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This inventlon relates to helicopters, that Is
to say to airerafi having supporting rotors me-
chanically driven in normal flight and each com-
prising a plurality of blades radlating from a hub
structure.

It is commoniy assumed that the most desir-
able form of helicopter is that which will support
the greatest welght for a given power Input when
hovering stationary.

This object will, however, involve a sacrifice
of eficiency in forward flight, and the present
invention Is based on the contrasting view that
one of the most important features of the heli-
copter as a type is the possibility of obtaining
& high power efficlency In ordinary forward
fiight, and that it 1s essential to secure this even
at the expense of an appreciable loss of hover-
ing eficlency. Such a loss should not be a serious
handicap In practise, since In any case it Is
nowadays possible to provide an ample power
reserve.

It 15 therefore the hasic object of this inven-
tion to obtain the maximum power eficiency of
helicopters in forward flight, and for this pur-
pose I contemplate providing helicopters with
rotor systems so constructed as to absorb the
flight power input at a relatively high tip speed
and consequently at a relatively low torque. I
find that although this means an appreciable
increase In power for hovering flight, the torgue
is nevertheless substantially reduced as compared
with slower rotors even during such hovering.

Conslderation will show that, for a given for-
ward speed of the aircraft, a high-speed blade
will be subject to a smaller ¢yclic fluctuation of
its effective angle of attack during rotation than
8 low-speed blade; as & result the angle of at-
tack, at least at moderale speeds, may remain
relatively close to the angle giving the best ratio
of Uft to drag for the blade sectlon used, with a
consequent galn in efliclency. Moreover the
maximum forward speed of the alrcraft is also
increased by a high-speed rotor system, since
the blades on the retreating side not not stall
until a correspondingly high translational speed
is reached.

These results are obtained quite generally in
all types of helicopters, but a high-speed low-
torque rotor is of especial advantage In the single
rotor type of helicopter, as will be explained
later.

I have obtained an expression for the torque
dQ absorbed by an annular element (of radius r)
in a rotor disk when giving an axiai thrust or
1ift dT. This is found to be:—

dQsdT.r.[%%-F%\/m]

where Cpp and Cr are respectively the proiile
drag and lift coeficients (In Continental units)
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of -.the blade section used, and « is the solidity
(1. e. the ratio of blade area to disk area) over
the annular area in question.

Prom this, it will be seen that the non-dimen-
sfonal expression

1s a measure of the torque absorbed by a given
rotor element at a given lHght, and it will there-
fore be referred to for simplicity as the “torque
factor.”” Bince Cpp and Crn vary somewhat for
a given blade section according to the angle of
attack for which they are quoted, it will be con-
venient to refer to the minimum value of this
torgue factor.

The different annular greas will have different
solidities In the general case, and consequently
the minimum torque factor will vary along a
blade; normally of course 1t will diminish to-
wards the tip. Also, In view of these changes in
solidity, the torque factors will be at a minlmum
for different values of Cpp and Cr.,

However, by examination of a rotor In con-
junction with the lift/drag curve of the blade
section used, the mean value of the minfmum
torque factors over the whole lifting portion may
readily be determined, and thils is a criterion of
g helicopter rotor according to the invention.

Thus, although the proposal to construct hell-
copters on what may be termed the “high-speed
rotor” principle is In any case new, as far as
I am aware, the present invention may be stated
for the purpose of definition as a helicopter in
which the rotor system 1Is constructed to ab-
sorb the flight power input at a high tip speed
and a correspondingly low torque by providing
a blade sectlon snd a rofor solidity such that
the mean of the minimum torque factors over
the whole working or lifting portion of a rotor
disk has a value below 0.09.

Another convenlent way of expressing the in-
vention takes account of the ratio of the torque
on a rotor to its thrust when hovering station-
ary. This may be ascertained by direct measure-
ment, and its units will evidently be units of
length. When expressed as a proportion of the
rotor radius, if is a criterion of the rotor from the
present polnt of view.

Again, this fisure will vary somewhat accord-
ing to condlilons (more especially pitch setting)
but the invention may be stated as a helicopier
in which the rotor system is constructed fo ab-
sorh the filght power input at & high tip speed
and a correspondingly low torque such that the
ratlo of torque to thrust of & rotor in stationary
hovering has & minimum value below 0.09 of
the rofor radlus,

It also appears that if a helicopter rotor is
constructed to operate at a sufficlently high
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speed, the influence of flow through the rotor
on the effective angle of attack of the blades
may be s0 reduced that the optimum pitch set-
ting for power operation (at least in ordinary
forward fileht) lies within the auto-rotational
range of pitch settings, and a useful alternative
definition of the invention is therefore a heli-
copter with a rotor system having this feature.
In such a helicopter, a fallure of the drive (as-
suming of course that the customary freewheel
is fitted) would not demand an Instant adjust-
ment of pitch to keep the rotor system in actlion,
and the value of such an inherent feature will
be apparent.

The invention is particularly important in its
appHeation to the single-rotor hellcopter. This
type is generally recognised as having greater
possibilities than the double or multi-rotor types,
because 1t avoids the mass and compiexity of du-
plicated driving and control connections, and also
in certain arrangements the welght and drag of
outrigger structures for carrying rotors. The
single rotor has a good lift distribution across the
span in forward fifght, and the complete =nero-
dynamic control of the aircraft may be very sim-
ply arranged by providing means for tilting the
plane of rotation of the rotor in any direction
and for varying its pitch as a whole,

So far, however, the problem of neutralising
the torque reaction on the fuselage during hov-
ering (at any rate whilst still obtaining a nuseful
forward flight) has prevented the practical de-
velopment of a sattsfactory single-rotor hel-
copter.

By providing such a machine with a single ro-
tor according to the inventlon, however, the
torque reaction is made so low that it can be
counteracted even during hoverlng by means
which do not substantially affect the gemeral
eficiency in forward flight. For example, by
shaping the fuselage to conform with smalt effec-
tive “angles of attack” to the rotor downwash,
a sufficlent counter torgue may be aerodynami-
cally imposed on 1t during hoverlng without the
ald of “external” devices Ilmpeding forward
flight.

A single-rotor helicopter according to the In-
vention and constructed on this principle is
1lustrated by way of example in the accompany-
ing drawings, of which:

Figure 1 is a slde elevatian,

Figures 1A to 1F are cross-sections viewed
from the front of the fuselage in the planes A-—A
to F—T respectively of Plgure 1,

Fleure 2 is a plan view,

Figure 2 is a front elevation,

Flgure 4 shows the blade section on an en-
larged scele, and

Figure 5 1s an enlarged and somewhat dla-
grammatic sectional view of the power transmis-
sion means between the engine and the rotor.

Dealing first with the general constructlon
of the rotor of the machime shown; the three
blades | are attached to the hub 2 by articula-
tions sllowing them to fiap up ard down and to
execute independent “drag” movements to
some extent in the plane of rotation. The rotor
is general in constructed and controHed as de-
scribed in United States Patent Applieation Se-
rial No. 115,530 filed 12th. December 1936, the
blade pitch angles beimg “differentially™ con-
trolled to tilt the plane of mtation by a wniver-
sally-tiltable control column 3 (Figure 1), and
the genetal or mean rotor pltch being adjustable
as a whole by the “lft” lever 4.
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The working or lifting portlon of each blade
is about the outer two thirds thereof, the Inner
third being a simple streamlined supporting spar
which encloses a radial tie rod anchoring the
blade to the hub. The torsional resilience of the
tle-rod is arranged to stabilise the blade at its
optimum mean pitch for forward flight, and it
elso takes the centrifugal load of the blade,
allowlng its pitch to be altered without friction
or wear. This feature is fully set forth in the
said Application Serial No. 115,530, and It is
therefore unnecessary to illustrate it in detail
here.

The airfoil section chosen for the lifting por-
tions of the blades is the high-speed section
shown in Flgure 4 and known as N. A, C. A,
23009. The maximum fhickness 1s 9% of the
chord, and the blade is built with a stressed skin
5 of stalnless or plated steel sheet. The blade is
suitably wcighted and stiffened at the nose and,
in general, constructed In accordance with the
principles set out in United States Patent Appli-
cation Serial No, 169,382 flled 16th. October 1937.
That is to say, each sectional element of the lft-
ing portion has & substantially constant center
of pressure situafed at the mass center of the
element, and the hlade is so shaped that all
these centers lle on a common straight llne or
axis of balance X, the neutral torsional axls or
“stiffness” axls of the blade being arranged at
or In front of the axis X. In the present case
these axes are arranged to coinclde with each
other and also with the tie-rod axls about which
the blade is turned to adjust its pitch. As ex-
plained in the said Application Serial No. 168,382,
this arrangement glves a dynamically halanced
blade free from fAuttering tendencies in flight,
and this 15 evidently important In view of the
long, thin and narrow nature of the blades in
the present case,

The blades are tapered in plan so as to give
the optimum lift distribution over the lifting area
of the rotor disk, and are given a suitable twist
along thelr length to keep the effective angle of
attack correct at each point during flight. The
overall rotor solidlty Is under 4%; at the points
M it is of course greater, and over the annular
element of &rea centaining these polnts the
solidity is 6.30%. From the published data re-
lating to the section N. A. C. A. 23009 it Is found
that the minimum value of the torque factor
is 0.087 when 0=0.063, angd is obtained by using
the values Cpp==0.0067 and Cr=0.19.

Bimilarly, at points N the solidity has the much
lower fleure of 1.10%, and the torque factar is
found to be at a minimum of 0.05 when the
values Cpp=0.0071 and Cr—=0.36 are used.

In the first case the values of Cpp and Cr nsed
are those quoted for an angle of attack of 1°
and in the second case they relate to an angle
of 2.5°; it will be appreciated however that these
angles are mentioned only because they happen
to give the minima in calculating the torgue
factors, and that they have no significance as
regards the actual setting of the blades.

Thus we have minlmum torque factors of
0.087 at M and 0,05 at N, and it Is obvious that
if (for example) further values are taken al
equidistant points along the rotor radius the
mean value over the whole lifting portlon will
be found to be well below the limit of 0.08.

Investigation shows that, as previously men-
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tioned, the optimum pitch setting of this high-
speed rotor for ordinary forward filght is also
one at which the rotor will auto-rotate in the
event of engine fallure. This is evidently a
most valuable feature, even if it is advisable
subsequently to reduce the pitch to obtain the
actual optimum auto-rotative condition.

As shown in Figures 1 to 3, the fuselage 7
is generally fish-shaped, being relatively deep
and narrow. At its central part it has a roughly
oval symmetrical cross-section (see Figure 1C),
but its shape is progressively modified towards
the nose and tail into unsymmetrical airfoil sec-
tlons {(see Figures 14, 1B, 1D and 1E), which
are upwardly directed but oppositely cambered.

Thus the fuselage has, in effect, the form of
ah airscrew of very high pitch freely carried on
the rotor axis, and tending to revolve in the
down-wash of the rotor. From thc drawings it
will be seen that the rotor revolves clockwise in
plan, and that the fuselage tends alsc to revolve
in this sense, 1. e. in opposition to the mechanical
torque reaction on it. Investigation shows that
in the alrcraft illustrated a complete neutralisa-
tlon of the torque reaction in this way can be
expected even while hovering, whilst it is evident
that the fuselage is at the same time wholly
sulted for fast forward flight.

The curve of the fuselage top (Figure 1} is
arranged to follow closely the droop of the hlades
when at rest, in order that the fuselage may
have the maximum area as an airfoll and also
so that its ends (which are most effective In
providing the aercdynamic counter-torque) shall
not be unduly far below the rotor disk in flight.

These objects may if desired be more fully
met by giving the blades during manufacture a
slight inherent upward curvaturc or “set” to
reduce theilr droop when at rest. During flight,

centrlfugal force would of course entirely over-

come any such “set.”

Since the fuselage is approximatcly symmetri-
cal in side elvation about the rofor axis and cen-
ter of gravity C. G. (Flgure 1), it 1s provided at
the rear with an adjustable tall fin or rudder &
of large area for directional stability and control,
and also has a tallplane 8 (which may be adjust-
able) to assist in maintaining trim. These sur-
faces are mounted well clear of the rotor down-
wash in all conditions of flight.

It will he appreciated that, for a given throttle
opening, the degree of torque counter-action re-
quired from the fuselage proper may vary some-
what according (for example) to whether the
machine is fiying level or climbing. It may prove
possible so to shape the fuselage that these varla-
tions will automatically be met In view of the dif-
ferences In distribution of the downwash over
the fuselage, and in any case they can be offset
by tilting the rotor slightly to one side and turn-
ing the rudder to the same side, thus producing
ah auxiliary corrective couple on the machine.
Als0, if destred, flaps or “ailerons” 10 may be fit-
ted for modifying the effective camber of the
fuselage and connected to an operating lever 11
in the pilot's cockpit, or to the rudder bar (not
shown).

In ordinary forward flight, however, the action
of the fuselage alone will be quite sufficient, and
in this connection it may be mentioned that with
a suitable rotor the helical component of the
downwash meay In itself give all the necessary an-
gle of attack on the fusefage. In such a case the
fuselage could be absolutely symmetrical about
the lcngitudinal vertical plane, the auxiliary cou-
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ples being applied when necessary by either of
the ahove methods.

As regards the rotor driving mechanism; this
comprises an engine and clutch unit 12 (Flgure 1)
below the rotor, which it drives throuegh a jointed
and telescopic vertical shaft 13 coubled at its up-
per end to the rotor hub. The engine also drives
a fan or blower (not shown) for drawing cooling
air through an aperture i12a in the fuselage and
expelling it through a simlilar aperture on the
other side.

As shown somewhat dlagrammatically in Flg-
ure 6, the engine crankshaft 14 is geared by bevel
pinions 15 and 16 to a vertical clutch.driving
shaft (T on which the driving clutch plate 6 is
splined. A spring 19 normally holds this plate up
to the limit of its travel. The driven plate 20
rests on the plate 16, and is similarly splined to
the driven shaft 21. This shaft 21 is connected
through a freewheel device 22 and & universal
joint 23 to the lower end of the telescopic driving
shaft 13, and the upper end of the latter 1s simi-
larly jointed at 24 to the shaft of the small pin-
ion 25 meshing with the rotor hub pinion 26.

The arrangement Is such that the drive will
fracture at or near the part 25, 26 as a safety
megasure if for some reason it becomes jammed
lower down. This may be ensured, for example,
by pinning the final pinion 26 to lts shaft by
means of & key (not shown) adapted to shear on
the application of a shock torque exceeding a pre-
determined maximum flgure.

In view of the nature of the blades it is Im-
portant that when accelerating the rotor from
rest, and in fact until it has attained sufficlent
speed for centrifugal force to take effect, the
maximum torque Imposed on it shall be strictly
limited in order to avold bending and damaging
the blades or their root fittings.

For this reason the operating mechanism of
the clutch 18, 20 Is arranged in accordance with
United States Patent Application, Serial No.
33,462, filed 27th. July 1935, namely so that the
maximum torque transmissible by the clutch { e.
its effective degree of engagement) 1s automati-
cally reduced at low speeds of the driven plate 20
and therefore of the rotor. For this purpose the
driven clutch shaft 21 carries pivoted centrifugal-
ly-actuated cams 27 adapted to exert an Increas-
ing engagement pressure oh the plates as the ro-
tor speeds up. Initlally the cams 27 are in the
position shown, and thelr weight exerts on the
plate 20 a relatively light engagement pressure,
such that only sufficient torque may be transmit-
ted to get the rotor started without stralning it.
As the rotor speed increases the cams 27 press
the driven plate 20 harder against the driving
plate unt{l, when the rotor has attalned suficlent
speed, the cluteh is capable of transmitting the
maximum torque of the engine. Provision is
made for manually disconnecting the clutch at
any time by means of a pivoted forked lever 28
which is operated by a cable 29 from the pllot's
cockpit to withdraw the c¢lutch plate 18 against
the pressure of the spring 18.

The rotor will normally be put at the no-lift
pitch setting while being started up. Its rota-
tional drag I3 then abnormally low, and it ean
therefore be raised to an abnormally high speed
before the lift lever 4 is operated to effect the
direct take-off. The Initial acceleration away
from the ground will therefore be high, but since
the engine will be running at a high speed while
lightly loaded it will not be dellvering an unduly
high torque, the excess lift being obtained rather
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from the excess kinetic cnergy of the rotor. In
any case, the fuselage has a high polar moment
of inertia and a general resistance to rotation
during this relatively brief perlod, especially in
view of 1ts large tail.

The machine is mounted on an undercarriage
of what is known as the trlcycle type, compris-
ing two main supporting wheels 80 situated
slightly behind the center of gravity C. G, and a
single forward wheel 31 which may be freely
castoring or, preferably, steerable by being con-
nected to the pllot’s rudder bar.

The fuselage may readily be constructed as a
watertight hull so that the helicopter is am-
phihian. In this case the leg structures 32 carry-
ing the main wheels 3¢ may be plvoted at their
roots about longitudinal axes at 33 (see Figure 3)
so that the wheels 30 may be placed at the sur-
face of the water when the aircraft is afloat and
act as lateral stabilising floats; if desired, addi-
tional buoyancy members 3§ may be Incorporated
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in the structures 32 as shown. It may be noted
that {n this position the rebound-damping
means usually assoclated with undercarriage legs
will act to damp out rolling movements of the
floating aircraft.

PFurther upward movement of the undercar-
riage members about the axes 33 in flicht may
be arranged to bring them into a fully retracted
position nestlng in the fuselage stdes helow the
rotor huh,

A contemplated form of helicopter constructed
as above described and @s shown in the accom-
panying drawings has a rotor radius of sbeut
19.6 feet and an all-up welght of about 2400
pounds. Investigation shows the minimum
torque for hovering to be about 2400 lbs. ft.
Thus the ratio of minimum hovering torgue to
welght 1s unity (one foot) ; that is to say 0.051 of
the rotor radius,

RAQUL HAFNER.



