1 R otor Tech

Technical infarmation for homebuilt rotorcraft enthusiasts

1 by Chuck Beaty

Gyroplane Stability

Understanding PIO, Buntover, and How Gyroplane Rotors Work

Introduction

Toaperson standing on the ground, espe-
cially here in Florida, the Earth seems,
intuitively, to be flal. To many experi-
enced pilots, a tailless gyroplane seems,
intuitively, to be stable.

Intuition doesn't always coincide with
fact. Much depends on the point of view.
An astronaut in the space shuttle has an
entirely different view of the Earth than a
person on the ground. A person who has
flown atailless gyroplane with helicopter-
type cyclic pitch control gets an entirely
different impression than one who has
flown only with a Bensen-type tilt head
cyclic control. With a Bensen-type offset
gimbal rotor head, a component of rotor
thrust is fed back into the control
systeminadirection which serves

and viewed the barbell along the rotor
head axis, the barbell would indeed ap-
pear to flap but there would not appear Lo
be a cyelic pitch change, If the rotating
observer viewed the barbell along the
barbell axis, there would be a evelic pitch
change but no flapping.

1f the barbell weights are replaced by
airfoils, aerodynamic [orees are produced
which tend to force the rotor axis into
alipnment with the rotor head axis.

The kinematics of an articulated rotor
are not fundamentally different than a
teetering rolor,

The barbell, in fact, doesn't flap in the
sense that a bird’s wings flap; the comhi-
nation of teeter pin and barbell axle is
simply a universal joint which allows the
barbell to rotate about a different axis
from the rotor head, and permits a cyclic
pitch input by tilting the rotor head. The
arrows painted on each face of the barbell
weights always reman parallel to the tee-
ler pin,

to mask the instability of a tailless
gyroplane and gives a misleading
impression of stability.

The following article is an at-
tempt to present the facts of gy-
roplane stability comprehensively
but with a minimum of mathemat-
ics.

Rotor kinematics

The single greatest obstacle toun-
derstanding rotorcraft is the diffi-
culty of the spatial visualization of
rotor blade motion. The common
terms used for describing blade
motion, “llapping” and “lead-lag™,
are inaccurate and misleading,
Imagine a barbell equipped
with a teeter pin and mounted on
some sorL ol totor head. Ifwe start

the assembly spinning, we dis- |, cgmznll B ; N
cover that we have a gyroscope [_ = ST 3 i

ang that its axis remains fixed in | i

space. no matter which way the A Lﬁxis_ of rotation of barbell

rotor head is tilted, so long as we b = - E e
den'trminto mechanical interfer- et ) T,
ence. If an obscerver rotated with %‘ —~ Rotor fiead axis — L },/
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“Flapping” angle
and cyclic pitch angle

The axis of rotation of a gyro-
scope remains lixed in space in
the absence of external forces.
Forces applied at arrows F in the
illustration cause a counterclock-
wise precession about axis AA
The left side begins to fall and the
right side rises. Precessionis such
that displacement of the gyro
wheel lags applied force by 90°.

The rate of precession of a gy-
roscope depends on the ratio of
precessing torque (force) to the
moment of inertia and speed of
the pyro wheel.

Angular velocity of precession =

torque

angular velocity of gyro wheel x
rmoment of inertia of gyro wheel

Precession will be in radians
per second when torque is in foot-
pounds and moment ofinertiaisin
slug-feet?,

One radian =57 3%, there are 2r
radians in 1 revolution (360°).

One slug = 32 pounds, the En-
glish unit of mass (Wig).
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A typical gyrocopter rolor weighs 37
pewnds and has a diameter of 22 fect, [is
moment of inertia is 46.6 slug i, 1L turns,
typically al 360 rpm, and its angular veloc-
ity is 37.7 radians per second, How much
Lorque would be required 1o precess (til)
therotorat a rate of 10° per second (10°/
sccond = 1745 radians per second)?

Torgue = angular velocity of pracession x
mameant of inertia of rator x angular velagity
of rotor

Torque = 1745 x 46.6 x 37.7
= 306.6 feet-pounds

The center of lift of the rotor blade is
about 70% of radius—one-half the rotor
disk area is inside 70% radius, the other
half is outside, The lift differential be-
twecnthe advancingand retreatingblades
forthe gyrocopterunder discussion would
be M%% _ 398 pounds to tilt the rotor at
arate of 10° /second in forward flight.

An understanding of the mechanics of
precession is essential to some of the
discussion to follow.

Control by
thrust vector orientation

All rotorerafl with flap hinges located on
the center of rotation, whether teetering
or articulated rotors, whether swashplate
contrelled or tilting rotor head controlled,
are cantrolled by orientation of the rotor
thrustvector about the pitch and roll aces.

Rotor thrust

Rotor thrust is concentric with the tip
plane axis. In the illustration above, the
rotor is tiled to the right and the rotor
thrustline is offset to the left side of the
machine’s CG. This offsct generates a
moment (or torque) which begins to roll
the machine to the right.

The rolor aligns with a evelic stick
displacement within, typically, 2 or 3 revo-
lutions of the rotor, 1/3 1o 1,2 second at
360 rpmrotor speed butthe airirame does
not. Since the airframe has inertia about
the roll axis, the torque which results
from displacing the rolor thrust vector
begins to accelerate the machine about
the roll axis. This angular acceleration
equals the applied torque divided by the
roll axis moment of inertia.

Stick displacement in a fixed-wing
machine contrals roll or pilch rate. Stick
displacement in a rotoreralt controls roll
or pilch acceleration,

Control by thrust vector ofieniation is
dependentonthe presence ofrotor thrust,
No thrust, no control,

-
i JEF%\%@?—/
i

f
Sikorsky S-51 rotor head

[

Early helicopters such as the Sikorsky
5-51 generally had flap hinges located on
the center of rotation and were controlled
by thrust vector orientation, exactly the
same as teetering rotors,

Newer helicopters have offset flap
hinges which provide some additional
control moment. Thisis called the “T-har”
L'HH(;L

Offset flap hinge
CF

M Rotor blade

Main rotor shaft -

- -

“The Hughes 269-300 helicopters have
a flap hinge offset of about 1 i " which
provides a control moment of about 50 ft-
Ib per degree of rotor tilt independent of
rotor thrusi—not much when compared
o the mass and bulk of the fuselage.
Considerably more flap hinge offset is
required to make a machine controllable
during zero-G maneuvers.

Thrust vector displacement in a
Hughes 269 generates a control moment
of about 120 l[ool-pounds per degrec of
rotor tilt,

Dampening

An automobile with coil spring suspen-
siom and worn-out shock absorbers is
good illustration of the effects of inad-
equate dampening.

The only source of dampening in a
rooreraft withoul fixed aerodynamic sur-
faces is the rotor ilself.

Rotor thrust

Airframe rotation |

With the cyclic control stick locked in
neutral, the rotor lags behind a rotation of
theairframe and the moment so produced
opposes airframe rotation. The faster the
rotation, the greater the lagand the greater
the opposing moment.

The dampening so produced is not
large, II the airframe of the gvrocopter of
the previous example was rotated at 10° /
second, the differcntial Bt required to
precess the rotor would be 39.8 The ac
betore and the required cyclic flapping
would be 0.15% {also the cyclic piteh). A
rotor lag of 0.15° would generate a mo-
ment opposing airframe rotation of 4.7 fi-
Ibs.

The control sensitivity of an aircraft is
governed by the ratio of control power to
dampening.

An aerobatic biplane with four aile-
rons hashigh control powerbutitalso has
high dampening from four wings.

Rotorcraft controlled by thrust vector
orientation have low control power and
even lower dampening. The contrel sen-
sitivily of rotorcraft is often greater than
that of aerobatic airplanes.

Pilot induced oscillation

All closed-loop systems can become -
stable under certain conditions.
Consider a rotary lawn mower with an
engine speed governor. The speed sens-
ing device is olten weights which move in
response to cenirifugal force (engine

(Continued)

August, 1995

Page 19




speed) anid which movement is opposed
by a spring. As the engine slows down,
the weighls resist the spring pressure
lessand alinkage opensthe throttle, tend-
ing to increase the engine speed. How-
ever, the rotating parts of the engine have
inertia and the engine doesn’t

noses down in an upward gust, always
heading into the relative wind.

Muost gyroplanes which follow the
Bensen pattern have a builtin flaw be-
cause the propeller thrust line is above
the center of fuselage drag.

When the cyclic stick is returned to its
former position, airframe rotation does
not stop because of its momenturn, but
starts to slow down as a result of rotor
dampening. Reverse cyelic stick move-
menl is required to arrest airframe rola-
tion and prevent

instantly respond and may slow
down even more, resulting in a
greater throttle opening. Even-
tually the engine does respond,
and as it accelerates, may over-
shoot the governed spesd. We
then have surge or hunting, A
rotary lawn mower doesn’l need
precise speed regulation, so the
loop gain can be reduced until
the system becomes stable. Loop
gain is controlled by the linkage
ratio between centrifugal
weights and the throttle.

In an aircraft autopilot, the
basic sensing element is an arti-
ficial horizon gyro which con-

Rotor thrust
4

overshoot. The
pilot must supply
mostofthe damp
Rotor thrust ening.

{ Horizontal sta-
— bilizers - Early
helicopters with-
out horizontal sta-
bilizers were
¢juile unstable in
pitch and several
were lost from pi-
lot induced oscil-
latiom in the lale
1940°s through
the early 19505,

Propeller
thrust

trols elevators and ailerons, but
with gains set high enough to maintain
close control of attitude, the system would
hunt or oscillate with attitude signals
alone. Fortunately, it's quite simple elec-
trically to derive rate of change of attitude
(roll or pitch rates) and rate of change of
roll or pitch rates (roll and pitch accelera-
tion). These derived signals are mixed in
the proper proportion to dampen out over-
shoot,

The human pilot closes up the loop
and does the same things as an autopilot
‘-_\fi'@hout even being consciously aware of
doing =0,

The things which cause pilot induced
oscillation are lag in response to control
movemnent, inertia and insufficient damp-
ening.

A rotor in forward flight is unstable
with angle of attack because of the dis-
symmetry of airspeed of the advancing vs,
retreating rotor blades. If the eyelic stick
ismoved in a nose-up direction, the angle
of abtack of the advancing rotor blade is
increased by the same amount as that of
the retreating rotor blade is decreased,
but the increase of ift of the advancing
blade is greater than the decrease of lift of
the retreating hlade because of the air-
speed differential. To compensate, the
[lapping angle of the rotor must increase,
the result being that the angle of attack of
Lthe rolorinereases more than commanded
by the cyclic stick movernent.

Upon cncountering an upward gust,
the same thing happens—the rotormoves
in a nosc-up direction. A stable aircraft

In order to compensate for the result-
ing nose-down pitching moment, the ro-
tor thrust line is forward of the machine's
center of gravity, which is equivalent to a
tail-heavy airplane. With the rotor thrust
line passing in fronl of the CG, an upward
gust torques the fuselage nose up, adding
to the angle of attack instability of the
rotor,

When the pilot of a gyroplane moves
the cyclic stick in a nose-up direction, the
rotor responds rapidly, aligning with the
new stick position within 2 or 3 reval-
tions, but the airframe, because of its
inertia, does not. If the stick position is
held, the machine begins to climb with
the fuselage in a level attitude. The in-
creased rearward Gl of the rotor exerts
an increased nose-up lorque about the
machine’s center of gravity which begins
i nose-up pitch acceleration, This nose-
up pilch acceleration will continue at a
rale ol

acceleration = — Torque —
airframe moment of inertia

until the dampening torque equals the
accelerating torque, As mentioned previ-
ously, the only source of dampening in a
rotorerafl without fixed aerodynamie sur-
faces is the rotor itsell. As the pitching
rate increases, the rotor lags farther be-
hind the airframe rotation, providing
dampening. But as discussed previously,
rotor dampening is quile low which leads
to very high pitch and roll rates.

The NACA in-
vestigated the problem and concluded
that a horizontal stabilizer volume equal
to 10% of rotor volume would provide a
solution. Modern helicopters generally
follow this rule.

Cierva began the development of his
directcontrol autogiro, a gyroplane con-
trolled by rotor head tilt (thrust vector
orientation) in the early 1930's with no
aerodynamic surfaces except for a verti-
cal stabilizer, He installed a horizontal
stabilizer after only a fow test flights and

arrmten e,
lizer volume in the range of 12% to 15% of
rotor velume for all subsequent produc-
tion autogiros.

— L —

Rotor volume =
Rotor blade area x Rotor diameter

Horizontal stabilizer volume =
Horizontal stabilizer area

x
Moment arm length (L)
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An adequale horizontal stabilizer re-
duces both control lag and overshool

As discussed previously, a NOSC-up
cyelic input has no immediate cifect on
the fuselage atlide without a horizontal
stabilizer. With a horizontal stabilizer,
upward velocity of the machine produces

Rotor thrust
2

TFromthesectionon gyroscopic
precession:

Torgue = angular velocity of
precession x rotor momant af
inertia x angular velocity of rotar

Angular velocity of precession =

aerodynamic forces which more quickly _ Propeller 161%/s8c = 2.8 radisec
alignthe fuselage with the ifight path. The ~thrust line o
maximum pitching rate is limited by the Rotor moment of inartia .
horizontal stabilizer, which reduces over- e St Ealuglr
shoot, Retor angular velocity
SR = 37.7 rad’sac
Stability - In a typical Bensen-type gy- Areduction in rotor thrust can initiate
roplane without a horizontal stabilizer, g selfsustaining, irreversible forward — 1070Ue = 2.8 X 46.6 x 37.7 = 4900 ft-Ib
the aerodynamic center of pressure leads  tumble or buntover, A sirong downward : s Torque
the: center of gravity, in effect, a taiMfirst  gust can reduce rotor thrust to the extent D ierential lift = 7 rolor radius
arrow. that it is no longer able to counteract the 4900
nose-down  moment Txii - 636 bs.
which results from pro- ’
Horizontal I’:l' UCI: thrust being above The rotar can't develop this much Jift
stabilizer =7 :1: L‘;Ert%rc :::_II f;?tqafp differential between advancing and re-
1 [ gir‘:flL:; ;'otalrl n‘n.)ief::igw: treating blades and stalls. f .
R | I th ; sk “' s it r The same thing can happen with heli-
ol e L.:.—_-—_—. T cr m:r : ‘g“":"'_“ X 1?’ copler Lail rotors if the machine is yawed
i I ; el ;"f“e m_rllg n;) { lf: too fast. The tail rotor can overrun the flap
[ erent than a tilt of the stops and sirike the tail boom. This phe-
L rolor hm’—aﬁd the re- nomenon is called precession stall,
S“It}“g "’df'm“"_ of the With precession stall, the rotor of a
?;;ﬂfzr?;;:'fg“‘;:h;;: gyroplane can no longer follow airframe

The aerodynamic center is approxi-
mately the centroid of area, the point at
which a cardboard eutoutwould halance.
A horizontal stabilizer of suitable dimen-
sions will ensure that the C of P trails the
Cof G,

Gyroplanes have never had control
problems in the roll axis,

Buntover

Of the several hundred fatal accidents to
occur in homebuilt gyroplanes since the
Bensen Gyrocopter first appeared, prob-
ably 95% have been due to a single cause,
namely the unloading of the rotor and the
resulting forward tumble, Surprisingly few
fatalilies have resulted from mechanical
failures,

The propeller thrust line typically
passes about one oot above the center of
fuseluge drag, as illustrated al the top of
this page. Engine thrust is about 200
pounds for a iypical 450-poun d-gross-
weightgyroinlevel flight, creating anose-
down moment of 200 fi-bs. To counter
this nose-down moment, the rotor
thrustline must pass 51/3 inches (444 ft)
in frent of the machine’s center of gravily,

thrustwhich increases the
nose-down pitch rate, etc. The action very
rapidly becomes self sustaining and irre-
versible.

An action by the pilot which tends to
unload the rotor, whether deliberate or
not, can also initiate a catastrophic
buntover.

Atypical gyro has a moment of inertia
about the pitch axis of about 40 slug-ft?.
With the rotor completely unloaded and a
pitching moment (torque) of 200 fi-lbs,
the angular acceleration about the pitch
axis would be:

200 ft-l
40slug ft*
or 286° per second/per second,

The time required for the machine to
invert or rotate 180° would be:

) angle
e \/_ﬁ angular acceleration
180° = x radians

Therefore
ime=4/_&_
time ExE

Thereis noway the rotor can generate
cnough foree to precess 180° in 1,12 sec-
onds, an average rate of 1617 per second.

= b radians/second®

=1.12 seconds

rotation. The airframe rolls up and into
the rotor, past the rotor flap stops. The
rotation is so rapid that the rotor blades
are rolated about their pitching or feath-
ering axis broadside Lo their plane of rota-
tion and often make a loud bang or crack-
ing sound, similar to the surface of water
being slapped with a canoe paddle,

The signature - All buntover accidents,
without exception, leave their signature.
This signature is in the form of rotor
strike marks on the vertical tail, as shown
at the top of the next page,

The first strike, near the top of the
vertical tail, produces a sharp, well-de-
fined crease which indicates the rotor is
turning at near normal speed,

From the spacing of the strike maris,
it's clear that the airframe has rotated 24"
while the rotor has traveled 172 revolu-
tion. If the rotor has slowed down (o 300
rpm, 1/2 revolution requires 0.1 second,
which would mean that the airframe is
turnbling forward at the rate of 240° per
second. This is good correlation of tum-
bling speed estimates based on propeller
thrust and moment of inerlia,

(Continued)
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most of which
CArTY a warning
placard against
spinning. With
engines mounted
on the wings, the
moment of inertia
abouttheyaw axis
is so great thal
withoutvery large
vertical slabilizers
on long moment
arms, spin recov-
ery by pilots of
average skill is
unlikely.

The solution - The solution to this prob-
lem is obvious, A seaplane with the en-
gine mounted on a pylon above the wing
does not tumble over when the wings are
unloaded because the horizontal tail is of
adeguate size to prevent a loss of control.
A gyroplane with a horizontal stabilizer
volume equal to 12%of rotor volume won't
tumble over either, even with propeller
thrust offset from fuselage drag center. A
gyroplane without a horizontal stabilizer
won't tumble if the propeller thrust line
passes through both the fuselage center
of drag and the airframe center of gravity,

From the standpoint of controllability
and ease of flying, it's highly desirable
that the propeller thrustline pass through
hoth the center of drag and center of
gravity and that the horizontal stabilizer
volime is eoual to at least 12% of rolor
volume. When these conditions are met,
the fuselage pitching tendency with
change in throtle opening is minimal and
fuselage attitude stays more constant with
change of airspeed,

Dampening required

The dampening supplied by the hori-
zonial stabilizer is proportional to the
square of the moment arm length—if the
length of the moment arm is doubled, the
dampening is four times as great. The
ratipof dampening to moment of inertia of
the airframe needs Lo be held constant.

As the masses of the airframe are
spread out, for example in a landem-seat
two-place machine, the moment of inertia
increases as the square of the distance. A
two-place tandem machine requires a
horizontal stabilizer to be on a longer
moment arm than a two-place side-by-
side machine.

A somewhat related situation exisls
for ixed-wing light twin-engine airplanes,

Tandem vs. side-by-side - All other
factors being equal. atailless tandem gyro
is more lethal than a tailless side-by-side
machine, even though initial impression
and intuition may make things seem oth-
erwise. All tailless gyros have a buill-in
bobble in pitch and the bobble frequency

" of a tandem machine is lower than that of

a side-by-side machine.

The best illustration of the lethal quali-
fies of a tailless tandem gyro is an acci-
dent which occurred in Florida several
vears ago. An instructor in the rear seat
had his hands off the controls while the
student in the front seat was flying the
machine. The student evidently overcor-
rected for a gust and the machine bunted
aver and tumbled to the ground before
the instructor could take any useful cor-
rective action.

ler,
2) tail boom coaxial with the propeller,
3 tail boom under the propeller, and
4) tail boom over the propeller,

Any tail boom configuration used must
permit the machine to rock back about
107 or the takeofl run will be too long,

Choice 1, twin tail booms straddling
the propeller, seems (o be the oldesi.
The Buhl pusher autopiro was first flown
in 1931,

A somewhal more modern pusher
machine wasthe Pitcalrn XO-61, first flown
in 1943. Tt had tilt-head eyclic control and
jump takeofl.

Pitcairn X0-61

Twin tail hooms are structurally ineffi-
cient and engineering the loads hack into
the main airframe adds considerable
weight. The relatively modern McCulloch

F2doesnot arpe:irmhaw »qufficient hori-
zontal tall volume, among other things,

Horizontal
stahilizers

Mounting - Ves-
tigial shingle-size
horizontal fins
stuck on the ver-
tical tail are, no
doubt, better
than nothing, but
don’t come close
tothe 12% tailvol-
ume require-
ment. The prob-
lem for a pusher
gyro is providing

sufficient moment arm length. Tractor
machines have no such problem and any
reasonable-size horizontal stabilizer can
be accommaodated.

The choices for pusher gyros are:

1) twin tail booms siraddling the propel

Choice 2, propeller mounted coaxdally
with the ail boom (above), is struelur-
ally elficient but causes some mechanical
complications,

Acoxial propelleris an obvious choice
where a belt reduction drive is part of the
design. The small sheave must be sup-
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ported by its own hearings 1o maintain
correct belt alignment and tension and
coupled to the engine by a rubber donut
such as a Lovejoy “Saga” coupling, Iligh-
power gearbelt drives, namely the Gates
Puly-Chain, have Eevlar tensile members
and are torsionally as stiff as gears so that
atorsionally soft coupling is necessary in
any case. The same function is accom-
plished in autemobiles by windup of the
quillshaftinthe transmission or by windup
of the axle shafts,

Choice 3, tail boom under the propel-
ler (below left), requires a dogleg which
is & structural weakness,
Choice 4, tail boom over top of pro-
peller (below right) is simple and struc-
turally efficient, but creates some prob-
lems when used with a see-saw rotor,
This layout resultsin a very rigid rotor
pylon in a lore-and-alt direction. Sec-saw
rotors in conjunction with their support-
ingstructure must be very carefully tuned
if severe rotor shake is to be avoided.

Design - The design of the horizontal
surface itsell is imporiant. Flat plates ean
praduce only about 1,/2 the aerodvnarmic
lift ol 12% thick airfoil and very nearly as
much drag. A thick airfoil with a sharp
leading edgre is no better than a flat plae,

The horizontal surface should be of
the highesl aspect ratio which can be
comvenicntly accommendated; thatis, wide
span and narrow chord.

(e
|

Closure

The buntover phenomenon—sometimes
identified as P10, porpoising or negative
G—has, until recently, been quite myste-
rious and has engendered a number of
spurious theories, all of which can be eas-
ily dismissed:

1. Negative G and reverse coning, To
begin. a normal cambered rotor blade can
produce very litle negative lift, and even if

iteould, the rotor would flap forward and
chop off the nose, not the tail.
2. Unloading rotor causes it to slow
down and flap into tail. An unloaded
rotor can't flap. In order for a rotor to flap,
it must stall while supporting a load.
Allthe other theories are avariation of
theories 1 and 2.

The main problem is that so few quali-
fied engineers have taken an interest in
gyroplanes; otherwise the buntover mys-
tery would have been solved long ago.
Most present-day gyroplane designers,
many of whom may be skilled mechanics
ol machinists, den't have any formal sci-
cntific or technical training, @
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