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Abstract

The technical challenges and accomplishments in the de-
velopment of the autogiro are described. Exactly eighty
years ago, the autogiro was the first successful rotating-
wing aircraft, and the first powered, heavier-than-air air-
craft to fly other than an airplane. Unlike a helicopter, the
rotor on an autogiro is not powered directly, but turns by
the action of the relative airflow on the blades to produce
a phenomenon known as autorotation. The aerodynamic
principles of autorotation are explained, and are combined
with the historic technical insights of Juan de la Cierva,
who used the principle to successfully develop and pro-
duce the autogiro. It is shown that while the autogiro en-
countered many technical hurdles, its devel opers worked
in asystematic, step-by-step approach to advance the state
of knowledge. The autogiro did not have along commer-
cia or military life, but it was certainly a significant tech-
nical success. Therewere major scientific and engineering
contributions from both practical and theoretical fronts.
The most significant was the development of the artic-
ulated rotor hub with flapping and lead/lag hinges, and
later the complete and precise control of the aircraft by
tilting the rotor plane using cyclic blade feathering. The
era also accomplished the first scientific understanding of
rotor behavior, and the first mathematical theories of rotor
aerodynamics, blade dynamics, structural dynamics and
aeroelasticity. The success of the autogiro also paved the
way for the helicopter, but pre-dating it by about 15-years,
and providing fundamental technology that greatly accel-
erated its development.
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Nomenclature

rotor disk area, nR?

rotor blade chord

airfoil section lift coefficient
airfoil section drag coefficient
rotor drag coefficient

resultant rotor force coefficient
rotor drag force

blade inertia

rotor lift force

rotor shaft power

rotor shaft torque

rotor shaft torque in powered hovering flight
rotor radius

rotor resultant force

rotor thrust

climb velocity

descent velocity

reference (hovering) induced velocity
average induced vel ocity through the rotor
free-stream velocity

weight of aircraft

Cartesian coordinate system
angle of attack

blade flapping angle

rotor coning angle

rotor longitudinal flapping angle
rotor lateral flapping angle
blade section pitch angle
advanceratio, V../QR

air density

induced inflow angle

azimuth angle

rotational velocity of rotor

Abbreviations

RAE
NACA
RAeS
ARC

Royal Aircraft Establishment
National Advisory Committee for Aeronautics
Royal Aeronautical Society

Aeronautical Research Council
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Introduction

The autogiro often seems to be a half-forgotten machine
that occupies alower place in the history of aviation. Yet,
the autogiro played such a fundamental role in the tech-
nological development of modern rotating-wing aircraft
that its accomplishments must be properly recognized. An
autogiro has arotor that can freely turn on avertical shaft.
However, unlike a helicopter, the rotor on an autogiro is
not powered directly. Instead, therotor disk inclines back-
ward at an angle of attack, and as the machine moves for-
ward in level flight powered by a propeller, the resultant
aerodynamic forces on the blades causes the necessary
torque to spin the rotor and create lift. This phenomenon
of “self-rotation” of the rotor is called autorotation. The
autogiro was developed by Juan de la Cierva, 2 and in
1923 it was the very first type of rotating-wing aircraft
to fly successfully and demonstrate a useful and practical
rolein aviation, pre-dating the first successful flights with
helicopters by about 15-years. The autogiro was aso the
first powered, heavier-than-air aircraft to fly successfully
other than a conventiona airplane.

The principle of autorotation can be seen in nature in
the flight of sycamore or maple seeds, which spin rapidly
as they dowly descend, and are often carried on the wind
for aconsiderable distance from the tree from whence they
fall. The curious aerodynamic phenomenon of “ autorotat-
ing bodies’ had been observed in variety of experiments
by the beginning of the 20" century, which probably date
to earlier theoretical work by the Scottish physicist James
Maxwell — see Tokaty.> The Itaian, Gaetano Crocco,
and also Boris Yur’ev (Your'yev) of Russia, examined the
principle of autorotation on spinning rotors. 1n 1922, Max
Munk of the NACA conducted experiments* with “heli-
copter propellers,” where the phenomenon of autorotation
was again demonstrated. Yur’ ev and his students probably
made the most significant studies. They conducted exper-
iments with model helicopter rotors, and showed that un-
der some conditions of steeply descending and horizontal
flight with the rotor at a positive angle of attack, a lifting
rotor could be made to turn on its own accord. Yur'ev
called this phenomenon “rotor gliding,” and he apparently
realized that the ability of the rotor to self-rotate might
even be used to bring a helicopter safely to the ground in
the event of an enginefailure. Today, of course, the ability
to autorotate in an emergency condition such as power or
transmission failure is afundamental safety of flight capa-
bility designed into al helicopters.

At the beginning of the 20" century the development
of the conventiona airplane was well underway, and there
had also been many attempts to build helicopters. In
fact, toward the end of the 19! century there had been
more attempts to build helicopters than fixed-wing aircraft
(see Fig. 1, which is based on data contained in Ref. 5),
although an unconscionable number of “tower jumpers’

80-
—o— Ornithopters & tower jumpers
70 —e— Rotating-wing aircraft
60 —a— Gliders and airplanes

Wright Bros., 1903
Pilcher, 1895 }
Langley, 1891

50
40
30-
20

Number of tries at flight

104

0 U U U U

1700 1750 1800 1850 1900
Year

Figure 1: By theend of the 19™ century more attempts had

been made to build rotating-wing aircraft than fixed-wing

aircraft.

Launoy & Bienvenu, 1784

were dtill active even then. The first helicopters after
1903 included the Breguet-Richet®” and Cornu®8 ma-
chines, and the Denny-Mumford machine,® 10 all built
around 1907. Yet, other than making short hops off
the ground, none of these machines were successful in
demonstrating sustained, fully controlled vertical flight.
Many problems plagued the early attempts at powered
vertical flight. These included the relatively poor under-
standing of rotating-wing aeromechanics to alow for ef-
ficient rotors, the lack of suitable engines, counteracting
torque reaction from the shaft driven rotor(s), and also in
providing the machine with enough stability and control.

The power required to sustain hovering flight was
an unknown quantity to the earliest experimenters with
rotating-wings, who were guided more by intuition than
by science. More often, too much rather than too little
power was installed to provide lift, making the machines
unnecessarily heavy. Thefirst application of aerodynamic
theory to predict the power requirements of rotating-wings
was not to happen until the early 1920s, inspired mostly
by the rapid and sustained success of the early autogiros.
This was despite the fact that the momentum theory de-
scribing the performance of lifting “propellers’ had been
published by William Rankine,* W. Froude,'? and R. E.
Froude3 in the late 19" century. The powerplant is-
sue was not to be overcome fully until gasoline engines
with higher power-to-weight ratios were developed in the
1920s.

The ability to provide an anti-torque device to counter
the reaction of the torque driven rotor shaft was also ama-
jor hindrance in the development of the helicopter. The
relatively simple idea of atail rotor was not used, early
designs being built with either coaxial or lateraly side-
by-side rotor configurations. The mechanical problems of
building and powering multi-rotor helicopters proved too
much, and the resulting vibrations were a source of many
failures of the rotor and airframe. Providing stability and
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properly controlling helicopters was also a major obstacle
to successful flight, including a means of defeating the un-
equal lift produced on the advancing and retreating sides
of therotor inforward flight. It wasto be the development
of the autogiro that was to provide the key for solving this
latter problem.

The Idea of the Autogiro

Despite the numerous types of helicopters that were pro-
posed and actually built in the period 1900-1920, no-
body had previously considered the idea that a success-
ful rotating-wing aircraft could be built such that the rotor
was unpowered and always operated in the autorotative
state during normal flight. Inthe spring of 1920, Juandela
Cierva of Spain built asmall, free-flying model of arotat-
ing wing aircraft, with the rotor free to spin on its vertical
shaft. The model had arotor with five wide-chord blades,
with a horizontal and vertical tail to give it stability — see
Fig. 2. Ciervalaunched the model from atop his homein
Murcia, where the rotor spun freely of its own accord and
the model slowly glided softly to the ground. He had re-
discovered the principle of autorotation, which he was to
call “autogiration.” These first experiments with models
were to pave the way for the design of a completely new
aircraft that Juan de la Ciervawasto call an “Autogiro.”

Juan delaCiervawas acivil engineer by training, grad-
uating with thetitle Ingenero de Caminos Canalesy Puer-
tosin 1918. He had becomeinterested in aviation as early
as 1908 when the Wright Brothers demonstrated their
“Flyer” machine in Europe. Cierva was to subsequently
build the first Spanish airplane in 1912. His C-3 airplane
of 1919 was a large three-engined bomber. While the air-
craft flew well, the test pilot became over ambitious, and
the machine stalled and crashed during a demonstration
flight. This tragedy motivated Cierva to think of a way
of improving the flight safety of an aircraft when it oper-
ated at low airspeeds and, in particular, when it was flying
close to the ground.

Cierva set out to design a safe flying machine that en-
sured “stability, uplift and control should remain indepen-
dent from forward speed” and suggested further that it
should be one that could be flown by a pilot with aver-
age skill.! Cierva goes on to point out that “the wings of
such an aircraft should be moving in relation to the fuse-
lage. The only mechanism able to satisfy this requirement
is a circular motion [a rotor] and, moreover, in order to
give adequate security to the af orementioned requirement
it must be independent of the engine. It was thus neces-
sary that these rotary wings were free-spinning and un-
powered.”

Thus was born the first ideas of an autogiro, a com-
pletely new aircraft with a unpowered rotor. The rotor

@

Figure 2: Photograph of Juan de la Cierva with his model
autogiro, taken about 1920.

provides the lift (or most of it), with forward propulsion
being provided by a conventional tractor or pusher pro-
peller arrangement — see Fig. 3. Thisis compared to the
helicopter, where the rotor provides both lift and propul-
sion. The name “Autogiro” was later to be coined by
Juan de la Cierva as a proprietary name for his machines,
but when spelled starting with a small “a” it is normally
used as a generic name for this class of aircraft. Today,
“gyroplane” is the official term used to describe such an
aircraft, although the names “autogiro,” “autogyro,” and
“gyroplane” are often used synonymously.

Unlike the helicopter, the autogiro rotor always oper-
ates in the autorotative working state, where the power to
turn the rotor comes from arelative flow directed upward
through the rotor disk. The low disk loading (T /A) of an
autogiro rotor (and, therefore, its low induced velocity)
means that only a small upward flow normal to the tip-
path-plane is necessary to produce autorotation. There-
fore, in straight-and-level forward flight, the rotor disk
need operate only with a dlight positive angle of attack
(backward tilt). As long as the machine keeps moving
forward though the air, the rotor will continue to turn and
produce lift. Reducing engine power will cause the ma-
chine to slowly descend, and increasing power will cause
it to climb. The loss of the engine is never a problem on
an autogiro because the rotor is awaysin the autorotative
state, and so the machine will descend safely.

Theautogiroismechanically simpler than ashaft driven
helicopter because the engine gearbox and rotor transmis-
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Figure 3: The autogiro rotor (a) provides lift, with for-
ward propulsion being provided by a conventional pro-
peller, compared to the helicopter (b) where the rotor pro-
vides both lift and propulsion.

sion can be dispensed with. Furthermore, it is not nec-
essary to develop a separate means of countering torque
reaction, as on the helicopter. This all significantly re-
duces weight, and also reduces design, production, and
capital costs. While the autogiro is not a direct-lift ma-
chine and cannot not hover (nor was it designed to be), it
requires only minimal forward airspeed to maintain flight.
Through a series of over thirty designs that spanned more
than ten years of development, Juan de la Cierva proved
that his Autogiros were very safe and essentially “stall-
proof,” and because of their low speed, they could be
landed in confined areas. Take-offs required a short run-
way to build-up airspeed, but this was rectified later with
the advent of the*jump” take-off technique. Thisgavethe
autogiro a capability that wasto rival the future helicopter
in terms of overall performance.

Basic Physics of Autorotation

As previoudy mentioned, Juan de la Cierva was not
the first to observe the phenomenon of autorotation, but
he was certainly the first to better understand the aero-
dynamic principles and to put the phenomenon toward
serving a useful purpose. He was to make some of the

first theoretical studies on rotors, and conducted a series
of wind tunnel tests! “with valuable results, among them
the determination of the fact that the rotor would continue
to turn at every possible angle of flight —a point that was
somewhat disputed by critics of my earlier experiments”

Autorotation can be defined as a self-sustained rotation
of the rotor without the application of any shaft torque,
i.e., the net shaft torque, Q = 0. Under these condi-
tions, the energy to drive the rotor comes from the rela-
tive airstream, which is directed upward through the ro-
tor. To see why, the problem can first be approached from
an integral method applied to a powered rotor in vertical
descent.1*15 The use of the integral method affords con-
siderable mathematical simplification, but means only the
properties of the flow into and out of the rotor are consid-
ered, and the theory does not give any information about
what is actually happening at the blades.

From this rotor theory applied to avertical climb or de-
scent, thetorqueratio (the shaft torque required to produce
agiven thrust, Q, relative to the power required for a shaft
driven rotor to hover, Q) is

Q_ V%,
Qh Vh W

where \ is the climb velocity, v; is the induced velocity
through the rotor, and v, is the induced velocity in shaft
powered hovering flight (used as a reference). The two
terms on the right-hand-side of the prior equation repre-
sent the torque required to change the potentia energy of
the rotor and the aerodynamic (induced) losses, respec-
tively. The solution for v; /v, depends on the rotor operat-
ing state. For aclimb, the solution is

V|_ VC VC 2
v () () o

and for descending flight

Vi Ve Ve 2

Vh o ( 2Vh ) ( 2Vh ) 1’ (3)
the latter equation being valid only for V. /v, < —2. The
results for Q/Qp are shown in Fig. 4 in the form of anon-
dimensiona curve. Notice that there is no exact theory
to describe the flow in the region —2 <V /vy < 0 (which
includesthe autorotative state), and the nature of the curve
is obtained empirically.

It is significant that the results in Fig. 4 show that in a
descent, at least when established above a certain rate, the
rotor isdriven by theair. Notice also that thereisavalue of
Ve/ Vi for which no net torque is required at the rotor, i.e.,
when the curve crosses the autorotational lineV,+v; =0
sothat P=QQ =T (Vc+Vi) =00r Q/Qn=0. Thiscondi-
tionisusualy called ideal autorotation, although because

@
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Figure 4: Universal power curve for a rotor in vertical
climb and descent.

the nature of the curve is empirical, it includes non-ideal
losses. It will be apparent that this condition occurs when
the rotor is descending verticaly at V¢/vy &= —1.75. In
practice, a real autorotation in vertical flight occurs at a
dlightly higher rate than this because, in addition to in-
duced losses at the rotor, there are also profile losses to
overcome. Therefore, in an actual autorotational condi-
tion

Q= & (Ve W)+ Qo =0 @

It will be apparent then that when in a stable “gliding”
autorotation with a constant airspeed and constant rotor
rpm, there is an energy balance* where the decrease in
potential energy of the rotor TV, just balances the sum
of the induced and the profile losses of the rotor. Using
Eqg. 4, this condition is achieved when

Ve Vi QoQ

=1 _ = 5
Vh Vh TVh ()

The second term on the right-hand side of the latter equa-
tion will vary in magnitude from between 0.04 to 0.09,
depending on the rotor efficiency, i.e., the profile drag of
the rotor. The profile drag depends on the rotor solidity
and the drag of the airfoil sections used on the blades.!*1°
Compared to the first term, however, which is all induced
in nature and is defined by the curve in Fig. 4, the extra
rate-of-descent required to overcome profile losses is rel-
atively small. Therefore, on the basis of the foregoing, it
isapparent that areal vertical autorotation of the rotor will
occur for values of V; /v, between -1.8 and -1.85. For the
larger value, thisis equivalent to the rate-of-descent

[T T
V= 1.85) |5 5 = 26.83\/; (6)

*The ideas of an energy balance in autorotation were first
explored by Cierval®

o C-30 (RAE tests)
e PCA-2 (NACA tests)

10 degree
< angle of glide

d

Non-dim. rate of descent, V /v

Non-dim. forward speed, Vf / v,

Figure 5: Non-dimensional rate-of-descent in autorota-
tional “gliding” flight versus non-dimensiona forward
Speed.

at sea-level. This latter equation shows that the autoro-
tational descent rate is proportional to the square root of
the rotor disk loading, T /A(=W/A). Cierva's early auto-
giros all had adisk loading of about 2 Ib/ft? (95.76 N/m?)
(which isalso typical of modern autogiro designs), so this
would give a vertical autorotative rate-of-descent at sea-
level of only about 38 ft/s (11.58 m/s).

Measurements documenting the performance of auto-
giros are rare, but detailed in-flight measurements were
conducted by the RAE using a Cierva C-30,* and by
NACA using a Pitcairn PCA-2.18 The autorotational rate-
of-descent, Vg, for both machines is plotted in Fig. 5 as
a function of forward speed, V;, both parameters being
non-dimensionalized by the average induced velocity in
shaft powered hovering flight, vi(= /T /2pA), which re-
moves the effects of disk loading from the results. It is
apparent that the measured vertical rate-of-descent occurs
about Vg /vi, = 1.9, which is in good agreement with the
result given previously. As also previously mentioned,
there is no exact theory describing the rotor aerodynamics
in an autorotation, even with forward speed, but the mea-
surements clearly show a rapid decrease in the autorota-
tional rate-of-descent as forward speed builds. A mini-
mum rate-of -descent isreached at about Vi /v, = 2 (which
corresponds to about 35 to 40 kts), and the rate-of-descent
dowly increases again theresfter. There is good agree-
ment between the independent measurements for the C-
30 and PCA-2 autogiros, as there should be because the
machines used essentially identical rotors.

Also of interest, is the autorotational rate-of-descent
versus the rotor disk angle of attack. While the forgoing
measurements were performed in “gliding” flight, auto-
rotation is also possible in level flight with propulsion to
drive the autogiro forward. All that is required is that the
rotor disk be held at a sufficient angle of attack such that
the component of the relative wind upwards through the
disk causestherotor to autorotate. In the words of Juan de
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Figure 6: Rotor hub angle of attack versus resultant non-
dimensional speed showing that the disk must only be held
at asmall angle of attack to produce lift and autorotate at
higher airspeeds.

laCierval “It makes no difference at what angle the Auto-
giro is climbing or flying. The blades are always gliding
toward a point a little below the focus of forward flight.
Itsisimpossible, therefore, for autorotation to stop while
the machine is going anywhere.”

The resultsin Fig. 6 show the measured hub plane an-
gleof attack asafunction of the resultant non-dimensional
velocity of the aircraft. In a pure vertical descent it is ap-
parent that the tip-path-plane and hub plane angles of at-
tack are both 90° (the resultant wind is perpendicular to
the disk). Asforward speed builds, the hub plane needs to
make a progressively smaller angle to the relative wind to
enable autorotation, until a higher speeds the rotor must
be held only at a shallow angle to produce enough lift in
the autorotational state. The rotor tip-path-plane angle is
also inclined back, but is not equal to the hub plane angle
of attack because of blade flapping (see Fig. 7 and also
later discussion). The natura tendency to produce lon-
gitudinal flapping (B1c) with forward speed increases the
component of velocity upward through the disk, which
means the hub plane angle is aways small in forward
flight. The tip-path-plane has a positive angle of attack
much like a wing under these conditions, and as Glauert
was to show,'>20 the rotor acts very much like a fixed-
wing of circular planform under these conditions.

Detailed Aerodynamics of
Autorotation

Cierva was to juggle with the parameters affecting the
magnitude and direction of the aerodynamic forces act-
ing on the rotating blades, and concluded that there could
be number of combinations of rotor operating conditions
where the net torque on the rotor shaft could be zero. Con-
sider the flow environment encountered at a blade element

Tip path plane _.----"_/
(TPP)_.-m "

Relative
wind

Rotor
shaft

Figure 7: Definition of the rotor hub plane and rotor tip-
path-plane angles of attack.

Driving force

A
Element lift, Cj Thrust force

NOTE: Angles exagerated for clarity

Element drag, Cy

In-plane
velocity -

Upflow%t velocity

In autorotation, flow is upward through the rotor

Figure 8: Detail of the flow at the blade element in autoro-
tational flight.

on the rotor during autorotation, as shown in Fig. 8. For
autorotational equilibrium at that section the inflow angle,
o, must be such that there is no net in-plane force and,
therefore, no contribution to rotor torque, i.e., for force
equilibrium

dQ= (D —¢L)ydy=0, (7)

or simply
(D—¢L)=0=Cq—¢C. 8)

However, this is an equilibrium condition that cannot
exist over dl parts of the blade, and only one radia sta-
tion on the blade can actually be in autorotational equilib-
rium. In general, some portions on the rotor will absorb
power from the relative airstream and some portions will
consume power, such that the net torque at the rotor shaft
is zero, i.e., [dQ = 0. With the assumption of uniform
inflow over the disk, theinduced angle of attack at ablade
element is given by

_ Upflowvelocity 5 ([Ve+Vi]
_In—planevelocity_tan ( Q ) ©)

It follows that for autorotational equilibrium the induced
angles of attack over the inboard stations of the blade are
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Figure 9: The various forces acting on the blades in au-
torotational flight form a balance such that the net torque
on the rotor shaft is zero.

relatively high, and near the tip the values of ¢ are rela
tively low — see Fig. 9. One finds that at the inboard part
of the blade the net angle of attack results in a forward
inclination of the sectional lift vector, providing a propul-
sive component greater than the profile drag and creating
an accelerating torque. This blade element can be said to
absorb energy from the relative airstream. Toward the tip
of the blade where ¢ is lower, these sections of the blades
consume energy because the propulsive component as a
result of the forward inclination of the lift vector is insuf-
ficient to overcome the profile drag there, i.e., adecelerat-
ing torque is produced.

In the fully established autorotational state, the rotor
rpm will adjust itself until a zero torque equilibrium is
obtained. This is a stable equilibrium point because it
can be deduced from Fig. 9 that if Q increases, ¢ will de-
crease and the region of accelerating torque will decrease
inboard, and this tends to decrease rotor rpm again. Con-
versely, if the rotor rpm decreases, then ¢ will increase
and the region of accelerating torque will grow outward.
Therefore, when fully established in the autorotative state,
therotor naturally seeksto find its own equilibrium rpm to
any changing flight conditions. Thisisan inherent charac-
teristic of the rotor that gives the autogiro very safe flight
characteristics.

However, in the autorotational state the blade pitch
must always be at alow value and the disk angle of attack
must be positive to ensure that the inboard blade sections
never reach high enough angles of attack to stall. If stall
does occur,’ then the outward propagation of stall from

TStall may occur if the rotor rpm decays below an accept-
able threshold, such as when the disk angle of attack becomes

0.3 /
0.25
& 7
o 0.2
(&)
I3 Accelerating
-% 0.15 conditions
;g 0.1 A
< . \ ¢
0.05 o .2
0 g o 0000 Decelerating
C { conditions
A ; ;
0 N AL L B

A
v

Ny
v

Figure 10: Autorotational diagram in the form first sug-
gested by Wimperis.

the blade root region will tend to quickly further decrease
rotor rpm because of the associated high profile drag.

The phenomenon of autorotation is often explained at
atechnical level using an autorotational diagram. Thisis
shown in Fig. 10, where the blade section C4/C; is plot-
ted versus angle of attack at the blade section. Thisis a
form originally used by Wimperis.? Both Nikolsky?? and
Gessow & Myers® describe rotor equilibrium at the blade
element in terms of thisinterpretation. For asingle section
in equilibrium

Ca—0G=0 or J=6=a-6 (10
|

where 6 is the blade pitch angle and o is the aerodynamic
angle of attack. For a given value of blade pitch angle, 0,
and inflow angle ¢ the previous eguation represents a se-
ries of points that form a straight line, which is plotted on
Fig. 10. The intersection of this line with the measured
Cy4/C data for the airfoil sections comprising the rotor
blades at point A corresponds to the equilibrium condi-
tion where & = C4/C;. Above this point, say at point B,
0 > Cq4/C, so this represents an accelerating torque con-
dition. Point C is where ¢ < C4/C; so this represents a
decelerating torque condition. Note that above a certain
pitch angle, say Bmax, equilibrium conditions is not possi-
ble, so for point D, stall will occur causing the rotor rpm
to quickly decay, an issue alluded to previously.

negative, or a negative load factor is produced. These are flight
conditions to be avoided.

Development of the Autogiro: A Technical Perspective—7



(a) Stationary flight

Direction of
Rotation

Blade azimuth angle, y = 0°

(b) Forward flight l v

Vtip =QR
Direction of Viip= QR +V.,
Rotation

Advancing
side of disk

v =90°

Retreating
side of disk

y = 270°

Reverse
Vtip =QR-V. flow region
Blade

Vip=QR

y=0°

Figure 11: An unequal lift on the rotor is produced in
forward flight because of the dissymmetry in the aero-
dynamic environment between the advancing and retresat-
ing side of the rotor.

The Asymmetric Lift Dilemma

When a rotor operates in forward flight with the rotor
passing edgewise through the air, the rotor blades en-
counter an asymmetric velocity field — see Fig. 11. The
blade position can be defined in terms of an azimuth an-
dle, v, which is defined as zero when the bladeis pointing
downstream. The local dynamic pressure and the blade
airloads now vary in magnitude with respect to blade az-
imuth, and they become periodic (primarily) at the ro-
tational speed of the rotor, i.e., once per revolution or
Lrev. It will be apparent that the aerodynamic forces must
reach a maximum on the blade that advances into the rel-
ative wind (i.e.,, at y = 90°), and will be minimum on
the blade that retreats away from the relative wind (i.e., at
y = 270°). For bladesthat arerigidly attached to the shaft,
the net effect of these asymmetric aerodynamic forces is
an upsetting moment on the rotor. Thiswas Cierva's first
dilemmain devel oping the autogiro.

It will be evident that the distribution of lift and induced
inflow through the rotor will affect the inflow angles, ¢,
and angles of attack at blade sections and, therefore, the
detailed distribution of aerodynamic lift and drag forces
over the rotor. This subsequently affects the blade flap-
ping response, and so the aerodynamic loads. This cou-
pled behavior is a complication with a rotating-wing that
makes its thorough analysis relatively difficult.1*1> No-
tice also from Fig. 11 that at higher forward speeds* a
region of reverse flow (and stall) will form at the root of
the retreating blade, increasing rotor profile drag and re-
ducing aircraft performance.

Ciervasfirst Autogiro, the C-1, was built in 1920 and
had a co-axial rotor design. He was to build two more
machines, both with single rotors, before he achieved fi-
nal success with the C-4 in January 1923. The problem
of asymmetric lift between the advancing and retreating
blades was well-known to Cierva. Hisfirst idea of using a
counter-rotating co-axial design, was that the lower rotor
would counteract the asymmetry of lift produced on the
upper rotor, thereby balancing out any momentsontheair-
craft. However, when flight tests began, it was found that
the aerodynamic interference between the rotors resulted
in different autorotational rotor speeds. This spoiled the
required aerodynamic moment balance, and the C-1 cap-
sized before becoming airborne. Cierva considered the
possibility of mechanically coupling the rotors to circum-
vent the problem, but thiswas quickly rejected because of
the obvious mechanical complexity and significant weight
penalty. Despiteitsfailure to fly, however, the C-1 proved
that the rotors would freely autorotate when the machine
was taxied with sufficient forward speed.

The next Cierva design was the compensating rotor,
which wastested in three-bladed form on the C-3in 1921,
and in five-bladed form on the C-2 in 1922 (the C-2 actu-
ally followed the C-3). Thisidea used blade twisting in an
attempt to compensate for the undesirable characteristic
of asymmetric lift, i.e., by using nose-down twist on the
advancing blade and nose-up twist on the retreating blade.
Photographs of these two machines? show a series of ca-
bles attached to the trailing-edges of the blades, with the
ideathat the blade twist could be changed in acyclic sense
as the blades rotated about the shaft. However, while the
basic principle was correct, the concept proved impracti-
cal, and both the C-2 and C-3 were only to achieve short
hops off the ground. Perhapsthe use of cyclic blade feath-
ering (as opposed to blade twisting) might have been more
successful, but it was not to be until 1931 that E. Burke
Wilford inthe USA demonstrated this concept on an auto-
giro.?»25 The NACA was aso to study this type of rotor
in the wind-tunnel .28

*To be precise, at higher advance ratios, pt = V.. /QR.
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Development of the Flapping Hinge

Based on hismany experimentswith small models, Cierva
noticed that the flexibility of the rattan spars on his mod-
els provided different aerodynamic effects compared to
the relatively rigid blade structure used on his full-scale
machines. This was the key Cierva needed, and his “se-
cret of success”! His fourth machine (the C-4), there-
fore, incorporated blades with mechanical hinges (hori-
zontal pins) at the root, which allowed the bladesto freely
flap up and down in response to the changing asymmet-
ric aerodynamic lift forces during each rotor revolution —
see schematic in Fig. 12. Also acting on the blades are
centrifugal and gravitational forces, and as aresult of free
flapping there are inertia and Coriolis forces to contend
with, all of which act through the center of gravity of the
blade. The blades on the C-4 were retrained by cables
attached to the shaft to limit both lower and upper flap-
ping angles, and also so the blades would not droop to the
ground when the rotor was stopped.

The principle of flapping blades had actually first been
suggested for the application to propellers,?’ apparently
by Charles Renard, but the idea of hinged blades was for-
mally patented by Louis Breguet in 1908 and then by Max
Bartha & Josef Madzer?® in 1913 — see also Liberatore.?®
Juan delaCierva,® however, must be credited with thefirst
successful practical application of the flapping hinge to a
rotor. Ciervanoticed that the incorporation of the flapping
hinge eliminated any adverse gyroscopic effects and also
allowed the lift forces on the two sides of the rotor to be-
come more equalized in forward flight. However, Cierva's
initial avoidance of using a lead-lag hinge to aleviate the
in-plane blade Coriolis forces (resulting from the flapping
motion) and in-plane blade motion was an oversight that
he was ultimately to come to terms with (see later).

In Cierva's C-4 Autogiro of 1923, a single rotor with

8|t does not seem that Ciervawas aware of any of the earlier
idesas of flapping blades.
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Figure 12: The principle of the flapping hinge allowed
the blades to freely flap up and down in response to the
changing asymmetric aerodynamic loads on the blades.

Figure 13: The CiervaC-4 Autogiro first flew successfully
on January 9, 1923. It was the first rotating-wing aircraft
to fly, and also the first type of heavier-than-air aircraft to
fly successfully other than a conventional airplane.

four independent, freely flapping blades was mounted on
along shaft above an Avro airplane fuselage. The blades
were of high aspect ratio, similar to those of modern he-
licopter blades, and used a relatively efficient Gottingen
429 airfoil shape. A propeller, powered by a Le Rhone
gasoline engine, provided propulsion. The first model of
the C-4 used a lateral tilting of the entire rotor disk? to
provide roll control, and without the use of any auxil-
iary “fixed” wings, which were later to be characteristic
of most of his Autogiros. However, taxiing tests showed
that the control forcesinvolved intilting the rotor weretoo
high for the pilot, and the control response also proved
very ineffective. The machine was subsequently fitted
with a non-tilting rotor and a set of ailerons mounted
on a stub spar projecting from the sides of the fuselage.
Pitch and directional (yaw) control on the C-4 was then
achieved by conventional airplane surfaces, with an eleva-
tor and arudder used at the tail.

The C-4 Autogiro first flew successfully on January 9,
1923, and made its first official flight demonstrations at
the Getafe Aerodrome in Madrid on January 21, 1923.
On January 31, 1923 at the Quatro Vientos Aerodrome,
the C-4 was flown around a 4 km closed circuit, and this
was to be the first time any flying machine other than a
conventional airplane had accomplished this feat.® It is
significant to note that it took Cierva just over a year be-
tween conceiving the idea of the flapping hinge and using
it to successfully fly the first autogiro.

Physics of Blade Flapping

The technical details of the rotor response must now be
considered further. Without forward motion, the flow field
at therotor isazimuthally axisymmetric, and so each blade
encounters the same aerodynamic environment. The rotat-
ing blades then will simply flap and “cone”’ up to form a
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static equilibrium between the aerodynamic lift forces and
the centrifugal forces — see Fig. 12. The rotor disk plane
(the tip-path-plane) then takes on a natural orientation in
inertial space. Even with lightweight blades, centrifugal
forces are dominant over the aerodynamic and gravita-
tional forces, so the coning angles of the blades, Bo, a-
ways remain relatively small (just afew degrees).

Because the centrifugal loads remain constant for a
given rotor speed (rpm), the blade coning angle varies
with both the magnitude and distribution of lift across the
blade. For example, a higher aircraft weight requires a
higher blade lift, which tends to increase the aerodynamic
moment about the hinge resulting in a higher coning an-
gle. Varying the rate-of-descent also changes the coning
angle; with higher rates of descent (or higher disk angles
of attack) the coning angle is reduced because of the re-
distribution of lift on the blades. In addition to flapping,
the aerodynamic drag forces on the blades cause them to
lag back. However, the drag forces are only a fraction of
the lift forces, and if the rotor is only lightly loaded, they
are amost completely overpowered by centrifugal forces.

With the rotor set into forward motion, and the rotor
disk now moving edgewise through the air, the asymmetry
of the onset flow and dynamic pressure over the disk pro-
duces aerodynamic forces on the blades that are afunction
of blade azimuth position, i.e., cyclicaly varying airloads
on the spinning blades are now produced — see Fig. 11.
The use of aflapping hinge allows each blade to indepen-
dently flap up and down in a periodic manner with respect
to azimuth angle under the action of these varying aero-
dynamic loads. The blades reach an equilibrium condition
when the local changes in angle of attack and the aero-
dynamic loads produced as a result of blade flapping are
sufficient to compensate for local changes in the airloads
resulting from cyclic variations in the dynamic pressure.
In the words of Cierva,! the blades were “free to move in
asort of flapping motion wherever they liked according to
the effects of the air upon them.” Therotor disk, therefore,
begins to tilt with respect to the shaft, and takes up a new
orientation in inertial space.

The amount of the rotor tilt can be predicted by using
the equation of motion for a freely flapping blade spin-
ning about avertical shaft. The hingeis placed at the shaft
axis for mathematical ssimplicity. By considering the dis-
tribution of the elemental forces acting on the blade (see
Fig. 14), the flapping equation can be written as

10029 107 /RLy dy (11)
a\yz 0 ’
or in short-hand notation
*%k 1 R
BB= i [, Yo (12

Theright-hand side of Eqg. 12 under theintegral signisjust
the moment abut the hinge produced by the aerodynamic

Rotational Aerodynamic lift
axis force, dL

Direction of
Kpositive flapping

Q Location of
flapping hinge

Centrifugal
force d(FCF)

Gravitational force,
gdm

.

Figure 14: Forces acting on an element of afreely flapping
blade.

lift forces. It is also apparent that Eq. 12 mimics equa-
tion of motion of a simple single degree-of-freedom sys-
tem, for which undamped natural frequency of the flap-
ping blade about the rotational axisis € rad/sec or once-
per-revolution (1/rev).

Consider first the case where the rotor operatesin avac-
uum, so there are no aerodynamic forces present. The
flapping equation reduces to

Inertia force, d(1)

%k
B +B=0, (13)
and this equation has the general solution

B(w) = Bo+ P1ccosy + Bissiny, (14)

where B and Bys are arbitrary coefficients. Thus, in the
absence of aerodynamic forces, the rotor takes up an arbi-
trary orientation in space, somewhat like a gyroscope.

In forward flight, the aerodynamic forces now provide
the excitation to the flapping blade (primarily at 1/rev)
and constitute a periodic forcing to the right-hand side of
Eq. 12. The introduction of new aerodynamic forces pro-
duces an aerodynamic flapping moment about the hinge,
which causes the rotor blades to precess to a new orien-
tation in space. It is significant to note that the flapping
response must lag the blade pitch (aerodynamic) inputs
by 90°, which is always the behavior of a single degree-
of-freedom system excited at its natural frequency.”

The upward and downward flapping of the blade tends
to reduce and increase the angle of attack at the blade el-
ements, respectively. For example, as aresult of the flap-
ping upward, the blade lift tendsto decrease rel ative to the
lift that would have been produced if there was no flapping
hinge — see Fig. 15. As aresult of the higher dynamic
pressure on the advancing side of the rotor disk, the blade
lift isincreased over that obtained at y = 0° and y = 180°.
Therefore, as the blade rotates into the advancing side of
the disk, the excess lift causes the blade to flap upward.

Tstrictly speaking this is for a rotor with a flapping hinge at
the rotational axis, but even with a hinge offset, the essential
physics of the blade flapping response are the same.
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Figure 15: The effect of flapping serves to reduce or in-
crease the lift on the blade.

Over the front of the disk, the dynamic pressure reduces
progressively, and the blade reaches a maximum displace-
ment at y = 180°. Asthe blade rotates into the retreating
side of the rotor disk, the deficiency in dynamic pressure
now causes the blade to flap downward. This downward
flapping motion increases the angle of attack at the blade
element, which tendsto increase blade lift over thelift that
would have been obtained without flapping motion — see
Fig. 15 again. Therefore, the main effect of the dissym-
metry in lift over the rotor is to cause the rotor disk to tilt
back, giving it anatural angle of attack — see Fig. 7 shown
previously.

In addition, the rotor disk also has atendency to tilt lat-
erally slightly to the right.!l This effect arises because of
blade flapping displacement (coning). For the coned rotor,
the blade angle of attack is decreased when the bladeis at
vy = 0° and increased when y = 180°. Again, another
source of periodic forcing is produced, but now this is
phased 90° out of phase compared to the effect discussed
previously. Because of the 90° force/displacement lag of
the blade flapping response, this results in a laterd tilt of
therotor disk. Therefore, as the rotor moves into forward
flight, the disk will begin to be tilted back longitudinally
with respect to the hub, i.e., a—B1¢ blade flapping motion,
with asmall lateral tilt to the right when viewed from be-
hind, i.e., a —PB1s blade flapping motion.

The upshot of al this flapping motion is that the rotor
blades again reach an equilibrium condition when the lo-
cal changesin angle of attack and aerodynamic loads as a

IIFor arotor turning in a counter-clockwise direction.

result of blade flapping become sufficient to compensate
for local changes in the airloads resulting from variations
in dynamic pressure over the disk. The natural tilting of
the rotor tip-path-plane tilts the rotor lift vector and pro-
duces forces and moments on the autogiro, which must
be compensated for to maintain trimmed flight and proper
control. On a helicopter, this is done by using cyclic
pitch inputs to the blades, which aters both the magni-
tude and phasing of the 1/rev aerodynamic lift forces over
the disk, and so can be used to maintain adesirable orien-
tation of the rotor disk to meet propulsion and control re-
quirements. On Cierva'sfirst machines, the rotor disk was
uncontrolled and conventional “fixed-wing” aerodynamic
control surfaces (ailerons, elevator and rudder) were used
to provide the necessary forces and moments on the air-
craft to compensate for the effects produced by rotor tilt-
ing. While not an ideal solution to satisfy force and mo-
ment equilibrium in forward flight, Cierva was satisfied
with the simplicity of his interim solution to the prob-
lem. Later autogiro designsincorporated the ability to tilt
the rotor disk, either by tilting the rotor shaft directly, or
with the use of a*“spider” mechanism or a swashplate (see
later).

Coriolis Forces and the Drag Hinge

On the first lightly loaded Cierva rotor designs, the in-
plane forces were balanced by sets of wires connected
between the blades, such that as one blade lagged back
or forward, the motion was easily resisted by the other
blades. However, by Cierva's own admission,! the flight
of his early Autogiros were “rather rough in flight ow-
ing to a sort of whipping action of the rotor blades which
jerked at the mast as they turned in their circle” Cierva
was noticing Coriolis effects, which produce forcesin the
plane of rotation of the rotor. These forces are larger
than any drag forces, and appear whenever there is ara-
dia lengthening or shortening of the radius of gyration
of the blade about the rotational axis (which can be are-
sult of blade flapping and/or elastic bending.) In other
words, Coriolisterms are aresult of conservation of angu-
lar momentum, and introduce an important dynamic cou-
pling between blade flapping or out-of-plane motion and
the lead/lag or in-plane motion of rotor blades. With later
bigger and heavier machines, the combination of higher
drag forces and higher Coriolis acceleration forces set up
relatively high in-plane cyclic stresses at the blade roots.
Flight tests with Cierva's bigger C-6 showed evidence
of structural in-plane bending overloads and the onset of
fatigue damage, the latter phenomenon being poorly un-
derstood inthe 1930s. Yet, Ciervainitially resisted the use
of a second hinge to relieve these Coriolis loads. Eventu-
ally, on aversion of the C-6 Autogiro that was being flight
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Figure 16: Theincorporation of both aflapping hinge and
alead/lag (or “drag”) hinge was an important step in the
development of the fully articulated rotor hub.

tested in Britain, a blade failed and flew off as the aircraft
settled in for a landing. The resulting crash caused the
British Air Ministry to immediately ground all autogiros.
The episodefinally convinced Ciervathat another hinge, a
lead/lag or “drag hinge,” was required on the blades — see
Fig. 16. Ciervatried out the idea of two hinges per blade
on hismodel C-7, which was tested in Spain, and he then
returned to England to modify the C-6. After convinc-
ing the British Air Ministry of the renewed airworthiness,
Ciervawent on to develop the C-8. The incorporation of
both a flapping hinge and a lead/lag hinge was an impor-
tant step in the development of the fully articulated rotor
hub, which is used today for many helicopters. Amongst
other successes, the C-8 was to go on to demonstrate in-
ternational acclaim, including the first flight from Paris
to London across the English Channel on September 18,
1928, and a European tour of over 1,500 miles.

The Cierva-Glauert Technical Debate

In 1925, Juan de la Cierva was invited to Britain by
H. E. Wimperis of the British Air Ministry and also by the
industrialist James G. Weir of the Weir Company in Glas-
gow, who provided financial backing. Ciervawas shortly
thereafter to found the Cierva Autogiro Company Ltd.,
and Britain was then to become the home for Cierva's
work. His company was not set up for manufacturing,
however, but for technical studies, management of patents,
and awarding of licenses to build his Autogiros. His Au-
togiros were built by established aircraft manufacturers,
and mostly by the A.V. Roe (Avro) Company in Britain.
Pitcairn and Kellett in the USA were later to become ma-
jor licensees, and were to produce various derivatives of
the Cierva machines in some numbers.

Cierva's C-6 Autogiro was demonstrated at the Royal
Aircraft Establishment (RAE) during October 1925, and
on 22 October 1925, Cierva gave the first of three histor-

ical technical lectures™ to the membership of the Royal
Aeronautical Society (RAeS). This lecture, which docu-
mented his early development of the Autogiro, was subse-
quently published as Ref. 16. His next paper3! was given
on 13 February 1930, at a time when over 100 autogiros
were flying in Britain and the USA, and he was to docu-
ment the rapid technical developments of the autogiro that
had taken place during the preceding five years. Hisfinal
lecture and paper3? to the RAeS was on 28 October 1934,
and he then described in detail the “jump” take-off tech-
nigue and the direct rotor control device (described later).

Juan de la Cierva's first demonstration flights and lec-
tures in Britain stimulated early experimental and theo-
retical work on rotating-wing aerodynamics at the RAE.
This work was conducted under the auspices of the emi-
nent aerodynamicists H. Glauert and C. Lock. The theo-
retical work was pioneering, and the names Glauert and
Lock still occur in routine discussions of rotating-wing
aerodynamics and blade dynamics. Their theoretical work
was supported by relatively advanced wind tunnel mea-
surements on model rotors.3 In 1926, Glauert published
a classic paper,’® which was the first theoretical treatise
on induced inflow and rotor performance, a summary of
which was aso presented in a lecture to the RAeS3*
Glauert’s analysis quantified rotor performance in hori-
zontal, climbing, and descending flight, and set down the
basic equations that could be used to relate performance
to certain rotor design parameters. However, in descent
or in autorotation the theory was not exact, and even since
then there has been no exact theory derived from first prin-
ciplesto fully describe the aerodynamics of arotor in the
autorotative state.

Cierva vehemently disagreed with Glauert’s analysis,
based on his own theories and also his practical flight
testing experience with the C-6. In a letter to the
RAeS, Cierva wrote:® “In the first place | must, with
respect, record my protest against the manner in which
Mr. Glauert has made assertions in an almost axiomatic
form, from which the evident conclusion must be drawn
that the autogiro is, in effect, useless” In part, Ciervadis-
agreed with Glauert's estimation of the vertical autorota-
tive rate-of-descent, claiming values for “practicaly ver-
tical descents’ that were half of Glauert’s estimate. He
goes on to state: “ Such assertions are based only on very
incomplete and uncertain calculations which | am able to
state are not at all in agreement with experimental results.”
One of Cierva's other concerns with Glauert’s results was
with the possibly large aerodynamic scaling effects from
the measurements made on relatively small model rotors,
which Cierva refers to as “puzzling results” He goes on
further to draw concerns “with almost every point con-

**At the end of all the lectures, there was considerable debate
on the merits of the autogiro, including contributions from Mr.
Handley-Page, Prof. Bairstow, Dr. Lock, and others.
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Figure 17: Forces acting on the autogiro in “gliding”
flight.

tained in Mr. Glauert's developments.” Glauert did not
consider the autogiro as “useless’ and seemsto have been
unruffled by such harsh criticism standing confidently be-
hind histheoretical studies— see post-lecture discussion.®*

With hindsight, Glauert was probably closer to the truth
of the matter than Cierva might have first suggested. The
analysis conducted previously had shown that the vertical
rate-of-descent can be related to the rotor disk loading.
The sameresult can be approached using measurements of
the resultant force acting on the autorotating rotor, which
areshown inFig. 18. Theresultant force coefficient acting
on the rotor is defined as

R
Cr=

——, (15)
EpVM, A

where R is the resultant force on the rotor as given by
R=v/L2+D?, with L as the rotor lift force and D as the
rotor drag force — see Fig. 17. It is significant to notice
that the resultant force coefficient on the rotor at steep an-
gles (greater than 30°) is about 1.25 and nearly equiva-
lent to the drag coefficient, Cp, of acircular disk3 with a
flow normal to its surface, " i.e., the rotor acts like a bluff
body with the attendant turbulent downstream wake. Itis
also close to the drag coefficient of a hemispherical shell,
which meansthat aerodynamically the rotor producesare-
sultant force equivalent to a parachute when in the autoro-
tative state. Herein lie the difficulties in the aerodynamic
analysis of the rotor, because the rotor in its autorotative
flow state creates turbulence and is often said to operatein
the turbulent wake state — see also Fig. 4.

The following analysis parallels that of Harris.3’ For
larger disk angles of attack it is possible to equate the re-
sultant force on the rotor to the weight of the autogiro, i.e.,

TCp = 1.11 for adisk, Cp = 1.2 for aclosed hemisphere, and
Cp = 1.33 for an open hemisphere.

-
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Figure 18: Resultant force coefficient on arotor in auto-
rotation showing that the force is large and relatively con-
stant over awide range of angles of attack.

R=W, so that

W
Cr=

— (16)
EpVM A

Furthermore, the resultant velocity, V.., can be written as

V.. = /Vt +Vy so that

W
Cr=

>P (Vd +Vg)A

In pure vertical autorotation the disk angle of attack is 90
degrees, which according to the experimental measure-
ments in Fig. 18, gives a resultant force coefficient of
about 1.25, i.e.,, CRr = Cp = 1.25. Therefore, for larger
operational angles of attack it is possible to write

2w

VZ+Vi= :
P pACD

(18)

In pure vertical descent Vi = 0, so the vertica rate-of-
descent in autorotation will be

[ 2w W
Vg = — 2594,/ — 19
d pACoH A (19)

at sealevel, which compares favorably with the result
given previously in Eqg. 6, and also with Glauert’s pub-
lished result!® of 25,/W/A, which was also determined
empirically. The autorotative rate-of-descent, however,
drops off quickly with increasing forward speed, to a
point, as has been shown previously in Fig. 5.

For a series of horizontal velocities, V¢, at the steeper
angles of attack where Cr = Cp = 1.25, the rate-of-
descent Vy can be solved for using

(D)
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or in non-dimensional terms

Vy 4 [/Vi\2
e (), @
for which the predictions made using this latter equation
areshownin Fig. 19. While not exact, it does give aresult
for the rate-of -descent in an autorotation, Vg, asafunction
of forward speed, Vs, when the rotor disk is at relatively
steep angles of attack to the relative wind.

Cierva’s Technical Books

In 1929, Juan de la Cierva arrived in New York for his
second visit to the USA, this time at the invitation of
Harold F. Pitcairn. Pitcairn had previously become ac-
quainted with Cierva during a visit to Europe, and had
brought a Cierva C-8 model Autogiro to the USA in 1928.
Pitcairn was a wealthy engineer from Philadelphia, and
owner of Pitcairn Aviation Inc. The main work of his
company was the manufacture of airplanes, for which his
PA-5 “Mailwing” was to gain much acclaim. In the early
1920s Pitcairn had already experimented with several de-
signs of model helicopters with the assistance of Agnew
Larsen. Whilethe details of thiswork are not well known,
agood summary is given by Larsen himself2* and by Lib-
eratore.?®

In alecture to the Franklin Institute in 1929 (Ref. 38),
Pitcairn was to expound the benefits of the autogiro. Sub-
sequently, he obtained therightsto Cierva’'s patents, and in
1929 this saw the beginning of the Pitcairn-Cierva Auto-
giro Company of America. In 1933, this enterprise was
to become simply the Autogiro Company of America.
Pitcairn went on to design and patent many improvements
into the Ciervarotor system (see Smith®), and in time the
company was to patent many new idesas related to rotor
design, much of which was applicable to helicopters and
subsequently used by the future industry.

Pitcairn urged Cierva to consolidate his vast engineer-
ing knowledge of the autogiro, and in 1929 commissioned
him to write a reference book for American engineers.
The first Cierva book was entitled Engineering Theory of
the Autogiro. Sufficient data had been measured and anal-
ysis conducted that “atheory could be developed covering
many probabilities of performance and possibilities of de-
sign beyond the actual achievement in construction to that
time”! Later, Ciervawrote a comprehensive design man-
ual entitled Theory of Stresses in Autogiro Rotor Blades.
Neither document was formally published, but they were
copyrighted and made available to engineers at Pitcairn,
the Kellett Autogiro Company, the NACA, the U.S. Air
Force and the Bureau of Aeronautics. These engineering
documents helped greatly in the certification of autogiros
manufactured (and later designed) in the USA.

Airfoil Profiles for Autogiros

The choice of airfoil section on a rotating wing aircraft
is never an easy one because of the diverse range of
Reynolds numbers and Mach numbers found along the
length of the blade. Moreover, rotor airfoil designs are
never “point” designs and no one single airfoil will give
the benefits of maximum aerodynamic efficiency over the
entire operational flight envelope. Overall, airfoils with
good lift-to-drag ratios are required to ensure low autoro-
tative rates of descent. Low pitching moments are also
essential to maintain low torsional loads on the blades
to prevent aeroelastic twisting, and to give low control
forces. Compressibility issues on the advancing blade
can be an issue for an autogiro, athough somewhat less
so than for a helicopter (because the autogiro operates at
lower mean lift coefficients), so there is some need to use
airfoils with good characteristics at high subsonic Mach
numbers.

Cierva was well aware of the importance of airfail
shape in improving the performance of his autogiros. He
wrote in reference to the twisting moment produced on
autogiro blades by the use of a cambered airfoil versus
a symmetric airfoil: “It [the Gottingen-429] is a reason-
ably efficient airfoil, although others give greater lift and a
great many different curves are used for designing [fixed-
wing] airplanes. But, the important advantage of this par-
ticular type is that its center of lift or pressure is approx-
imately the same at al angles which it may assume in
flight. Thisis not true of other types of airfail, so that
center of pressure travel is a factor to be reckoned with
in using them.” In essence, Cierva is referring here to
the connection between aerodynamic performance (better
maximum lift coefficient and improved lift-to-drag ratios)
through the use of camber and the corresponding increase
in pitching moments caused by that camber.
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Figure 20: Two types of airfoils that were used on the
Cierva Autogiros: (a) the symmetric Gottingen-429, (b)
the reflexed cambered RAF-34.

Ciervahad many airfoil sectionsto choose from, but the
aerodynamic characteristics of most were not well docu-
mented. However, as early as 1920, various research in-
stitutions had begun to examine the characteristics of var-
ious airfoils and organize the results into families of air-
fails, basically in an effort to determine the profile shapes
that were best suited for specific purposes. The aero-
dynamic propertieswere studied at Gottingen in Germany,
and later by the NACA in the USA. On the C-4, Cierva
used the Eiffel 106 airfoil section, later switching to the
Gottingen-429 airfoil (see Fig. 20). Some years later,
Cierva was again to reconsider the choice of the airfoil
section for his Autogiros, but limiting his study to ten can-
didate airfoil sections he decided to replace the symmetric
Gottingen-429 airfoil, which had “ abrupt stalling” charac-
teristics,3! with the reflexed cambered RAF-34 airfoil of
17% thickness-to-chord ratio. The new blades were first
tested on the C-19 Mk-1V, which became one of the most
successful Cierva Autogiro designs.

On the C-30 Autogiro, Juan de la Cierva switched the
airfoil again, thistime to the cambered Gottingen-606 air-
foil. In some flight conditions, mainly at high speeds,
the higher pitching moments resulted in blade twisting
and control problems. These aeroelastic effects arose be-
cause of the generally low torsional stiffnessof early wood
and fabric rotor blades. Finally, a crash of a C-30 Auto-
giro was tied to the use of this cambered airfoil section —
see Beavan & Lock.*% The NACA also had noticed such
aeroelastic problems and had analytically analyzed the ef-
fects of blade twisting.*>42 On the Kellett YG-1 (which
also used the Gottingen-606 airfoil), the NACA replaced

Figure 21: A Pitcairn PCA-2 autogiro rotor was to form
thebasisfor thefirst NACA wind tunnel tests of arotating-
wing.

the blades with a reflexed airfoil based on the NACA 230
series. Yet, these airfoils were not successful and were
found to have poor characteristics at high lift and at high
speeds.?>43

The af orementioned events led to such widespread con-
cerns about the uncertainty of cambered airfoil sections
for rotors that later it resulted in the almost universal use
of “safe” symmetric airfoil sectionsfor the first helicopter
designs. However, while symmetric airfoils offered an
overall compromisein termsof maximum lift coefficients,
low pitching moments, and high drag divergence Mach
numbers, they were by no means optimal for attaining
maximum performance from future helicopter rotors. It
was not to be until the early 1960s, however, that a serious
effort came about to improve airfoil sections to give he-
licopters better performance, and cambered rotor airfoils
were used once again.

NACA'’s Technical Contributions

Whilethe RAE in Britain had conducted experiments with
autogiros and developed a theoretical basis for their anal-
ysis as early as 1926, it was not until the early 1930s
that the extensive resources of the NACA were turned
toward the science of rotating-wings. Over the next ten
or more years, the autogiro was to be extensively tested
by the NACA, with the work forming a solid foundation
for later work on helicopters. In 1931, the NACA pur-
chased a Pitcairn PCA-2 autogiro, and this platform be-
came the basis for extensive flight and wind tunnel testing
(see Fig. 21) for dmost 8 years, until the helicopter ap-
peared. Gustafson®® gives a first hand summary of the
early NACA technical work on both autogiros and heli-
copters, and Gessow** gives a complete technical bibliog-
raphy.

The first published NACA report on the autogiro was
authored by Wheatley,'® which provided the first author-
itative baseline measurements on the performance of the
PCA-2 autogiro. Measurements of rates of descents and
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glide angles were obtained (see Fig. 5 previously), along
with estimates of rotor lift-to-drag ratio. Separate tests
of the rotor were also conducted in the wind-tunnel,*®
allowing quantification of the rotor performance alone
compared to the complete PCA-2 aircraft. As shown in
Fig. 22, the aerodynamic efficiency of the autogiro was
relatively poor, with a maximum L/D of only about 4.5.
The differences between the rotor alone and the complete
aircraft reflects the high parasitic drag of the airframe.
However, to put resultsin perspective, the rotor alone per-
formance, which had amaximum L/D of about 7, is com-
parable to that of a modern helicopter rotor — see Fig. 23.
Notice that for higher advance ratios (or tip speed ratio)
the helicopter rotor L/D drops off markedly because of
retreating blade stall and advancing blade compressibility
effects, whereas the autogiro rotor retainsaL/D of 5 a
p=0.7.

In another report,*® Wheatley goes on to study the load
sharing between the rotor and the wing, and also exam-
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Figure 22: Lift-to-drag ratio in autorotation for complete
autogiro (PCA-2) versus the rotor alone.
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Figure 23: The lift-to-drag ratio of arotor in autorotation
is comparable to a modern helicopter rotor.

ines the maneuver characteristics of the autogiro. One of
the most remarkable findings in this work was a sustained
maximum maneuver |oad factor of 4.3, which is high for
any kind of rotorcraft, and rarely obtained even on modern
combat helicopters during transient maneuvers. The main
reason was the relatively low blade loading and low mean
lift coefficients of the autogiro rotor, which led to good
stall margins. The role of the wing was aso important in
off-loading the rotor at higher airspeeds. Flight tests with
the PCA-2 demonstrated forward speeds of 140 mph, with
an advanceratio in excess of p= 0.70; thiswas an advance
ratio about three times that possible with the earliest he-
licopters, and also exceeding that possible with a modern
helicopter.

The earliest theoretical studies of the autogiro at NACA
resulted a number of reports, including one of the first
aerodynamic analysis of the rotor.#”*® Later, a now
classic report by Bailey,*® extended the earlier work of
Glauert'®20 and Lock® %! at the RAE, and included the
treatment of blade twist, reverse flow, non-uniform inflow,
and “tip loss’ effects on the aerodynamics of the rotor.
The predictions were shown to be in good agreement with
both flight and wind tunnel measurements. The NACA
worked extensively on several other technical problems
(both from an experimental and theoretical perspective)
that were to occur during the maturation process of the
autogiro. This included work on rotor dynamics, vibra-
tion, airfoil sections, jump take-offs, and ground reso-
nance. Again, much of thisis detailed by Gustafson.?®

Orientable Autogiro Rotors

Landing tests with the autogiro were conducted at the
NACA in 1934 by Peck,%? and helped quantify the poor
roll control response autogiros at very low airspeed. This
was a direct result of the use of conventional “airplane”
control surfaces (ailerons). Because the autogiro could be
landed at almost zero airspeed, the ineffectiveness of the
ailerons under these conditions was a serious deficiency
in the machine’s handling qualities. The problem resulted
in numerous mishaps, where inexperienced pilots would
land the machine on one wheel only, and a wing tip or
blade tip would strike the ground. While Cierva had ini-
tialy investigated a disk tilting mechanism on the C-4
to provide roll (see previously), the control forces were
found to be too heavy for the pilot.

By 1931, Juan de la Cierva had introduced the di-
rectly orientable rotor control. This “rocking head” de-
sign solved the control problem by tilting the entire ro-
tor shaft in any direction and inclining the rotor lift force.
This innovation allowed him to finally dispense with the
stub wings and the elevator. During 1932, the new device
was tested on a C-19, which had no conventional airplane
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features except for a vertical tail and a rudder, and over
100 test flights proved the success of this new form of
rotor control. The controls for the original tilting shaft
design was later replaced by a “hanging stick” from the
rotor hub to the cockpit, which gave the pilot both good
control authority and also relatively light forces in both
roll and pitch. The device was quickly incorporated on all
new autogiros manufactured after 1932, including the C-
30, which became one of the most famous autogiros, with
nearly 200 being built in Britain, the USA, and France.

In 1934, Raoul Hafner introduced the “spider” blade
pitch control system to autogiros. Hafner was a competi-
tor to Cierva, and the Hafner Gyroplane Company built
and flew their first machine, the A.R. Ill, in September
1935. The novel spider mechanism provided a means of
increasing collective pitch on the rotor blades and also
using cyclic pitch to simultaneoudly tilt the rotor disk.
This was done without tilting the rotor shaft with a con-
trol stick, as was used in Cierva's direct control sys-
tem. Hafner's mechanism was a significant advance on
Cierva's system, and in addition to enabling “jump” or
“towering” take-offs, it offered the pilot light and respon-
sive flight controls. With this feature, the autogiro was
to closely rival future helicopters in handling and per-
formance capability. Hafner was later to be a leader in
the British helicopter industry, first at Bristol Helicopters
and then at Westland Helicopters. He subsequently pub-
lished a number of technical papers on rotorcraft, includ-
ing Ref. 53.

The “Jump” Take-off

Because the rotor of the autogiro is unpowered in flight,
the rotor needs to be brought up to speed by some means
before take-off. On the earliest machines this was done by
taxiing the aircraft around on the ground, but this was not
very effective. Later, a“spinning top” method was used
where arope was wound around pegs mounted on the bot-
tom of the blades, the other end of the rope being fixed to
the ground. As the machine moved away and picked up
speed, the rotor speed was increased. Alternatively, the
rope could be pulled manually to start the rotor. Although
Cierva had previously patented a mechanical starter for
his Autogiros, he had resisted its use because it was too
heavy. In 1929, the Cierva Model C-12 used a biplane
tail, which could deflect the propeller dlipstream to help
spin the rotor. Eventually, Pitcairn engineers developed
a lightweight mechanical pre-rotator, and from 1930 on-
ward nearly all autogiros were equipped with one.

In 1933, Cierva had started work on a vertical “jump”
take-off capability for the C-30 with James Bennett, who
was the chief aerodynamicist of the Weir Company in
Glasgow. Inthis system, the rotor could be clutched to the

(a) Towering take-off

(b) Jump take-off

__________

Figure 24: The towering (a) and jump (b) take-off capa-
bility gave the autogiro a capability rivaling a helicopter.

engine through alightweight transmission when the auto-
giro was on the ground. The weight of the autogiro on its
wheels prevented it turning in response to rotor torque re-
action. In the First Cierva Memorial Lecture to the RAeS
in February 1961, Bennett explained how no fewer than
fifteen different hinge assemblies were tried.%® The modi-
fied C-30 used blades with akinematic pitch/lag coupling.
When the rotor was clutched and driven by the engine,
the blades lagged back and pitch was reduced to nearly
zero by the coupling. The rotor rpm was then increased
well above the normal flight value by revving the engine.
When the rotor was declutched, the blades lagged for-
ward and pitch was simultaneously increased. This lifted
the aircraft rapidly off the ground (Fig. 24). While the
jump take-off capability is partly aresult of the stored ki-
netic energy in the rotor system, there are also large aero-
dynamic benefits of thrust overshoot because of the lag
in the developing rotor wake dynamics.>*%® As forward
speed builds, the rotor speed decays, and the rotor settles
into its normal autorotative working state.

Cierva'sjump take-off system, which was known asthe
“Auto-dynamic rotor,” was installed on a modified C-30
and first demonstrated successfully on March 15, 1935.
Thiswas the year, however, when the Bréguet-Dorand he-
licopter made itsfirst flights, and the otherwise significant
advance in the performance of the autogiro received only
minimal attention.** The C-30 eventually became the pro-
duction C-40, with both the C-30 and the C-40 seeing
some military service during WWII.

HThe jump take-off of an autogiro was first publicly demon-
strated by Weir's W-3 autogiro on July 23, 1936.
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In later developments of the autogiro, a variable pitch
system was used such that the blades could be set to flat
pitch when the autogiro was on the ground, and increased
to afixed pitch for normal flight. To perform ajump take-
off with this system, the pilot first over-sped therotor, then
rapidly applied collective pitch while simultaneously de-
clutching the rotor to avoid any torque reaction. Prewitt>’
gives a technica discussion of the jump take-off tech-
nique. The jump take-off was also studied experimentally
by the NACA using model rotors,> and later by means of
theory.>*

Ground Resonance

It has already been mentioned that on the first Auto-
giros, the in-plane Coriolis and drag forces on the blades
were balanced by interconnected sets of wires between
the blades. The blades were also restrained in flap by ca-
bles so that they could not “droop” when the rotor was
stopped. Cierva found this interim solution rather unsat-
isfactory because the cables created high parasitic drag,
reducing overall aircraft performance. Eventually, Cierva
incorporated support stops instead of suspension cables,
and friction disks at the drag hinges to damp out any in-
plane blade motion. He called these“ cantilevered” blades,
although the nameis somewhat of amisnomer becausethe
blades were till articulated with mechanical hingesin the
conventional sense.

While these ideas seemed to work fine on the lighter
weight autogiros, a crop of new problems arose when
they were applied to the bigger and heavier machines.
These problems included high vibrations in the control
system, large control forces, and a susceptibility to a de-
structive aeromechanical problem known as ground reso-
nance. Ground resonance is associated with the out of pat-
tern in-plane motion of the blades and a coupling with the
dynamics of the undercarriage and wheels on the ground.
This causes the net center of gravity of the rotor system to
spiral outward away from the rotor hub, resulting in a se-
vere shaking of the machine and quickly to a catastrophic
resonance. “ Sympathetic” pilot inputs through the flight
controls usually provides the initial excitation to the rotor
system, but not always. There were also a number of re-
ported instances of air resonance, which occurs in flight
and can al'so be disastrous.

There were some limited technical effortsto understand
the ground resonance problem on autogiros, but the “trial-
and-error” approach meant it was never satisfactorily re-
solved until much later when the same problems occurred
on helicopters. In the 1930s, NACA made an attempt to
study the ground resonance problem by mounting a cam-
era high above the autogiro while the rotor was revved up
on the ground. Another camera was mounted on the ro-

tating hub to study the motion of one blade. The NACA
was to have a special interest in the phenomenon; because
of resonance on the mounting hardware, a specialy in-
strumented autogiro that was being tested in the Lang-
ley full-scale wind tunnel was completely destroyed. In
later years, helicopters were to suffer similar “resonance”
problems, which was cured for the most part by the addi-
tion of dampers to the in-plane blade motion and changes
to the undercarriage design. It was not until the 1950s
however, that the first mathematical theory to predict and
cure the problem of ground resonance became available.>®

Other Technical Developments

Therole of the Pitcairn and Kellett Companiesin the tech-
nical development of the autogiro has aready been men-
tioned. The Buhl Aircraft Corp. of Detroit, Michigan was
another company involved in autogiros. They designed
and built a small two-seater autogiro with a pusher pro-
peller, thefirst of itskind, which had no fixed aerodynamic
surfaces other than atail. The unrestricted downward vis-
ibility saw itsusein agria photography.

In 1931, Harold Pitcairn received the highly prized Col-
lier Trophy for his technical contributions, the events of
the day cumulating in a PCA-2 landing on the White
House lawn. Pitcairn made over 100 patented conceptsin
rotor blade design and rotor control, some of which were
later licensed to Sikorsky.3? Other helicopter manufactur-
erswere berelieved from patent licensing requirements by
the U.S. Government, under the banner of “military pro-
curement expediency.” This move led to litigation, which
Pitcairn’s estate subsequently won 26 years | ater.3°

After WWII, Kellett adopted an intermeshing or “syn-
chropter” helicopter configuration, which had been devel-
oped in Germany by Flettner.0 The aircraft flew success-
fully, but it never went into production. Rotor design
patents from the Weir and Cierva companies in Britain
weretransferred to the Picairn-Larsen Company (asit was
later known), and then to the G& A (Gliders & Aircraft)
Division of the Firestone Tire & Rubber Company. They
subsequently built asmall prototype helicopter, first flown
in 1946, called the G& A XR-9, which was designed by
Harold Pitcairn.

In Europe, the Cierva Autogiro Company issued pro-
duction licenses to three companies in France and Ger-
many. The Weymann-Lepére Company of France was
to build an enclosed four-seater derivative of the C-18,
and atwo-seater called the model CTW-20. The Lioré-et-
Olivier Company, also of France, built a derivative of the
Wier W-1 (C-27), and later derivatives of the C-30 called
the C-301 and C-302. In 1931, Focke-Wulf Flugzeugbau
A.G. of Germany produced versions of the C-19 and C-
30. All of these machines were basicaly license built,
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and incorporated no hew advances in autogiro design.

From the mechanical experience gained from the
Cierva autogiros, and after systematic wind tunnel tests
with rotors and free-flight models,% Henrich Focke began
to develop a helicopter — which was to become the now
famous Focke-Wolf Fw-61 (later the Focke-Achgelis Fa-
61). Focke was |ater to statein aRAeS lecture® that “[he]
was brought to the task of making the first practical heli-
copter because Cierva did not do it himself.” Focke's ma-
chine used lateral side-by-siderotors, and first flew in June
1936. This was one year after the Breguet-Dorand Gyro-
plane Labororatoire helicopter had flown successfully.
Yet, the Fa-61 machine is significant in that it smashed
al existing atitude and speed records for a helicopter,
and also was the first helicopter to demonstrate success-
ful autorotationsfrom powered flight, the first autorotation
being performed on May 10, 1937. Provision was made
in the Fa-61 rotor design for a fixed low collective pitch
setting to keep the rotor from stalling during the descent.
Thislow pitch setting was automatically engaged if thero-
tor rpm dropped below a predefined value, a novel safety
feature also used on helicopter designs by Weir.

During WWII the Focke-Achelis company also built
the Fa-330 “Bachstelze” kite. This aircraft was a pure
autogiro with arelatively simple lightweight skeletal con-
struction, and was designed as an observation platform for
one man while being towed behind a surfaced submarine.
The Hafner Rotachute®® was built along similar lines, but
never saw operationa use. The simplicity of both these
platforms later formed the inspiration for inexpensive am-
ateur homebuilt autogiros, many of which are still popular
today.

In the 1930s, several British companiesincluding Weir,
A.V. Roe (Avro), de Havilland and Westland built variants
and/or developments of the Cierva Autogiro designs. The
first Weir design (the W-1 or C-28) was designed by Juan
de la Cierva, and used the first form of orientable direct
rotor control system. The Weir W-2 through W-4 models
were some of the first machines to use a clutch to help
bring up the rotor rpm prior to take-off. The de Havilland
and Westland companies built a few larger prototype au-
togiros. The Westland C-29 was afive-seat cabin autogiro
built in 1934, but it was never flown because of serious
ground resonance. Another Westland designed autogiro
called the CL-20 was flown just before WWII, but with
limited success — see Mondey.%*

In Russia, the TSAGI built autogiros derived from the
Cierva designs. The Ka-Skr | and Il were copies of the
Cierva C-8. Kuznetsov and Mil built the TSAGI 2-EA,
which was derived from the Cierva C-19 — see Everett-
Heath® for details. Later developments of this design led
to thefirst Russian helicopters. The Japanese made copies
of the Ciervaand Kellett autogiro designs, and used them
as submarine spotters during WWI1 — see Gablehouse.%®

End of an Era: Autogiros Give Way
to Helicopters

The timing of autogiro development led to only limited
success with the military. The Cierva C-30 machines saw
some military service with the British Royal Air Force
during WWI1.° They were mainly used for radar calibra-
tion missions, vital in helping to give early warning of
raids by the Luftwaffe. The U.S. Navy had high hopes
for the autogiro in shipborne use for submarine detection
and convoy defense. Initial trials of the Pitcairn XOP-
1 autogiro, however, were less than impressive, with the
Navy citing poor range, insufficient payload capability,
and limited center of gravity travel. While later models
of the autogiro had much improved capabilities, the Navy
remained unconvinced. The U.S. Army later tested both
the Kellett and Pitcairn machinesin a variety of roles, in-
cluding reconnaissance and battlefield observation. The
low-speed loiter capability of the autogiro seemed partic-
ularly promising for artillery spotting roles, but the Army
concluded that the autogiro could perform well in only a
few areas and would belargely outclassed by conventional
airplanes. Later, the U.S. forces, however, did buy some
autogiros built by Kellett.

While the autogiro did see some commercial success,
mainly in the USA, it was never on a large scale. Dur-
ing the 1930s and 1940s it was used by the U.S. Post Of-
ficefor regular mail service between Washington D.C. and
Philadel phia, as well asin other cities, including Chicago
and New Orleans. The 1920s and 1930s were an excit-
ing and adventurous time for aviation despite the Great
Depression, and the autogiro was widely popularized as a
super-safe, easy-to-fly aircraft, which it was for the most
part. 1t subsequently found its way into the private mar-
ket, where it gained good popularity with pilots and some
level of public acceptance, despite being fairly odd in ap-
pearance. It was also used for aerial photography and ad-
vertising, the latter role giving it good public exposure.

One practical limitation (and often the most popular-
ized reason for theloss of interest in the autogiro) was that
it cannot hover stationary in the air. While the efficient
hovering flight capability of the helicopter is certainly a
very desirable attribute, the autogiro still has the ability
to take off vertically using the “jump” technique, and can
land almost vertically, especially into a wind. However,
the autogiro’s vertical jump and towering take-off capa-
bility was not to be demonstrated publicly until after the
Breguet-Dorand and Fa-61 helicopters were successfully
flying, and this otherwise significant advance in its capa-
bility received only passing attention.

The autogiro is an efficient machine at low to moderate
airspeeds, and can outperform both the airplane and the
helicopter under these conditions in terms of economics
and also safety of flight. Unlike a helicopter, the autogiro
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has no “Deadman’s Curve,” 115 and so can operate much
more safely at lower altitudes and airspeeds. However,
several early flying mishaps with the autogiro in the hands
of inexperienced pilots led initialy to a poor perception
of the machine. Flight control was drastically improved
by the use of “orientable” rotors. While efficient at low
speeds, autogiros did not have the higher speed capability
of airplanes designed in sametime period, mainly because
of its high parasitic drag. While much was done on later
models of autogiros to increase streamlining and reduce
rotor profile drag, especially by eliminating blade bracing
wires, they were never to match the higher speed capa-
bilities of airplanes. Furthermore, autogiros were mostly
single or dual-seater aircraft, at a time when airplanesin
the same weight and engine class (and also for a signifi-
cantly lower capital cost) could carry several passengers.
As dluded to earlier, scaling up the machine resulted in
ground resonance issues, and these were not completely
understood at the time.

Whilethe autogiro was well-engineered, the high cyclic
stresses imposed on rotating components meant that me-
chanical failures of the rotor system were not uncommon.
Yet, it is unfair to over-emphasize any mechanical short-
comings of the autogiro at a time when all types of air-
craft structural analysis was in its infancy. Autogiro de-
signers worked steadily to improve the mechanical relia-
bility and efficiency of the rotor design, and with the later
designs they were extremely robust and reliable. These
technical accomplishments were to serve well the future
designersof helicopters. By the early 1930s, helicopter pi-
oneers, who for the most part were working independently
to those developing the autogiro, suddenly realized that
the autogiro had served to help work out all the problems
of achieving proper control with helicopters. Thereafter,
the progress with the helicopter accelerated rapidly, and
interest in the autogiro dwindled. Itisironic that al of the
innovative technical developments that led to the perfec-
tion of the autogiro brought the helicopter to the threshold
of its own success.

There were several other factors contributing to the loss
of interest in the autogiro in the 1940s. In the USA, mil-
itary interest in the helicopter increased, and in 1938 the
Congress passed the Dorsey Bill, allocating (but not im-
mediately providing) to the Army the sum of $2M “for
the purpose of rotary-wing and other aircraft research,
development, procurement, experimentation, and opera-
tion for flight testing.” The Bill made possible the 1938
Rotating-Wing Aircraft Conference at the Franklin In-
gtitute in Philadelphia,®® and brought together most of
the pioneers and technical specialistsin the rotating-wing
field. Igor Sikorsky was already working toward the first
flight of his VS-300, and in his paper®’ at the subsequent
Rotating-Wing Aircraft Conferencein 1939, he wasto ex-
tol the future potential of the helicopter. The imminent

success of Sikorsky and his VS-300, funding from the
Dorsey Bill, and the pressures of making technological
advances during wartime, eventually led to the successful
development of amilitary helicopter in the USA.

In December 1936, Juan de la Ciervawas killed at the
age of only 41 years in the crash of an airliner. Shortly
thereafter, the British Government attempted to centralize
rotating-wing engineering by trying to get the Cierva and
Hafner companies to merge, but this initiative was unsuc-
cessful. Raoul Hafner saw the autogiro only as an interim
step toward the development of the helicopter; Juan de la
Ciervadid not. Nevertheless, both Cierva and Hafner saw
the important future role of rotating-wing aircraft in both
military and civil aviation. At the end of alecture®® to the
RAeSin 1938, Hafner stated: “We cannot afford to disre-
gard the clear indications towards progress offered by the
rotative wing. We can see the limitations with fixed wings
—we must be aware of the limitation of fixed ideas; and if
are to avoid flying and thinking in circles we must make
the wing rotate.”

The imminent outbreak of WWII ended all research
and development on British rotorcraft, there being a need
to devote resources and skilled labor to “more important
war work.” The British Government’s moratorium on ro-
torcraft development, albeit only for a few years, was to
be a serious blow to the Cierva, Weir and Hafner compa:
nies. It was not to be until 1943, in response to the first
official British government design specification for a he-
licopter, that British rotorcraft development was to start
again. By that time, the USA had accelerated into the
technical lead. With the rapid advances by Igor Sikorsky
in 1939 and early 1940s, engineers in the USA were to
shelve any further technical development of the autogiro
and were to focus work on helicopters. Much of the fu-
ture technical work on rotorcraft, both experimental and
theoretical, took up where the autogiro had left off. For a
detailed account of this, see Gustafson.?

A New Era: Autogiros After
Helicopters

In the 1950s, there was some reviva of interest in the
gyroplane or “ convertiplane” concept, with aseries of pro-
toypes being designed by the Fairey Company in Britain
and McDonnell in the USA. These machines were de-
signed to help overcome the inherent forward flight speed
limitations of a conventional helicopter. Gyroplanes can
take-off vertically and hover with the rotor powered di-
rectly, but the rotor is then off-loaded (for the most part)
by a conventional wing in forward flight. With the shaft
torgque being removed from the rotor, it entersinto the au-
torotative state. McDonnell developed the XV-1,7° but its
performance was disappointing. Two Fairey Gyrodyne
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prototypes led to the Rotodyne, which was the world's
biggest gyroplane with a cabin big enough for 40 passen-
gers — see Hislop.%® The aircraft set aworld speed record
for a convertiplane in 1959 before the project was can-
celled “for the usual reasons.”®

During the late 1950s and early 1960s, single and
two-seater commercial autogiros were devel oped in North
America for the private aviation market by three compa-
nies: Umbaugh (later Air & Space), Avian, and McCul-
loch. While Umbaugh and McCulloch delivered over 100
machines, they had limited performance and the lack of
sustained orders put the companies out of business. Sin-
gle and two-seat autogiros were also built in Britain by
Kenneth Wallis, with one of his machines gaining a star-
ring role in a 1967 James Bond film. In the 1950s, Igor
Bensen devel oped a homebuilt autogiro with an open air-
frame, based to some extent on the simplicity of the Ger-
man Fa-330 kite, which he called a“ Gyrocopter.” A thriv-
ing amateur homebuilt autogiro market is still active to-
day, with at least a dozen manufacturers in business.”*

From a scientific perspective, there have been few re-
cent studies of autogiros. However, work in the UK
by researchers at Glasgow University,”? has begun to re-
examine the stability, control and handling qualities of au-
togiros, mainly from aflight safety and certification stand-
point.”®"6 Advanced mathematical models of the auto-
giro were developed, and validated by flight testing mea-
surements conducted on a specialy instrumented two-
seater autogiro. This work represents the first significant
scientific interest in autogiros in over five decades, and
perhaps points the way forward to improved future auto-
giro and gyroplane designs.

Recently, there have been two companies in the USA
that have resurrected the idea of the autogiro or gyroplane,
and have begun to explait its capabilities using modern
technologies. These companies are Carter Aviation Tech-
nologies,”’ and Groen Bothers Aviation, Inc.”® The Carter
test platform’” incorporates both arotor and alarge, high
aspect ratio fixed-wing. It isahybrid aircraft using some
of the underlying principles of the Fairey compound ma-
chines of the 1950s. While the rotor provides al of the
lift during take-off and landing, the wing produces most
of the lift at higher airspeeds, with the rotor almost com-
pletely offloaded and operating in its autorotational state.
The high inertiarotor has a bearingless hub, with atilting
spindle to control the orientation of the rotor disk (much
likein the original Ciervadesigns) with collective pitch to
control rotor rpm. The machine is made almost entirely
of composites, and is powered by a lightweight propeller
driven by a piston engine. Conventional flight control sur-
faces (ailerons, elevator and rudder) are used, again much
asontheorigina Ciervadesigns.

The Groen Bothers Aviation (GBA) have developed
the world’s first turbine powered autogiro (gyroplane).’®

Their Hawk 4 gyroplane has been designed and tested for
pending civil certification. The GBA machine providesall
of the short take-off and nearly vertical landing capabili-
ties of the autogiro, with a demonstrated level flight speed
of 148 mph. Among other innovations, the two bladed
articulated rotor incorporates a patented cone/pitch cou-
pling for excellent rotor rpm stability. It uses a swashplate
with collective and cyclic pitch, which gives the aircraft
excellent control and maneuverability, and also allows for
extremely short take-offs. The al-metal blades use a se-
ries of advanced airfoil sections, designed specifically to
meet the unique aerodynamic requirements of sustained
autorotational flight. Unlike the Carter machine, there are
no conventional flight control surfaces on the GBA ma-
chinefor roll or pitch, thisall being achieved through rotor
control, but with rudder for directional (yaw) control.

While current work on gyroplanes may lead to larger
and much more capable machines, the technica chal-
lenges involved in building larger gyroplanes are yet to
be fully understood. As past experience with large ro-
torcraft has shown, they will likely confront the analysts
and engineers of the future with many technical and en-
gineering problems that will need to be overcome. This
time, however, it will be the gyroplane that will benefit
from the helicopter, in part, by using the powerful ana-
lytic design tools that have evolved over 50 years of he-
licopter development. Clearly, significant gains in the
performance of the autogiro are possible using optimized
airfoil sections, blade shapes and planforms, composite
structures, advanced flight controls and efficient new en-
gines. If these new technologies can be used to advance
the previous technical success of large commercial gyro-
planes along the lines of the Fairey Rotodyne, then this
gives much confidence in the future role that new gyro-
planes could play in modern aviation.

Concluding Remarks

This article has summarized the technical challenges in
the development of the autogiro or gyroplane. A truly
remarkable aircraft, exactly eighty years ago it was the
first powered, heavier-than-air aircraft to fly successfully
other than a conventional airplane. It was aso the very
first type of successful rotating-wing aircraft. The success
of the autogiro paved the way for the development of the
helicopter, itsroots being anchored in the pioneering tech-
nical accomplishments of Juan de la Cierva and Harold
Pitcairn. While it is surprising that the autogiro is often
viewed as occupying arather lowly place in the history of
aviation, it played such a fundamental role in the techno-
logical development of modern rotating-wing aircraft that
its proper place must be fully recognized.

It is often said by some that the autogiro was not asig-
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nificant success, perhaps an “ugly duckling” and only a
makeshift hybrid between the airplane and the helicopter.
While the earliest autogiros certainly had many shortcom-
ings and encountered many technical hurdles, the develop-
ersworked in asystematic, step-by-step approach to over-
come each hurdle and advance the state of engineering
knowledge. It was a technical success, and in ways that
arereally quite remarkable when viewed in hindsight. The
autogiro led to scientific discovery and many engineering
contributions to rotorcraft technology on both practical
and theoretical fronts. The most significant was clearly
development of the articulated rotor hub, with the incor-
poration of flap and lead/lag hinges, and | ater the complete
control of the aircraft by tilting the rotor plane by using
cyclic blade feathering. The autogiro era also produced
the first theories of rotor aerodynamics, rotating blade dy-
namics, structural dynamics and aeroelasticity, and pro-
vided the foundation for much of the rotating-wing analy-
ses that are used today.

At the end of WWII, when interest in the autogiro was
waning and practical helicopters were coming to fruition,
the industry had created nearly 50 variations of autogiros
and had delivered about 450 production machines. It also
familiarized the public with rotating-wing aircraft, which
led to much quicker public acceptance of the helicopter
when it finally appeared in significant numbers. It is
amazing that nearly all of the technical development of
the autogiro was done with limited funds. Little govern-
ment money went into its development, and nearly al the
innovative technical progress was achieved by afew indi-
vidual s working within afew small companies using their
private capital. This is quite unlike the situation today,
when the established rotorcraft industry depends on mas-
sive amounts of sustained government spending.

The autogiro is still with us today, its principles being
combined with current (and future) technology and in-
novative forward thinking toward ambitious new designs.
Thiswork also continues largely with private funds. How-
ever, thisfabled ugly duckling may be getting a new lease
on life, and the modern autogiro and gyroplane may have
very important future roles to play in large military and
commercial applications. If the innovations of the auto-
giro can be successfully combined with the capabilities
of helicopters and aso the speed and range attributes of
fixed-wing aircraft, then modern gyroplanes could be used
to meet an almost limitless variety of military missions
and civil applications. Only timewill tell, but the renewed
interest in the unique capabilities of the gyroplane can
clearly benefit from both the technical knowledge and the
powerful mathematical models and analytic design tools
that have evolved over the last 50 years of helicopter de-
velopment.
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