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SUMMARY

| In the Summer of 1968 Avian Aircraft Limited brought the

Avian 2/180 Gyroplane to the National Aeronautical Establishment in

the hope of determining the cause of an oscillation that had occurred

several times during their flight test program. After the aircraft had

been instrumented, slightly more than ten hours flying time and a

simplified analogue simulation determined the cause of the oscillation.
The problem was essentially one of mechanical wvibration of

- the rotor.blaﬂes suspension Syétem eoupling with the aircraft modes of

motion as a resuli of gyroscopic effects of the pusher propeller. The

additlon of damping in the blades suspension system was demonstrated as

an effective method of suppressing the oscillation.



1.0

2.0

3.0

4.0
5.0
6.0
7.0
8.0
9.0

TABLE O CONTENTS

SUMMARY

LIST OF ILLUSTRATIONS

LIST OF SYMBOLS

INTRODUGTION

FLIGHT TEST PROGRAM

2.1 Instrumentation

2.2 Test Procedure

2.3 Flight Records

2.4 Computer Analysis of the Fiight Test Data

ANALOGUE STMULATION

EXAMINATION OF THE ROTOR ASSEMBLY STRUCTURE

REMEDIAL MEASURES

GENERAL PILOT COMMENTS ON THE AVIAN 2/180

CONCLUSIONS

ACKNOWLEDGEMENTS

REFERENCES

TABLE I+  PHYSICAL CHARACTERISTICS OF THE AVIAN
2/180 GYROPLANE

TABLE II: STABILITY DERIVATIVES OF THE AVIAN
2/180 GYROPLANE '

APPENDIX At ANALOGUE SIMULATION OF ROTOR

APPENDIX B: X-RAY EXAMINATION

APPENDIX C: PILOT COMMENTS

Report: LTR-FR-L4
Page 11

V]

0 Mt~

11
12
13
14
15
15



Report: LTR~-FR-14
Page iii

LIST OF ILLUSTRATIONS

Figure

The Avian 2/180 Gyroplane 1
Cabin Instrument Installation 2

| Avian Oscillation on Take—off 3
Rotor Hub Camera Installation 4
Blade Tip Motion During Oscillation 5
Cine Camera Film Sequence of Excessive Lag During
Oscillation 6
Cine Camera Film Sequence of Buckling in One
Revolution During Oscillation ‘ 7
Azimuth Location of Strap Buckling 8

. Sample Traces from Flight Recorder Data 9(a)
Sample Traces from Flight Recorder Data 2(b)
Avian 2/180 Rotor Simulation 10
Analogue Trace from Rotor Head Simulation 1L
Analogue Frequency Modulation with Buckling 12
Analogue Damping Suppression of (Oscillation 13

Clamp Installation on Blade Suspension Straps 14



[l

4= =

L]

LIST OF SYMBOLS

EE& = 0.333
IXK

I

X = 0,166
24

2 = 0,385
Lyy

EE_ = 0.535
1

angular momentum about x-axis, slug £t°/sec
moment of inertia about x-axis, slug £1°
moment of inertla about y-axis, slug FtR
moment of inertia about z-axis, slug £12

cross product of inertia, slug £42

dimensional coefficlen® in linearized equation
rolling moment coefficient, rad/8902
pitching moment coefficient, rad/sec2
yawing moment coefficlent, rad/se02
angular velecity in roll, rad/sec
angular velocity in pitéh, rad/sec
angular veloclty in yaw, rad/sec
Laplace operator é%

free stream velocity, ft/sec
lateral velocity increment, ft/sec
vertlcal velocity increment, ft/sec

y-axis force coefficient, ft/sec®

z=axls force coefficlent, ft/sac2
pilot roll econtrol deflection, in

pilot pitch control deflection, in

pilot yaw control deflection, in

Reports LTR-FR~14
Page iv



Raport LIR~FR-14
Page L

1.0 INTRODUCTION

The Avian 2/180 Gyroplape is a small two place autogyro of
Canadian design and mamufacture. Lift is provided by a three-bladed main
rotor and propulsion by a fwowbladed ducted pusher propeller., Longitudinal
and lateral control is attained by cyclic inputs to the main rotor and yaw
ie controlled by a rudder mounted in the propeiler duct (Fig. 1). There
is provision for spinning the rotor up to speed on the ground with engine
power permitting jump take—offs or short ground roll take-offs., However,
while alrborne, the rotor is in autorotation at all times and the engine
power ig delivered dlrecily to the pusher propeller, Table I lists the
basic physical dimenslons and characteristicsAof the aircrafi,

During certification flight testing there were soveral oceurrences,
immediately after take-off, of a predominantiy roli oscillation with reduced
amplitudes in pitch and yaw. The period was slightly over one second and
although there was no tendency to diverge, the frequency made it almost
imposéible for the pilot to suppress the motlon. Intenticnal msnoeuvres
were difficult, if not Impossible, during the osclillation rendering the
alreraft for all intents and purposes ocut of control until the oscillation
ceased., This condition waes comnsidered intolerable from a flight safety
point of view.

For airworthiness certification, the phenomenon had to be defined
and a means devised to avoid or suppress 1t. In order to fulfil this
requirement Avian Aircraft Limited requested the assistance of the Flight
Research Section of the National Aeronautical Establislment in cbtaining
flight test data and analyzing the results. Therefore, in August 1968, the
aircraft was flown to Uplands airport, Ottawa, for instrumentation and

evaluation,
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Tt was declded that to make the flight test program independent
of pilot avallability two pilots of the Flight Research Section should be
checked out on the aireraft. It was also felt that pilots familiar with
flight test procedures and having & background in aircraft stability and
control work could contribute considerably to the success of the program.
Therefore, prior to installation of the flight test instrumentation, several
hours of flylng were spent on check out and fémiliarization. After it was
fitted the instrumentation occupied the entire reaf seat area and reduced
the ailrcraft to a single seat configuration (Fig. 2).

During the period of pilot familiarization there were two
oceurrences of the oscillation and since motion picture records were made
of all take-offs and landings, it was possible to establish the period and
amplitude in roll during one of these ocourrences desplte the lack of air-
borne instrumentation (Fig. 3).

Initially the oscillatory characteristics had been attributed
to re%reating blade stall effects since the aircraft responses were similar
to those produced by high load factors while manoceuvring at high speed.
However, the one occurrence that was photographed during the initial flying
wag at unit load factor, although at low air speed and low rotor r.p.m.;
suggesting sométhing other than retreating blade stall as being the cause.
Also, on the basis of previous experience end the occurrence of the
ogeillation during familiérization, the speed range of interest extended
from initial 1lift-off to around fifty miles an hour, which was below the
speed range where retreating blade stall had been deliberateiy induced.

2.0 FLIGHT TEST PROGRAM

2.1 Instrumentation

Because the exact nature of the oscillatory phenomenon was unknown
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it was impossible to define the critical parameters beforenand. Sufficient
data had to be obtained to completely evaluate and define as completely as
possible the alreraft in order to assure that the cause of the oscillation
could be determined. Hence, it was declded to record basic angular rates
about three axes, linear accelerations in three axes, control inputs (cyelic,
collective and rudder), rotor and englne r.p.m., airspeed, angle of attack
and sideslip. In addition to determining the cause of the problem from the
flight records, it was hoped that the equations of motion of the aircraft
could be defined and all important stability derivatives determined. Thig,
in fact, was done.

The rear sealt was removed from the aircraft and a platform was
installed to mount the rate gyros, accelerometers, a fourteen channel
galvanometer recorder and a battery used in the instrument package power
supply. A second shelf, supported on the lower window frame, held the
amplifiers and filters to mateh the instruments to the recorder, the pressure
transéucers for altitude and airspeed and the electric tachometer for engine
speed. An instrumentation control box with power switches and indicator
lights was mounted on the floor on the right~hand side of the pilot's seat
(Fig. 2).

A magnetic pick up was installed on the pylon for rotor r.p.m.
Vanes mounted on & nose boom measured angle of attack and sideslip, but
during the flight test program the angle of attack vane was not used because
of electrical problems. Potentiometers were driven by the pilot's control
levers yielding electrical sighals proportional to thelr positions.

In addition to the structure described above, the installation of
the instrumentation required conversion of the.aircraft power supply from

12 volts to 28 volts. Consequently, a 28 volit generator (with voltage
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regulator) was installed and the existing aireraft battery was wired in
series with the battery mounfed on the instrument platform. This system
was then tapped at 12 volts for the normal airéraft equipment such as
starter, radio, etec.

A motion picture camera together with a self-contained battery
pack was mounted on the rotor hub to phoitograph one main rotor blade and
its suspension straps (Fig. 4). This system was actuated by the pilot
through a switch on the collective control lever which supplied electrical
pulses through slip rings on the rotor mast to an internal relay in the
camera.

2.2 Test Procedure

In a series of evaluation flights, combinatlons of control inputs
and manoeuvres were used in an attempt to excite the oscillation and to
establish a method of producing the phenomenon at will in order to study it.
It was found that stirring the cyclic control in a circular motion at about
one cycle per second resulted in an cscillation that persisted after the
input was stopped and that was identical with the phenomenon that had
occurred during the take-off phase. This technique resulted in oscillations
of varying duration over the range of airspeed and rotor r.p.m. of interest.
Higher speed and higher rotor r.p.m. resulted in a reduction of the duration
of the oscillation but the phenomenon still persisted as a mild instability
described by the pilots as a "nibble" or a "tweak! on the control column even
when the oseillation was not self sustaining.

Al'ter preliminary flight evaluation and development of the stirring
technique to initiate the phencmenon, a series of programmed flights were
carried out to record the aircrait response during the osclillations. Runs

were done at 200 rotor r.p.m. through the speed range from forty to sixty-five
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miles per hour and through the rotor r.p.m. range from 195 to 290 at fifty
miles per hour. All dellberate oscillations were initiated at a safe
altitude ranging from 1500 to 2000 feet above ground level,

The galvanometer recorder had ten minutes of running time with
a fuil load of film and the rotor mounted camera had one minute duration
with fifty feet of £ilm, Because of these limitations fhe recording system
was operated only during the actual attempts at inducing the oscillation and
the camera was used at the pilot’'s discretion during an oséillation or, to
allow for run up time, a few seconds before exciting the oseillation in a
flight condition that was known to be conducive to the phenomenon. The
required airspeed and rotor r.p.m. were stabilized in level flight, the
recorder was turned on and the run was identified by the pilot with an
"ident" button on the instrumentation control box., Hs then initiated the
control inputs. At the completion of the run the recorder switch was
returned to the "off" position and an automatic calibration sequence was
performed before the recorder stopped.

A typicel record consisted of ten to twenty seconds of level flight
with run identification coding, one to five seconds of pilot inputs, one to
ten seconds of oscillation record, ten to twenty seconds of recovery before
switch off and then the calibration sequence. With careful timing eight
or nine runs could be recorded in one flight. Any additional comments or
observations by the pilot were noted on his flight card for future referenecs.

2.3 Flight Records

After each flight a short debriefing with the pilot established
the success or failure of exclting the oscillation. The oscillograph f£iim
was evaluated and the sections of interest were noted for detailed reduction

by reading at one-tenth of a second intervals for computer analysls of the
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airéraft equations of motion., Thiu analysis was carried out on data
obtuined duringe the pllot inpul phuse and during the ovelllation. The

l .hubamounted comers L1lm was viewed and, 1f 1l was consldered worth while
wag later read for blade motion.

The blade motion, as deduced from tip path excursions read from
one of these films (Fig. 5), prompted the realigrment of the camera to
photograph the blade suspension straps. The first film of the straps
during an oscillation indicated the extent of the buckling resulting from
excessive lead lag of the blade (Fig. 6), and subsequent evaluation of
the azimuth location of the buckling for the fore and aft straps, read
from a film sequence of several revolutions of the rotor dufing oscillation
(Fig. 7), showed that the area of maximum deflection circulated around the
rotor disc at roughly one-revolution per second (Fig. 8). These films and
the analysis of the flight test data established the bagic mechanical
source of the instability.

2.4 Uomputer Analysis of the Flight Test Data

The records obtained from the oscillograph during the flight test
program were studied and one example of the oscillation was chosen for
detailed analysis. The parameters were read from the traces and using
linearized equations of motion and a regression analysis method for minimum
error £it, the stability derivatives of the alrcraft were calculated (Ref. 1).

The equations fitted to obtain the stability derivatives were
golved for dimensional parameters from which the normal dimensional deri-

vatives were derived. These equations are listed below.
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The solution of the characteristic equation (Ref. 2) for the
coupled lateral-directional-longltudinal equations gave two complex pairs
and two real roots. Dropping the gyroscople cross-coupling terms (e and I)
resulted in only one complex pair and the same two real roots.

The éomputer reéults emphasized the importance of the gyroscopie
effects of the pusher propeller. Due to -the relatively small aircraft moments
of inertia the gyroscopic effects of the propeller assume greater importance
for the Avian 2/180 than for conventlonal aircraft causing a directional-
longitudinal interaction. Pitch up resulis in yaw to the left giving negative
coupling for pitch inputs. Yaw to the right gives piteh up or positive
coupling for yaw inputs.

Typical oscillograph traces, the raw data, are shown in Figures
9(a) and 9(b). Because of the similar frequency and.phase of some of the
parameters and the difficulty of obtaining accurate first derivatives on the

computer it was necessary to estimate and specify some of the stability

~ derivatives to obtain a solution. The process was iterative with the analyst

in the computation loop. The final values, listed in Table 2, are a com-

bination of flight test and theory to give the best fit of the aircraft

 response.

Analysis of the flight records gave the same values for the aircraft

stability derivatives during both the pilot input and the oscillation indicating
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that there were no changes in the aireraft derivatives and the cause of the
oscillation was other than normal parameiters. In fact the cause was the
dynamics of the rotor blade suspension and the gyroscopic cross-—coupling.

3.0 ANATOGUE SIMULATION

Prelimihary evaluation of the rotor blade tip path during
ogsclllation showsd a non-linear oscillation in the plane of rotor rotation
(Fig. 5). A brief study of the rotor blade suspension indicated that the
motion was primarily a mechanical oscillation driven by a combination of
Coriolis force dﬁe to flapping of the blade, and aerodynamic loads generated
by control iﬁputs (Ref. 3).

It was determined that the complex dynamice of the rotor system
and the non-linear characteristics of the blads suspension straps during
buckling resulted in a reduced lead-lag freguency and dynamic uvnbalance of
the rotor system. The azimuth location of the buckling moved around the
rotor disc as illustrated in Figure 8, at approximately one cycle per second
driving the airdraft at this frequency., The dynemice of the aircraft and
gyroscopic cross—coupling of the pusher propeller sustained the oscillation
until the rotor blade motion had damped sufficiently to stop the buckling
of the blade suspension straps. Ounce the blade in-plane motion was linear
and the frequency had risen, the system de-~coupled and the oscillation ceased
immediately.

An analogue simulation of the rotor dynamics was undertaken {Ref. 4)
in an attempt to gain more insight into the mechanics of the oseillation and
to confirm the above analysis of the phenomenon. The procedure is fully
outlined in Appendix A and the circuit employed is illustratéd in Figure 10.

Records derived from the simulation are shown in Figures 11 through 13. The
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results in Figure 1l are almost identlical to the actual alrcraft in flight
(Flg. 5) with the differences belng attributable to the constant amplitude
of the flapping input in the simulation as opposed to the varying amplitude
in the actual aircraft. |

For deflections of the blade in the rotor plane less than the
amplitude required to produce buckling, the natural frequency of the blade
was found to be relatively high. Once the blade excursions produced buck-
ling there was a dramatic drop in the natural frequency and a low level of
damping resulted in continued osecillation after the removal of the driving
forece. Re-application of a driving forcerwhile the system was still
oscillating resulted in modulation between the two freguenciesg ag a result
of the non-~linear characteristics of the system due to strap buckling (Ref. 5).
As derived in Appendix A a cubic non-linearity gives ten harmonics in addition
to the two inputs.

Fortunately, the rotor system damplng, although very low, was
sufficient to suppress the more complex motions obtained in the analogue
simulation, However, the combination of low damping and strap buckling
allowed the blade suspension to act as a variable frequency oscillator that
could "tune® with the aircraft to produce sustained oscillations. The rotor
dynamics supplied the power and the complex rotor-aircraft dynamics controlled
the frequency and motion.

The extreme complexity of the dynamices of the rotor blade suspension
system with strap buckling precluded any attempt at an exact analytie solution;

however, the cause and effect were immediately obvious after preliminary evalua-

! tlon of the movie film and the analogue results,

The strap buckling and lead-lag frequency and amplitude variations

are shown for one case in Figure 12. Figure 13 indicates how the non~linear
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response was suppressed in roughly one cycle and the period of the predominant
beat was increased to three seconds by the addition of in-plane damping to
suppress the lead-lag motion,

4.0 EXAMINATION OF THE ROTOR ASSEMBLY STRUCTURE

After obtaining the film records of blade and blade suspension
motion it was felt that a detalled examination of the hub and blade spar
tubes should be carried out since the violence of some of the gyrations per-—
formed during the oscillations caused some concern that, damage might have
been done to the structure. Fatigue tests had been conducted previously
on the spar tube installation, but it was felt that the unknown level of
shock loading and bending on the spar tubes during strap buckling warranted
a qlose inspection.

On the basis of fatigue tests, the critical area of the spar tubes
wag known to be at the blade root fitting. Unfortunately, it was impossible
to disassemble the tube and its fitting for examination by normal methods.
The ﬁepartment of Energy, Mines and Resources was contacted and thelir Non-
Destructive Testing Section brought a portable X-ray unit to the hangar.
Exposures were made of all blades as outlined in Appendix B.

Because of the relative thinness of the spar tube, the differences
in material and the overall depth of the section, it was difficult to obtain
good contrast over the whole assembly. However, detalled examination of the
negatives and posltive prints showed some swarf around one taper pin and
small radiating schlieren around the inboard taper pins. These did not
resemble normal X-ray crack indications and while their nature has not been
determined, they do not appear ito be a structural hazard.

Nevertheless, 1t is considered worth commenting .that this short
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structural inspection points up the difficulty of carrying out meaningful

" pon-destructive testing of the blade rcot assembly. 1In rotary wing operations,
the importance of perlodic lnspection to ensure structural integrity is well
established and regardless of design and structural testing, it is necessary
to have access to all critical structure or to establish a test procedure

that permits an accurate assessment of its condition.

5.0 REMEDIAL MEASURES
The addition of damping in the analogue simulation was very effec-
tive in suppressing high blade excursions and it was found that after a few
beats the lead-lag motion stabilized at the driving frequency (Fig. 13). The
solution to the aircraft problem was to increase the in-plane demping and if
possible, the stiffness of the blade suspension system.
Initial attempts by Avian Aircraft Limited to suppress the blade
motion with interconnecting cables between blade roots resulted in failure
of the cables under the high shock loading resulting from the rapid blade
motions. Their second method was successful., This consisted of sheet
- aluminium channels with sheet rubber liners clamped on the top and bottom
: of the suspension straps (Fig. 14).
The hub-mounted camera showed that while the increase in stiffness
- was not sufficient to prevent the initial blade excursions and buckling at
+ the ends of the straps, the damping afforded by the installation was suffi-
- slent to suppress the blade oscillation and prevent any more than one cycle
é of response in the aircraft oscillation.
While the installation of this hasty modification does not seem
gsatisfactory as a production "fix", these tests prove that the basic
gprinciple of increasing the blade in-plane stiffness and damping, particularly

Ethe damping, is entirely valid as a solution for the problem, A more
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gophisticated adaptation of this installation should give & permanent
solution to the problem.

6.0 GENERAT, PILOT COMMENTS ON THE AVIAN 2/180

The general handling of the Avian 2/180 was considered good although
gome operational difficulties were evident., For instance, the level of
vibration during rotor spin-up on the ground was excessive at times, also
the spin—up clutch engagement was quite sensitive to pllot technique. Too
low a rate of application resulted in over-heating and warping of the clutch
plates and the possibility of elutch seizure. Too rapid a rate resulted in
a stalled engine.

If the maln rotor spin-up was aborted the rotor had to be brought

to rest before attempting a re-engagement. The large collective angle

. resulting from the collective control movement required for the clutch engage-

. ment procedure resulted in excessive blade flap at low rotational speed.

The lack of nose wheel lock or nose wheel steering left directional

@ control completely dependent on the main brakes and on several occasions, a
ﬁ slipping brake resulted in the aircraft cocking under the influence of the
; torque applied to the rotor for spin-up. In each case the spin-up had to be

. aborted for the reason outlined above.

These were small annoyances encountered during the flight test

i program that resulted in delays and obstructing the runway for several
;jminutes. Fortunately, since most of the flying was performed from taxiways
j or during qulet periods there was a minimum of interfersnce with other traffic.
i

For the all-up weights, air temperatures and pressures during the
program the rapid acceleration and rate of climb immediately after the jump

take—-off were impressive. On the occasions when a chase helicopter (Bell 47G)

was used for photographic purposes, the Avian 2/180 easily outdistanced and
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outclimbed the helicopter.

During the flight test program the pilots wrote out brief reports
of any particularly interesting occurrences or general observations on the
aircraft perfbrmance and capabilities that they felt should be noted. These
written comments are the only records aside from the external movie film
that was obtained of the oscillatlons during pilot familisrization prior to
installation of the airborme instrumentation. A selection of these written
pilot comments is presented in Appendix C.

7.0  CONCLUSIONS

The problem of in-plane oscillation of rotor blades is not peculiar
to the Avian 2/180. It is an endemic condition of the rotary wing world
gince the early nineteen thirties., Added damping is a common folk remedy.
The one facet that has not appeared before is the coupling of the lateral-
directional-longltudinal modes of motion due to the gyroscopic sffects of
the pusher propeller,

) Removing the cross-coupling term would suppress the oscillation.
Reducing power decreases the gyroscoplc coupling and would be one way of
reducing the oscillation, However, it is not practlcal to use power reduc-
tion as a means of controlling the oscillation, especially during take-off,
Thersfore, the solution must be achieved through modification of the mechanical
system.

The channel and sheet rubber installation (Fig. 14) is adequate and
will remain effective as long as there is no deterioration of the damping.

A better definitlon of the dynamics of the mechanical suspension system of
the rotor Blades would allow the exact level of damping required to be
specified. While a theoretical solution is entirely possible, the physical

parameters of the system would have to be evaluated in greater detail than
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was attempted in this flight test program.

| The computer solutions, both digital and analogue, were lnvaluable.
The analogue results deflned the source of the driving force. The digital
solution established the importance of the gyroscopic terms, The deviations
from the measured results can be attributed to lineariszation and 1ll-conditioned
matrices in the case of the digital solution and a simplified non-linearity
with constant amplitude forelng in the case of the analogue solution.
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4.D. Wood and D.M. McGregor of the National Aeronautical Establishment and
Mr. Grant Davidson of Avian Alrcraft Limited aill contributed +to the successful
identification of the phemomenon. Their assistance ls gratefully acknowledged.
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TABLE I

PHYSICAL CHARACTERISTICS OF THE AVIAN 2/180 GYROPLANE

Gross welght

Disc loading

Normal power loading

Engine

Length overall

Height overall

Three bladed rotor Diameter
Solidity
Section
Chord

I Pitching moment of inertia

I Rolling moment of inertia

I Yawing moment of inertia

I Cross product of insrtia

I Propeller and engine componente

P contribution, polar moment of
inertia

Rotor blade moment of lnertia

I
FE  about flapping hinge

=

2000 pounds
1.86 1b/sq £t

10 1b/H.P.

200 H.P, Lycoming I0-360
16 £t

9 ft 7 in

37 £t

0.0408

NACA 00135

9.5 in

920 slug £t°

330 slug ft°

662 slug £4°

110 slug ft2

1.69 slug ftz

187 slug 12




TABLE 11

STABILITY DERIVATIVES OF THE AVIAN 2/180 GYROPLANE

L. — -0.0053
v
Ly = -0,0205
=  =1,60
LP A :
L = =0.6535

L. =a= 0.333

M = -0.640
q

M= -0.007
W

M T e= -0,385

N S 0.0134

N. = ¢ = 0.166

N, = -0.453
N = £ 0.535
a
Y = -0.0230
v
= =2.370
I 37

Yo = 8 ~ 32.20
Y = U= 74.00

Z = =1.000

B3
H

=
il

74.00
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APPRNDIX At - ANALOGUE SIMULATION OF ROTOR

For the anslogue simulation of the rotor blades
suspension system the eauations of motion were written with
a gimplified non-linesrity assuming limiting on the restoring

moment due to ‘the blade suspension slraps.

IFH Rotor blade moment of inertia sbout f£lepping
hinge: 186.538 slug 762
Mﬁ Rotor blade maps: 1.587 glugs

1 Mass moment arm about flapping hinge:
CGFH

9.744 feet
CGCL Mass moment arm about rotor axis:
10.577 feet
VaFH Suspension strap moment arm aboudb the
flapping hinge: 0.1667 feet

Restoring moment due to centrifugal force:

~ (8)(1g5) = (8)(ig)

Moment arm is given by:

(lCGCL CG)(lCG)

(g Loa) 8= o (8)
- §0.8§§2§9.7ﬂ§2
- 10.577 ()

= 0,76748
o= (1 G)(MB)(aFMo 7674)8

=(10.577) (1.587) (0.7674) w8

" 2 o
ECF:: 12.881@ e f£t. 1bm____J

If blade stiffness in the chord plane is congidered

equal to the suspension systen before buckling the natural
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frequency of the blade in the rotor plane is:

~ o JBL
. — of,

E=:4176x106

paf

= 280.09x10~° 44
m=0.09627 slugs/Tt
1=17,.667 feet’

¢ =0.560 Tor a cantilever

P

_ 1763 ( 280.0
fo—°°56°\[§o.092 I7-667)

fo=-6.254 cps =39, 294 rad/secw

The equivalent torsional spring rate is:
ko= I(2n2, )?
=186.538(39. 294)
=288018.4 f4. 1lbs./radian
The restoring torgue of the suspension straps can not
exceed the centrifugal force on the blade multiplied by the
strap moment arm about the flapping hinge. This is the case
of one strap buckled, assuming no compressive capability.

The limiting value of restoring tordque is:
2
7 =1 0,
15 = 10a, M gy
= (10.577) (1.587) (0.1667)w°

2.7984)°
\ TTs:=28.802x1049=é2.798m2

The equation of motion of the blade is:

" 2
[}86.5389:=12.881&)29-%28.802x1049\i2'798a)+—Asina)t

This reduces to:

“ 2

8= 0.06905) %0+ 1544.,020|¥0-OL5 WL ) sing) 4
Time scaling by a factor of ten for the analogue

gimuletion ~nd volbage scaling gives the results shown in Fig. 10.
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A brief smalysls of n cuble non--linecarity indicates
the difificulty of obtaining an exact solution for any bub the
gimplest systenms.

b= a1f+a2f2-|-a3'f3
b= displacement
f=7forcing function

ax=mechanical characherigtics

£=TF coslyt +F2cosa)2’c
b= al(Flcos Wyt +F2cosa) 21:) R az(F%cosza)lt +2P Fyco8 -y teos a)zt
FZcos ) +a3(1v§cos3w1t + 3P 2P 4008 W, Boos W b

+F20083w2t)
Bxpanding this expregsion gives:
&= aqFy+ %a{ﬁ‘?_—}- %%Fng) cos i)t

-+ -lé—azchosEa)lt

- a,F%cosB(,Ult

+ (2Pt 5-33I‘ + 2a,j]:.-""'lf‘g) cosé(} 4

-+ 00326() 5

2% 2
+ a,j]?‘gcos3(,()2t

+ a4 F 2003(6(}1 ) )'t

+ %%Ff}:-‘zcos( 200~ W)
+ aF Focos (L)t (-()2)1:

+ %%F:‘Q_cmos( 2a)1-|-- L()g)t
4 %%Flﬁ‘gcos(?fa)z— !.’A)l)’u
+ éaSFlF?;cos( 261)2-1—66)1)1:
?a?(ﬁ + 7 )

This contains the two original freguencies plus ten harmonics.
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APPENDIX B: X-RAY EXAMINATION

{
REPORT NO. X 3784 FILE
DESCRIPTION TUBE / BLADE BOSS INTERFACE MATERIAL _ STEEL
_ APPARATUS 150 KV — SPERRY
FOR W.E.B.RODERICK, NAE, NRC, UPLANDS DATE OCT 16, 1968
T %
w | o las 5
£ I AR 2 fuw @ REMARKS
2 g 188 e 2| 3 3
¢l |28| 3|8 |5, %2leela | 2| 8|y B8
_ = = |Fwl i mmxﬁzm&n. # a = T
T P8 Jastm
RED -1 A-Alo.00s| 125 | 620 | 39 |STEEL 90°
0.010 o.2"
BLUE - | a-al o |izsiezol 39" | 90°
YELLOW-I A-Al w |125|620}39") » 90°

NOTE NUTS REMOVED FROM PINS

0.065"

BLADE ROOT FITTING LEAD SHEET
i é FILM —_~H___>5 {057 AL
SPAR TUBE ~ l
/ 1 /— < STEEL
L

—

—_——— e 2.5"

ROTOR HUB

]

“"J-a—--'-————-—- PENETRAMETER

[
il

————pr- i

TDIRECTION OF X-RAYS
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Conditions

1)

2)

3)

4)

5)

6)

7)

8)

9

10)

Avian Flight — 15 August 1968 %
D.M. MeGregor ' :

Wind  300/10

T/0 made along portion of Delta taxiway heading toward bridge, 1.e.
into the surface wind.

This was the lst take off of the day for D.M.McGregor and the Lth
take-off for this pilot in the aircraft,

Mr. A.D., Wood had completed several circuits solo, and one with
McGregor riding in the back seat.

The rotor engagement and spin up were normal but the indication of
RPM was misinterpreted at the 30 mark to read 330 and the T/0 was
initiated.

The collective was brought up more slowly than it should have been

and was arrested approximately one-half the way to its maximum position
used on T/0 to allow the power transfer from the rotor to the propeller
to occur. The brakes were held on during the entire T/0. The collective
wag increased further and the jump'T/b made. As soon as the aircraft
started to move forward the oscillation started and persisted for at
least 8 cycles. Immedlately following the start of the oscillation

the rotor RPM was observed to be 180 - 20 RPM below the recommended
minimum, The oscillation seemed to be bagically in roll at about a

2 sec perilod.

The aircraft continued to oscillate and lose altitude as the airspeed
built up slowly. THs pilot was not terribly concerned with the
oscillatory behaviour since i1t was not becoming worse, but the decreasing
altitude and the approaching fence were a worry.

I was attempting to control the aircraft during the entire flight and
I cannot say exactly how the oscillation did damp out. It was most
certainly gone, however, when the RPM achleved 200.

A circuit was completed with a normal landing followed by a ghort
digcussion and another take-off. The conditions for all subgequent

take offs were basically identical to the first, but the rotor was

spun to 330 for each and the minimum flight RPM never was allowed to get
lower than 205.

() The oscillation was certainly uncontrolled and it would have been
difficult to manceuvre the aircraft during it to avold obstacles etc.

(b) The low rotor RPM i1s considered the most likely cause of the
occurrence.
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Avian Take-off QOscillation Ineident #1
fug. 15, 1968

From back seat spin-up appeared to be proceeding normally. Did
not see maximum valus of rotor rpm reached but was surprised when
D.M.M. said "ready to go". The time taken tc bring rotor gpeed up
with throttle seemsd rather short (and possibly rotor noise level not
stabilized).

Oscillation started almost immediately after leaving ground.
Could see rotor tachometer over D.M.M,'s left shoulder reading below
200 rpm. Roll period seemed to be about 2 secs. Alrcraft not galning

height appreciably. Both on the controls to some extent at this point.
Main problem to clear trees behind H/S wind tunnel.

Rotor rpm were gradually recovered with colleciive and as they
increased oseillation died away.

Had the impression that it would have been difficult to stop without
rpm increase although it wasn't getting any worse.

Once abeve 200 rpm normal climb resumed.,

Oscillation lasted for at least 1500 ft before subsiding (20 secs?).

N.B. Immediately prior to this take-off I had been flying aircraft
from front seat for 5 eircuits. Minimum rpm during T/0 transition
on these circults was 220 and there was no sign of oscillation.

<wm§§ﬁﬁE&Lﬁ@@W“ﬁ;%

A.D, Wood
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2nd Oscillatory Qccurrence -~ 15 August 1968

1) Wind  320/15-20 Approx. 1415 hours.

2) T/0 along Delta taxiway (as in morning).

3) RPM at jump 345 - since we were checking the vane boomn.,

4) T/0 normal with a yaw to left.

5) Climb normal until over the bridge when we were hit by a gust
and the osclllation started - roughly 800-900 feet was travelled along
the ground and we were approximately 100 feet above ground.

6). Alrspeed 65 knots

7Y RPM during oscillation 220

8) Oscillation was about all rotational channels, but predominantly
roll and lasted for approximately three cycles,

9} The controls were manipulated throughout the occurrence to
attempt to stop it.

10) It damped with no change in RPM.

o . R
P - Ry

D. M. McGregor
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AVIAN FLIGHT AV #1

23 August 1968

Purpose: To check instrumentation

" Conditions: 1) Wind light and variable

2) Take-off and landings made along the taxiway of
Runway 32
3) Fuel ~ Start 17 gal.
End 14% gal.

Resultis:

1) Jump take-offs (2) were not very clean in that the aircraft
did not jump very high (RPM took a long time to reach 330 RPM), pitched
nose down qulte severely, and sunk almost back to ground contact. The
rotor RPM on both jumps dropped to 190, but no oscillatory difficulties
were encountered,

2) During the climb at 65 knots and 220 RPM (engine at
2600 RPM and 26 in. MAP), the conditions at which the oscillation had
occurred previously, the rudders were kicked in an attempt to set off
the oscillation without success. The rotor RPM was decreased to 200
and the same sequence repeated with no oscillation resulting. The air-
speed was decreased to 60 knots and directional, lateral and longitudinal
inputs were utilized to disturb the aircraft with no oscillation resulting.

3) Zero ground speed landings were impossible with the
amcunt of flare utilized and the aircraft rolled for approximately 50
feet on each touch-down. Full left rudder was applied to hold it
straight on the second landing.

4) The film record indicates that the recorder was left
on during the aborted take-off and re~alignment; hence only approximately
10 seconds of the first jump is recorded.

Recommendations:

1} Do not use the jump take-off technique or the full stop
autorotative landing in winds less than 10 mph. Rather use the rolling
take-off and the rolling landing.

2} 8et up a flight test programme to investigate the flight
characteristics at various rotor RPM's, airspeeds and power setiings.

D.M. McGregor.
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AVIAN FLIGHT AV #2

27 August 1968

Purposes 1) To check revised instrumentation
2) To investigate flight charscteristics in steady side
slips at various airspeeds and rotor RPM's and engine
powers.,
3) To attempt to induce oscillatory behaviour.

Conditions: 1) Fuel at start - 14% gal.

2) Wind: 1st jump (approx. 16:45) 360-020/15-20
2nd (last) landing 030/15-20

QObservations:

1) Both jumps were initliated with a main rotor RPM of 330
which took a fairly long time in building up after the engine power was
up to its maximum. That is, 1t looked as though we would not get much
more RPM by waiting longer. The Jump was much more brisk than under still
air conditions, but the rotor RPM dropped to 200 with the amount of collec-
tive that I used to feel comfortable. In the second case I would have
liked to have been able to use more collective since the alrcraft started
to sink, but the rotor was down to 200 preventing this. action.

~ 2) The wind was from the right; hence the climb out was done
in that direction.’

3) The vibration level during the climb was quite high (I cannot
say it was higher than previous flights) with the instrument panel moving
mainly fore and aft at about 3 Hz.

4) While climbing through approximately 1500' the airspeed was
stabilized at 65 mph with the rotor RPM at 220 (see the flight card for the
sequence of conditions tested). The lateral and directional controls were
mixed around but no oscillation resulted.

5) The first oscillatory behaviour cccurred unexpectedly when
in level flight at 65 mph with a main rotor RPM of 200. "Unexpectedly"
since I had mixed the controls around thoroughly for a good long time -~
0, and 6, in both steady sideslips and rapid inputs and By with some
rapid inputs. The oscillation occurred together with a sinking feeling and
& greatly increased vibratory level in the aircraft. Recovery was made
by allowing the collective to go down to increase RPM and depressing the
nose to increase alrspeed.

6) Subsequent oscillations were induced at various lower airspeeds
with a stirring motion of the eyclie control.
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The aircraft motion appears to be both piteh and roll with
little yaw together with an uncomfortable sink and vibration.

Recovery from one oscillation at approximately 30 knots was

accomplished by releasing the cyclic control &t which point the nose depressed
and the airspeed increased to 50 knots.

D.M. McGregor.
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31 August 1968,

Comments on Flights 3, 4 and 5

All these flights were made with calm or very light wind
conditions.

Rolling take-offs were atiempted in all three cases in an
offort to minimize the drop in RPM. Lowest RPM during take-off was 205
in one case. No oscillation occurred although in the first two take-~offs
the aircraft was felt to be on the point of oscillation., On the first
take-off (Flight 3) light tweaks on the cyclic in the roll direction were
felt and this seems to be the first indication of inecipient oscillation.

In all flight runs speed and helight were stabilized at 230
RPM, recorder switched on and coded and then collective ralsed to reduce

RPM.

Three runs resulted in excitation of the oscillatory mode:-

Flt. 4 Run 4 Code F - (Recorder found to be out of film)
Flt. 5 BRun 1 Code C ~ (Record obtained

(Blade camera also
Flt. 5 Run 2 Code D - (Record obtained)

All of these cases occurred with a nominal starting IAS = 50 mph
and rotor speed = 200 RKM.

"

In each case cycllic was moved (stirred) in roll and pitch
direction with rather more roll than pitch input. After one or more cycles,
probably with the magnitude of the cyclic stick deflection increasing, the
oscillatory roll/pitch mode of the aircraft was excited.

The first indication seems to be a noticeable change in the
aircraft response and the impression that the stick is being tweaked. The
roll/pitch oscillation then takes hold in an unmistakable way. There is
an increase in vibration and ndse. The period is short enough that
amplification of the oscillation seems likely if any drastic pilot inter-
vention is attempted. There was some indication of this in Flight 5,

Aun 2, Code D.

Best method of recovery seems to be to gradually build up rotor
RPM with down ‘collective. If cyclic is handled gently oscillation gradually
subsldes.
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General Remarks

The aircraft appears to become prone to excitation of this
piteh/roll oscillatory mode as rotor RPM are reduced.

At 200 RPM or less it has been possible to excite this mode
by coarse use of both lateral and longitudinal cyclic and during take-off
the aircraft has been on the point of oscillation when minimum RPM approached
200. Severe oscillation occurred on an earlier take-off when RPM dropped
to 180.

Present rssults suggest that 200 RPM may be too low for safety.
Further flights could be made to determine whether an oscillation can be
excited by the same technique at successively higher values of RPM. One
case of inadvertent oscillation has been noted at 220 RPM (65 mph).

Speed, within the range 35 to 65 mph does not appear to be a
dominant factor in defining the operating boundary and it is suggested
that any further immediate flying should investigate the effect of in-
creasing RPM above 200 at 50 mph. In parallel with this the best technique
for minimizing take-off RPM drop (rolling take-off) should be confirmed.

+

A.D. Wood

e e




FLIGHT RESEARCH SECTION

FIG | THE AVIAN 2/180 GYROPLANE



FIG 2 CABIN INSTRUMENT INSTALLATION
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