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determine sxperimentelly the long
chargcteristice of this helicopier type and te investigatve means for improving
its hendiing qualities. The direct mcdel simulation of a full scale helicopter
is attempted, the Plasecki HUP being the prototype in this case.

The theoretical stebility and contrcl characteristics of the model are
presented, and s test procedurs based on these results is outlined. The

thecoretical parameters for an sutopilot which will produce exzellient hoveriag

handling quelities are alsc included.




. Introguction

&3 i continustion of the helicopter model ra2secarck cerried on at Princeton
cwin-rotor penloopuer iegesych prograx has beexn
wadertshen. The oblecsives of this progran are brisfly as follicws:s

1. The theoreilical snalysis of tandem rotor helicopter longitudinel
gtability and control neer hovering flight.

2. The investigation of means for improving the handling qualities
of this type of helicopter.

3. The design and test of a model helicopter which can be used to
check the validity of the anslysis. &n effort will be made to simulate
the Piasecki HUP helicopter, and the model and supporting members will de
éegeigned so that both tandem and side by side rotor configursations with
various degrees of overlsp cen be obtained. The model will utilize the

teat facility described in Reference 1.

Toia report covers the first phass of the program; i.e., the design of
the model and the praliminsry theoreiics) analysis of the model dymamics. In

¥
53

subssquent sheses the model will be buili end flown.
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basic grale factor, givea linear dlmensicop of full scale bellzopher/
e 4 A o
sorvespending dimension of medseld

distance vetwesn rotors, .
rate of change of rotor thrust with rovor vertical veiocidy; 1bs.uaec./
£h

2itch demping moment due to rate of change of xotor thrust with rotor
vertical velocity, £4. lbs.-sec./rad. This term may be varied
artificially with a pitching rate differential collective pitch input
from an antcopilot.

rate of change of rotor horizontal force with translational velocity,
lbs.-sec./ft.

rete of change uf rotor horizontal force with fuselage pitching velocity,
1lbs.-sec./ft.

ratio of fuselage tilt to swash plate tilt, each reistive tc horizon.
This corresponds tc an attitude cycliic piteh {nput from an autopilot.




%, Discusgion of Simuiation Taeory

The theeretical problsm of direct model simulation of s fell scale
halicepter 13 discussed in References 3 and b. Therefore the subject will be
discuspged bere only in & cursory manner sufficient %o explain the tandem
model design pregented.

¥or the saxe of simplicity it will be assumed that Reynolds Number
axd Msch Number effects are negligiblel for the range ccnsidered; and that

2 1n

the traveling mass of the model is approximately equai to the l1ifted mass.

general, however, these assumptions must be carefully exsmined and gualified.
¥hen designing s model to simulate a full scale helicopter, the geametric

parsmeters will be the same for the model if the full scale linesar dimensions

are reduced by a factor A , where A i8 defined as foliows:

A = Given linear dimension of full scale helicopter
Corresponding dimensicn of model

Dyvamic simulation mey be achieved if the model mase caarsacteristics are
cbtained by using,\ to the appropriste power and assuming that the densgity of
the model construction material is the same as that for the full scale
telicopter. Tae expreasicas fur the model veleocities and time scale may then
e derived from the above fsctors oy keepiug in mind the fact that air density
end gravitationel eccelerstion arz the saxs for the model and the full scale
machine. The scale factexe listed in Table I are based on tuis approach and

were used in the RUP helicopter modal deaigm.,

1. The primery effect of the amall model Reynolds Humber is an increase in
the blsde profile drsg {Reference 4), This may be partielly compensated
for »y using a thivner sirfoil section orn the model.

2. Por tbe carriage and track facility covsidered in thie case; the effective
1i24ed me2a way bve artifiszially incressed to compensste for the incrementsl
traveling mess of the os ¢ by sttaching & ligat Tly vheel sud pulley
o the sescmbiy which - 4 Ly the voloy.  The reguirsd thrusi

; palnad wity s down sprisg of approximately
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Am work on this project progressed it bocame spparent that direct
ghzplation couvld not easily be obteined vwithoud ellxinating the variuble overlap
and slde-hiy-zide features of The modsl. It wes reslized, howevar, thait dirsct
similation of the BEUP helicopter would in itself be a very important
contribution. Therefore increased emphasis was placed or the simuvlation of
the HUP helicopter at the expense of the other featurss of the model.

The model ig designed to utilize the test facility described in Reference
1. This fucllity is composed of a horizontal track, a carriage aund pylon,
and a yoke; so arrsnged that ithe heliccopter fuselage has complete freedom of
motion in a vertical plane.

Preliminary drewings of the model are presented in Figures 1, 2, 3, and &.
Table II containg the parameterz of the model and prototype. The model
parsmeters vere obtained by the methbod discussed in Section %. A weight and
belance estimate for the model may be found in Table IXI.

Power Sysvem {(Figures 1 and 3)

The model 1s povered by an induction type 40O cycle 200 veit motor
located at the approximate center of the fuselage. The motor is instelled in
the horizontal position s0 thst the mstor roter comprises part of the shaft
cennecting the fore and aft roter tranamissions. The trsnsuissione produce &
5C tc 9 apeed change and a 90° change in direction thru a uwevel mesh znd a
spur mesh.

Bigh pever output at minimum materiel weight is obtsined by utilizing
the fuseiage Leams as mounting apructure for the motor and by finning and
valfling the motor windings to utilize the rotor downwash for cooling purposes.
Calculations indicate that this installaticn will produce up to 1.5 hu without

sverieating.

fl
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be suppiied Lo the medor thou & “third rail sysvem” sad will
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be vregulated with a motor-genersicr pawsr gource.

{ & gy fimg anragu gy g s %
centrol Svstem (Figures 1 snd 2)

The contrel system for this model presented a perticuler probiem, cines
it was necessary to cbtaiun close coordination between the fore and st rotors
for very smsll cyclic pitch veriaticns.

Cyclic pitch on each rotor is obtained by tilting the control star (a),
which is mounted on a ball and socket bearing at the center of the hub plate
(B). The control star is attached to the blade pitch horns (C) as shown and
rotates with the blades because of the drive (D) and the bearing at (E).
Coordination of cyclic pitch between the fore and aft rotor is achieved by
the cyclic pitch rods (F) and the links (G).

The proposed test preocedure discussed in Sectlon 7 reguired that a
cyclic pitch input step function or sine wave be applied; and that the input
be applied by an electric signal indicating that the model is in steady
hovering flight. Either of these inputs may be obtained by using the hovering
signal to engsge the electric clutch and crank (H) to the gear train (J),
which meshes witk the rotor drive system. Rotation of crank (E) moves the
cyclic piteh rods (G) axially end produces the control input. The gears in
vals trein may be reedily changed to obtain various drive frequencies, and
micro switches are located so that the drive may be stoppeé after half a
cycle.

Both the sine wave and an spproximate step function may thus be
obtained with the seme basic drive mechanism; the difference being that for
the etep function the sine period is greatly reduced,and the drive is stopped
after half a cycle.

At
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Ap noiod in Tabie {3 the reguired ruaning plade weight Zor ths model is
0TS 1ne. fin. Herly dssiga studize showed that this welight could not Le zat
by ocooveationsl modal cuasivuctdon methods LY the biade chourdwige osater of
gravity was alan 4o be st the guarter chord. Accordingly, several less
conventional, but extreamelyr light, designs were laid ocut and the simpleat
design actually constructed during this phase of the program. Some practical
insight was thereby obtained into whet appeers to be the most difficult model
simulation design problem.

& detail drewing of the test model blade is shown in Figure k, and a
photograph of a blade blank and & copleted blade (before lacquering) mey be
found in Pigure 5. The calculated detail design characteristics of the blade
{le=s lacguer snd glue) sre compered the finsl measured values below:

Test Blade Chsracteristics

Calculated Measured
doped lacquered
Chcrdwise c.g., % chord. 2.2 k.3 25.3
Running wei@t, 1bs./1in. LO06L7 00625 .006TL
Shear center. $ chord J— 25.8 28.9
Torsional stiffness, GI, ibe.-ia." — W50 460
Bending stiffnees, EI, 1bs.-in.> 1305 1280 1300

fio celeuletion of the torsionsl stiffnsse or sheer cenler wes done, but a
qualitative effort was made to keep the shesr center near the quarter chord.

Since the blade was ¢of wooden construction; werping waz considered a
primery problem, and congiderable effort was made to seal ocut moisture. It was
also necesasry that the gealer not sirk into the wood excessively and increase

ita welight, end thaast 1% be competivlie with the glue used. Convenlicnal nodel
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GLrplene oot soed Joed vere Shwsen baeauss of thelr kaown Chsracteristics in

this respeald.

Tach piese of the bisds wes carefully drisd and doped hefure constructicn
5f the tlegk. The nlsakr were then assembled ae iadlicated in Plgure & and
thorougnly clamped. Altermaie layers were lald cross graln 4o reduce
VBIpage .

Previous experimenis indicated that an adequate joint between the lead
nose piece and the wood can be achieved provided the lead is absclutely clean.

The blade was next shaped by hand to a contour tolerance of * .005 inches,
ueing aahdpaper end metel templstes. A this juncture the blade was peinted
with one coat of dope and the dimensioneal, 1nertial,.and structural
characteristics measured (see above liat).

Tre blades wae finished with four zoats of blade lacquer. Any
irregularities appearing after the first two coats were sanded down, and after
the last coat the blede was dressed with crocus cloth, rubbinz compound, and
wax. The inertisl snd structural characteristics were then measured again
(see above list).

It can be seen that this type of construction produces & blade thst is
light, properly balenced; and with desirable structural cheracteristics. It is
recognized, howvever, thet blade homogeniety and werpage may atill presgent

provlems; although the present test blade hes not warped excessively to date.
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Tn en effort to develop s satisfactoyy tnstling proceduars the theoreticsl
rongisudinel charasiteristics of the FUP wedel wers calouleted nesr hovering
flight, uring e method essentially the same s that of Reference §. The

quantitative significance of the various asrodynsmic perameters was investigated
to determine which ones are of msjor importance. The effects of a simple
sutopilot were also considered by calculating the influence on the model
motion of variations in the aerodynamic parameters which can readily be
changed artificially.

Because of the preliminary nature of this investigation the fuselsge,
pitch oscillation and damping, and the control response to a sudden control
displacement were celculated for a range sufficiently large to iunclude the
probable values of the parsmeters.

It was found that the rate of change of horizontel rotor force with
tranelational velocity, Hg, is a very significent psrsmeter for the tandem
helicopters just as it is for single-rotor machines. 7The xate of change of
horizontal rotor force with pitching velocity, Hg ; however, comiributes
negligible pitch dszupmg comparsd to the pitch damping, _{,é?i , due to the
fore and aft rotor rate of change of thrust with vertics;h'velccity. This
differe from the case of the single-rotor helicopter where Eg is the
significant damping term.

The effects of H; and _.4’_;’2 on the pericd, damping, aund control
response are plotied in Figures 6, 7, and 8. It can be zeen in Figures 6 and
T that the periocd end damping are affacted by both {_’:_'E &nd 9, to a
considerable extent. While values of /%7 béla~w €.25 ceuss conaidzrable
divergence; ..e,, positive dsmping e::pc';;ﬁn‘bs,, larger values only sacee usderate

&~ s -
convergence. As )7 iacresses the effect of Bs repldly diminishes.
5 3
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Tae rapge of valuves for S 48 includes the value 0,30, Wik Is Lalol

sn the assumption thet tne rotor induced velocity is dependent only on tha atsady
hovering conditione; sed the velue 2.87, whilch is dbazed on the assumption that
the rotor ilnduced velocity depends on the hovering conditicps and Vhe
{nstantaneous vertical velocity of each rotor. Qualitative flight sbservaticre
on the full scale heliccpter indicate that the corréct vzlue approachea 8.30.

As pointed out in Reference 1, the accurate prediction of the collective
pitch angle has a great influence on Hi. The three values of Ej used were
therefore determirned in the following manner. The collective pitch angle
(9.4 degrees) wms determined using momentum theory and tip loss, essuming a
constant induced velocity distribution over the disc. Vzlues of 7.0 degrees
and 11.0 degrees were included to provide sufficient range for inaccuraciss
in the collective pitch theory. The values of Hp corresponding to these
collective pitch angles were then used to calculate the model dynamic
characteristics.

Longitndinal control on the full scale helicopter is composed of a
cowbinstion of cyclic pitch and differentisl cclleciive pitch. This type of
system will therefore be used in work for compsrison with full scale data.

It wes found, however, that differential collective piitch is an excessively
voverfal control. Displecement increments that sve large encugh to be accurstely
measured produce Muselage responses which are oo large for use in eveluating

g linearized theory. Pure cyelic pltch inputs were therefore used %o obtain

the asnalyticel responses plotted in Plgures 8 and 10. It can e ssen in

Figure 8 that again variations in By and Li?“’g_" hesve conslderable effect on

the motion. . 2

An attengmt to impreve the bandling guelitiess of the hellicopter with ax
autopilot wes msde by considering the influence of avtificlel veriatisus in

NS EAICAYNALC PATEMLLrs.
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velocity, aund fuselage piich angie were investigeied, and differouvial collsciive
piteh proportionad Lo fuselage pltuning welceliy was also conmidered.

As menticned previously the malor poriicn of piich damuing is due bo

zéga{ » not g , 80 cyulic pitch proporticnal to pitching velocity produces
1itile increase in stability. Since veriations in K3 are equivalent %o cyclic
pitch proportional to translaticnal velocity, it can be seen from Figure &
that here again little increase in stability is obteined.

The changes in the oscillation damping exponent when cyclic pitch
proportional to fuselage pitch angie asnd differentigl collective pitech
proportional to fuselsge pitching velociiy are spplied indicsted that
stability might be obtained using these two control inputs. ¥rom Figure ¢
it zay be seen that the optimum value For ;ﬁ;ﬁ% iz approximately 3,0 for the
range of variables considered. It was thpré;;re agsumed that the autcopilot
applied differential collective pitch proportional to pitching rste vwhich
would produce this velue.

A trenslet’onci velocity response to a gudden 1.0 degres cyclic pitch
epplicaetion wes then celculated for two valuee of pitch attitude input; one for
vhich the inclinstiuvn of the swash plate wes 95% of the fuselsge tilt
relative to the horizon {K = .65), and one for which the swazh plate inclination
was G0% of the fuselage tilt relatlive to the horizen (X = .50).

Theas two responses are compsarsd 0 the rszsprnge of the pure helicophrer
{X = 1.0) in Figure 10. The tramalational velocity responss wee cslculsted
rather then the attitude response because, as tne helicopter is stabilized,
it iz lmportant thet there be no reduction in the rilot's ability to maneuver
the meching. BPBots auntopilet irpuia increasge the initisl regponse without

reducing the trim velocity, and the response for the 0% oycliz input may be



consldered extyrenaly aatieisotorr lo nll respecis.
Iu e provess o s above luv=stligeatico o coupling astion of
2 i S
considerable magniitvde wss dlacovered detween longitudinsl and directionsld

modes of wmotnion. As previously mentioned, when the helicopter coscillates in
pitch, the retors produce s differential thrust damping moment due to the locsl
vertical velccities at each rotor. These differential thyusts produce
differential torques on the roior shafts because of the chenges in induced
power for each rotor. ince the rctors turn in opposite directions, the
torques are additive and are of sufficieat msgnitude toc produce yaw angles
comparable to the pitch angles.

Tne power required to hover out of ground effect was calculated using a
method outlined in Reference 5 and is plotted in Figure 1l. This curve was

used tc determine the motor size reguired for the model.

15
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The period of cscilletion, oscillaticon desping exponent. sad pitohing
and irenslational response Lo & sudden conirol disiurhames will be obdained
for s range of rotor gpeeds snd iifted weighto within the parfovmsace
dimitetione of the model.

Experieuce with a previous model (Reference 1) has snown that, in
obtaining zepeatable data of the above type, it 12 necessary that each run be
started from aun absolute dead hovering condition and that translationsl
fricticn and pitching friction be very consistant in nature and an absolute
minimun in magnitude. Therefore, in order to reduce friction to the required
minimem, the treiling control and power cables described in Reference 1 will
not be used bere. Rotor spesd and fuselage pitching angls signals will be
tranamitted on the third rail vower eupply system, and the trpneletisnal motion
data will be obtained with contact switches appropriately located along the
track &s was éone in Reference 1. The collective pitch will be ground adjust-
able and thrust control will be obtained by regulation of rotor speed through
the motor gensrator power source. Cyclic pitch input is of the escapement
type (see Section 5), and the amplitude is}also neasured with the rotor
incperstive. In ceges vhere a sinusoidsl cyzslic pitch irnput is reguired, the
pericd of the input caﬁ be cbtalned knowing the rotor apeed aud the cyclic
piteh drive gear ratis.

Fiight procedure will be ag followe: The collective pitch will e seb at
the value required for hovering flight st the test rotor speed. Toe model will
ther be pleced on & take-off stand which will support it at the test attitude
and will swing out of the way after take-off. (The conisct pointa hetween
the model and the stand will be Jdesiuned so that abt the moment the mode) rises

Irom the atand the cyelic nitek input fe applised), Bext the yotor will he
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provided as s precauition againsi exceasive model attiitudes, snd all recorded

K

data will be obtained withk an oscillogreph.

The thecretical analysis of section 6 indicates that, depending on the
value of _-{,;ﬁ , either a divergent or & convergent oscillation may be
obtained. In the event that the motion ig divergent no cyclic input will be
necegsary at take-off, since the motion will build up from any iofinitely
smell disturbance. If the moticn is convergent a sinuscidel cor rol input will
be appiied ss discussed above; and the periocd and demping will be obtained with
frequency response techniques.

Since :’5‘72 is such sn important paremeter, this term will also be
determined independently. 'The translationsl motion of the medel will be
restrained and each rotor thrust time history will be measured while the model
is forced to oscillste simusoidally in pitch.

At the completion of the sbove tests, the model control system will be
modified o simvlaie the £uil scale system i.e., differential collective pltch
will be added, and the contrcl response test repested. This model date will
then be availsble for comparison purposes when full scele hovering stebility

and control data becomes available on &n RUP helicopter.

[
!
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A tandem yobtor heiicopier madel hes bheen designed to investigate
expeciaentally the longltudinel hoverling siebility gnd control cherscteristice
of this hellcopter configuration. The paremeters of the model have heen chiosan
go that direot dyoamic zilauialion of the Plaseckid BEUP helicopter shouwld be
obtaired.

The sinmlation theory requires an extremely light blade design. Therefore,
8 test section of the model blade has been actually constructed to prove the
feasibility of a typical design.

The results of a theoretical dynamic analysis have been presented to gain
some insight into the handling qualities of the model. This information has
been used to determire an adequste test and instrumentation procedure for the
medel and to investigaite means for improving the hovering quelities of thie
type of helicopter.

The anslysis indicates that excellent longitudinal hovering
characteristics may be obtained by introducing dif:efential collective pitch
proportional to pitching raie and cyclic pitch proportional tec pitch angle.

The analysis also indicates that for the pure helicopter, differential induced
torque effecte produce considerable couPling between the longitudinsgl and

directional modes of motion.
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Tahie 1. :} ale Factoys for D m i

R T NI R

.I
A = Linesr adlweasion of Mll aoale :a-u-ug\n
Corvesponding dimension of mods:

Farametsr swwr
-/
Linear dimensions A
-2
Area )\
-3
Voiume, Mass, Force )\
y -
Morents M
...,i“'
Mess momentsof inertia )\
v~
Linear velocity, time A
Lineas aceelerabion A0
)\i
Apgular velocity
Angulaer scceleration )\
v

Power A

Kote: COther ocerameters msy he derived bssed on the above sxpreesions.
~
Por exsppls, modulus of elastizity is ueually defined in pounds/inch“.

v =3 ~

-/
2 is therefore the zcele fasztor for sodulus of elesticity.
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WO, A 3 T R TSRV

Grocs waight, 1bs. B0 28.5
Bu. 2f bledes 3 3
Blade radlug, &t 17.58 3
Blade chord (constant}, in. 13 2.22
Rotor angular velocity, rad./asec. 30.6 73.8
Blade airfoil section (N.A.C.A.) 63015 30122
Blade twist, redians . anknown ol
Sicpe of 1lift curve, a 5.75 5.75%
R.N. at 3/4 radius - 2.8a08 1.95x1C7
Spanvise flapping hinge offset, in. 2 .341
Cacxrdévwiase Teaithericyg axis olfsal, la. 2 Pud, k7w Tl
Spanwise position of drag hinge, in. 15 __9
Blade flepping moment of inertis, slug ft. 163.04k .02395
Blade static moment, slug ft. 15.06 .0128
Pitching moment of inertia, elug rt.2 1071k 1.55
Distance between rotors, in. 63 bh .8
Distance from c¢.g. to fwd. roter, iu. 131.5 22.h
Height of fwd. rotor ahove c.g.. in. Gk ol 10.9%
Height of rear rotor stove ¢.g., in. G5.1 15.9
Zoweyr, bp. 550 1.k5

The prototype was 4 Piaseckl HUF-2 with mwial blades.

See Bection 4 for discussion of change v tlzda section.

For this study the effects of blace twisit were ssasumed te be nzgilgible.

Por the hovering flight range tiwe drag hinges were got considered nscegssry.
A deeign blede running weight »f 020703 1bs./ia. wes determined €rom this
VEine .
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Fwd. Rotor head
Fwd. Rotor blades
Rear Rotor hesad
Rear Rotor blades
Fvd. Trans.

Rear Trans.

Mator

Other

Moments, Vertical Direction:

Fvd. Rotor head
Fwd. Rotor blades
Beer Rotor head
Rear Rotor blades
Fwé. Trans.
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Motor
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from mounting roint)

Wt. (1lbs.) x (in.}
1.5 22.4
3.1 22.%
1.5 -22.%

I -z2.h

2.5 21.8

2.5 -21..8
4,21 ~0.5
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