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INTRODUCTION

In mid-1974 All American Engineering Company (AAE) funded, built
and flew at the Company's Wilmington Delaware plant a 0,1 Froude Scaled
free flight spherical model of a 50 ton slingload AEROCRANE, In October
1974 AAE proposed to the U, S, Navy a program to perform the engineering
and fabrication to modify the model to provide proportional remote control;
install instrumentation and provide a monitoring station; conduct flight tests
in a government airship hanger; and reduce flight data, This was responsive
to the U.S. Navy/U.S. Forest Service interest in the AEROCRANE concept
and its potential application to a variety of civil and military short haul
heavy lift applications,

In June 1975 the Navy issued contract N00019..75-.C-0418 to perform
the work proposed, including the planning and execution of a flight teat pro-
gram at the Naval Air Station, Lakehurst, New Jerasey, to determine:

a, Trim conditions for a range of speeds, gross weights and

vertical center of gravity positions,

b. Rigid airframe dynamics in response to discrete control

input excitations,

c. Regions of deteriorated flying qualities in forward flight

and vertical descent,.

The Navy selected the Maval Air Development Center (NADC},
Warminister, Pennsylvania to provide technical direction of the contract
effort, AAE selected Princeton University (Department of Aeronpacé and
Mechanical Sciences), Princeton, New Jersey as its subcontractor for model
instrumentation, flight test, and data collection and analyesis,

By October 1975 it was apparent that weight and cost growth in the
model, mostly associated with the instrumentation package, would necessi-
tate the congtruction of a new, larger 0.1 Froude scaled model, This led to
schedule slippage and cost growths which were accommodated in a contract

amendiment in March 1976 providing for the construction and flight test of a

new model,
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Hovering flight tests commenced in Hanger No, 1 at the Naval Air Station,
Lakehurst on 13 April 1976, These continued until 22 April 1976 at which time the
tegt model received minor damage during an in-flight -ontact with an extended
boom of the ground support vehicle, The primary cau. of the 'accident'' was the
development of a mild instability in hovering flight, The ground based controller
had difficulty in detecting this instability, in its incipient stages, from his obser-
vation point on the ground. This contributed to, and was aggravated by, failure of
the heading - hold retrograde system of the model and resulted in loss of control,
This report discusses, inter alia, this instability and the relatively simple,
straightforward corrective measures recommended for adoption in future flight
test vehicles. Moreover, it reports the successful development of a verified
analytical model which can be used in forecasting future test results,

Following damage to the test model, NADC, NAVAIR and *he Contractor
mutually agreed: that the objec*ives of the hovering phase of the flight test pro-
gram had been achieved, that the data collected during that phase should be
reduced and analyzed, that the hovering phase results were to be reported,
and the effort under contract N0OOO19-75.C-0418 be limited to hovering flight
tests, This was effectuated in a contract amendment dated 6 August 1976,

The report which follows constitutes a summation of all effort under

the aforementioned contract,
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CIMMARY

A C1U) ¥roude scaled dynamically similar free flicht model of a
reeyasnl LG ton pantoal SEROCEATY venicle was derigned, fabricated and
tosted in hovering Tlight by the staff of tre Dynamic Model Track,
sarogpnce and Mechanical 3ciences IMepartment, Princeton University, In
aidition to the model, instrumentation end ground support equipment
necessary to operate the model were designed and fabricated. The ex-
rerimental program was conducted in Hangar Ho, 1 at Lakehurst Naval
~lr Ztation, lLakehurst, Hew Jersey.

A1 analytical representaction ¢f the hovering flight dvmamics was
developed including theoretical techniaues for preiiction of the vehicle
asrodynamic stahility derivatives. These analytical representations
were enployed in &n &nalsg computer sinmulation of the veonizle dymamice
to investigate the dynamic motions of the model in hovering flight,

Excellent corr~lation of the analog simulation with the experimentally
cbserved venicle dynamics was obtained, In addition, a simplified analytical
representation of tihe vehicle dynamics was developed which provided good
rhysical ingight into the dymemic motions and alded greatly the understanding
and interpretation f the dynamic benavior in hovering flignht,

tudies were made analytically and with the analog simulator of the
influence of feedback etabilization on the vehicle's hovering dynamics,
with and without piloting, It was determined that a feedback stabllization
utilizing crossed artitude feedback was both practical and effeztive in
stabilizing the motions and allowing the remote operator to position the

model satisfactorily in hovering flight,
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NQMENC LATURE,
rotor blade 1ift curve slope
longitudinal cyclic pitch
number of blades
lateral cyclic piten

blade chord, ft

drag coefficient of centerbody, °, = —D
3 0 V3 rR}
rolling moment coefficlent, C = _t
pnk? (QR)2 R

magnus force coefficlent of centerbody,
Lw
% p V* TTR?

Cim=

M

ritching moment coefficient, C, = ———
pnr? (OR)? R

M

T

thrust coefficient, ¢, = —mm—
* ane (Or)*?

buoyant force, lbs
rotor inplane force, body axis system, positive to the
rear, 1lb

stability derivatives divided by m’ and I’ respectively

moment of inertia of vehicle including apparent mass
contribution

vehicle mament of inertia about X and Y axes, slug ft?
vehicle moment of inertia about 2 axis, slug ft?

proportionality constant between harmonic inflow and

rotor aerodynamic moment
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attitnde feedback aain, in general a complex number,
rad/rad/ or deg/deg

rate f.edback gein, in general a complex number,
rad/rad,/soc

relling moment, body axes, positive right side down, ft-1b

rotor humb moment in roll, boiy axes, ft-1lb

sum of mass of vehicle and apparent mass, slugs

apparent mass of vehicle, calculated for centerbody orly, slugs

vehicle mass, slugs

pitching moment, body axes, positive nose up, ft-1b
rotor humb moment in pitch, body axes, ft-1lb

vehicle roll rate, positive right side down, rad/sec
vehiecle pitch rate, positive nose up, rad/sec

dimensionless pitch and roll rate, i = %, ﬁ = g

distance between center of buoyancy and center cf gravity,

positive for center of gravity below center of buoyancy, ft
radius of rotor, ft

radius of centerbody, ft

frontal area of centerbody, ftz, Laplace cperator

time

rotor thrust, along shaft, positive up, 1lbs

longitudinal velocity, positive for forward motion, ft/sec

dimersionless translational velocities, u = hyﬁ’ v = ﬁ‘%

lateral velocity, positive moving to right, ft/sec

volume of centerbody, ft?
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complex translational veloclity, w = u - 1 v, fps
weight of vehicle, lbs
longitudinal force, body axes, positive forward, 1b

lateral force, body axes, pceitive to right, 1b

complex translational displacement of center of gravity

of venicle, z =x - i y

blade element angle cof attack

complex control input, 8§ = Ay - By, rad; blade profile
drag coefficient

complex angular displacement, T =€ + 1 ¢, rad

blade pitch angle with respect to shaft axis system

8 =0 - A;gcosy - By, siny

vehicle pitch angle, positive nose up, rad

rotor collective pitch, rad

rotor inflow ratio, positive for flow up through rotor
cogine ccamponent of dimensionless induced velocity due to
blow back, kg = Ay X

harmonic inflow components dus to rotor aerodynamic
2C eC

M L
pitching and rolling moments, A = J Py=at A== Ve

rate of change of cousine component dimensionless of induced
velocity with radius due to "blow back"
rotor advance ratio

constant part of induced velocity non-dimensionalized by (IR




) o density of air, slugs/ft?

[ a rotor solidity ¢ = E%
I} rotor 'lade inflow angle
¢ vehicle roll angle, positive right side down, rad
¢ blade azimuth angle, mecasured from downwind, positive

in direction of rotaticn

I
wg nutation frequency, wg = £Q, rad/ s~
II
F.r.
ws square of pendulous frequency, wa = ; rad?/ gec?
T
0 rotor/centerbody angular velocity, RPM or rad/sec
Oy natural frequency of venhicle motion
R
% fractional radius to root of blade v = 7?
arg P argument of complex rlistance from pole to characteriestic root
arg 2 argument of complex distance from zero to characteristic root
( \s g rotor rforces and moments in a shaft/wind system. Moo, 1s
3 b

parall-l to the rolative wind vector and positve in®direction
opposite to the vehicle motion, Ys,w is perpendicular to the re ative
wind vector and positive to the rignt. Ms,w represeated as a

vector is positive to the rignt and La,w is positive in the

direction of motinn,

) 2ifferentiation with respect tc time

Tl etc rotor nerodynamic stability derivatives
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INTRODUC TION

This report prescnts the results of an experimental and theoretical
investigntion of th- hovering dynamics of the AEROCRANE hybrid heavy 1ilt
vaehicle,

There has becn considerable interest in recent years in developing
a very heavy 1lift vehicle capable of hoverirg and slow translational
Tlight such that, it would be capable of moving payloads of the order of
0 tons, that is, wecll in excess of the capability of existing helicopters.
1f such a vehicle could be developed it would find many applications in
both the military and commercial spheres, ranging from offlocading ships
to logging. ¢One particularly attructive concept for achieving this
cbjective {8 the AERTCRANE, a unique concept propoused by the All American
‘ngineering Fompany{1)1t consists of a spherical centerbody filled with
lifting sas. Four rotating wings are mounted on the equstor of the sphere
and the entire agsembly is rotated by propulsion systems mounted near the
tips of the wings. Below the sphere, 1s mounted a gondola or pilots
station which 18 yaw stabilized and does not rotate with the rest of the
venhicle, The vehicle is configured such that the 1ifting gas provides
a buoyant force equel to empty weight of tne vehicle plus one helf of
the weight of the maximum payload. Vertical equilibrium is achieved
through the thrust «f the rotating wings obtained by means of a collective
pitch control., Translation is obtalned by cyclic pitch,

The success of this vehicle will depend t» a large cxtent on the
ability to hover and maneuver precisely at low speeds. This report
describes an experinental and theoretical investigation to determine the

hovering dynamic characteristica of such a vehicle using & Froude Scaled

Iynam!z Model of & proposed 50 ton payload vehicle.
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4 04,107 Froude Scaled dynamic model ¢f a proposed full scale AFROCRANE

vehicle was designedl and constructed by rrinceton University. Fovering

flight experiments were conducted to cvaluate the control and dynamic %
response characteristics and a theoretical model was developed for com- X
parison with the experimental resaults. The research program as originally =

=

rlanned included forward flight experiments as well, However, as described

»

in this report owing to the nature of the dynamic characteristics of the
vehicle in hovering, a more extensive hovering investigation was required,
In additiocn, owing to the presence of a milda hovering instability in
hovering flight a more extensive thecoretical investigation was considered
to be desirable in order to fully understand the hovering dynamics before
proceedlng to undertake forward flight experiments. In addition, it is
considered highly desirable, as a result of the hovering flight cxreriments,
to develop a theoretical model ‘or the forward flight dynamice and to
cxamine the estimatel venhicle characteristics on an analog computer prior
to proceeding with rorward flight,

For a nuwnber of reasons 8 seriecs of experimerts with a Froude Scaled
dynawic model was s2lected as the most efficient and cost effective means
¢ setarmining the control characteristics of an AEROCRANE type vehlinle
rather than conducting a more conventicnal wind tuanel test, The primary
roagon for gelecting an experimental imnvestigation using a fully instru-
mented dynamic model was the unique configuration of the proposecd vehicle,
1t appeared highly probable that a wind tunnel investigation based on
conventional practice might not include measurement of the significant

asrcdynamic characteristics which determine the hovering dynamics, A
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’ second reason of equal importence is the fact that sin.e the proposed
vehicle is designed for lifting, moving, and positioniig precisely
heavy payloads determination of the control and stability characteristics
; in hovering flight are of primary importance to the succegs of the vehicle,
- These characteristics are directly measured using a free flight model
rather than being indirectly inferred from wind tunnel experiments.
i; Further, since hovering flight is of major importance for this concept,
very 1low speed experiments are required. Difficulties are e.countered
in obtaining experimental results Iirn & wind tunnel at very low speeds
owing to problems associated with maintaining a smooth uniform flow
field without recirculation erfects, It can be seen later in the
= report that one of the primary quantities determining the character of
: the hovering dynamice is the rate of change of pitching moment with

translational vezlocity for velocities near hover, & quantity that would

a

be difficult to measure in a wind tunnel but can be directly evaluated

.-
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from a free flight model, The last fac or of importance was the interest
in achieving as large a Reymolds Number as possible on the centerbody,

It was considered tnat a Froude Scaled free flight model wizh an overall

\

4iameter of approximately 30 feet would meet the Reynolds Number ob-

Jective in a mcre cost effective manner than a wind tunnel model witn

ccmparable Reynolds Number.

This report prasenta a description of the model and the flight test

@

b

{

program which was conducted. Experimental data obtained from the flight

v

test program are presented along with a theoretical approach to predicting

the dynamic stability characteristics in hovering flight.
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. EXPERIMENTAL APFPARATUS

Model i
The model employed for the experiments described in this report is a
0.107 Froude Scale model of a proposed SO tcrn payload AEROCRANE vehicle.

Photographs of the model are shown in Figures 1 and 2 and a general arrange-

R I R B

ment drawing indicating principal dimensions is shown in Figure 3. Table T
presents a 1ist of the important model inertial and aerodynamic cheracter-

istics.

Dok R Lpy e

Although it had been the original intent of the program to modify an

existing uninstrumented 0,1 scale AEROCRANE model for use in the experimental

RRSITIN £ LA

] investigation, detafled design studies indicated that this would not be

adu

L

desirable, The additiocnal weight of the instrumentation package required

L

for model control and data acquisition, even with a larger diameter gas

>

envelcpe, would result in an average blade 1ift coefficient approximately
30% higher than the proposed full scale value. Thus a completely new
model was required in order to maintain proper aerodynamic scaling.

It should also be noted that while a proposed full scale venicle
would have considerable excegs buoyancy with no payload, it is not
possihle to achieve this condition on a small scale model owing to the

increased specific weight of many of the components such as the power

rlants {n addition 10 the fact that an instrumentation package was installed,

EERELWERS -
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[ = Model Structure
P

éf' The internal structure of the model spherical centerbody consists of
54

four mutually perpendicular radial members in the equatorial plane and a
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) TABLE I
MNDEL 7k METRIC AND TNERTIAL CHARACTERISTICS
Nominal Configuration
ROTOR DIAMETER 37.3 ft
- : SPHERE DIAMETER 16.0 ft
GROSS WEIGHT 191.7 1b
CENTER OF 3RAVIT! 3.82 ft below equator
2
Tpiton & roll about cg 337.1 slug-ft
3
Ipolar 481.5 siug-ft
THRUST 54 1b
BUCYANT LIFT 137.2 1b
> VIRTUAL MASS 2,65 slugs
VIRTUAL INERTIA 38.7 slugs-ft?
UMBILICAL WE IGHT 0.61 1pb/ft

NOIE: All values listed are for nominal operating altitude and
.. include sling load and umbilical contributions.
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south pole member. Thece members, fabricated of 3" 0.D, thin-wall aluminum
tubing, are Jjoined together at the center of the sphere by means of an aluminum
weldment into which tho radials and south pole are inserted and secured. The
center Jolnts are gas-tight thus allowing the instrumentation, control and
powWwer cabling to pass up through the south pole and out the radials to which
the wings are attached. Gas-tight pass-throughs are provided in the gas-
containing envelope to allow the radials and south pole to protrude through,

A photograph of the internal structure assembly is shown in Figure L.

The envelope itself, fabricated by IIC Corporation, is manufactured of
Mylar impregnated Ducron sail cloth and in addition to the structure pass-
throughs, the envelope i8 provided with a gas-tight access zipper, fillirg
nozzle, and pressure measurement port. Eight load patches on the surface
of the envelcpe are provided for attachment of the 1/16 in steel cable

wing supporta.

Wing Assemblies

The rotating wings or blades shown in a photograph in Figure 5, are
constructed of balsa wood covered with a thin film of adhesive-backed
plastic (Trade name "Mono-cote") with plywood and aluminum reinforcement
at the lcad points. The root ends are provided with machined fittings
for attachment of the wing-pitch servo actuators and the ball joint used
to attach the wings to the tips of the radial tubes of the internal structure,
A photograph showing the detail of this assembly, including the radial tube
ﬁip fittings, is shown in Figure 6.

The wing-support-cable tie-in fixtures are permanently asseambled in
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the wings as shown in the photograph in Figure 7. These fixtures are
welded of aluminum tubing and are attached to the wing structure by
means of a ball joint. Thus, the wing is simply supported with ball
Joints at either support; the lead-lag and flapping constraints are
provided by the support cables and featnering constraint by the servo-

actuators,

The propulsion system nacelle, including motor air cooling ducts,
is constructed of plywood as an integral part of the wing structure and

can be seen in the photograph i1in Figure 7,

Propulsion System Assembly

Ziwre are four propulsion system assemblies., Each consists of two

permanent-magnet d.c. motors coupled to a propeller shaft through a 2.67:1

reduction provided by toothed timing belts and plastic sprockets., The 30
x 15 propeller is driven at a nominal speed of 2600 RPM. A brief wind
tunnel test was conducted on a propulsion system assembly, The experi-
mental results indicated a nominal operating condition of approximately
0.6 thrust horsepower and a propulaive efficiency of 75%. The motor-
belt-box system will produce 1 horsepower continucusly and can be run
intermittently at 1.5 horsepoWer. A photograph of propulsion system

assembly is shown in Figure 8,

Wing Pitch Actuators

A detall photograph of a wing pitch actuator asaembly is shown in
Figure 9. These units consist of a permanent magnet 4.c, motor driving

a ball-screw actuator through a aspur gear pass. A 10-turn conductive
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plastic follow-up potentiameter is provided to measure the actuator
position (which corresponds to wing pitch angle) for the positioning
loop closure and data recording purposes., It should be noted that the
wing feathering actuation ig done in the rotating system and hence no
mechanical swashplate 1s required., Inatead, first harmonic feathering
(cyclic piteh) commands are =lectrically provided by means of a sine-
cosine potentiameter mounted in the non-rotating system. The required
canputational electronics are provided in the ground-based controller
system to allow first harmonic cyclic and collective commands.

The closed-loop positioning system consisting of the actuator
assemblies driving the wing has a one half maximum amplitude bandwidth
of approximately 5 Hz. The physical characteristic of this system is
such that its'reaponee is acceleration limited. At the normal operating
frequency of .5 Hz (30 RPM) it can be considered to have a transfer

function equal to unity.

Gondola System

The non-rotating gondola is supported at the lower end of the south
pole by a pair of large bore ball hearings which transmit the payloed
loads into the rotating structure. The gondola, attached te the south
pole, can be seen in Figures 2, and a detall photograph of the gondola
agsemdbly is shown in Figure 10,

The gondola is positioned in azimuth by means of retrograde drive
motor driving through a spur gear pass visible in Figure 10, The agimuth

Fositioning control is accomplished by a closed loop positioning servo-

mechanism driving the retrograde motor and utilizing integrated yaw - rate
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gyvro signals to maintain the heading hold. A back-up rate command loop is
also provided which utilizes the yaw rate gyro signal directly. Damping
and RPM sensing are provided by a d.c., tachometer.

Instrumentation and control signals and propulsive system power are
carried fram the non-rotating gondola to the rotating system by means of
two slip ring systems, a Michigan Scientific instrumentation-quality 20-
ring unit and & National Carbon high-current 8-ring unit, respactively.

The gondola carries the balance of the airborme instrumentation and
control systems including the 3-axis gyro package and its electronic
package, the air data boom and its electronics, propulsion power recti-
fication and motor reversing equipment, first harmonic feathering sine-
cosine potentiometer and the ballast support package. The balance of the
instrumentation, control and power systems are mounted in the ground-based
control system and connected to the model bv a multiple conductor umbilical

cable,

Ground Base
The ground based controller, which is mounted on a flat bed truck,
provides all the necessary power, signal conditioning and controls to
operate the model and record the data signals, It consists of the
following sub-systems:
1.) & gasoline engine-driven 5 KVA, 120 v, 60 Hz, single phase,
a.C. generator;
2.) a gasoline-driven 10 KVA, 200 v, LOO Hz, 3 ¢ alternator with
a solid-state controller;
3.) power amplifier systems for the closed loup model control

actuators;
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L.} pilot's control conscle;
5.) flight engineer's console;
6.) data acquisition, signal conditioning and computational

electronics and data recording equipment.

The entire controller, excluding the 60 Hx generator, 1s mounted on

an 8' x 10' wooden pallet along with seating provisions for the pilot,
flight engineer and test engineer; the pallet is in turn secured to the
truck bed, Also mounted mn the truck bed is & boom U7 ft., long fabri-
cated of welded aluminum pipe and guyed to the truck with steel cables.
The boam, shown in Figure 11, serves to support the ground based end cof
the umbilical cahle in a position that will permit the lcwest point of
the umbilical catenary to clear ground obstructions and allow the model
to be flown in a position relative to the truck where the pilot can

observe both pitch and roll motiaons.

60 Hz Generator

The 5 XVA, 60 Hz generator is a commercial gasoline engine driven
unit that provides all necessary power for the ground base with the

exception of model main propulsion power.

LOO Hz Alternator

The 10 KVA, 3 ¢, LOO Hz gasoline engine driven alternator system

was designed and assembled specifically to provide model propulsion power.

It consists of a goverrment surplus 400 Hz, 3 ¢ alternator belt driven
by a 30 ¥ Wisconsin gasolire engine with a clutch coupling. Alternator

voltage ocutput is controlled by a separately-excited golid-state field
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control power supply. The power supply has provisions for automatic
control of medel RPM by use of the d.c., tachometer signal on the model
gondola. Jelection of manual or automatic control is provided at the
flight engineer's console and a back-up self-excited field control
provision allows model RPM control py the test engineer in the event
of a power supply failurs, The &,0, output is transmitted through the

umbilical to the model where it 1s rectified to d.c,

Bervo Power Agpli fiers

The five d.c, pover amplifiers used to provide loop closures and
power amplification for the four wing pitch actuators and the retrograde
drive motor are rack mounted in a cabinet at the flight engineer's position,
The amplifiers are capable of operation at a continuous output of 100 watts
with a bandwidth of d.c. to 10 KHz and contain signal summing, equalization

and error detection circuits.

Pilot's Controcl Console

A photograph of the pilot's control console is shown in Figure 12. The
console contains the centrally-mounted control stick with longitudinal and
lateral cyclic commands and a top-mounted twist knob for heading command
(or azimuth rate cammand in the back-up mode), Collective commands as well
as longitudinal and lateral cyclic trim commands are provided by means of
thumb-wheels arranged around the control stick., Three ten-turn digital
dlal potenticmeters are provided for adjustment of cyclic stick and thumb-
wheel collective command authorities., A galvanometric voltmeter displays

flight path angle generated from angle of attack and pitch angle signals,
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( Flight Engineer's Console

The flight engineer's console, shown in a photograph.in Figure 13,
conteins monitoring and control provisions for most of the model-controller
system functions. Tiicluded are galvanametric meters for displaying pro-
pulsion systems current and voltage, mocdel RPM, automatic RPM control
loop error, truck velocity and the three-sxis rate gyro outputs, Digital
voltmeters are provided to display selectively control commands, model

angular rates or model attitudes and heading.

Signal Conditioning, Camputation and Recording

A1l of the signal conditioning and control computational electronics
are rack mounted in the cabinet housing the servo power amplifiers. Data
signals to be recorded are carried to the data cabinet by an interconnecting

cable,

The data recording system, consisting of signal patching boards,

oscillograph recorders and magnetic tape recorder was supplied by the

gub-contractor and was not developed as part of the model-controller system.

Instrumentation

The instrumentation system includes measurements of model controls,

L
% air data, three axis rate gyro information, model RPM and truck speed.
g % Model Controls
; The model control pesitions are measured by means of the follow-up
: é potentiometers on the wing pitch servo actuators. Since these potenti-
; % cmeters measure the actual blade feathering in the rotating system, they
3
g

are inconvenient for data reduction purposes and the model collective

and cyclic commands in the non-rotating system are alao measured and
{ S
! ' (’ recorded.
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gir Data

The air data instrumentation consistes of vanes to measure angle of
attack and sideslip using low-friction potentiometers and a low airspeed
transducer, These instruments are mounted on the end of a &' boom
attached to the gondola a8 showm in Figure L,

The serodynamic vanes shown in Figure 14 have canard surfaces to
provide aerodynamic damping., The low airspeed transducer is manufactured
by J-Tek Corporation and measures airspeed by the corregpondence between
the airspeed and the shed frequency of the vortex behind a rignt circular

cylinder perpendicular to the flow,

3-Axis Gyro Package

The model angular rates are measured by means of three mutually
orthoginal rate integrating gyros carried in the model gondola., These
gyros, obtained fram govermment surplus, are of inertial platform quality
and have extremely low drift and hysteresis characteristics. It is
therefore possible to integrate their rate outputs to obtai:. accurate
attitude informati..i, The integrations are performed in the ground-
based computation and both rate and attitude signals are displayed and

reccerded,

Tuck Velocity

The truck veiocity measurements are obtained from a "fifth-wheel"

" type transducer mownted on tbhe rear of the truck. Thia system, which

was rented for use in the aubject experiments, provides a d.c. voltage

proportional to truck speed and is recorded and displayed on the

13
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( engineer's conasole. .
B *
: Other data signals thot are measured are model RPM, rotating systea f
' ¥
13
: azimuth relative to the gondola, model propulsion system voltage and %
_ current and a 1 Hz time standard, H
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EXPERIMENTAL PROGRAM

The experimental test program was conducted in Hangar # 1 at the
Lakehurst Naval Air Station, Lakehurst, New Jersey after a complete
medel checkout in the aircraft hangar at the Forrestal Campus of
Princeton University,

The planned test program inc}uded measurements of the model trim
conditions and control input response time histories through the for-
ward flight envelop: of the model. Initial hovering flights indicated,
nowever, significant difficulties in controlling the lightly-damped
dynamic mode and all flight testing was confined to hovering flight

vwith a stationary ground base.

reliminary lovering Tesgts

Prior to the data acquisition flight experiments, hovering flight
tests were performed to famillarize the pllot and test personnel with
the model behavior, These tests were conducted without the gyro
package and with the retrograde drive system disengaged; the gondola
was positioned in heading by means of light lines connected to a boom

attached to the gondola and tended by ground personnel, In this con-

dition, without the gyro package, ballast and power and inatrmentation

cabling, the model was 3.5 1lb buoyant; the umbilical providing power
and instrumentation signals, without gyro cables weighed 0.38 1b/ft.
Hovering flights were performed with 12 1b and 25 1b sling loads
suspended fram the gondola on approximately 10 ft of line and thus
the model was approximately neutrally bucyant at the height at which

the sling load was cngaged. In general, the model was well behaved,
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although sluggish in translation due tc the low thrust levels, at the
lower altitudes where the combination of sling load and supported
umbilical weight required thrust levels less than Approximately 30 1b,
At higher altitudes where the supported umbili-~al weight was greater,
particularly with the heavier sling load, the thrust levels were high
enough that the retrograde precessional mode (discussed elsewhere in
this report) became unstable and produced sericus difficulties in
controlling the model motions.

At the higher thrust levels, the model behavior was characterized
by a slow growth cf the retrograde mode that, with very careful con-
centration, the pilot could reduce in amplitude by means of discrete
rulse control inputs, Eventually the retrograde motion would increase
in amplitude again, however, it was difficult during the initial flights
to determine if this mode of motion was characteristically unstable or
a lightly damped mode forced by inpute from the heading control lines
or recirculation. There was also qualitative indication that the
severity of the model motions was intluenced by initiation of descent.
Altrough the preliminary hover flights were performed without the
instrumentation package, photographic coverage was provided, review
of these movie films indicated that 4uring some of these flignhts,
particularly after descent from altitude was initiated, the amplitude
of the model pitch and roll motions grew to as much as % 250 and
combined msasures of thrust reduction, pilot control inputs and

ground crew action were required to arrest the motions,
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The prelininary hover flights were accomplished without serious
incident due in & large part to the fact that a lower altitudes, with
much of the umbilical weight not model-supported, the thrust was low
and the level flight dynamics were probably stable, Also, the umbilical
wag not supported froam the truck tower but went directly to the floor
where it was attended by ground crew. In subsequent flights, the
unbilical was mounted on the tower., This arrangement contributed to

an incident that damaged the model and terminated the test program.

Fully-Instrumented liover

Following the preliminary hovering flights, the full instrumentation
package was installed, the retrograde heading-hocld loop checked out and
the lines removed from the air data boom previously used for heading
control, It appeared that extraneous inputs from these lineg were
strong contritiutore to the observed model motions and their removal
might well improve the hovering flying qualities,

Owing to the combination of higher ambient air temperature and
the addition of the gyro instrumentation package, the model without
umbilical, was 12 lhs heavy; the complete umbilical weighed 0.6). lbs/ft.

One hovering flight, of approxinately 30 minutes duration, was accom-
plished with the instrumented model carrying a 12 1b sling load, and with
the groumd end of the umbilical suspended from the truck tower. The first
half of the flight was flown at fairly low altitudes and corresponding
thrust levels of approximately LO 1bs. During this portion of the tlignt
the model and all systems were well behaved with the exception “hat tha

yaw rate gyro integrator, used to maintain the heading-hold loop, showed

17
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a drift of approximately 2°/min. This drift had not beel: encountered in

the lahoratory check out of the system and was apparently caused by the

unfavorable environmental conditions at lLakehurst.

The latter half of the flight wes flown at higher altitude to permit
more maneuvering flight experience. The thrust level for this portion of
flight was estimated to be approximately 55 1lb at which point the preqes-
sional motion began to develop, indicative of a characteristically unstable
mode. The recorded data indicate that the retrograde mode grew until
it reached an amplitude corresponding to approximately % 2° of piten
and roll attitude excursion with a period of 11.4 seconds. The period
and magnitude of this motion was approximately constant for nearly 5
minutes, indicating a limit-cycle type of dynamic motion. During
this time, the integrator drfit had increased until almost two-thirds
of the available offset command had been used tuv compensate and maintain
a constant gondola heading and the test engineer elected to terminate
the flight., Upon initiating the descent, the precessional motion began
to increase in amplitude and in six periods had tripled in amplitude
at constant frequency.

At this time, owing to the large model motions

and resulting torque inputs due to sling load and umbilical motiong,
the heading-hold retrograde loop failed and the back-up rate mode was
activated, For approximately 45 seconds the model was operated in this

mode although complete control following the transient was never established
and the model precessional moticn attained ;ﬁplitudes as high as % 15° in

pitch and roll attituds, At approximately 20 ft of altitude the rate-control
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'* ( retrograde loop failed, again due to excessive torque inputs, and the

model was out of control, Simultaneously, the ground crew hauled the

model down by means of the umbilical and the flight engineer began to

reduce the RPM, The model rotation had not been arrested by the time

the gondo;a wag in the hands of the gound crew and the rotating model

struck the end of the umbilical suspended from the truck tower resulting

in damage to the model.
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EQUATIONS OF MOTION

The linearized equations of motion describing the dynamic motions
5T the AERQCRANE near hovering flight are develuped in this section.

A body axis is used with the origin at the vehicle's center of
gravity as shown in Figure 15. The X-axis points forward, the Y-axisa
to the right and the Z-axis downward. Note that the angular velocity
ot Lhe cenlerbody and blades 1s in a clockwise direction when viewed
from the top, i.e., opposite to that of a conventional helicopter, A
four-degree-of -freedom model is employed since the linearization
assumption will decouple the vertical translation and yawing degrees-

of freedum, Thus, the four equations of moticn are

Iop + Izﬂq = Ly

]
x
o

Ioé - Izﬂp

mu = Xa

mv =Y
o »

It is assumed that the center of gravity of the vehicle lies on

the shaft, The external forces and moments, denoted in equation (1)

by Lg, Mg, Xy, Yy ariss from the following sources:

a.) The buoyancy ¢orce as a result of the helium filled
centarbody.

b.) The apparent mass effects<2), that 18, the aerodynamic
forces acting on the centerbody as a result of
acceleration,

c.) The serodynamic force and moments acting on the

rotating dblades.

20

——e



4 e o

” mumﬁwu-.:ww P AR A A it SN

R

d.) Centerbody drag and magnua forces,
e.) Gravity.
The contributions of each of these effects wlill now be developed. 1In

equilibtrium hovering flight the eguation expressing the summation of

vertical forces 1is:

W-F -, =0 (2)
If the venhicle is perturbed through a small pitch angle 8, and a small
roll angle ¢, the forces along the body axes arising from the gravity

and buoyancy forces are:

Alp= - (W-F )8
(3)
The buoynnt force will also produce restoring moments. Denoting r, es
the distnnce the center of gravity of the vehicle is below the center of
buoyancy, the moments arlsing from the buoyant force are:
To= =
AL, Far ¢

(%)
AM!’ ~ F. ro (-]

The apparent mass effects arise from the fact that a sphere accelerating

through a fluid, experiencee a force prcportional to acceleration(g). The
constant cof proporticnality fcr a spbare im one-half the volume times the
deiigity of the fluid through which it is moving, and the force acts at the
centroid of the sphere (center of buoyancy) snd acts opposite in direction
tc the acceleration. Since the origin of the axis systsm is a distance

L below the center of buoyancy,moments as well as forces are produced,

In addition, the acceleration of the center of buoyancy must be expressed

in terms of the center of gravity motion, 7The X and Y components of the

2l
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acceleration of the center of buoyancy are:

ax“ =Q - rod
. (5)
+
E‘ll’t:l = roﬁ
Denoting the apparent mass of tne sphere as
m, = é p ¥ (é)
The forces due to the apparent mass effects are:
8Xg= - m, (0 -1 q)
° (7)

Ave= - m, v+ rop)
These forces act a distance r above the center of gravity and therefore

give rise to the moments,

ALg™ - T, T (v + I‘oﬁ)

(8)
tMy= r_ i, (4 - rOQ)
The center body will experience a drag force and a magnus force as
a regult of translation, Although these are non-linear terms they will
be retained in the analysis since the drag coefficient of the spherical
centerbody ~ i8 large. The forces arising from drag and magnus forces
are expressed as follows:

AX.--ﬁp Scou\u\-ﬁp S Cm vivl
(9)

AYa~ -~ %0 8Cy vivi+ 4 p B Cu ulul
Tnhere is & lsck of data as to the value of the magnus force lift coefficient
C w since the data available in the literature(B) generally is coucerned

with the case in which the ratio of the peripheral velocity to the forward

velocity 1s small, k}{erc, the interast is in the case where the inverse




of this ratio is small, Experimental data for spheres indicate a

limiting value of the 1ift coefficient as the ratic of the peripheral
(3)

velocity to forward velocity is increased Therefore, for large
values of the ratio, C , becomes independent of this ratio and is

consequently the form of the dependence assumed above, These terms

PO

: also produce moments due to the center of gravity, center of buoyancy
| spacing.

The rotating blades give rise to hub moments and in-plane forces.
; Analytical expreszions for these terms are developed in Appendix A,

assuming that Lhe blades are infinitely stiff in flapping. With the

e e R bt o e

exception of the rotor thrust, tne equilibrium values of these forces

h and moments are zero,
: (: The following linearized terms are present: i
AH, 3H, 3H, 3H, ;
- AX‘-{'a-u—u‘*g,—V*'g'P*ﬁ;sBu} (10) :
1 :
i 3Y, dY, dY, 3Y, i
‘ 5

AYz{éTx—U+aTV+Tq-q+ST{, Ays )

:

¥

i g
AL = AL" +r AY. e

! ° (11) §
: AM = &M, - r_ B8X, :
k where é
dL, 3L, 3L, AL, ]

o — 5

AL, gru+auv+sp—~p+ga—l' By %

i . M, a,, (12) :
AM, = u + v + oM + oM A i

i “TE TR YT YT, M -
£

i Ovwing to the symmetry of the vehicle in hovering it may be noted that the !
- ' following relationships exist among the various aerodynamic derjvatives 5
{ C !
i £
1 23 ¥
v
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arising from the rotor.

3My

du

aM,‘
v

My
3

M,

3A1s B3y,

3L,

AV
3L,
du
AL,
¥}

aL,

dHy

du

OHy
v

2H,
3p

3H,

3Y,

3B,y Ay

As a consequence in the following, for simplicity we replace the relling

moment derivatives with the pitching moment derivatives and the side

force derivatives with the longitudinal force derivatives. The camplete

equaticns of motion

equations (3), (4),

yield

IOp + Iz()q = -

F.ro@ - roma (v + rop)

are obtained by adding the contributions given by

(7}, (8), (39), (10) and (12) to equation (1), to

av,

]
ex (-dpscyvivl v s cinulul) + (= o s

3L, AYy aL, 3Y, 3L,
t Tt ) Vs P roag 9t 5 B
dY,

+ry SA'—“ Ays

2L

(1b)
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J' ( Ioc'l - 10p = - Fy roe + rmy (4 - rod)
M, dHy
- T (-4pscoulul -3pscn vivl) e ('a-u—*frog;u—)u
OMH dHy BMN 3Ky BHH

*(a:-*roa—;')\l*—-'aq QT3 Pt osED, Mo

' dHy {
J +ro-a—B—;’ Biys :
mi=- (W-Fy) 08 -m (4-rd)-4%p8cC,ulyl

2 I I dHy dHy 3H,y dHy
- p S Cu vlv] - V o =—— ] =« z=—]D =~ = B
& dv u o °© AB,, 13

- mi = (0 -F) @ -m, (¥4 d) - escy vl

{ ( 1 aY, 3y, 23y,  3Y,
+ 305 Cu ulyl Y Yt a Vi 4t Eayn A

PR i P AT LY 8 s T R R e G AT R et i SRR S e e tn

Equations (1L) are the linearized equations fer the hovering dynamics and

control of the AEROCRANE, They can be written in a more compact fashion

CYRTENE SO

AN A L,

bty defining
11 n' = m + m, mags of vehicle ineluding apparent mass R
] z
I’ =1 +mr? mament of inertia including apparent mass i

contribution

» = 3T N nutation frequency -

w; .« —r pendulous frequency squared
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And using the symmetry relationships given by (13), the equations

of motion are expressed as:

roma
B lwg+My) q=-agd @ - —~ v
I
pSrO
+ % 7 (- Cp V‘V‘ +Cw u'u‘) + MVU
m

-Mv+M - M B + A
u qp Aqs 13 MBls 19

d-(u+M)p=-wi3o+

p S ry

+ 3

(Cp ulul + Com vivl) + MU

+ M v+ M + M A + B
v qq Ay 13 MBu s

T maro
0=-= 8 +
m

4
m

- va - Huu - H,p - H‘E“ Biy

. T maro S
Voo b - —= )’\-%p-n—], (Covlv‘-q,u|u|)
m

+H_"U'HUV'H’Q+H Al.

Bis
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Thege are the cumplete equutionn of motion for hcver flight. For
gmall wngles é =q 3 é = 1, 3ore of the aerodynamic terms from the
retor were negleated In the analog computer investigations since they
are small. This is ncted in the.‘uection where the aerodynamic forces
and noments due to the rotor are developed.
For some canplsmentar'y an'alyti'cal studies Gescribed 1in another
:ection,pne noun-linear terms due to the aphere Arag and magnus forces
vere neglected sc that some insight could be obteined into the nature
of the d;ymamics. .
For' these studies it is possible becavse of the symmetry of the
vehicle, to collapse these four equations into two uding complex
SO
Define
N=89+ 19
1t = - iv (16)
6 = Ayy - 1 Bul

Muitipiy the first equation by 1 and add to the second equation.

Multliply the fourth ejuation by 1 and subtract it from the third equation,

This results in the foilowing equationr with tne definitions given by (16).

T : ‘ r.
‘1)"(.’}‘4(1*1(“’0+M'))ﬂ+w\§n' i‘\}

- (Mt M) (MAu ;,1 MB;.) [}
‘ ' (16)

-——--H,i)ﬁ-»glu+¢(xu+1ﬂv)w-iﬂau &
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Equations (16) are quite convenient for analytical studies as they are
now of third order rather than =ixth order. The fact that this reduction
in order can be made implies that the dynamic motions of the vehicle will
egsentially be circular mntions with the radius of the circle either in-
creaging or decreasing with time depending upon the stability. Tnat is,
if there is a characteristic root of the system described by (16) which

is imaginary, then there will be & solution of the fom

T =ce

&)

T can be interpretes as & vector rotating at an angular velocity (0,
and thus neutral stability will consist of a circular or whirling motion.
Note also that the characteristic equation of this dynamic system expressed
in terms of camplex coordinates will have coefficients with camplex
coefficients so that the roots will not in genersl appear in complex

riirs. The sign of the imaginary part of the root will directly indicate
whetheyr the circling or whirling mode is in the same direction as the
rotor's angular velocity (s negative imaginary part), or is in the opposite
direction (& positive imaginary part). The modes are referred to as forward
mcdeg if they are in the same direction as the rotation of the rotor and

retrograle modes if they are in the opposite direction,

28
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DYNAMIC STABILITY

The stability boundaries in hovering flight are ex mined in tnis
section using a simplified form of equations (16). It = shown in
Appendix A that the in-plane force terms are small and can be neglected
in examining the stability boundaries, The influence of the nonlinear
drag and magnus force terms on the stability are discussed in the
section on analog computer simulation.

Thus neglecting the terms in equations (16) which arise from.the
rotor in-plene forces, equatious (16) become after taking the Laplace
Transform and dropping the input terms since only the characteristic modes

and stability are of interest,

rm
(83 + (-M +1w)S+ M+ (- 228 (M +41M))w=0
q I u v
Ba¥o T )
(- —=—8%+=2)7N+Sw=0
m m’
The characteristic equation is
m roz mr, r
(1--222)yg2+ (-M - M+ 1 (wg - ==2M)) 87
I, m’ m m, (18)
rom T
s @ie =Ry g s (Mo+iM) =0
I’ m
In order to see the essential features of the dynamic motion all
of the terms in which T, ‘Jpesrs ex>'icitly may be dropped in
equation (18), The simplifed characteristi:z equation is therefore
T
8°+(-Mq+iw-.)8'+w’,8+;’ (M, +4M) =0 (19)
29
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To obtain some insight into the dynamics of this vehicle first

[P

consider some simple cases. If the aerodynamic derivatives are set

e

to zero and the center of gravity is coincident with tne center of

buoyancy, so that wa = 0, the characteristic equation is

S?(s+1wy) =0

There 18 one whirling mode given by

ke Wt e

S-'iw°

P

This corresponds to a forward whirling since it is negative and its

: @
f; frequency 18 the order of the rotor RPM. ,
{ H
1 I |
B w, =— Q0 §
» L]
* since

i I

A ~Z « 1,43

Y 1

; This frequency is classically referred to as the nutation frequency of a

[~
top(’).
8ti11 with no aerodynamics,but with the center of gravity below the

center of buoyancy such that w 3 is non zero, the characteristic equation

By 150 A B, gt A

is

8 (8%3+4 g, 8+w,)) =0 (20)

The roots of this equation are

Bi 9 = 1(, -g-.t -’(gl_). ey ) (21)

There are now two natural or whirling modes: & comparatively large negative

A e | SC AT WTART R I W 5 e

root; the nutation frequency, and a relatively swall positive root corresponding

S s »aaS agmes
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to u retrograde whirl. This low frequency is classically referred
to as the precession frequency. It is usuamlly thought of as a forward
whirling in the case of a top since the weight of the top provides the
precession torque. VFere it is the upward buoyant force which provides
the precession torque and therefore the precession i1s in a backward
direction.
For the AERQOCRANE dynamic model, in its flight test condition, the
two frequencies wy, and w, were
we = 4.U4B rad/sec
wy = 1,25 rad/sec
The roots given by expression (21) give a nutation period of 1.3 sec and
8 precession period of 19.3 sec.
Examining further the characteristic equation given by (19) adding

the angvlar damping Mq the characteristic equation is
s‘+(-Mq+1w.)s°+m,°s=o (22)

Now the characteristic roots are damped owing to the presence of aero-
dynaric damping. There is a fast well damped motion corresponding to
the nutation mode and a siow well damped mode corresponding to the
precession mode., Th: roots corresponding to these various simplified
characteristic equations are ahown in Figure 16.

To determine th> stability boundaries of this dynamic system
consider equation (19)., For neutral stability a root of this equation
must be purely imaginary let;8 = £ i,. Bubstituting into equation (19),

the conditions for neutral stability aro

M
-.d U
x’ ﬂ;

2
=

(23)
tQ:-«q.n_:rtw,'n. -+E,Mv
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Thus if the motion is neutrally stable, the frequency is given by

M

T
a, = 4- > M_.“ (24)
¢ m q

The upper sign in the second equation corresponds to a neutrally stable

retrograde whirling mode and the lower sign correaponds to a neutrally

[ P O

P stable advancing mod=,
N The stability boundaries are shown in Figure 17 for various values

M
of w?. It is interesting to note that large values of\;fﬂ ,glve rise to

MER Y T PIT

q
A 12trograde mode instability and small vaiues give rise to an advancing
mode instability. If the pendulous frequency w,= O then the dynamic
% motion is unstable for all values of the serodynamic derivatives. A

physical picture of this motion can be obtained by retvurning to the

Laad® Sla Hn I

equation’ ~f motion and determining the mode ratic between the attitude

~

and the translational displacement, Using the gzimplified form of the

TN SRS AR R S IR K PBRRE o B PRSP e NS e RN AT A DA A i I (e e At

? force balance equatiaon
o
T T . )
5 —’ NM+w = O (25
N m
b
? For neutral stability, the angular displacement is
% = i0ut
% n
3

The translational displacement is

b 1ﬂ~t
xe

and

%
o “wac e Put
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Since ;g_ is negative, the vehicle is titlted inward towards the center
of rotattlicm as shown in the sketch in Figure 18, and rotating about a
point above the centerbody which is equal to the total blade radius
since the theoretical value of ;3 = R, It is also interesting to note
that this relationship gives a v;ry simple result for frequency of

the motion in the neutrally stable ~ase as

Ty (26)
m R

A physical picture of the neutrally stable retirograde motion is
shown in Flgure 18,

The precession torques causing the retrograde motion arise from
the moment of the buoyant force and the coupling derivative Mv acting
in the same direction, thus increasing the precession frequency. About
the axis perpendicular to the translational motion, the speed stability
Mu and Mq produce torques, A perturbation in u results in Mu causing
a greater inward roll and thus a larger dlsmeter circle leading to
inatability, Mq cn the other hand is a stabilizing torque tending to
reduce the diameter of tho circle, FigurelQ shows the physical picture
in the advancing mode where the precession is produced by the coupling

tarm Mv scting in an opposite direction to the bucyant torque., Similarly
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Mq tends ;o destabilize the motion by producing an inward roll and
consequently a larger circle, while Mu acts in a stabilizing sense,

This is the physical explanation of the shape of the stability boundaries
discussed abova:, |

A transient response to a lopgitudinal control step 1s shown in
terms of & plot of pitch attitude and roll attitude in Figure 20, There
is an initial well damped rapld response corresponding to the nutation
mode and then a slow retrograde circling motion which is slightly unstable
for the case shown. The phase of the initial rate response lags the
azimuth of the control input direction or direction of initial angular
acceleration by about 300.

The stability boundaries presented in dimensional form in Figure 17
can also be shown in dimensionless form to give a better insight into the
nanner in which the geometric characteristics of the vehicle, and the
operating condition (the thrust coefficient) influence the stability.
This curve 18 shown in Figure?2l along with the variation in the stability
derivatives predicted by the theory of Appendix A. It can be seen thsat
in gencral, given a center of gravity/center of buoyancy spacing there
is some value of thrust coefficient (collective pitch) at which the
vehicle 13 unstable. Owing to the nondimensionalization, the rotor
RPM does not appsar on the axes (CT is a function of collective pitch
only) but only in reducing the dimensionless pendulous frequency. Again
it may be seen that at any operating thrust coefficient increasing the

RPM will result in instedility. For the geametry of the model ths rela-

ticnship between thrust coefficient and @, which produces neutral

[
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( stability is shown in Figure 22. For a given vehicle geometry, increasing
§ blade angle moves the operating condition upward into the unstable region

and increasing RPM moves the operating condition to the left into the

[PE

unstable region. Also shown on Figure?22 is the influence of using

- e

! different combinations of RPM and collective pitch to achieve Sh lbs of
thrust indicting that at the thrust level and center of buoyancy/center

c? gravity spacing of the mcdel, stability cannot be obtained by inter-

Cre ey e W

changing collective pitch and RMM.
% It generally appears from the results of this section that for any
| significant thrust level the AEROCRANE will tend to have & mildly unstable
retrograde mode of motion in hovering if the conriguration is generally
? gecametrically similar to the model constructed in this program, The only
real design parameter available to produce inherent stability is the spacing
i ) between the center of gravity and the center of buoyancy. Increasing this
distance will ultimately result in s stable vehicle as indicated by the
~curve given in Figure 22, Details of the configuration such as number of

blades, coning, chord, etc do not appear to exact a significant influence
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on the stability.

DR AP 0 ML A0 4 4 T o KT P St i |




YNNIy ) L gre

s g Y

PRI TN A LA

BV L

DY GRIIPTEre B T 1 L S IR R A Y T A L bt e, e e et e o

FEEDBACK EFFECTS

Since the AEROCRANE model was found to be unstable in hovering
flight, in tnis section the influence of rate and attitude feedback are
examined. Again the simplified model is used with the solutions of
the complete equations examined on the analog computer.

Using the simplified form of the equations of motion given by
equations (17) and neglecting the effect of the rotor in-plane force
due to control, the transfer function for attitude to control is

M, 8
Y}
%1_ (27)
S+ AS%+ BS + C

Since in general A, B, and C are complex numbers,the root locus sketches
will not be gymmetric about the real axis, however, all of the conven-
tional root locus rules s8till apply. Firat attitude feedback is con-
gidered. 1In this case

6 = - K7 (28)
In general KA can be a camplex number representing different azimuth phase
feedbacks. If K, 18 a real number, X,, then the feedback law in real
coordinates is

Agyg =~ K, 8

Byy = K, @
which represents equal gain attitude feedback about both axea. As will

be shown below the most effective attitude feedback in the sense of

damping the transient motion is given by
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In real coardinates, this corresponds to

Ayy = - Ko (8 - @)

(29a)
Bll = K.s (e + @)
The root locus equation giving the modification nf the dynamics
as & result of attitude feedback is
Ka MA“ S
v -1 (30)
3%+ AS? + B3 + C
Since M, is positive a 180° 1ocus shows the effect of attitude feed-
13
back. If i, is a camplex number then the angle condition is given by
arg X, +Targ 4 - Larg P = 180° (31)

since it is conventional on a roct locus diagram to measure angles from

the poles and subiract angles from zeros, equation (31) may be rewritten

as
Targ P - farg Z = arg X, - 180° (32)
adding 360° to the right hand side
varg P-Zarg o = 180° + arg K, (33)

thus, if K, is chosen to be given by equation (29) then equation (33)

would indicate that a 2250 locus is desired. Again the usual root locus
rules apply for this or any other angle condition which might be desired.
Root locus sketches are shown in Figure 23 for these two angle conditions,

It can be seen that the 225° angle condition provides the greatest in-

crease in damping for small gains and looks like a simple and effective
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‘ way to eliminate the dynamic instability of the venicle. !
‘: ( Rate feedback was also examined. In this case the feedback law H
. is _
8 = -K,5T 34)

The root locus equation for determining the influence of this feedback

on the dynamic motion is

[ P SR PO,

M K, S
Ayg "

= -1 (39)

[ el D

; : S*+ a8+ B3+ C

Cper

As would be expected there is an additional zero at the origin. A real

§
!' —
¥ value of K,, with a root locus condition of 180° corresponds to rate
f feedback with equal gain about each axis. As can be gseen in Figure 2L,
- 2 while the retrograde mode is stabilized the edvancing mode is destabilized.

This 1s not unexpected in view cf the earlier discussion of the physics _
E ( of the neutrally stable motion where it was noted that the pitch damping,

|
|
Mq’ t~nded to destabilize the advancing mode., Examining other azimuth ‘]

phasing for the rate feedbacks indicates that any phase tends to stabilize

-

one vf the modes while destabilizing the other. Alsc shown on the Figure

-

|
!
is a cross rate feedback which would act in opposition to the gyroscopic !
|
l

% terms (W) and corresponds to a value of
1
] |
g E.- K, e2701
t
; f giving in real coordinates
f Al."Klé
! Byy = - K, 6 1
1I li
i From equation (33) it can be seen that this corresponds to a 90° locus. I
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The influence of thla feedback on the dynamics is also shown in
Figure 23,

Thus, while rate feedback i3 seen to be undesirable, the
vehicle can be stabilized in hovering flight with a comparatively
simple feedqback law given by equation (29a), In the section on
analog computer simylation there is further discussion of the

qffect of this feedback on the dynamic motion,
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f the linearized four-degrees-of-freedom hovering

as reported in Refarence 6.

ANALOG STMULATION

Prior tc the experimental test proigram, an analog computer simulation

aynamics had been conducted

Thege simulations indicated the existatce of

a retrograde precessional mode of motion that was reasonably-welli damped.

A camplete analysis of this motion was not possible, however, due to the

iack of certuinty with which some of the important aeradynamic derivatives

-onld be precicted.

In part, the experimental test prngram results were

‘ntended better to quantify these derivative predictions.

With exrerimentally measured data from the free flight scale model,

it was pussitle to verify the tneoreiical predictions cf the aerodynamic

stahilit, derivatives used in tpe computerfsimulation. In particular,

ns shoawn in the sections of this report on the analytical predicticn of

*nhe vel:icle dynamics, the period of the precessional motion, at neutral

stabilit, for & given thrust-to-mass ratio, is uniquely determined ny tne

ratin =f the velocity stability (Mu) and angular damping (Mq). In addition,

the non-linear nature of the observed model motions, as evidenced by tne

limit--veole b2havior, led to the inclusion in the analeg simulation of

the representation: of the centerbody drag aerodynamics by means of an

7 « glul relationship.

The importance cf this drag force representation

ig not wnly that it produces a limit cycle behavior in the transient

motiosn but also essentially eliminates the dependence cf modal frequency

on Xu that was observed using a linearized drag representation in Reference 6,

Tue final configuration of the analog simulation of the hovering

iynami~s 18 snown in the circuit schematic cf Figure25 and the "nomiual

configuratior which was determined to be the best representation of the

axperimrntally-measured model dynamics 1s8 characterized by tiae derivative

Lo
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,‘ ( values 1ilated ir Table 3-1II., The values Jisted in Table B-II are determined §
I srom the nendimensional vAlues listed in Table B-IT and the model geometric :
| : end inertial characteristics listed in Table I. In addition to the "nominal®

configuration, varlatinons in the important derivatives as well as variouas
feedback atenilizatlion loops wers explored and their predominant influences

are here summarized.

Naminal Contiguration

t

A time-nistory of the "romjnal" configuration simulated initial trans-

ient response is shown in Figure 26, The unstable characteristic motion is

egErn e

the retregrade precessional mede which, when fully developed in the limit

a0 sy SRR R by, T RS AR T s

cycle, has a perind o:r approximately 12 seccnds. Tnis perlod is approximately

o 5
- . 5% longer ‘:har.' the experimerntdliy-movsured period of 11.4 seconds and iz ob- ‘?
Y
1 ; € tuinel by using the thecretically-prcdicted stanility derivative values ;
listed in Table B-II. Tt should be rnoted that the simuwietion i8 representa- ‘:‘{‘
& tive of tre small amplitude motions of the vehicle., The }arger amplitude %,(
.‘ Imotj ong observed in the experimental prograr durirg q»-.scént and after ’retro~ *;
grade failure may not be adequately v-epresentedl by the small perturbation ‘f{
: 1evel (1light analysis. | i*
< The szreement between experiment and theory for the "nominsl” config-
| i uration is conaidered to be excellent as shovm in Flgure 27, end well with- g‘
f ‘. t\. in the acruracy of the exparimental measurements of model tiirust and inertiel ‘;2
’ é,, characteristics, The frequency o1 tne gimulation motion is time dcpendeni §
} % until the liuit cycie is fully developed and the amplitude of the simulacion :

; limit-cycle is depenient upen the churacter of_ the {nput but 1o general is

€ U S = b L R

»
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(- larger in amplitude than that observed experimentally except in the descent
¥ portion of the flight. With the exception of drag coefficient, adjustment E
of the simulation parameters to shorten the period of the retrograde oscil-

lation for exact agreement with experiment tends always to increase the

A

amplitude of the simulation limit-cycle. Owing to the uncertainty of the
theoretical representation of the drag forces and the rather large adjustment
of drag coeftricient required for simulation matching of both perind and limit-

cycle amplitude it was considered possibly misleading to employ the drag

BRI RS N

r coafficient as a model matching paramecer,

e
M

N Velocity Stability and Angular Damping

The yolocity stability and angular damping derivatives weve varied

dhoetiogz. 4

simulteneously, maintaeining a constant ratio of the two, from ons-jalf thelr
( | nominal values to fwice their nominal values. Over this range only small
| changes in modal period (approximately # h%)»and negligitle changes in small-
¢ amplitude-mction demping were observed, correlating with tie aimplified

theoretical prediction. This is one of the most important results of the

&bt sl '

analog simulation in that the ratio qf these to derivatives 1s atrongly

ISR 1 O RN

derendent upon “he "blow-back” effgct for yhich enly limited experimeanta)
date exist. Tioe result that the modal period or the experimentally-observed
mcdel motions can be approximately matchsd {n the simalation ornly with g

wnique combination of thooe two derivatives implies & strong corroboration

i ale et e e,

of the empirically dcotsrmined magnituds of the "bLow-back' effect.

Increaging the velocity stability derivative nlone or decreasing the /
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angular damping lerivative alone produces a predictable change in the
~oriod of the oscillatory motion and decreases the modsl damping for
small asmplitudec in a similar fashion, The amplitude of the gimulation
limit-cycle is also increased by elther of these derivative changes in

the direction described,

Drag Ceoefficlent

The non-linear representation of the sphere aerodynamic drag is
responsible for the limit-cycle behavicr of the analog simulation. For

the "nominal" configuration an advance-ratic-independent value of C. = 0.6

D
was assumed, which corresponds to those data available and discussed in
Reference 3, Increasing the simulation value of CD tends to decrease the
osciallatory mode period slightly while also decreasing the amplitude of

the simulation limit-cycle for a constant input. The amplitude of the
limit-cycle, for a constant step cyclic input, was found to be approximately

proportional to the CD value assumed.

Feedback Stabilization

Various types of feedback stabilization were examined in the analog
simulation and all had predictable influences on the characteristic motion
of the simulated model., As diszcussed in the analytical section of this
report, the stabilization loop that appears to have a favorable influence
on all the important dynamic characteristics employs a crossed-attitude
feedback as given by the expressions

Ayy =Ky (9 - 8)

and

BIO-KA (@“") .
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Physically, this loop closure provides attitude stabilization phased to

lead the characteristic retrograde oscillatory motions by a hSO phase shift.
Various magnitudes of the feedback gains, K,, were examined in the sim-

wlation study and it was dstermined that a value of X, = 0.2 % would criti-

cally damp the retrograde osaillatory mode and a value of K, = 0.1 % saignifi-

cantly improved the pillot's ability to operate the aimulated vehicle in hover,

A time history of the simulated model motion for X, = 0.1 % 4is presented in

Figure 28,

Piloted Simulation

An analcg simulation was get up to accept inputs from the pilot's control
console used to operate the model in the experimental flight test program.
Various displays were examined from the standpoint of qualifying the fidelity
of the analog cimulation and determining requirements for piloting of the
model. For the case of the unstabilized model it was determined that if the
two model attitudes were displayed on a X - Y plotter the pilot felt that
the simulation fairly well represented the model's flight characteritics and
could be flown {in hover with a high level of pilot attention and activity.
Any lesser display, such as translational velocity and/or position was
virtually uncontrollable, Addition of attitude rate displays, be mears cf
analog meters, to the X - Y plotter attitude display, eased the plluting
task somewhat,

With the crossed-attitude feedback stability augmentation, particularly
at the critically-damped condition given by K, = 0.2 % 1t was possible for

the pilot to operate the vehicle in hover using the translational position
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display only. Performance of the task of translating from one position to
another was conciderably improved in this part of the simulation by phasing
the pilot's primary controls, A,, and B,,, 80 that the intermediate time

(2 to 10 seconds) model translational response was in the direction of the

pilot's stick inputs. A control input law given by

Ayy = Are * .5 By

Bl! = Bl’ - .5 Al'

which represents a phasing angle of 260, was determined to be quite acceptable
to the pilot in performing the station keeping and changing tagk using trans-

lational position information enly. As might be expected from control theory,

if the pilot attempts to control the transient oscillation of the model (whan
it 18 not critically damped) using translationa) position information only he
tends to destabilize the motion. At least in the simulation, particularly at
K, = OJ236 wher? the oscillation ia nearly critically damped, no difficulties

were experienced if the pilot attention was restricted to the longer-term

motions.
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CORCLUSTONS

Baged upon the experimental and analytical results reported herein

the following conclusions are determined:

1.)

2.)

3.)

L.)

5.)

6.)

7.)

An operatirg model and control system has been developed,
The doaminant mode of motion of the AEROCRANE in hovering
flight at any significant thrust level congists of mildly
unstable retrograde precessional motion,

Operator on ground encountered difficulty flying slightly
unstable vehicle owing to the lack of motion cues,
Analytical predictions of the model stability derivatives,
when combined with the measured model inertial character-
istics, can be used to simulate accurately the model motions,
The good agreement between experimental observation and
theory demonstrated in the analog simulation corroborates
both the equation of motion representation and the stability
derivative predictions,

A camparatively simple feedback system utilizing crossed-
attitude feedback can be employed to stabilisa the simulator
study and provide for easy pilot contiol of the model's
position in hovering flight, and

A fully buoyant model would have provided a desirable

safety feature,
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" ' € RECOMMERDATIONS
- 1.) An analytical model of the forward flight dynamics of the AEROCRANE

should be developed and the dynamic response in forward flight ex-

amined prior to proceeding with forward flight experiments.

2.) For further hovering experiments an attitude feedback loop should

s L o o e Rl B AN Bt D N0 ™ e ST LB e e

be incorporated in the model.
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APPENDIX A

.
A~

ROTOR AERODYNAMICS

Tnothis c2ction the contributions of the rotor to the aerodynamics
ol the vehicle are developed. It is assumed in the foliowing development
that the rotor hblades sre infinitely stiff in flapping and have zero
cening angle, It is also assumed that the blade element inflow angle is
sinall and that the 1ift curve slope of the blades 1s constant, 4 shaft
axis system 1s used as the reference frame for development of the rotor
forces,

The only unusuel feature as compared to conventional helicopter
articulsted rector anaslysis 1s the incluslon of first harmonie components

& ol the induced velocity. There are considered to be two sources of

( The first arises from the fact that as the vehicle translates
forward, tite wake of tralling vorticity will be "blow back" causing a
variation in induced velocity along the longitudinal axis of the rotor

pisne ag pointad out by Coleman many years ago(7). The importance of

A

this effect is clearly shown for an articulated rotor in the experimental

(R
data presented by Harris‘e’. This effect will be discussed at asome

:
} length later in this section,
f The seconl source of first harmonic induced velocity variation is
% a dlrect reswt of the fact that the rotor blades do not flap., Thus the

; % effect of a change in any aerodynamic condition of the rotor (cyelic piteh,
»

pitch rate) which produces a harmonic lift variation, rather than being

:
:
| §(?
:& .
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cancelled out by a flapping response as would be the case for an articulated
rotor, remains, As a rrsult it would he expected that a harmonic induced

velocity variaticn would be produced, Limited experimental data(g) on

a rigid pro; eller have indicated that this effect 1s gqulite large and
should be accounted for.

“he blades employed on the model are untwisted and untapered and this
1s reflected in the merodynamic model, For simplicity the constant part
of the induced velocity ig assumed to be independent of radius although
this would not, s*rictly speaking, be true for untwisted rotor blades in
hovering(lo),
The rotor forces are developed using a shafl axls system with a

relative wind orientation, That is,the longitudinal force HS v is parallel
3
to the relative wind and the side force Ys v is perpendicular to the relative
b
wind. Thus the follcwing transformations must be considered to develop

the velocity perturbation derivatives as shown in Figure A-1.

24y (4-1)

C = C, i
HI Ha,w Jua + V5 YS,'VI u + v
u v
c, =0, -C (A-2)
e ‘g,wW Jut + v How Ju? + v
u v



=
<

Owing to the wind axis fonmulation)the wind oriented forces and moments
will be only a function of u. Since hovering flight is of interest the
equilibrium or teim values of all the forces and moments are zero as well
é as the initial values of the velocities v and u. Therefore, it can be
seen that the following relationships hold for the translation derivatives

in ths v 1y axis system.

acns 5CH bCH. ac
. S, W - §,w
an e V) a0 A
aC dc., aC 3C
i Vo T o T,
P! A At du
BCMB BCM aCM’ aCL
= ———‘-—s kil = Siw (I‘\-B)
\ an A 3% A
o ~
BCL. BCL BVL. a“M
; - 8,w - 8,wW
i a0 du At du

These symmetry relationships are helpful in simplifying the dynamic analysis

-

a3 shown elsewhere in this report.
Now the rotor forces and momentc in the ghaft/wind system are developed.
Assuming titat the inflow angle is small the expression for the average
forces and momei ts expregssed in terms of the lift and drag acting on a

blade element a:e

U Y PR e T -SRI T
f

b
Ty v o _fo jR. aL

! . .2 R

| O Hy o0 o j‘o IR. (4D - @ dL) sin y (A-1)

! 75




!‘

e e A s =

————— e - .

A i RO TR BT A et g s

PRSP -+

RS S

y 2T R
Yo w = jo jR (dD - ¢ dL) cos y
8
, .21 R
My wT T o Jo JRl'dLCOSV
8
, 2m R
Ly v = o J"O IR'r dL sin y

Th= 1ift and drvag on the blade element can be expressed as

dL = 3 p (Ar)® cdr a aag
(A-S)
db = % p {(Or)® car &
Tne angle of attack of the blade element is
O’.[:e +¢ *
~heire
8 = 8, - Ars cOS § - By, 8iny
ani
Lo+ A siny +* A cos ¢ (4-6)
¢ = 8 s c
x +tu_ 8in y
g 37
ks average infl-w tirouga the rotor und iz 4vrfined as
)‘« = U, an &, = v
The advance ralic
up = (6% + V’)% cos o (A-7)

The heruonic inflow camponents represented by As and AC grise due to
pitch rate and roll rate and as a result of the harmonic inflow cowl, lents

dliscusseu aoove., They may be expressed as:

TRV MG Y S e Ve T TTTLE TR T ST A § [ Sy § FUTTT, TRYY M, F LR T AR TV T SRR T A o e g e L YWY A s, rre YR T 17 T



s ' (4-8)
A= (§ x + Xm + Ay

where § and D are the pitech snd roll rates non dimensionalized by rotor
RPM, As 18 the "blow back' effect and A and A, represent the harmonic
induced veloclt: camrcnents produced as a result of the harmonic 1lift
variationa,

Combining vhese expressions and performing the integrations indicated
by equations (A-4) and nondimensionalizing the forces and moments, the rorce

and momenl coefficients ave

« ' 2CT 5 “ 2 .
A SV A Xy LTS 0y Loy, . 1 - x5
= 53 Vo= (- O - ug Byy) (5

[a-9)

"y 1.3
}'é‘"{'p<—ﬂ2——x-'——)+)\L(l’"X)}

2C
H_ Su » 3 .\ ‘
T e -2t G- s AR s ) |
? . 2
| L B e, a0 - Dy
| ; . w_oAyg . _ .9 1 - y2
: o ‘ R Uy (1 0) + & BBy (5]

_ a3
Sa, U (- x) - B (R

N ey

oF L Uy
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v 6 a 2 3
( S,w o _ . _@ (l-x l - A S
ag 2 S 3 )+\m( 2 Y 3 )

. 1 - .3 M 3
FoAe bag (TL-.) + ‘:S‘ (A1 -x)-¢ '\——2——')%

By, v g 2
~3 T - 41 - X 1 - X
e (L e ) Ha () ey )]

1 - x2 1 - %2

Sa, D =) ey () ¢ q (B

[l

o, s
}'5, 1s J-q s o
e 10 x5 (1 -]
1/ ) 4 3
'g\’fhr(l-x)-"\(l“r‘
ECLS,H Bisy 4y .3 a3, 219
{ ac -_T“‘l‘x)??)s RS

l-. 4 )‘L N 3
FEO - s 01 -7

+

90 A
us{-.;-(l~x“)+-1‘5(l—x"‘)]

% is the dimensionless locatica of the roct of the rotor blede. The
var.aticn of thm harmonic inflow components with radius has heen “sken
as fullows. 7he cogline coamporent L, has heen sssumed %o vary linearly
with radius followiog Coleman, i.e., Ay = 7 x. Since there i8 no

glaple theory ‘o determine the variation uf km and )\L'wlth radius,

g

~

Tor osimplicity they have becn asge'med to be independent of radlus,
Since tnair vaiues are determined empirically by cauparison with limited

exverim:ntal data 1t is considered that this ascumptfion 1s satizfactory. ;

82

N
e A PN VWY WY s

. ——r—

{




R I R o L P

®

L et [ gl Sl SR

vy argud

4 -——

Mome ntum theory is usrd to determine Xs

(~=10)

ot~ that in the above all of the coefficlents as well as the solidity
are defined c¢n total radius.
The harmonic inflow camponents km and A are determined by assuming

that the magnitude of these components is proportional to the serodynamic

L
moment acting on the rotor< ). Thus, it is assumed that
2C 2C
M L
= — 2ef — (A=
‘m J ag A= ao (A-11)

where 3 is a corstant of proportionality determined from experimental dnta.
Reforence 9 contains experimental data showing the moment produced by cyelic
pitch application on 4 small rigid propeller and these data are used to
determine the magnitude cf J. Filgure A-2 shows the experimental data.
Flacing the first of the expressions above in the equation given above

for CM and calculating the rate of change of pitching moment with cyclie,
8,w

with x = 0, for a propeller,

dCN 1
2 'S W <}

— _ A-12)
ag d"ls 1 +g (

The experimental data present in Figure A-2 lies between values of J

corresponding to rigid and non-rigid wake agsumptions in Referance 11,

AR TWRERE I w

so th: average of thegse two values is selected. Therefore,




Tt e T TRRETTET

e g

P! SO .0 W S g

Y a0 .
J =2 ﬁ—sT {(a-13)

"Ising th'C relationship, the expressic:.: for the hub moments become

] A 2
S, = 1 i3 4 us ‘ 2\
g Y 1) { B [(2 - %)+ = (1 -]
12 l\sl
1l .. 4
-r @) (1 -aY) } (A-1k)
2C
B
S,W _ 1 13 3 2 2
- = - [(L-x*Y+ =247 (1 -4F))
ag 1+ 12&)78 (1 - x;) { 2 s

e
- % P (1L -*)+ by [jf (1 -3) + :? (1 -] }
It can be seen that this effect reduces all the pitching moment derivstives
by the same factor,
The remaining quantity to be predicted is X ;. The theoretical de-
pendence obtained by Coleman is shown in Figure A-3. Since the interest

here is near hovering flight the linear portion of the curve near hovuring

may be used. This can be approximated by

~ “8
)\] = - '2— (:‘\-15)
Harris"e)experimental data show that Colemsn's result given in (A-15) as

well as a number cf other theories are in error by about a factor of two
in predicting the lateral flapping of an articulated rotor at low advance
ratiovs (see Figure 11 of Reference 8), This is in part no doubt due to
the fact that Coleman aggumes a linear distribution of Ly along the longi-

tudinal axis such that

Ag WA, X (4-15)




e A AP AIEG) WL L o =AY PR o

R

e

and th: lateral lapping depends upon the integral
p, x? dx (A-16)

3imilarly it ma, be shovn that the hub moment on w rigid propeller
produced by this; effect depends on the same integral, and as & result
is sensitive tc the variation of \4 near the tips, Data for the pitching
moment acting on a rigld propeller are presented in Reference 12, Applying
Colemar's thecry to these data shows good agreement without adding the
effect of the harmoni~ inflow due to the j factor. This effect is of
2oirse not pres:nt in Harris' data since a fully articulated rotor was
empioyed. [f ine harmonic inflow effect i3 included in the prediction
of the propells-~ hub mcment, the prediction is in error by about a
factor of two. Thus, good agreement with the magnitude of the'blow back”
2ffect 15 ~btatned for both the articulated rotor and the rigid rotor
If tne value given by Colemsn's theory is doubled and the j-factor
determined from the experiments of Reference 9 is used, Therefore in
the following
Ay = o-p (A-17)
The stability decivatives can now be calculated. Equation (A-17)

gives

The results are given for hovering flight although the expressions
developed and present~d in equations (A-9) are generally applicable to
forward flight. The approximation given by (A-17) applies only near

hevering as does the equation for the j-factor given by equation (A-13).
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The thrust is found to be constant as a result of the linearization
and as a consequence ks is constant, since ag ig defined as O for the
novering trim condition.

The stability derivatives are as follows. Interestingly all of the
dimensionless pitching moment derivatives are equal with the exception

of signa, That i3

aC aC aC aC
o M M ! L
2 S,W o _ . 2 8,9 _ 2 8,W_ _ 2 5,W
a0 3Ay, ag aus ac o8 a0 A%, {(4-18)

“ne rolling moment derivatives are

aCL
_2___J.Sw=u%( 1 -yt
ac 0By, ag
1+ (1 -+)
12[XS|
-1Q
ac ac (A-19)
L L
2 S, _ 2 8,%
AJ ap ag 3813
{
ani
o S, . 0 .
N — {1 -) + 1-%)
and ms (l+ a0 ) 3\ X T( XZ
12|Xs|
The body axis moment derivatives are given by relatiomnsnips A-3
The €nrce derivatives are as follows:
t
: 35
] 2 8w _ 8 o2y -
f PESET 28 (1 -7) 3 6 *s (1 -x)
i ac
i + 3 (e (- s) +2 (1 -) 2 Lg v
3_ o T g LIl T
g
i

% TR
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ag 3P
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Figure A-1, Definition of Rotor Forces and Moments,
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e serodynanic coability derivatives proadiaced b o the ror oy worps
~ale Gt has 1 oon e thesey Clevelopel in ppeondix o,

cne pertinetn modnl geometry and oporating conditiong are given

hoelon
ro= o 1bs m, = .75 slugs
U Yol X m. = 2.0 slugs
v 3,80 o = L0032 slups/ftl
= AN o o= 3374 slugs /£t
g = Fory c = 2,13 rt

ok
Tn onilition the vilue for the "blow bask’ effect ns given by —— was

-1

tak-i. as twice t1» valu. given by the thoory of Reference 7 ag indicated
Voo tia ovparimental rocolts of References 8 and 12,

ihos

eoporticnalicy constant for the harmonic 1n.flow effoet J was vased

oot experimental data of Peforence 9 as

“hne dimensicnless stability derivatives are presented in Table R-1

and tti: dimensloral derivatives are presc:nted in Table B~II.

The moment dorivatives are the hub moments only since in all cases ‘

the mouments due to the Ir-plane forces are less than two percent cf
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