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SO OELCDT T O DYNAMTC STADLLTTY (7 HELICCPTEERS

JUASE I

DEVELCTTTNT O MODET, AND TESTING TECHUNINUES

SUMMARY
This ropost royprasents the snccessful concluston and presents
the rosults o thase I of a general exucerimenterl Investipation
of hhoverine stability of a two-dimensional =wodel heliropter
Trom o ylrich all lateral motlon has heen eliminated excert that
¢t thoe atahlllzey har and tip path plane. The sole ohjective
of thic Mysot haessz was the development of the test fsctlity,
the molel . tis lnstvumentetion. and the completlon and per—
tlal vodneter of data for one test run. Therefore, th
report derls ,?'1arrlv vith a description of the test feoil*ty
nd woltel and tnelndes ¢ discussion cf the reasons for snd
velidiby of the test wmethod nerein desecribed.

terfocrrmance, as deftermined fron thrust

k del's now f

stend data. s gnnluded in ~raphicel form, es sre the experi-
ontal resulte of the test run. The theorct'cal performence
“Tothe model ffter 2 slight disturbance from hovering flicht
me heen leulated for both a stable confipuraticon and =
atebilivy bheoandary cenficuration. end 1s also greoyhically
rroented leveln,

B 1

Mrig Investiontion was carried out at rineceton University
vnder the snonscorship of the Cffice of Neval Fesearch and

}/
w'th the " noneial cssistaince of the Buresu of Aercnautics.

INTRCDUCTICN

Jith the 1neveasine nsefulness of rotary wing aircraft for
both —ilitary and eivilian appllecation, 1t has bhecome ap-
ravent that metholiz must be developed for accurately predict-
.ne thelr stabhllity characteristics. The primary purpose of
arn lavesuicetion alonp these lines would be the determina-
tion of the statlc and dynamic stabillty derivatives.
Thecrntical analyses have been made of the stebility and
control charactericstics of a helicopter allghtly disturbed
from hovering flight, and theoretical methods of determin-
Inr stabillity uerivatives have been arrived at. (References
1. 2. and 3.$ However these theories cannot be usecd

with ronfldence untll the values of the theoretically
derived stahllity derlvatlves have elther been verifiled
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E experimentally or replared by ewmpirical values determined

: from experiment. Such &n experimental investigation would

! also prove or disrrove the val:dity of certain simplifying
assurptions made in the theory, and, if the letter were sc,

it weuld show the way for improvement.

A broad experimenteal prorrum hes been undertaken to deter-
mine the stabilitv derivetives of a model helicojter near
hovering flipght. This rrogram has been divided into
several rhases. Thase I, of about one year's duretion and
described herein, was ccncerned with the development of the
| test facility, desien and construction of the model system
i and i1ts instrumentation, and the developrment of testing
techniques. A theoretical anelysis of the model using
existing theory was made, but no compariscn of thecry with

experiment was attempted nor cxtensive experimentel data
recorded.

—easurement, recordinec, and reduction of flight date with

the model in several steble and unstable configurations.

The various dynamic stability derivatives will be calculated
from the experimental dsta, non-dimensicnalized, and a com-
rarison made with the thecretical derivatives. An attempt
will be made to adjust the theory either theoreticelly or

by the inclusion of empirical stability derivatives to allow
{ for any discrepancies that may be discovered. The stability
1 characteristics of the model will then be calculated for a

# flight condition different from any previous ones end checked

i experimentally. This phase will als» be of approximately me
; vear's duration.

i
thase II, which is now under wey, ls concerned with the j
1

™ " il

A possible extension of the progcram would be an investigation
of the effect of blade flexibility on dynamic stability

¥ derivatives of a model helicopter near hovering flight. The
1. next step mirht 1cssibly be that of entering the forward

| flight rer 1ne. This would require not only the measurement
% of dynamic stability derivatives, but also the determina-
tion of the static stability derivatives, either from wind

3 tunnel tests or from actual steady forward flight slong the 4
| track.

The precticability »f modifying the methods and apparatus 3
of the present phase 1or forward flight stability tests is
currently being investigated.
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SYMBCLS
:; Fhysicel Quantities i
W, Lifting weight of model, pounds %
?»L
E Wx Horizontal traveling weight of mcdel, pounds H
| (model plus carriage and portion of trailing cable) E
] b Number of blades %g
1
R Blade radius, feet i
t8
¢ Blade-section chord, feet H
g be '
o Rotor solidity TR ??
GO blade piterh enrle at hub, redians i
i By Longitudinal cyclic blade plitch angle variation
T at hub;, cyeclic input disturbance: pilot's contrcl term, i
radians
B Total longitudinal cyclic blade pitch angle variation i
1 H
at hub H
1
m Mass of blade per foot of radius, slugs per foot |
3
I1 Mass momegt of inertia of rotor about flapping hinge, 4
1b-ft-sec”.
oy Longitudinel fuselage attitude angle, engle between
rlane perperdicular to rotor shaft and horizontal
y reference plane, radians :
i i Damping factor, iIndicates rate of jincrease or
% decrease of model motion, seconds” :
h Distence along shaft axis from rotor hub to model ]
center of gravity feet ,7
| s
1 P Model mess moment of inertia less hlades Sbout lateral '
J exls through center of gravity, 1b-ft-sec<.
Ilb Mass moment of inertia of stebilizer bar sbout its
pivoting axis, 1b-ft-secZ.
, < Viscous damping coefficient applied to bar, ft-1b
% rer radlian per second
i! = T ratio of viscous damping_coefficient to moment of
' inertia of bar, seconds~l.
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K Linkace ratio between bar and blede feathering motion.
t Time, seconds.
ﬁo Built in coning angle of blades, radians
&lr-Flcy Faremeters:
Vo Vertical compronent of true airspeed of model,
feet per second
v Horizontel component of true airspeed of model,
& feet per second
n Roter angular veloclity, radians per second
8y Longitudinal rctor angle of attack, engle between
tip psth plane and direction of flight prth, radiens
J - Y x
by Horizontal tip-speed ratio (TTF)
¥ Blade azimuth angle measured from downwind position

in direction of rotatior (N t), radians

Aerodynamic Cheracteristics:

Blade-element aerodynamic characteristics

Cy Section 1ift coefficient

4 Section profile-drag coefficilent

§ Mean profile drag coefficient

8 Slope of curve of section 1lift coefficient
ageinst section angle of attack (radian measure)

Rotor serodynamic characteristics

L Lift, pounds

T Rotor thrust, pounds

Q Rotor-shaft torque, pound-feet

CT Thrust coefficient 2 I e
TR p (QR)

CQ Rotor-shaft torque coefficient s 2
T™R°p (QAR)°R
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DESCRIITICON CF APPARATUS

Test Fecillity

The test facility is comprised of & brick bullding 28 feet
wide and °% feet long, whose lateral cross-section is as
shown in fipgure 1, and e control room as also shown in
ftcure 1. The centrol roow 1s bullt inte the side of the
building and affords conrplete protection fer test person-
nel, controls, and recordinr equipment. Test personnel
have en uncbstructed view of the ~odel in any position on
the *reck. the model beine viewed throurh one-hslf inch
thick plexirleas.

The tracks are rcunted cn & cinder blork wall et & height

cf four and cne quarter feet ebeve the lower level of the
building. The track systew 1s built up of extruded aluminum
channel and "T" sections as shown in figure 2. end 1s so
desirned that both verticel and horlzontal adjustments for
aliennent way be made by ~eans of screws.

llodel Supporting Structure

The carriece is constructed of 24 ST extruded aluminum angle
sectlons. t rolls on and 1s held on the track by mesns of
four yeir of ball bearing rollers. Cne of each palr runs on
tep of the track, the other mounted directly below the first
runs on the underside of the track. The carriage 1s centered
en the traclk by mesns of four additlonel bearings which roll
crainst the inside edge of the track. (See figure 3) The
chassis of the cerriare 1s of rectengular shape, the bearings
being mounted at each corner.

Vertical freedom of motlion 1s accomplished by egllowing &
square aluminum tube tc move freely on four palr of ball
bearing rollers which are mounted on the superstructure of
the carriage, and are arranged about the tube as shown 1n
ficure 4, with two pair to each set and a distance between
sete of seven Inches. Posltive stops are bullt into eoch
end of the square tube. On the uprper end of the tube Is
mounted a yoke, also constructed of aluminum, which carries
the bearings supporting the trunnions sabout which the model
is free to pitch. Pitch stops are attached to the yoke
which 1limit the model piteh angle te thirty degrees in either
direction. Latersl end rolling motlons are completely
eliminated.
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Model

The model itself is mounted in the yoke so that the pitch
axis passes through the center of gravity of the model.
Power 1is supplied by a heavy-duty disc sander type moter
vhich develops about one and one-helf horsepower when run
at a stepped-up voltage. The motor as well as all the com-
ponent parts of the rodel eare shown in figure 5.

The motor is geared to the rotor shaft through a two-stage
plenetary gear system allowing a 12 toc 1 speed reduction.
The first stage planetary gear and the second stage sun
gear sre shown in figure 6 mounted on the motor with the
gear box containing the ring gears at one side. Figure 7
shows the gear box in place with the second stage planetary
gear shown mounted on the rotor shaft in the foreground.
All geers are splash lubricated with & medium light weight
motor oil. Figure € shows the rotor shaft in place &s well
as the six slip-rings required for the rotor tilt eangle and
stabilizer bar tilt angle indiceting circults.

Figure 9 shows the installation of the magnetic clutches. To
one side 1s shown the clicch housing which carries the
follow-up potentiometers and the brushes for the slip rings.
In the foreground are the screw-jacks. The lcwer side of
each magnetic clutch is geared directly to the rotor shaft.
The other side of each pair is geared 4irectly to & screw
jack comprising the lower end of the corresponding blade
linkege system and to a fcllow-up potentiometer. Figure 10
shows the clutch housing in place with the follow-up potentl-
ometer and the screw jacks installed. The control for each
pair of magnetic clutches is an identical potenticmeter
mounted in the control room. The two potentiometers of each
control are so connected electrically that a movement of the
control potentiometer introduces en error signal in the
electrical system which by means of an electronic amplifier
causes cne of the pair of magnetic clutches to engage, thus
running the screw jack up or down and rotating the follow-up
potentiometer so as to cancel out the error signal and stop

the motion. This introduces the desired control motion to
the model.

In th foreground of figure 10 are shown the cover plate of
the c¢iutch housing and the swash plate assembly. Figure 11
show: these components in their installed position. The
screw jack on the right engages the collective linkagey that
on the left, the cyclic. The swash-plate may be tilted only
about an axls perallel to the model pitch axis. The scissors
levers are shown attached to the swash plate by the monkey
links and pivoted on the collective piltch sleeve. Vertical
movement of the sleeve introduces an equal angle to each
blede by means of linkages,tilt of the swssh plate introduces
e cyclically varying angle.
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In the foreground of figure 11 are shown from left to right:
the stabilizer bar damping pot, & micro-torque potentiometer
for indicating bar tilt, the stabilizer bar with mixing
levels and connecting links, the blade hub, and the potenti-
ometer for indicating rctor plane tilt. These components
are shown installed in figures 12 and 13. Also shown in
figure 12 are the magnetic clutch amplifiers, the control
bcx, and the rotor blades. As may be seen. the lifting
rotor has two blades which are connected to each other
rirgidly and to the shaft by means of a universal joint.

The rotor blades are constructed of solid srruce with a
one-eighth inch by three-eighths inch strip of brass

buried in the leading edge so that they are balanced about
their quarter chord which 1s also their feathering axis.
The airfoil section is & NACA 0015. The blade surface has
a smooth lacquered finish.

The stebilizer ber as shown in figures 11, 12, and 13 is the
Bell type and consists of a bar with a mass on elther end
cornected at 1ts center by a pivot to the shaft at a point
below the rotor plane and at right angles to the feathering
axis of the blades. The ber 1s further connected by suit-
able linkeges to the blades and 1s free to pivot up and

down while rotating. This "see-saw" motion is provided

with viscous damping which determines the rate at which the
motion of the bar follows the disturbed angular motion of the
model shaft. The motion of the ber may introduce & cyclic
variation in rotor blade angle by means of the aforementioned
linkages. Thus while the model 1is hovering, the bar is
rotating in a plane perpendicular to the rotor shaft and the
rotor blade angle is not affected. However, if the model is
disturbed in pitch, the bar, due to gyroscopic forces, tends
to remain parallel to its original plane of rotation, and
hence introduces automatically a cyclic variation in blade
pitch angle which terds to restore the model to 1ts hovering
condition. The main factors which affect this automatic
stabilization are the viscous damping applied to the bar am
the linkage ratio between the bar and the rotor.

Viscous damping is applied to the stabilizer bar by means o
a solid "swinging gate" immersed in a hemi-cylinder of
hydraulic fluid and pivoted about the axis of the cylinder.
The portions of hydraulic fluld separated by the gate are
connected through a passage and an adjustable needle valve.
The plvot shaft of the gate 1s geared directly to the bar eand
is free t pivot as the bar does. When the model is disturbed,
the bar beglins to rock back and forth as stated before. This
movement forces the hydraulic fluid through the needle valve
and results in the application of a viscous restraint to the
bar. Different values of dampling may be realized by adjust-
ing the needle valve.
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To chenge the linkage ratio between the bar and the rotor
requires a different set of mixing levers, and assoclated
links.

Verticel and horizontel motions are limited by the engage-
ment of elastic shock cord by the model and carriage, which
gives adequate protection to the model when and if control
is lost.

INSTRUMENTATICN

The model and carrlage are instrumented to record the
following data: vertical and horizontal displecements,
vertical and horizontal accelerat.on, fuselage attitude
ancle, stabilizer bar tilt angle with respect to rotor
shaft, rotor tillt angle with respect to rotor shaft,
collective blade pitch angle. cyclic blade pitch ancle,
and rotor shaft speed. It has been planned to add an
angular accelerometer tc measure fuselape attitude ac-
celerations before Fhase II 1is begun.

Vertical and horizontel displacements are recorded by means
of a series of electricel contacts mounted on the track and
on the square tube. As the model moves verticelly or hori-
zontally, insulated leaf springs mounted on the carriage
brush these contacts and close the circult, thus allowing
an electrical pulse to flow in the circult which may be
recorded by an oscillograph. The amplitude and polarity of
the pulse vary from contact to contact in 2 rre-set manner

so that they form & pettern on the oseillograph record. A
reversal of direction reverses the order in which the con-
tacts are made, and hence the pattern on the record, which
allows easy ldentification of reversal in direction and dis-
placement at which it occurs.

A miniature accéerometer of range ¥ 1.5g is mounted on the
vertical tube to generate a signal for the recording of
vertical accelerations. A similar accelerometer 1is
mounted on the carriage for horizontal accelerations.

Fuselage 8ttitude angle is recorded by means of a poten-
tiometer which 1is driven by & spur gear mounted on the model
pitch shaft. The potentiometer has a voltage impressed

across its outside terminals. The center terminal is grounied;
one of the outer terminals 1s led to the oscillograph where &
rotation of the potentiometer shaft is recorded as a galvan-
ometer deflection. Both bar tilt and rotor plane tilt are
recorded in a similer meanner. An angular accelerometer 1is to
be mounted on the fuselage pitch axls to measure fuselage
ettitude angular accelerations.
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Collective and cyclic blade pitch angle are recorded as an
oscillograph gelvanormeter deflection proportional to the
chance in resistence from the center terrminal to an outside
terminal of their respective follow-up potentiometers.

I

N SN VRIS A

Rotor shaft speed 18 obtained by recording an electriceal
pulse introduced by the opening of & set of breaker points
by a cam mounted on the rotor shaft.

-

A visual indication of rotor speed is obtained for the
operetor by mes&surin~ the output voltape of 2 small d.c.
generator mounted on the bottcm of the motor case and
driven at motor shaft speed.

- —— L —
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This conprises the instrumentation anticipated for the
successful measurement of flight data.

All date ere recorded by a Helland Type A 301R Cscillogreaph.

TEST FROCEDURE

TERPSPTRRPR. Lo

A typicel run is as follows: First the bar damping is set
at the desired value. Then the model is brought up to
speed and made to hover at one end of the track. When the
model is in steady hovering flight, the recording circuits
and oscillograph are turned on and a given disturbance is

L aprlied to the rotor by introducing an error signal into the
cyclic pitch circuits. An oscillograph record 1is taken of
the subsequent motion until the flight 1is completed or until
the model engagces one of the stops. The oscillogreph record
is then developed, and the data analysis begun.

" Since most of the data 1s recorded as a resistance measure-
ment depending on an impressed voltage, the affected com-
ponents are calibrated before and after each day's tests

so that proper allowance may be made for a drop in voltage '
as the batteries are used.

S A e s

PRECISION

¥
1
H
i

. It 1s conservatively estimated that the measured and recorded f
data will have the following tolerances--

Angular measurements 2+ 1/4 °

Linear measurements ¥ 1/32 iw.

Rotor shaft speed 1 20 RPM
¥ 0.02 ¢

Accelerations
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RESULTS

: The results of the model end test facility develorment are ]
! presented in the main, pictorielly. Figure 14 shows the H
model, supporting memoers, and carriage mounted on the track. ﬂ
In the foreground are strends of elastic shock cord stretched

across the track to snub the model. The ceble carrylng the L
power, control, and position indicator circults is shown, 4
trailing to the left of the model. ;

of attechment to the yoke and carriape. Figure 16 is a
general view of the laboratory, with the control room on
the left. Figure 17 1is a brosdside view of the control
room with the model and tracks in the foreground. In 13
figure 18, a close-up of the control room is shown and P
the renerel arrangement of controls and recording appsratus ;
i1s indicated.

!
Figure 15 1is a closer view of the model showing the methcd E
¥

:

The experimental results of a thorough static thrust anelysts
are presented graphiceally in fipgures 19, 20, end 21. Figure
19 is a plot of thrust coefficient versus blade pitch angle
and a comparison with theory for a 11ift curve slope of 5.75
per radian. Figure 20 is a plot of the torque coefficient-
thrust coefficient polar, and figure 21 shows the variation
of rotor profile dreg coefficient with blade pitch angle for

a 3/4 radius Reynolds Number of 313,000. Table I lists the
measured model characteristics.

¢
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Figure 22 shows that the variation in stabilizer bar damping :
as determined statically by experiment is linear with speed 1
-and that the demping coefficient is therefore constant for a !
given needle valve setting. 1

A sample oscillograph record is presented as figure 23 tc
show the present status of the recording circuits. Data from
this record are presented in figures 24 and 25. Figure 24
shows a typical fuselage attitude versus time record whose
half period is 3.4 seconds with a computed damping factor
of -.454 segc~l for a cyclic blade pitch disturbance of 3.0
degrees. Presented in figure 25 i3 the horizontal velocity | 3
response whose half period is 4.75 seconds with a computed
damping factor of -.459 sec”1l. Collective blade pitch
angle was measured and found to be 11.0 degrees. COther dats
was not reduced, elther because 1t 1s not of much interest

. at this time or because of obvious reduction difficulties
vhose elimination will be discussed later. Table II lists

the calibration constants for the oscillograph galvanometer
deflections.
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Theoretical responses of the model, using the theory of
Apperdix 1. for twe velues of stabilirer bar demping were
computed and presented as fipures 26, 27. and 28, TFipures
26 and 27 show the horizontsl velocity response and figure
2f shows the fuselare att!tude response of the model for e

-t

clven sssumed cyclic blade piteh disturtrance.

ANALYSIS

The dynamic stablllty chearecteristics of the model are de-
termined from its motion follewing a disturbance from steedy
hovering flight. The varicus osecillatory motions of the
model are aessumed to be of the form

NO e‘,t cos wt-

where N 1s the amplitude cf the disturbed motion, A 1s the
damping facter, and o 1is {%e frequency of oscillaticn. Ob-
viously, the product N e defines the, envelope of the re-

sulting motion and 2 fives the charecteristics ¢f the dynaemic
stability; that 1s, both the degree and type of damplng present.

Solving the above equatlon for A end remembering that cnly

the maximum amplitude is necessary so that cos wt = ¥ 1, ylelds

.UINE - lan

a =
2 i

where N2 and N1 are two successive maximum amplitudes occurr ing
at time"t, and"t,. Thus the stability charecteristics may dbe

determineg direc%ly from the oscillograph record, by measur-
ing the galvanometer deflectlon at two successive pesaks,

noting the difference in time between the two peaks, and sub-

stituting these values 1n the above equation. The period of
the oscillatlon may he determined by measuring the tims re-

quired for a complete osclllatlon es indicated on the oscillo-

graph trace.

Vertical and horizontal velocltles are determined from the
slopes of the dilsplacerment versus time plots.

Verticel forces, horizontal forces, and fuselage pitching
moments are determined by the application of Newton's First
and Second Laws to the observed motlon. Since the accelers
tions are measured and all remulnling physical quantitles are
known, the calculatlon of these quantities 1s a simple
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matter. If these ferces are then plotted versus varicus
parzmeters, the slope of the curve as it pesses thronrsh
zero rives the deslired dynemic stability derivatives. These
derlvatives esre tl.en comrered with the thecreticel cnes
derived in chapter O of reference 1.

DISCUSSION

This investisetion has been concerned with the develepment
of a model helicepter end testing technliques suitable for
the further study cof the dynamle stehillty chorecteristics
of retary wing aircraft. The wethed hereln descridbed wues
cncsen for its epparent simplicity and adaptabllity to ercsy
constructlion and instrumentaticn. It 1s easy to see theot
tiie eliminetion of all lateral =motion excert thet of the
stabilizer har &nd rotor has rreetly simplified the prrbler.
FThvsically this results in the model's hein~ 2 representaticn
of cone rotor of a twin-rotor helicopter with side by side.
cpresitely rotatine rcters. because eny loncltudiral —~etion
ccuses equal and cppeslite loterel Inclinations of the twe
tip path plones which results in a ceonrellr ion of laterel
forces. The end result being that no lateral motion ensues.
Since the theory was developed with this in mind, a direct
valid comperiscon may be made between experimental and
theoretical dynamir stahility derivatives. It is glsc ob-
viocus that the stabllity derivatives, due to thelr nature,
wlll also be aprliceble to a single-rotor helicopter for
motion near hovering flight.

The presence cf the carriage, 1.e., the fact that the travel-
ing welght 1s different from the lifting welcht, has been
eccounted for in the theoretical anelysis and should have
absolutely no effect on the comparison of stability
derivatives.

The effect of the bearing friction is quite swall, as is

adequeately evidenced by the ease with which a slirht push
will start the carriage ani model moving elong the track.
Its subsequent coestling ebility 1s quite rocd.

The effect of the tralling cable appears to be quite large
at present. The next step In reducing 1ts effect willl be
the replacement of the present bundle of wires with a
single, multi-conductor cable of much lighter weight and
smaller dimensions. If this should still appear to have s
prohlbitive effect, the trailing cable system will be
eliminated and & series of third ralls will be installed.
However, 1f the effect of the new tralling ceble appears
small, it may also be asdequately accounted for in the the-
oretical analysis, or even completely neglected.
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It 's quite aprarent thet since the rotor hlades are ccnsid- :
erebly stiffer. relatlvely, than these of a full scele heli- 4
copter. the effect of blade flexibility should be smell.
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The hendline gualities cof the medel are comraretively ~ced.
] It 12 quite sensttive tc contrel nmovement. end the mrenetic I
servo clnteh system 12 creratine satisfacterily. The -cdel i
=av be flewn "hands off” for & censiderable lencth of tirme,

A novice "pllot" rcon lesrn to flv it sefely in ¢ surprisincly ;
shert period of time. A

At present. the model is about three pcunds overweirpht. whicl
requlres & much lercer hlade pitch enele and rotor R then
wvas oririnelly ccontemplated. An investigetion 1s now under u
wey to determine the possibility of replacing the present
motor with o 400 cycle eircraft hydraulic pump motor of

abcut half the welpght of the present moter a2nd cepsble cf 'é
develerpinr two horsepower contlnuously. It eppears thet I
this conversion may be made with a minimur of desicn i3

chenpes., The meln edvantage of such & conversion lies in
the weight saving which results iIn ¢ reduction ~ the blade
»iteh onrle ond roteor RIMM required. This wveleht reducetion 1
alsc will cllcow the installetion 6. an encular «ccorlorometer ‘
on the fuselage pilteh axis. Tt is estimated theot the resalit-

ine 1iftine weight will be less than 29 pounds, & consider~

able reduction.

Figures 19, 20, and 21 rlive the results of & static test
analysls of the model. As may be seen from figure 1S, the
comparison of experiment with theory is quite gocd for a
1ift curve slcope of ©.75 per radilan. Roter profile drag
coefficient versus blaie angle was determined from thrust
stend date and plotted in figure 21. The value of this
coefficient 1s required for the theoretlcel analysis, it
being primarily a Reynolds Number correction.

A sample oscillezreph record is presented in ficure 23.

As may be seen. all traces are satisfactory except those
indicatling the rotor tilt angle and the two components of
acceleration. As yet, the reason for the "hash" in the

rotor tilt ansle has not been determined. but is is thought
to be mechanical and capable of being eliminated as it does
not aprear in some of the first records taken. The principal
culprit causing the "hash" in the vertical acceleration is
the amplifier for the cyclic pitch magnetlc clutches. This
may be eliminated simply by shielding the leads which will ;
be done when the new trailing cable 1s installed. It would 4
appear, though, from the horizontal acceleretion, that some ;
residual hash will be left in the vertical trace. There are
two avenues open for elimination of this in both traces, since
1t appears to be due primarily to vibration of the mcdel and
carriage. One would be to use a properly designed filter in
the circult, the other would be to lncrease the galvanometer
damping. One or the other method will be attempted.
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Au oo be seen Cromothe record, the stabllizer bar 1s not

wwrkinm :x\Wv“‘v beeanse there should obviously he n cor-
tirned caced llutzmn of the bhor slnece the faanlape st tita)
con&in“ully choanging.,  The rengon that 14 g notl vl
Droperly oo that the control Torees dao to conte ! O, d bk
Ponthor ing cpposr Lo be muel laveer Shon tbo Ty ranes 1l
Poreon ond the offect of this la essentlolly 0 loci L Lo
coohingy wpl when a cwch pltch \.mrmt:? on Is impreoos
- ly remedled by increasing the incrtju of Lre

mtll 1t Ls laree compa ed to the contrnl ferce

rther evidence that the oscillopraph record 1s satls actory
,;“hontod i fipures 24 and 25 which show the fuselage

de respeonse and horizontal veloclty response of the
Per the shown eyelic tnpnt dlsturbianoe The oot thieo

obLe o motion hos resulted, whereas 11 Vl\7'11<ti he expeted
e medel wvonld be qnstable slnce the stabilizer Lor
crerative, s thought to be a direct result of the

ne cahble.

Severael thecrcticol responses of the model have been caleulated

and are yI@UOntC( as Tlpures 26, 27, and 29 to show what mayr
be predlicted for arbitrary values of stabilizer bar damping
“ooff*c’ent. Yo comparison wilth experimental results is ot
tempted nor latended. Tigure 27 shows that., theoreticallw,
the hﬂ"ﬁlhto motion of & stable model may be recorded on the
acle avallable fer any impulse cyclic input disturbance of

then abeout 2 1/2° It is therefore antlcipated that

fa

¥

ilafoctory datea v bo recorded for bhoth stable and un-

& ™m
staole models simply by keeping the cyclic input disturbance

small enouch.

There appears to he a slicht recirculation effect when the
model 1s hovered at low altitude and near the ends of the

b ilding, which 1s indicated by an unsteadiness of the model .
lfowever. when the model 1s hovered in a normal flight posil-

tion and at a short distance from the ends of the building,
this eoffcct scems to hecome negligible.

CONCLUSIONS

With the completion of the minor adjustments and Wodifications
indicated in the discussicn, the model and recording equipment
will be ready to begin Phase II, the recording of the disturbed

motion of *the model and the calculatlion and comparison of the
dynamic stabllity derivatives.

I'rinceton Universlity
Prilnceton, N. J., January 25, 1952




ATTENDIX

THECRETICAY, ANATYSIS

N b
e H

eory whteh fnonzed in this invesUemtion of the
dynamic atahility of a helilconter neer hoverine flirht
T ldentical with that derived in Charters 5 and 6 of
vef~venee 1, axcent for o few minor modificatlions of
Feorma og Indieccted helow.

la) ’

o rodificattonato the theory of reference 1 are the
‘nelvston of the offect of the stabilirzer bar on the
tlede »ftell an~le and the redefinition of terms to ac-
count Tor o oa sce-gcow type rotor. The har Introduces a
crelic varintion In blede piteh angle which 1s brought
abont by the »metlon of certailn linkases inserted in the
ritel choange weenanism for the purpose of following the
metlion of the bar, whose tendency is to remain in the
Lnd of rotatrion. The mevement of the bar out
ol plane of rotation is a direct function
. tullt Intec the system ond of the friction
aces.  The effect of the bar on the blade
mory be derived f'rom the equation of motion

he equotion of wotion of the bar may be obtained by
writing the equatlion of moment equilibrium about its
rocekwing hince.  Thus

i
O

mh Y

e

(M7> = the moment due to lnertia loads on the bar

(M,) ., = the moment dve to & viscous restraint
" between the frame of the helicopter and
the bar

(M )“b = the moment of all forces acting on the

blade about 1ts feathering axis (assumed
to be small in comparlson and hence
nerlected).

EEST AVAILABLE cory

1
f!,
i
!
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Expressing R, the angle boetween the horizental reference i
plane and th? axis of the bar. as .
Bb ==0,4 COS ¥ - blb sin 4 %
% where a b and b are positive when the bar 1ls tilted swey if
from thé direct}Bn of motion and the advencing blade, the 0]
1 moment due tc inertis loads bzcomes, 1n ¢ menner similar to l
equetion €.13a, reference 1, @
,‘;{ (I"I' )mb . ole f). oo ) ;;
! - —+1—hT = (281bn = blb) slnQ2t - (,_blé)'f' clb coeflt ;
where f
I = the moment of lnertla of the bar about its ;§
1b ¥
rocking hinre 4
L1 = rotetional velocity of rotor end bar. .é
The encle @,, between the plane perpendliculer to the shaft j
and the plane cf the bar is X
Q) = Bh - a ;
where -
i
¢ = the angle between the horizontel reference :

plane and the plane perpendiculer to the

shaft.

The angle a, may be expressed as

o =o, cos Nt + a, sin N t
end since o, i1s being meintalned equal to zero by means of
mechanical gestraints in this investigastion, the angle Oy E
may be expressed as

a, = -(a, + a

, cos It - b.. sin A4 t i;

1 1b) 1b
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Therefcre, the moment due to a viscous restraint between the
frame of the helicopter and the bar becomes

e T R (TR W TS e 463

(M}r)db =€ % &
= 4{[-.((11 + alb)-blbn]cos nt EJ
i -[6y-aalag+ 8, )Isinat) §
: where )]

< = viscous restraint and is assumed negative i
i at H
1 M

$
Equeting the coefficients of similar trigonometric functions f%

contalined in the two momenti equations results in two differ- x|
entiel equations. Then teking the Laplace trensform of these i
tvo equations and setting the initlal conditions equsl to ]
zero results in the following expression

a +eyy - AUATTA) - 2An%(2A- )

- - - 2
oy -IIEQA-cﬂ2+(A21-cA)

;

vhere . i

i A = Laplace transform variable i
| £ ]
f ° =Ty :
: ;
Following Miller's suggestion, reference 2, that only the ol

effect of the stabilizer bar on small roots 1s of interest,

the assumptions may be made that A 1is smell by comparison
with L1 &and hence

e+ B 2 A

al 2.X - C
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As previously polinted out, the motion of the bar sutomatical ly
causes a cycllc variation in blade pitch angle which 1s dir-
ectly proportional to this motion due to the manner in which
the blade feathering mechanism 1s linked tc the bar. Since
the bar 1s 90° out of phase with the blades, this blade pitch
chanpe 1s

TR 1. R b .mJ

8 = K[-blb cosnt + (a, +a sin f3t]

1 lb)

where

=
i

the gear ratio hetween bar and blade feathering
axls.

ince the wmecdel is restrained tc mction in one plene, cnly
the ccefficient of sin £t is of interest, s this 1s the
term which tilts the rotor plene and hence the whole model
gobout the lateral axis. The neglect of the ccs Aot term
results in a small error in the longitudinel resronse as
it was shown in reference 2 that the effect of the leateral
response on the lengltudinal response may be neplected.
Therefore the exrresslon for the total control engle msy be
written in the form

o
i Pt

_ 2AKa;
2A-T

where Blc is the pllot's control term.

B, = B

1 1lc

The applicable equations of motion are equations 6.32d4 and
6.33d on papge 220 of refererse 1 and the following equation
which has been modified for see-saw blades and is to be sub-
stituted for equation 6.31d of the same page &and reference.

18 (A) Byy + O (/\)B32 + a (A)B33 =(“x)oP§1 + [fal)oA ]P'2
where
Byy = PAM! - T M! =T A + Q!
31 A P 31
= -’) i o '
' B32 A 1+};) +C = P32,\+ Q32 )
- ' - T J T = ! “ ! !
By 2Myé A A2+ T Myé ) + T N3 A P4z A + Qs
i 1l
» and the various terms are as defined in reference 1 except that
» wherever 1t appears 1s-now equal to the moment- of'Iné?tie
o} two blades and Bo is the built in coning angle of the blades.
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TABLE I

--20

MEASURED MODEL CHARACTERISTICS

Rotor:

-
ol

No. of blades, b = 2

e

Blede radius, R = 3 feet :
Solidity, ¢ = .04l :
Blade chord, ¢ = 0.208 feet ;
Blaede airfoil section - NACA 0015 }
Slope of 1ift curwe, a = 5.75/radlan 5 3
Moment of inertia, I, = .160 1b-ft-sec 'é
Preconing angle, Bo = .0436 redians i

Weights:

Lifting weight, W_ = 32 1bs.
Total traveling w&ight, W_ = 43 1bs.
Model center of gravity p5sition: h =1.013 ft below
rotor hub and on rotor shaft axis 5
Model mass moment of inertia less blades, Iy = 0.194 1b-ft-sec
o

Stabilizing Bar:

Mass moment of inertis, Ilb = 0.00557 lb-ft-sec2
Linkage ratio, K = -0.60

i

i
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TABLE II

CALIBRATION CONSTANTS FOR THE OSCILLOGRAFH GALVANOMETER
DEFLECTIONS

Collective blade pitch angle . . . . . . . . . . 12.18°/in.
Cyclic blade pitch angle . . . . . . . « « . « 13.52°/1in,
Rotor tilt angle with respect to shaft . . . . . 11.23%*/in.
Stabllizer bar tilt with respect tc shaft . . . 24.15°/in.
Fuselage tilt ancle with respect to horizontal . £5.00°/in.
Vertical displeacement between impulses . 1.00 in.
Horizontal displacement between impulses . . . . 3.00 1in.
1
1

A S AP s e

W‘ L mum'

il S

.11 g/1in.
.00 g/1in.

Vertical acceleretion . . . . . . . .+ . .
Horizontal acceleration

b B

e

g
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Ficure 8
THIRD ASSEMBLY STAGE

Ficure 10
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Ficure 12 CoMPLETELY ASSEMBLED MODEL wiTH CLUTCH
AmpLiFIERS, CONTROL Box, ano Braoes

Ficure I3 CLose-Up oF Figure 14 View oF MopeL ANO
MooeL RoTor SysTem | Track SysTeM

Stiisas cas . | u:‘: ‘




gt e s Bt b

i

Ficure IS View oF Mober MounTeED IN YOKE
AND ON CARRIAGE

Ficure 16 GeNeral View oF TesT LABORATORY
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Ficure |7 View cr MooeL anp ConTroL Room
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Ficure 18 CLose-Up of ConTroL Room
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