
become standardized 1 principle

It 1s with the idea 1n mind of satsfying one or all of these considerations that I
put forward the following observations MR WATsoN has made the suggestion that
a rotor may with greater efficiency be driven through a two speed gear Now although
1t 1s agreed that a lower rotor speed 1s required for efficiency in hovering than in
forward speed the speed change gear must add to the complication and cost of
maimntenance Added to this I estimate that 1n a normal passenger carrying service
the total hovermng time of a Helicopter 1s only 4 per cent of the life of the aircraft
I would suggest, therefore, that except 1n the case of a Helicopter which has some
specialized job where the time spent in hovering occupies a large percentage of the
total life, a two speed gear would not be worth while

I was very interested 1n the method used mn the “° Air Horse » for clutching the
engine to the transmussion I refer to the principle whereby a small clutch 1s used
to start the rotors moving slowly and to synchronise the speed with that of the engine,
after which a positive drive of some type 1s moved into engagement for all powers
and speeds above 1dling  As we all know, rotor blades are liable to damage due to a
sudden app'ication of torque at starting  Once they are on the move, however, they
are not nearly so vulnerable I mmght add that I think 1t desirable to run the trans-
mussion and rotors as well as the engine during the warmng up period My reason
for this statement 1s that an engine runmng without load usually produces excessive
vibrations On the other hand, when we have more experience of operating Heli-
copters on passenger services we may find 1t imperative to stop the rotors and keep
the engine running during the embarkation and disembarkation of passengers

The next pomnt I wish to mention 1s the efficiency of various gear systems MR
WATsoN has shown us a number of diagrams showing alternative arrangements of
gearing, some of which he states are more efficient than others according, I presume,
to the number of gear tooth meshings in series between the engine crankshaft and
the rotor I have heard 1t said that one can assume a loss of 1 per cent of the power
transmitted through a pair of spur gears and 1} per cent through a pair of bevels
It 1s madwvisable to be dogmatic about these figures as the total loss through a pair of
gears may be divided into three parts (1) The frictional loss due to rubbing of the
teeth , (2) The loss due to churning of the lubricating o1l and (3) The loss due to
friction 1n the bearings  The friction between the teeth 1s quite a big percentage of
the total loss It 1s, therefore, important that the gears should have the correct
hardness and profile as well as being rigidly mounted
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Of equally great mmportance, 1s the requirement for a helicopter transmission
system to have a mmimum number of gears in series between engine crankshaft and
rotor MR WATSON points out in his paper that a loss of 1 per cent of the engine
power 1n gear losses, etc , on a large helicopter reduces the payload by the equivalent
of two passengers

We have considered this aspect of the general transmission problem, and 1t has
been possible 1n all types of Bristol helicopters for the whole of the 11 to 1 speed
reduction between crankshaft and rotor to be effected through two pairs of gears only

Looking at the slide showing the drawing of the distribution gearbox of the
*“ Air Horse,” 1 notice that there are three bevel gears meshing together It 1s usual
when making gear adjustments for a pair of bevel gears to move both gears 1n or out
as required along their respective axes by means of shims  After two gears have been
adjusted 1n this manner the mating of the third gear with one already fixed n position
would, to my mind, present some difficulty I would hike to ask MR WaTsoN if this
1s so or 1f special precautions have been taken to overcome the problem

I notice that Magnesium Castings are used extensively in the “ Air Horse ”
gearboxes We have also used this material but are changing over in some cases to
alummum alloy because of the latter’s higher modulus of elasticity giving smaller
deflections under the high torque loads associated with rotor drives We have made
a pomnt too of carrying the weight of the aiwrcraft in flight by steel components only,
that 1s, the rotor 1s attached to the aircraft via 1ts bearings and rotor axle so that the
hight alloy gearbox castings carry gear loads only

There 1s one final point I would like to mention with regard to the * Air Horse
transmusston shafts, which I understand are manufactured from alumimium alloy
tubes I note they have a umuversal joint at each end working through an angle of
8° This angle will cause the whole shaft to have an angular oscillation at a frequency
of twice its running speed I would like to ask MR WaTsoN if the possibility of
fatigue has here been considered and if the fitung of constant velocity joints at each
end would not be an advantage

In conclusion I wish to thank MR WATsoN for a very interesting paper

Capt A Graham Forsyth (Fairey Awviation Company) (Member) We have
heard a very fine paper presented, including a splendid descriptron of the “ Air
Horse ” installanon, which can be regarded as an outstanding achievement in the
helicopter field I hope that future changes will not be severe , and I am certamn
that this Assocration wishes the Cierva Company every success with the * Air Horse

Now I am in difficulues, because MR WALRER has covered many of the points
I had intended to make However, a few remain  One of them concerns the cooling
system I note that 1t 1s recorded that 1} per cent of the engtne power 1s absorbed
by the fan Does this mean that the whole of the cooling 1s done for that 1} per
cent , because generally the figure i1s somewhere about 5—7 per cent?

Another point 1s that cast ron has been sprayed on to magnestum castings used
1n connection with the driving of the fan, and I should like to know how the castings
are getung on, for I feel that, judging by our experience of sprayed duralumin, quite
a lot of corrosion might be set up between the ron and the magnesium

Next, I was surprised to hear what was said about the Merlin reduction gear
I should have thought that if you had used the hight alloys you would have achieved
mmprovement

In connection with bevel gears a point was made about the strength of tooth, and
MR WATSON said that the wear 1s not so important, for replacement can be made
easily But I think there 1s some difficulty about 1t, because you cannot really see
the extent of the wear unless you do a lot of stripping during the running period

A matter which mught well be stressed 1s that of meshing gears You may have
perfectly-made gears, giving all the required characteristics of strength, etc, but if
they are very badly meshed they can fail quite soon , and in assemblies 1n magnesium
cases and things Itke that you have to allow for various expansions on the assemblies
It 15 not just a simple case of putting a pair of bevels 1n a gearbox , we find there
must be anything up to 30 or 40 thou (0 030—0 040 1n ) offset before we can get the
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mesh properly, with the result that the gears are likely to give trouble in the early
stages due to the situation at the tps

I sympathize with MR WATSON 1n regard to ball bearings, because if we use the
standard as i1ndicated in the catalogue 1t 1s impossible to produce a satisfactory trans-
mussion  We have all worked together on this subject with a view to getting the ball
bearing people to produce the right bearings for our purpose , I have been very
fortunate because Messrs Hoffmann have co-operated, and I have obtained what
I want

In connection with gear losses, an example has been given of 2,500 hp where
a loss of 1 per cent means anything up to the weight of two passengers What
percentage 1s lost through the transmission of the * Air Horse ” ?

It 1s obvious that helicopters of the ¢ Air Horse size will have to be multi~
engined eventually, and the various schemes put forward by MR WATSON are most
mteresting It appears that we are suffering from lack of suitable engines, and I
emphasise that until we can get engines to suit helicopter requirements we really
cannot make the best job of twin-engined nstallattons  In the case 1llustrated where
the two Mercuries were used I think the arrangement 1s the best from the pomnt of’
view of maintenance, and so on , and with co-operation from the engmne side we can
probably get the transmission through the whole length of the fuselage, mnstead of
having to set up from the gear in the centre

The engine position 1 this country 1s very poor, and I think the only serious
attempt has been the Alvis °“ Leomides,” which enables one to produce an
aircraft having the fewest number of gears between the engine and the rotor, which
arrangement, as MR WALKER has said, 1s very desirable

There has been reference to transferring from piston engines to turbines I do
not by any means agree that the piston engine 1s dead, and I think that for the present
range of helicopters it 1s best that we should adhere to that type of engine We
really want someone to develop a large size piston engine, for to my way of thinking
the capabuility of the piston engine to develop 1its power over 1ts whole range 1s very
mmportant  The turbine at present has a very short speed range, and without the
use of mult1 gears between the turbine and the rotor the stalling probability 1s very
high and there are difficulties in connection with starting torque and runmng up the
rotor speed Whilst I agree that two-speed gears offer many advantages, I also
agree with MR WALKER that they appear to introduce unnecessary complication,
especially when the turbine 1s used as the power unit

In connection with lubrication, the oil point 1s behind the clutch, so that you
have the whole of the o1l passing through and 1t 1s not cooled Are there any 1ll
effects due to the rise in temperature and what 1s the temperature rise ?

Mr J A C Wilhams (Firth Hehcopters Ltdy 1 am apprecianve of the
opportunity given to us this afternoon to hear the extremely informative and well-
ordered paper presented by MR WATSON  May I be allowed first to ask one question
on the subject of the magnesium clutch friction faces which have sprayed cast wron
on them® Is 1t possible for MR WATSON to give further details of the process ?
If that is impossible, may I ask whether the powdered metallurgy process was also
tried 1n the development of this form of friction clutch ?

Corsidering the paper as a whole, Fig 11 shows an interesting comparison be-
tween the relative weights of steel and dural shafts, but the comparative figures for
magnesium are not given In view of the fact that magnesium has been used
extensively 1n other parts of the transmission system in the ““ Air Horse,’ why was
not the use of a magnesium shaft investigated 1n this connection > Or was1t? Isit
that magnesium shafts have certain disadvantages which are not mentioned, or merely
that the supply position was such that the magnesium type shaft could not be used ?

As an interesting comment on the use of magnesium-zircontum for these long
shafts, such a shaft has been used on the Planet  Satellite  to transmut 250 hp
at some 2,400 rpm  Up to the present time 1t has given satisfactory results over a
long period of ground running and, therefore, I would suggest that further weight-
saving could be achieved on long transmission shafts by the use of the latest type
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magnesium-zirconium tubing  This in itself may affect to a qute considerable
extent the use of high or low speed shafts

Under present requirements a weak link must be provided in the transmission
system, and that in 1tself seems to me to present a very knotty problem, in view of the
fact that a weak link 1s essentially dependent upon the strength of the link component,
for it must be assumed that other parts are jamming The strength of the weak link
will obviously vary with the type of fatigue load imposed, the form of the f versus N
curve for the material  Steel has a fatigue limit, alummium has not a strict fatigue
limut so far as I know, and magnesium lies somewhere between those two 1n respect
of fatigue imit  Therefore, the strength of the weak Ik 1tself will vary quite a lot
according to the number of hours run by the component If such a weak link fails
n normal runmng service, it probably means the loss of an engme, unless special
governing devices are fitted May there not be a case for considering wet type
clutc.l)les in this application, for I believe the probability of their seizing 1s virtually
zero

The paper has dealt with the extremely intricate problems of the transmission
on a large helicopter, which 1n some ways are similar to those mn the smaller type
helicopter, except that in the latter there are certain problems which anse purely
from the restriction 1n size In illustration of that I would mention that m the
“ Air Horse,” for instance, there 1s an axial flow type fan , with that type of fan, in
order to secure high efficiency, there must be proper diffusion of the air flow after
passing through the fan blades and stator system  But that requirement 1s virtually
ruled out on the small hehicopter, and a centrifugal type fan must be employed
This has the advantage that 1t does not appear to be susceptible to dimensional
accuracy to the same extent as does the axial flow type For example, 1n the latter
type a considerable amount of efficiency can be lost by large tip clearance The
axial flow type fan must be run at a higher tip speed than the centrifugal type for a
given air pressure differential across it 1n most applications Therefore implicit 1n
the design of the axial flow fan 1s a larger diameter, which means a larger flywheel
mertia for a given weight

The question of scaling helicopter size, especially i transmission, 1s an extremely
vexed one Doubtless you will be familiar with the Landgraf type of inclined rod
transmission, which MR LANDGRAF evolved during the last war, becguse of his mability
to get any gears cut for a normal type transmission  This form of transmission seems
to have worked well 1n his prototype machine, and on the present Firth helicopter
1ts use 1s bemng extended to a higher torque It 1s debatable whether or not a more
conventional system mght be designed for the larger Firth machine for the same
weight , but a conventional system would be more complicated and would have a
smaller safety factor In this type of transmission the resolved tension in the wire
1s sufficient to offset the load from the Lift 1n each rotor It has a somewhat umique
feature, 1n that, so far as can be seen, no true resonant frequency exists in the mdividual
wires, as the tension 1n the wires, and therefore the frequency, 1s varymg cychcally

Mr A McClements (Chief Development Engineer, Brinsh European Awrways)
(Founder Member) 1 do not propose to say anything about the design aspect of
transmussion systems because there are many people here today far better qualified
to do this than I am However, I have had the opportunity of being associated with
regular helicopter operations on a modest scale and 1t might be of some interest 1f I
mention a few of the things about transmission systems of certificated helicopters
which we have learnt during regular usage Furstly, we find that in spite of all they
are called upon to do, transmussion systems are basically reliable, 1 ¢ , 1f properly
mamtained they do not suddenly stop functioning However, they do give some
trouble and quite a high percentage of the overall defects experienced by us were
found in the transmussion This can be appreciated by noting that during some
1,400 hours flying, about 50 per cent of the defects thrown up appeared in the
transmssion systems  (When referring to the transmission system, I mean everything
required to convey the power to the blades up to and including the rotor hubs)
Notable among the parts of the transmussion which gave trouble were the main and
tail rotor heads which amounted to 50 per cent of the defects, the gearbox which
amounted to 20 per cent , the clutch (12 per cent ), and the rotor brake (10 per cent )
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Another aspect of the transmussion of vital interest to the operator 1s the effort
which he has to expend on 1t Here we find that during inportant 1spections about
80 per cent of the work required 1s done on the transmission

I have mentioned these figures because I think they do indicate on which parts
of the transmussion improvements can be introduced most fruitfully Also to
appreciably lower maintenance costs and increase utilization, transmission improve-
ments are the obvious thing to aim at

If we look at the types of defects which have arisen we will find that these are
largely associated with wear of such parts as clutch shoes, needle bearings, rotor brake
shoes, and indeed the majority of the parts at fault could have had their lives assessed
before ever they reached the operator Indeed 1t would seem that the whole trans-
mussion system lends 1itself to life assessment under laboratory and rig conditions, and
I believe 1if this were done extensively and care taken to make component replacement
easy and servicing simple, the manufacturer would go a very long way towards
cheapening mamtenance and increasing utilisation

Mr Raoul Hafner (Member) The question which interests me manly 1s that
of the design of gears MR WATSON has said that 1t would be a good thing to design
gears for strength rather than for wear I am rather inclined towards Mr Forsyth’s
view, that we should balance the requirements, that we should make them equally
good from the pownts of view of both wear and strength, because we want to extend
the periods between general overhauls as much as possible  Again, n this case there
1s no means of inspecting the surfaces during service, and 1if those surfaces are allowed
to deteriorate there will be, not only wear, but eventually fracture

Another pomnt of interest to me 1s that of shafts MR WATsON has exhibited a
graph showing the ments of steel and alumunmum shafts I do not think the factor
of hmiting fatigue strength has been mentioned But the lhight alloys have a low
limiting fatigue strength, and I cannot help feeling that the light alloy shaft 1s ruled
out

A further point of interest to me 1s that of elastic couplings MR WATsON has
pomted to their-damping properties , I feel rather that elastic couplings mn transmission
are there to provide elasticity  Our job 1s to ensure that the exciting frequencies fed
mto the system from the driving or driven end are outside the various modes of oscilla-
tion 1n which this system can move, and that we introduce these elastic couplings—
and I stress the elasticity of the couplings—to vary the natural frequency of the
systems I do not think the damping feature 1s an important one

I should like to hear what MR WATSON has to say on these matters

Mr J S Shapiro (Cierva Autogiro Company, Ltd) (Founder Member)
Perhaps I may first make a comment on Mr Hafner’s remarks Some time ago I had
occasion to stress the importance of speaking 1n numerical terms I can assure you
that hight alloy shafts are about 50 per cent better 1n respect of fatigue than are steel
shafts , we can only assess the matter on general grounds—in other words, on fatigue
values as we know them—but I think the assessment 1s fairly reliable

Magnesium shafts are not suitable, for therr fatigue limit 1s worse than that of
steel shafts That situation may be altered m the future, and indeed, we have some
indications of 1t, but so far we cannot use magnesium shafts with any rehability

With regard to axial flow fans I would like to say that even 1n small sizes they can
be made efficient, and that they do not need all the extras which render their use
mmpossible 1n small 1nstallations

I disagree with MR WATsON with regard to turbines  If the piston type internal
combustion engine has not very desirable characteristics 1n association with the rotor,
the turbine 1s even worse  But we may not have any choice in the matter, and I think
the turbines must be regarded by the helicopter designers as a fresh calamity which
must be accepted

Mr Kenneth Watson (in reply) I should like first to refer to the remarks
of Mr Walker and Mr Forsyth 1n connection with the use of the two-speed gear,
“ with all 1ts attendant difficulties,” and so on  Such a gear need not mtroduce any
further complications to the system As I have said, the elements which constitute
that gear are already a necessity 1n the typical helicopter system of transmission, and
only by suitably re-arranging the components can such a gear be used without the
penalties mvolved in extra weight
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I agree enuirely with MR WALKER that a very small percentage of the total hfe
of a helicopter 1s spent 1in hovering But during that very short percentage of tume
the helicopter has to be lhifted from the ground, and 1t 1s 1n hfting that I am sure the
two-speed gear can be of considerable value , 1t should make possible increasing
pay-loads, and so on

The next pomnt, which both MR WALKER and MR FORSYTH mentioned, 1s that
of the difficulty of gear meshing, and MR WALKER referred particularly to the meshing
of three bevel gears I admit that that seems to be quite a problem when one looks
at 1t , but present day precision methods of cutring gears, meshing them, and so on,
brings the possibility of the solution of that problem well within practical scope
In the particular example I mentioned, that of the “ Air Horse » distnibution gearbox,
we have three gears which are more or less i1dentical That solves the problem of
inaccuractes mn tooth dimension  The difficult factor was the gear casting 1tself, the
bores for the output bevels, and there were compound angles However, that did
not appear to offer great difficulties to the manufacturers Having personally
meshed many gears in my time, and having seen the mesh of that particular set of
gears, I can say that I have not seen anything better anywhere, so that the difficulues
associated with such a problem can be overcome by good machining and the mamten-
ance of accuracy

Then MR WALKER mentioned the problem of the universal jomnts on the ends
of the long transmussion shaft, and the possibility of faugue due to the torswonal
variation twice per rev arising from the double angularity This was considered
carefully The fatigue set up by such variation 1s well within the capability of the
materials , and the possibibity of mcorporating constant velocity jomts 1s rather
frightening, for 1 the first place the cost will be much heavier, and an additional
bearing 1s demanded

Reference was made by MR FORSYTH to the unusually low percentage of power
required for driving the ¢ Air Horse ”” cooling fan I can assure him that the power
required to drive that fan s only 1} per cent of the engine power

As to the spraying of cast 1iron on to aluminium or magnesium, the first attack
on that problem was made by the Cierva Company n the case of a clutch some years
ago In a standard automobile clutch the components normally made 1n cast iron
were made mn alummum alloy, and the clutch rubbing faces had a close-grained cast
1ron sprayed on to them I do not know from the technical point 6f view what goes
on between the two metals in the way of corrosion, but the particular case I have
mentioned 1s probably about three years old by now and there 1s no outward indication
of any such corrosion occurring

The spraying of cast iron on to magnesium 1s a different problem, and 1n that
case I cannot give any answer now because msuffictent time has elapsed since the
application of the cast iron But the material on the cooling fan of the ““ Air Horse ’
has been sprayed on for about 18 months now and i1t has not shown any signs of
deterioration

Another question 1s that of the gas turbine having a very narrow band or the
power range, as compared with the piston engine I am sure that the mtroduction
of the two-speed gear with the turbme will considerably expand that range in so far
as the application of the turbine to the rotor 1s concerned

I think MR SHAPIRO has answered MR WILLIAMS’ question concerning magnes-
wm shafts, and also MR HAFNER’s 1in connection with the menits of hght alloy as
against steel shafung

On the question of gear strength and wearing qualities, mentioned by Mg
HarNER and MR ForsyTH, I still maintain that gear strength should be given preference
over wearng qualiies One 1s given no indication that a tooth will fail , 1t just
happens  On the other hand, wear can be detected without stripping the components,
sunply by measuring the backlash  Thus 1t 1s my experience and my firm view that
strength should always have preference over wear

In reply to MR FORSYTH’s query regarding lubrication the temperature rise was
about 20° and the ol was passed through a cooler afterwards

In conclusion, I thank you for your attention and for your contributions to the
discussion
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WRITTEN CONTRIBUTION

J A C Wilhams (Firth Hehcopters Ltd) 1 cannot agree with MR SHAPIRO
on the subject of magnesium alloy fatigue strength and can only assume that his
conclusions were drawn before the figures given below were obtained The fatigue
strength for the latest type of magnesium-zirconrum alloy based on 50 million Wohler
type reversals are —

Unnotched Notched
Casting DTD 721 (heat treated) + 55 tons/sq 1n + 55
Extrusion DTD 733 + 95 tons/sq 1n +575

We can take 4115 tons/sq in for the fangue strength of double heat treated
alumimum alloys 1 the unnotched condition The specific gravities can be taken
as 180 and 2 80 for magnesium-zircommum and aluminmium alloys respectively and
the comparative weight-factored fatigue strengths of extruded magnesium-zirconium
would be —
Unnotched + 148 tons/sq 1n Notched 4+ 895 tons/sq 1n

on the alumimum alloy basis These figures suggest that the magnesium-zircontum
alloy 1s equal to, if not superior to, the highest strength alumimum alloy

MR WAaLKER has said that a change to aluminium from magnesium has been
made on certamn castings due to deflection troubles Surely this needs specific
qualification and probably refers to a case of size limitation Designing on a weight
2a§15 most people change from aluminium to magnesium castings 1n order to decrease

eflection

MR A McCLEMENTS’ VOTE OF THANKS TO MR WATSON

MR McCLEMENTS It gives me very great pleasure to thank Mr
Watson for having devoted the time and effort necessary to prepare his
paper and to come here to present 1t He has been associated with helicopter
development for a long time and has specialised on one of 1ts most important
aspects, namely, transmission systems, the conception and engineering of
which call for skill and ingenwty of the highest order  Such qualities have
been manifest 1n the projects with which Mr Watson has been associated,
and particularly in the “ Air Horse,” which I understand 1s the world’s
largest helicopter I think you would all wish me to congratulate him and
the Cierva Company on the magnificent progress made with the “ Air
Horse ” and to wish them continued success with it , I do so on your
behalf (Hear, hear)

From the paper presented today 1t 1s obvious that Mr Watson has
contributed information of major mmportance to the records of our Associa-
non It remains only for me to thank him and to ask you to sigmify your
approval

The vote of thanks was heartily accorded, and the meeting closed
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