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FOREWORD

This is the final technical report on an analytical and experimental investiga-
tion of the Rotor/Wing concept. The discussion concentrates on the results
of the most recent studies and summarizes the current technology -- espe-

cially that associated with the transition between the helicopter and the air-

plane flight modes
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SUMMARY

The Rotor/Wing represents a unigque concept for high-speed VTOL aircraft
cmploying the stopped-rotor configuration.  This concept, originating at
Hughes Tool Company - Aircraft Division in 1962, uscs a large-centerbody
wing in conjunction with three blades to provide 1ift in the VTOL flight mode
in the conventional helicopter manner.  During the airplane mode, the wing
and blades arce stopped and locked to the fusclace to form a modified delta
planform. No blade folding or rotor retracting mechanisms arce employed;
only lightwceight retracting fairings arce used to provide a clean configuration

for cruise.

e

Eleven series of wind tunnel tests and two whirlstand tests have been com-

pleted during the rescarch program.  These tests have investigated the acro-

dynomic characteristics of blade airfoil scction and wing planform shape in :

hover and airplane flight.  The most promising conficuration from these pre-

liminary tests, from a performance viewpoint, was sclected for investigation i
4

ol the dynamic behavior of the Rotor/Wing in the several flight modes. i

AERODYNAMIC PERFORMANCE

As a result of this rescearch, the basic parameters that affec vehicle perform-
ance arce well understood,  Lift and drag characteristics can be predicted for

the airplanc flight mode for small changes in Rotor/Wine ceometry.  The

cffects of compressibility are included in the prediction techmques,  The

powcer required to produce Iift in the hover mode has been verified by tests,

Avain, the effects of changing planform shape can be predicted by logical

- i
dll.’LIYSlH. 3
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PROPULSION

The prediction technique for rotor power aviarlable 15 based on the successful
techniques usced during the XV-9A rescarch helicopter precram. . These ana-
lytical techniques have been refined to include both the hot-cycle systenm,
where the gases used to drive the rotor are from a core engine. and the
warm-cycle system, where both primary enacine and bypass cases are used.
The propulsion system losses are readily predictable and efficiencies acou-
rately estimated.  The prediction of thrast available in the crase mode s
based on engine manufacturer's estimiates and follows the adentical methodol -

opy found in conventional airplane design,

STABILITY AND CONTROL

The control moments produced by the Rotor/Wing blades durine helicopter
operation arc predictable.,  The horizontal tail's characteristics, in the down-
wash field behind the wing, are understood for the wing planforim shapes an
vestigated in the wind tunnel.  Lateral-directionil static stability character -
istics arce readily predictable using data developed durime the test prooraan

to size the vertical tail.  Stability and control chiaricteristicos are sensitive Lo
small changes in planform ceometry, and predicted characteristios for o final

design configuration must be verified by additiona ] testing,

DYNAMIC LOADS

A I/7th-scale model was desivned to be dyvnamiac oy similor to the Hiuches
Composite Rescarch Aircraft. When constructed, the Hhlado-root thoxihroaty
did not truly represent what could bhe achreved oo fall oo lo vehne o0 s
result, the model's resonance characteristios do not dapicste the rosonmec
characteristics predicted for o fall-scale carcratt, and ro-onant conphifioation
of loads ocenrs at undesirable rotor speceds. Voaivt oo tochnngne was used
to account for resonance-amplification of lToads mco-ured dorine o nd el

tests of the transition fheht mode.
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The measured blade-root loads, corrected for resonance amplification, are
higcher than predicted or anticipated.  Cyclic flapwisce bendine 15 2.5 tines
anticipated, blade cyclic torsion is almost 3 tihmes the predicted level, and
chordwise bendine 1s 1.4 times the scialed CRA desien level, The total tran-
sition envelope was not investicated because high loads encountered at advance

ratios between 0,25 and 0. 57 might have endaneered the model.

It is possible that the loads measured during the last tests, Sceries X1 are
inaccurate. Certain harmonic components of the measured loads slope the
wrong way when plotted against rotor speed. Agrecment between the two
dynamic model tests, Series IX and Series X1, is crratic. Yet the last test
15 very consistent within itsell and the Rotor/Wine loads agrece well with these
measured on the concept model, Sceries X, at infinite advance ratio where
structural dynamics of the models do not enter the situation. Clearly, it is
not possible to base design information on what appears to be a low predicted
level of endurance loads, yet the measured loads appear to be unrealistically

high.

At this stace of concept development, acrodynanice and propulsion performance
and stability and control have been adequately defined. The prime concern
now, once the eyclic load level has been verified, is to find an operating
technique, a schedule of control angles, or a Rotor/Wing structural definition
that will minimize blade loads and avoid 4 larpge structural weight penalty.,
Additional dynamic-model tests, parallel with analytical studics, are recom-

mended to achieve this coal,
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DESCRIPTION OF THE ROTOR/WIN(; CONCEPT

The Hot Cycle Rotor/Wing is a unique concept for hich-speed VTOL aircraft
thiat promisces the advantives of the helicopter tor Tow-speed flight combined
with the high-speed capability and crmse officiency of the aet aairplane. The
Rotor/Winy consists of a laree hub and three short, wide-chord blades. It
functions as i tip-jet-powered helicopter rotor for vertical and Jow -speed
flight and stops in flight to become a fixed-wing for crurse.  The Iindamenta]
compromisc associated with the Rotor/Wing concept 1s between the contiicting

requirements of fixed-wing and rotary-wing flicht modes.

The center of a rotor disc is a recion that produces little hift. The inboard

20 percent of a typical blade may produce only 3 percent of total Iift. and the
drapg associated with the hub and blade shanks 10 tras coenter recion s usually
a laree portion of total parasite dreg. The Rotor/Wine concept ntihizes ths
incfficient revion of the roter disc to peoovide o hiftine surface for the stopped-
rotor flivht mode. The requirements for the stoppod-rotor mode are that

this center surface be as larue as possible. so that conversion to arrplance
flight can be made at low flicht speed. The heheopter mode requires toat hift-
producing blades sweep as much of the disc as possible. These conflicting

requirements arc depicted graphicalivan Freure 1,

The hotrizontal scale of this ficure. blade-root to bhiade tip roadins ratio. rep -
reseats the confivurative ceometry of the Rotor Weine, The Tett-hand ide
represents a typreal helicopter conficaration, that as. there v- only oovery
small conterbody and the total disc s swont by Tt peod o blade = The

right-hand side depicts the opposite oxtrome, the contronration o~ 0 oo bateral

R T it or M by i bobmliaobe e sl omakis bt -V cinad s aok SO Pl
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Figure l. Conflicting Helicopter and Airplanc Flicht Requirements

triangle inscribed within the circular disc and there are no tift-producing
blades.  These margins, then, represent the two conflicting requiremoents,

helicopter on the left and airplane on the right,

The Rotor/Wing's litting ability is depicted on the vertical scale, which may
be cither gross weight in pounds or disc loading in pounds por square foot of
disc arca. The diagonal curve. downward to the right, represents the lifting
ability in hover flight for constant installed power.  The larver the blade span
in proportion to the total radius, the larger the weight-lifting capacity during
the hover mode.  As the center-surtace (wing) arca increases and blade span
decrceases, the hover liftine ability decreases -- gradually at first, when the
wing utilizes the incefficient disc conter, but the cnrve becomes steeper until,
at the right-hand margin, no lift can be produced by the bladeless equilateral-

triangle configuration,
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The upward sloping curve is determined by the lifting ability of the centerbody
surface during the mminimum-speed stopped-rotor mode. At the left margin,
there 1s no surface arca to produce lift, but, as the surface arca increases,
the Tifting ability in this mode increasces rapidly.  Tnese two lines represent
limits of the conflicting requirements above which the Rotor/Wing concept

cannot operate,

The configuration with the lurgest lfting ability and within the constraints
imposcd by these requirements lies at the interscction of the twao curves.
This apex lies between configurations with T/R ratios of 0.5 and 0. 6, with
lifting ability approximately two-thirds of that attained by a conventional
rotor. The exact location of the apex depends upon the power installed, the
hover atmospheric conditions, the blade chord, and the speed scelected for

minimum stopped-rotor flight.

ROTOR/WING OPERA TION

Figurc 2 shows the operating diagcram for the Rotor/Wine concept. The upper
left corner represents hover, at i rotor tip-speed of 700 feet per scecond,

The lower rivht corner represents airplane flicht with the Rotor /Wing stopped
and locked to the fuselave at 200 knots.  The essential feature of the concept
is that there is some reasonable path between these two operiating points thit
can be followed in a logical manncer.  The path shown on Figure 2 was derived
to avoid the high blade-tip dynamic pressure that cocurs in the upper richt

corner.

In opcration, the Rotor/Wing aircraft takes off, hovers. and flies at vpeceds
up to approximately 100 knots in the helicopter mode, with the rotor powered
by its tip jets at constant tip-spceed.  Nircraft control is from rotor-blade
cyclic and collective pitch, plus the yviaw fan in the tail. This operation is
depicted by the horizonta] line at constant 700-foot-per-sccond tip-speed,

ending at an advance ratio of 0,25,

6
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Figure 2. Rotor/Wing Opcrating Diagram

Flight speed is further increased by shifting power from the rotor to cither
jet nozzles or to tip turbine cruise fans to produce forward thrust. The exact
details and schedule of this operation depend on the configuration; however,
the power transfer from one system to the other will be a two-step scequence.
The gas flow from one engine (twin-engine configuration) will be diverted to
the vhrust-producing device, initially. After rotor speed has stabilized at
approximately 85-percent of that used as a helicopter and the aircraft has
accelerated, the gas from the remaining eneine will be diverted from the
rotor. This mode, labeled semiautogyro on the figure, is not true autorota-
tion, becausce power is suppliced to drive the rotor directly.,  Aircraft control
is by rotor cyclic pitch augmented by the control surfaces and yaw fan at the
tail. The pilot's authority over blade pitch is gradually diminished until, at
an advance ratio of 1. 00, vehicle control is provided exclusively by the tail

surfiaces. Rotor deceleration during the scequence from 340 feet per scecond
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to zcro is provided by both acrodynamic torque and rotor braking. A locking/
indexing mechanism must be provided to position the Rotor/Wing for the air-

planc mode.
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DESCRIPTION OF THE ROTOR/WING PROGRAM

The purpose of the Rotor/Wing rescarch program has been to develop the ana-
lytical techniques that can be used to predict basic loads on vehicle components
and predict vehicle performance, stability, and controllability. The program
has followed the classic formula for research activities -- develop a theory,
conduct tests to verify the theory, and develop an analytical mode! of the
vehicle based on the verified theory.,  The [low diagram (or this technical

approach is shown schematically in Figure 3.

Historically, the first questions to be answered about the Rotor/Wing concept
concerned hovering performance. Helicopter thecory predicted acceptable
hover performance, even with a 50-percent centerbody; however, the sym-
metrical double-ended blades presented some analytical uncertainty.,  The
first rescarch was conducted on the whirlstand at Hughes to answer some of
these questions. This test, Whirlstand Sceries I, was started late in 1962, as
shown on the chart of Figure 4. This test compared three centerbody shapes
and threce double-ended symmetrical airfoils with a conventional helicopter
rotor cquipped with 0015 blades. These models werce pneumatically driven by
compressed air expelled from tip nozzles; construction was carved mahogany
over a steel frame. Essentially, this test conflirmed the helicopter -based
hovering theory after snitable adjustments and factors were included for the

Rotor/Wing configuration,

With the ability to predict hovering performance confidently established, the
next task was to measure the forces and moments on a4 Rotor/Wing configura-

tion during stopped-rotor forward-flight operation.  This would c¢stablish the
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two corners of the operational envelope shown in Figure 2. The Scrices |
wind-tunnel test used two of the models developed for the whirlstand.  These
modcls were tested in the low-speed tunnel at the Naval Ship Resecarch and
Development Center, at various rotor azimuth positions, with and without
blades, but without « fusclave. As far as can be determined, these were the

first tests of this kind cver made.,

The Series I1 and Scries 11 tests were conducted to establisn dite within the
opcerational envelope, and to demonstrate the stoppine: and starting of the rotor
by aerodynamic force. This test was moderately successful, only non forces
and moraents could be measured on the tunnel's micchinical balance.  Internal
friction within the model's drive system was larce comparod with aerodynamig
torque; thus, the rotor-turning performance datio was subject to the small
differcnce-of-large-numbers type of ~vror. The tusclace ot this model was
designed to house the model's mechanical components, with little atiention

piven to fairing and stream!ining.

After analysis of this test, it was apparent that the Rotor/Wing conficuration
would evolve with tapered blades rather than with the strineht, untapered
blades already tested.  This was duce to several factors: the Tirst was to pro-
vide the space to pass larpe amounts of gas throuch the round teatheringe bear-
ing at the blade root.  This makes a larve root chord necess.oory s that
moderate thickness ratio is achieved., The second factor was structural,
tapered blades and tapered wings are lighter than straieht confioarations. At
this point, the straight-blade concept was abandoned in favaor of the tapered
design currently beine considered. Tt was also realized that the trisector
centerbody planform shape tested previously offered no real aorodynani
advantage in any flight mode over a triangular shape. and the triancle confion

ration offcred simplified structural design and casier manafacture.

onm’ kil
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Onc penalty paid for the Rotor/Wing confliguration is the extremely long fuse-
lage that places the cockpit forward ol the rotor disc. This long fuselage is
used to fair the forward blade during airplane mode flight and it makes the usc
of ¢jection scats for the cockpit crew practical. However, the fuselage volume
immediately behind the cockpit cannot be used for disposable loads, because
of center-of-gravity travel restrictions.  Essentially, the cockpit module is
on the end of a cantilever beam, and the penalty paid is one of structural
weight.  Several designs have been considered that feature a short-nose con-
fipuration with an unfaired forward blade. Esthetically, these short-nose
configurations leave something to be desired, but the possible weight saving
of this arrangement could not be ignored. The primary purpose of the Scries
IV wind-tunnel test was to measure the aerodynamic performance of two
short-nosce configurations and compare with that obtained on a conventional
long-nose model. This test was conducted at the Douglas Company's small
tunnel in Long Beach, California, with a model of nominal 1/30th-scale.

The small scale of the models, plus the slow tunnel speed, resulted in a low
Reynolds number, so that absolute numerical values of drag were question-
able. However, on a comparative basis, the long-nose configuration showed
considerable favor over the two short-nosce arrangements.  Additional tests
confirmed that differential horizontal tail incidence could be used for roll con-
trol so that blade incidence during conversion could be determined by other

criteria.

The Scries V model wis designed for high-speed testing in the transonic tun-
nel at NSRDC.  This test was designed to verify performance estimates at
low-speed, plus indicating the Mach number where drag rise could be expected.
In addition, the characteristics of a low-mounted horizoatal tail were needed

to determine longitudinal stability characteristics.  There was some concern
about the engine inlet's effect on drag during carlicr preliminary desipn

studics, so an internal duct throueh the model wis used to simulate internal
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cngine airflow during testing.  This comprehensive series included lateral
and directional stability tests along with the usual pitch tests at a series of

Mach numbe-s up to M = 0. 90.

This test uncovered what was thought to be @ lateral/directional stability
problem at high angles of attack. Typical of highly swept configurations,
static stability was lost as the nosc was raised through g = 15 degrees. Time
did not permit detailed investigation of this undesirable chariacteristic until
much later in the program, when the Serics VI tests were conducted specifi-

cally to investigate lateral/directionad stability at hich anules of attack.

In the mean time, there was some concern over the offects of tunnel wall on
the large models tested during Sceries I, Scrics [, and Sceries 1L These
models were extremely large for the tunnel test scection: model sotor diameter

:

was more than 7 fc! and test section width was only 10 feet. No corrections

had Leen made to these test data. so the validity of these tests wias questionable,

An opportunity to test in the full-scale tunnel at the Lanuvley Rescarch Conter
was available in 19€6.  This made it possible to ropeat some of the carlier
tests so that a comparison of data obtained in the two tunnels could be made,
The model installation at Langley required that the striaom-eiace balance and
some of the hydraulic plumbing be installed mumediately below the model,
wherece its interference effect on the models could be siemficant yet could not
be measured by the usual strut interference tests, The result was that drag
data could not be presented in the final report of those tests. However., the
performances of three Rotor/Wing planform confizurations were compared,
Therce appearced to be no significant difference betwoen o troanole wine with
tapered blades and the previously tested triscotor wane with straicht hlades,
The third confliguration, called a tricusp, was nterior in the nnportant rotor -

turning flight modes.
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The seventh series of tests wias conducted to investigate the lateral/direc-
tional stability problem discovered during the Series Vo tests and mentioned

"

caarlicr,  Varions "lixes'" were tricd, without ereat success: the best solution
was to raisce the vertical tail hetght, This configaration maintiined lateral
and dircctional stability to considerably higher angles of attack than the basic

configuration, which became dircctionally unstable atq = 10 degreces.

The Series - VIIL tests were designed to investigate the conversion mancuver
at advance ratios above 1. 0. Using the 1/7th-scale Concept model tested

previously, the following technology was estabiished.

¢ The centerbody wing provides the major portion of vehicle lift
during the slowly-turning rotor flight mode; however, the blades

cause 70 percent of the 3-per-rev rotor oscillating moments,

° Bl-cyclic pitch can be uscful to reduce these moments; however,
cyclic pitch was ineffective in producing steady moments on the
model.  Thus, cyclic pitch is to be used to reduce oscillating

loads and not as a vehicle control parameter.

The tenth series of wind-tunne! tests was essentially an extension of the eighth
serics, in that the hivh-advance-ratio region of conversion was investigated,
Again, collective flaps were used to improve the shaflt cyclic stress.  These
flaps were considerably improved acrodynamically over those tested carlier,
and the configuration was practical {rom a full-scale desipgn standpoint, The
center-of-pressure did move rearward toward the rotor center; however, the
total shilt was not as large as anticipafed.  Some residual 1-per-rev stress
fevel was measured, regardless of (lap conliguriation or deflection. The re-
sult is that {lups were not recommended for further study because the weight
penalty of flaps and their mechanism and actuitors far exceceds the penadty

involved in building a4 stronger rotating shaft and bearing,
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The cychic pitch matrix run at infinite advance ratio wis the first of its kind
performed in a systematic manner.  Bj-cyclic piteh does reduce the 3-per-
rev pitch and roll moments to zero, bhut not at the same time., A compromise
schedule of By and 4 has been worked out that nunnmizes both these moments
to easily acceptable levels.  The penalty paid for nummizing these ascillations
1s reduced lift., In order to maintain 1-o tift, the ancle of atticck must be in-
creased, which in turn raises induced drae.  Induced drag is further increased
as a result of the nurrow effective span Joandine obtuined when Bl unloads the

lateral blades.

The Series IX and Sceries XI Rotor/Wing wind tunnel tests were conducted
using th dynamically sciited model in the NSRIDC &§-by - 10-foot tunnel.  The
purpose of the Rotor/Wing dyniamic model rescarch provram s to further
validate the technical adequacy of the concept and systematically identify
potential problem arcas. in i program continuning the imvestivations begun

with the Rotor/Wing concept model,

Ary model of the propes geometric scale can produce data on the externad
acrodynamic characteristics of the Rotor/Winu, bLut also a paramount interest
in studying the applicapility of the concept is obtaining o vood dea of the
structural dynamics of the Rotor/Wing that accompany the acrodynamics. It
has been demonstrated that, for conventional helicopters, the eguations of
motion can be written to a cood enouvh devree of accnracy thoat they can be
solved by an c¢lectronic computer to predict the cerodynamics and structural
dynamics crosely for low advance ratios. This should also bhe trae for the
Rotor/Wing, but since it has many operational teatires that are different from
conventional rotors, some assurance of the acouracy of the coanputationad
methods was desired. The best way 15 to compare anadytical studies wath o
dynamically scaled model.  The dynamically scoled model t= 0 invtscb. an
analog computer that automatically writes and solves all the applie dhle cguac-

tions of motion for comparison with the sotion of cguations writton for on

clectronic computer,
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Fhe maode! was desrened and bac't tor Freoode nonher sinalority inoaar, with
consideraticn coven i the deston featore s U accommodate testine i Freon
b Lter date tor Mech toenber s oritv . The snodel was o T/ Tth-scade

sinvtiation of the Hughes YWEADBS ot Guole Rotor Wene Composite Rescarch

Alreraat desoribed m Roeterence 1.

The Rotor/Wine tsclf swas to be v vy scadedy s v the pylon and con-
trol system, to that estanated for the CRA desoen, Proviston was ineluded
for varyvimyg the pyvlon bending stiffmes 0 the torstonal atifinesa~ of the hlade
control svsten, and the tass bhalanee 4 the Hlade s, Table | shows the come-
parison of mass and stitmess propertoes of the wi e and bhades Gor the CRA,
the Sceres -IX model, and the Serres N oode! ot the o anreon CRA =cale of

R 25 feet. The Series-IXN ond the CRA Dranertie- e woell: e e l.l!]y

so in the olade characteri=stics,

As aoresult of the Sertes-1IX teats, it was regquired to strenvthen the blades,
which is reflected in the doubled flapwi=se bendine stiffnes= shown in the table,
To compensate for the increisced blade stitihess, the redesien incorporated a
flapwisc flexure at the blade root that wonld procide «omnch softer joint more
in line with the originag CRA desien, In operation, the flexore had too norch
undesirable friction, so Sceries X! was conducted with o biade mnach stiffer
thin desired.  In any future tes, iCwill be desirable to lower the stiftness
clifectively by one-Tfourth, so that the model fregquencies can bhe cat in half,
Because of the o odei's hivh stifthe=s, the collective bending node was in
J-per-rev resonance b the model's desion operating specd THO rpan. Thus,
the test (Series X1 was conducted ot o bower rotor specd toavoid rosonance -

induced loads.

The model's fuscelave and cnopennoace are not dynaonacally scaded hat are very
licht by usual model standards, so that modet inertue in piteh as Tow, hut 15

still 2 to 3 times what wonld be expected, proportionately, oo full-scale
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desien, The model was mounted on o cimbil so that there was restrained
freedom about the pitech and roll axis and the model could respond to moments
in these directions. (This feature has proved to be most effective in demon-
stratine oscillations about the center of wriavity,  This conplitude 15 remark-
ably reduced by using Bp-cyclic hiade pitch, as shown in motion pictures

taken during the test, )

In total, [ive distinct wind-tunnel models have been constructed.  There are
one 1/30th-scale airplance model, two 1/15th-scale airplane models, and two
powered 1/Tth-scale models. One of the 1/15th-scale models was tested to
M= 0,%1in a transonic wind tunnel and its data provide the basis for high-

speed flight performance analysis.

The 1/Tth-scale Concept model was tsed to investicate nonstructural configu-
ration chanues, such as the addition of {laps to the wing centerbody, changes
in tail location, and chanees o pylon height and nose configuration.  This

rucged model is powered by hydraulic pressure and has [ully actuated controls,

The most sophisticated is the 1/Tth-scale dynamic model, which has a dynam-
ically scaled wing and blade steuctnre, a flexible pylon structure of varying
stiffness, and powered rotor and control system.  This model is fully instru-
mented to mcasure blade, pylon, tail, and total aircraft loads in all flight
modes, A unique feature is o cimbal nount that allows the model to piteh and

roll during various tests of flight mode operation,

Wind-tunncl model scale, the test series, and the reference where the test s

reported are swmmarized on the foliowing page,



Model Scale
1/30th
1/15th (Transonic)
1/15th
1/7th (Concept)

1/7th (Dynamic)

HTC-AD 69-12A

JTest Series Reference
v 2
Vv 3
V1I 4, 5
1, I, I, thg Ty 8D
VI, VIII, X 10, 11, 12,19
IX, XI Unpublished

The two whirlstand tests of the 1/7th-scale Concept model are reported in

References 13 and 14,
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TECHNICA L. DISCUSSION

GENERAL

The sequence of topics presented in this discussion follows the development
sequence of the Rotor/Wing concept. As mentioned previously, the first con-
cern was hover performance, followed by performance characteristics in the
airplane cruise mode.  In the course of performance testine, deficient static
stability characteristics were discovered, which were subscequently remedied
during the course of further testine.  The arevic of current immediate concern - -
dynamic loads on the Rotor/Wing itse!f - - was the subject of the last series of

tests, and is presented as the closing topic of this discus:ion,

HELICOPTER HOVER MODE ROTOR POWER REQUIRED

The total power required to drive the Rotor/Wing in hover is divided into
three parts that can be analysed separately,  These are induced power, pro-
file power, and the power required to drive the centerbody-wing.,  The ana-
lytical methods, as well as the whirvlstand substantiation, are presented in

this scction.

ROTOR-INDUCED TORQUE

The Rotor/Wine conficuration has o larece centerbody that is cquivalent to a
large root cutout in & conventional rotor.  In order to correctly account for
this cutow., the induced torqgue must be integrated from the blade root radius,

AR, to the effective tip radius, BR, instead of the usuad valae of 0 1o BR,
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The derivation of the induced-torque cquation used in the Rotor/Wing hover

analysis is described below; it follows the procedure of Reference 15,

BR
5,2 . R 2.
T—b&\_za(et ﬁt)(, . r dr
AR
Integrating this equation:
2 2
1 2 .3 B - A 2 . 2
T_bz“ .. R d.(et‘,,t)c< > > 'CT'R»(-»R)
where:
A = (blade root radius/tip radins) ratio
B = the tip loss f{actor
Let
. be
77 -R
then
G
T aa
== (g8, -2}
2 2 4 t t
(B - )
or
4C
T
6, - ¢,) - i
ait (BH = \-)
and

1

[~

fw
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/ 32N §
aa 35
g =2 e
Yx 16x \ i
2. - x> and § = x g, assuming ideal twist
t X t X

then

Sk -1+\/1 ; el
at C 16 aa

Substitute f{or Gt in terms of C

T
T Te
B SI28 L aed e b B t '
¢ R :
t 1 ) 16 et 2] (B _ A ) iIxg
. e e P
na ”._). a..’. (32) (4) CT o a o a  (32) Dt
T B 2 A B P E 2
16 (16)" o" 2" (B - A7) aa (16)
Squaring both sides and canceling terms
Jaa ? 2 2 o C L
N it ) o al o ‘ T j_’_l_"'_
it 16 2 z - 2 ‘ 8
t (L] (16) 2 (B° - A%
= =23
- T
) 2 2z
' 2 (B" - A%

23
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1 2 4 7 2 . 2 %
Qi = bzpu R a(B - A )(et-¢t)¢tcdx—*CinR o :R) R

22
_ B _-A)
CQi = T a8 ey

Substituting for (et - mt) and St above

(B
Co;

s
|
v'—]
==
|
.|
-
|

)
S - Al

Canceling terms

s

VN

This value of induced torgue is derived assuming ideal twist or taper. The
table on page 96 of Reference 15 presents o correction factor to be usced to
correct the induced torque for combinations of taper and the lack of twist,
Typical Rotor/Wing blades have a 2. 3:1 taper ratio, thus a fictor Ga of Jg O

is added to the induced power, resulting in:

3 5
(G (@ CREGR=E
. - i 7T e 1 T
C’Qi / - e “/ e o=
\’/u \ I') - ‘A I% \’/“‘ \Al ~ 4’\_{_)
n
or, in another form:
@
Q,
1 |
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PROFILE POWER

The profile torque coeflficient is computed using the basic equation {(36) on

page 83, Reference 15, written in a slightly different form:

Cr\ 5 25 C \ 48 C -
0 0 TV IT Oy ) T
T i (. 3 > ) >

8 Jad ”}3_ ;lL- (}B“

The values of 8 are given by the NACA polar, which is based on conventional

airfoils such as an NACA 0012 airfoil.

)

Cdo = 0.0087 -0.0216q + 0. -zar“

which results in

& 2
C /o = 10.0010875 —O.OO:513<(JT/”B > 1 0.0487316

QO
<CT/0BZ> Z:l

The solidity uscd in the abové equation is based on a weighted ¢ffective chord

from A to 100-percent radius; the tip loss factor B of 0. 97 handles the tiploss,

The weighted effective chord is given by

J‘l c:\:Z dx
B A
S22 T2
& f x dx
0
where:
r
¥ = =
R
be
e
g =
R
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As in the induced power, the factor [or planform and twist ¢ is applicd.

The drag polar used in the profile torque equation is based on 12-percent-
thick airfoils; thercfore, a fiactor is added to account for the increascd drag
of a thicker airfoil. The averape thickness is assumed to be the thickness at
the radius at which the geometric chord is cqual to the effcctive weichted
chord. This value is then 14,4 percent. Airfoil data of Reference 16 indicate
an approximatc 2. 3-peraent increasce in drag cocfficient with cach l-percent
increase in airfoil thickness. Thercfore, the profile torgue is increasced by

6 percent to provide an z2llowance for increascd drag over that of the conven-

tional NACA airfoil.

NACA whirl tower tests presented in Reference 17 for @ rotor with an NACA
0015 airfoil are used to determine o profile power correction due to stall and
compressibility, if requirced. These data are modified in the following man-

ner for the Rotor/Wing configuration.

It is conservatively assumed that the drag rise due to stall for the circular
arc airfoil will occur approximately 1 degree inancle of attack earlier than
for an NACA 0015 airfoil. To account for this. the averave Cp o is increased
by an cquivalent of 1 degrce when entering the profile power-MNach nomboer

charts of Reference 17.

The rotor of Refereace 17 had -5.5 deurees of twist, whereas the CRA Rotor/
Wing is untwisted. Reference 18, which presents whirl-tower test data for

bouth a twisted and an untwisted mode! rotor, shows that ot constant Moch nmun -
ber the angle for drag divercence is increasced by Tdevrec Do oo unta s ted
blade compared with one with -6 decrees of twiste Thoso the iy o cie o
attack of an untwisted blade is effectively D deeree Boehor rather than th
expected 2 degrees higher, for o hlade with s devvec twists Tooaonnly the
drag-divergence data of Reference 17 to the Rotors Wine cont oraton il
hover, the average lift coofficient is conscrvatively treore coocd v o e vy

lent of 2-degree angle of attack (I decree for Tack of twists T ode vroe o

2t
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account for the cirvcular arvc airfoil), assuwming the blade 1ift curve slope is

0.1 per degree.

The drag divergence data of Reference 17 has been replotted in terms of
(TT/cr. The value of the factor determined from this data is identified

s C .
. stall

The resulting cquation for profile torque usced for Rotor/Wing performance is

€ = C {L.06) C.ﬂ[O. 0010875 - 0. 0025131 (CT/”BZ> |
QO stall i

(C J)i
0. 0487316 \ ThaB ",

WING HOVER TORQUE

The wing torque is obtained {rom whirlstand tcests of the triangle and triscctor
wing with blades off. The torque on a rotating {lat plate is proportional to the

radius taken to the [ifth powecr.

3

C = Cfx Arca x VT

I~

Area ¥ R

and

S}
e

thus:

C o R
QW

A function, Figure 5, which passes through the two dati points at the test

radius ratio, vives the CQW for that wing configuration at all radius ratios,
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0.,00025 = =
Model Wing Data-From Reference 14
Triangular Model Wing Data R = 4u"
0.00020 e s - / !
e |5 pa
Cq = €0y, 75 | e /
Q.73 /
Tri-Sector Model Wing Data )
0.00015 : f
§ f = )5 /
Co=2¢C _ R
Q Q0.643 Lru.ﬁa! /
0.00010f ——— - ——— — Y /
0.00005
oL_ . -
0 2}\’ 0.3 0.4 0.5 0.6 0.7 0.8

=

Figure 5. Blades-Off Variation ot Torque Regaired o Hover

WHIRL-TCWEFEF MODEL SURSTANTIATION OF HOVERING FERFTORNANCE
COMPUTATIONAL METHOD
Data from whirl-tower tests of models of o conventionad he o opter rotor weth

NACA 0015 blades, cabled herein the reterence rotor, ana o Rotor W wth

circular arc blades arce used to substantiate the power corerating e tho,
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A CT—CQ curve from tests of the reference rotor is shown in Figure 6. A
prolile power Lactor (PPF) for the model is determined by comparing these
Lost datao with a similar curve calealated by the NACA performance method
(Reference 15), The PPF thus determined is shown in Figure 7, and is th-
result of the low Reynolds namber of the small-scale model, since both the

model and the theory have NACA 0015 blades,

When the profile power factor determined in this way is applicd to the hover-
iny computational method devised for the Rotor/Wing confivuration with an
NACA 0015 airfoil, the vood agreement between model test data and CvI—CQ

predicted for the Rotor/Wing model is shown in Figure 9.

The profile power factor for the model tests was computed using the methaod
outlined in this report and is presented in Figure 8. The PPF is consistent
between Series [ and Series II whirlstend tests., At CT/uT . 0,08, the vari-
ation of PPF, maximum to minimum, represents 5 percent of the total Gy,

This is within the scatter of the data.

The figure of merit, M, for the model test, and corrected to full scale, is
presented in Figure 100 Figure 3 in Reference 20 presents a fivure of

merit for a model test and full-scale tests, The fivure of merit of Relerence
20 shows a correction to full scale similar to that deduced for the Rotor/Wing

shown in Figure 10,
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Figure 6. Thrust and Torque Cocfficients, Reference Rotor
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Figurce 7. Profile Power Scale Factor, Whirl Test of Reference Rotor
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Figurce 8. Rotor/Wing Profile Power Factor
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Figure 9. Comparison, Rotor/Wing Hover Power and Model Test Deta
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Model Configuration, Full Scale
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Figure 10. Rotor/Wing Figurc of Merit

AIRPLANE MODE PERFORMANCE - THRUST REQUIRED

The following method of predicting the drag of the Rotor/Wing is based on

thcory and supported by seven separate wind-tunnel tests of similar configu-

rations in the airplane flight mode. This method is appropria e te wne cruise

configuration, where the Rotor/Wing is locked to the fusclage with one blade

forward, scals and fairings arc in place, and the landing gear is retracted,

The foliowing equation is appropriate for all syeeds between conversion and

the beginning of compressibility drag rise:

)
e CL i K(G. S-a 9
B Do TARe 1 I 4.

813
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The first two terms are the classic parasite and induced drag terms.  The
last term is also an induced drag term typical of highly swept or delta-wing
planforrais and is associated with the formation of the leading-cedege vortex,

The following paragraphs describe these terms and their derivation from wind-

tunnc] test data,

SKIN FRICTION AND FORM DRA( COEFFICIENT

The total drag at zero lift (parasite drag) is the summation of both the skin
friction drag associated with acrodynamic shearing force and the pressure or

form drag associated with normal forces onthe model surflace.

The value of the skin friction coefficient depends on the flow condition -- which
can be either laminar or turbulent -- on the local Reynolds number, and on
the roughness of the skin surface. It has been assumed that the boundary
layer will be turbulent on a full-scale vehicle; therefore, the small models
tested had roughness strips added to ensure transition from laminar te turbu-
lent conditions during testing. The larger models are believed to have turbu-
lent boundary layers because of their size and the turbulence levels in the
wind tunnels where they were tested. Since it is impossible to measure pres-
sure and {riction drag separately, the assumption is made that the skin friction
coefficient is due to full-turbulent flow at the Reynolds number appropriate to
the test conditions and model component.  The products of the full-turbulent
skin friction coefficient and the wetted arca of cach component are added to-
gether and this summation is divided by total wetted arca,. The result is the
weighted skin friction cocefficient shown in the cquation below:

C ' Cl’ C

R T U
Stk N (5, s,

+... S )
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The remaining parasite drag, between that measured and the weighted skin
friction, is charged to pressure or form drag, Form drag is not a function
of Reynolds number or model scale. but only of model shape and the designer's

skill in forming smooth contours that delay separation.

Figure 11 sumimarizes this discussion, showing the total parasite drag coef-
ficient for several models and test Reynolds numbers,  These cocfficients
are based on wetted area, so the comparison with skin friction cocfficients
can be made directly. The shaded symbols represent measured test data
between R, = 106 and 107. The open symbols on the turbulent skin friction
line from Refercnce 16 represent that portion of drag assigned as skin fric-
tion. The increment between the skin {riction line and the test point is due to

pressure drag.

The only drag reduction that can be expected between model and full scale is
that associated with skin friction. As Reynolds nuaber increases from model
size to full-size and velocity increases between the model test conditions and
full-scale conditions, the skin tfriction drag decreases by the schedule shown
by the full turbulent linc on the ficurce. Full-ccale Rotor/Wing configurations
will have skin friction cocfficients of approximately €0 percent of the test

values.

The apparent wide variations of profile drag, mcasured during the scveral
tests, is due to variations in configuration. For example, the high drag shown
for the Series XI dynamic modcl is duce to that model's large projected frontal
arca. The rotor control mechanism required that the pylon immediately below
the rotor center be of outside proportions.  Scaled {rontal projections of the
Rotor/Wing would be more like that indicated by the Sceries X data points,  The
upper of these two points represents the current Rotor/Wing configuration
with increascd pylon height for acequate blade clearance.  The profile drag

increment amounts to 0. 00093 in terms of skin friction cocfficient, and this

35




HTC-AD 69-12A

will be the samie increment full-scale,  Thus, the Series X configuration,
extended to full-scale conditions, will have o parasite drag of 0, 00323, Since
the full-scale vehicle will have surface imperfections, miscellincous antennas,
and projections not found on the modol, the parasite drag is incremented up-
ward 15 percent,  The Series-X configuration parasite drag would be 0, 00371

for full-scale conditions,

INDUCED DRAG

The second term of the drag cquation represents classic induced drag, depend-
cnt on the square of the lift cocfficient. The cfficiency factor "¢ is meis-
ured from test data plotted as Cyy versus CL:' Fivure 12 shows a summary
of these plots from various Rotor/Wing wind-tunncel tests,  These curves show
the typical sharp break experienced by wings with hichly swept leading eduaes,
This ""break'', or nonlincarity, is caused by the leading-cedee vortex system
associated with large sweep angles and small leading-cdge radii used on the
Rotor/Wing. The slopes of the lower portions of these curves arce used to

[}

measure values of ""¢''. Table II presents these values along with other pa-

rameters measured for cach of the appropriate test series.

;

The value of "', or the slope of the lower portion of the Cl) Versus C] “eurve,
curve, depends on both the Reynolds number and the lift-curve slope to aspect
ratio relationship. Rcference 21 suggests the (ollowing cquation for this

rcelationship:
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Performance Paramceter Summary

Measured Test-Scale ___Full-Seale
[ Ry
Heynolds Number 2y
Test Madel | Wing Rotor | Wetted | Aspect (L/0) Leading Edge a Cl (L/m C“ 3
Series | Scale | Area Ares Area Ratie Maximumn © Rad:iun ‘R per degree K "_l Maxiroan L3 o
et b ;
11 /7 13,87 | 40,3 70,8 ¢ N 0. &b , 16,5 x 16" Lo ‘ 0. 040 0.179 \ O, 35¢ o 0.87 | 0 LIk
n 1/7 13,87 40.3 70.8 2. 98 9.2 0 bk ' 16,5 x lb‘ Lo ! . 040 0. 41 | b osss . Q.87 [P
v 1/30 0.73 2,76 4.14 3. 90 L. B 0. 34 4.5 x IU, 0, 39 ) 0 052 0054 U407 " T U 024t
v 1715 .0 8,73 16,1 3.02 7.2 0. 44 l 'LOxl(l‘ 0.tk f 0. U4 0. 238 | U 32 LPREC L0 bd 0 019y
H {
i | |
Vit L/is FRLE] B73 1.8 3. 02 7.5 0. 58 ’ 9.3 x IU’ 0.78 | 0.0 | 0407 o ) 0oke i 0 0239
i |
X 1 10. 84 40,3 76,0 3.8% B.b 0.4 | g, 5 x ID: L0607 0. 041 ' 0, 08 Uodrn (X ‘\ 0.8t | D 0L |
XI 1/7 9.70 40.1 68. 8 4. 22 b, 5 0.7 ] 16.0 x IOJ Yo, o 50 J I ‘ 0'41 o 0433
S PN SO e = ! . o = )
Coefficients based on Wing Area
*Does not include I15-percent factor for prutuberances and manufacturing irregularities
" 3 1 e T = 1§ = W " |
|
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T
|

LIFT COEFFICIENT SQUARED, Cy2

Fipure

12.
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i

o
.04

Coefficients Based on

!
.06

DRAG COEFTICIENT, Cp

Wing Area

.08 .10

Induced Drag From Scverid Rotor/Wing Tests
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The graph of "R" (Reference 21) plotted against the leading-edge-based

Reynolds number shows a large amount of scatter for many reported tests.
Figure 13 repeats this plot, without the many data points, and indicates the
scatter band of data. The data points shown are for Rotor/Wing tests ana,
by themselves, show no significani trend with Reynolds number; however,
they do lie within the scatter band of data reported. The mecan line indicates

that a value of R equal to 0. 95 can be expected for a full-scale vehicle.

Solving the above equation for '"e¢'" and using R = 0,95 and the Series-X meas- :

ured lift curve slope and aspect ratio leads to full-scale "e' valucs of 0. 84.
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< 11 & III

-
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[

%8 4 6 &1 2 & 4% 6 8 1 /)
104 105
REYNOLDS NUMBER, LEADING EDGE RADIUS

Figurce 13, Induced Drag Scaling Paramecter
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INDUCED DRAG ASSOCIATED WITH LEADING-EDGE VORTEX FORMATION

The third term in the drag cquation applies to operation at high lift coefficients,
during low-spead flight, at angles of attack beyond the maximum lift-to-dray
ratio. This term accounts for the induced drag in the upper part of the Cp
versus CL& lines. Essentially, this K valuc is empirical and is used to adjust
calculated drag polars into agrecement with measured polars. As such, no
scale factors are applied between model data and the extension to full-scale

predicted drag values. Table II also lists these K valuces.

Figure 14 shows the drag poler computed for a full-scalce vehicle that has the
Series-X model's geometric characteristics. The maximum lift-to-drag
ratio equals 10. 0 for the low-spced polar. Also shown on this figurc are
polars for constant Mach number that show the increased drig assaociated
with corpressibility. These high Mach number polars are based on the dila

obtained from the Series-V transonic tests.

GENERAL

Hover performance, or the rotor power required to hover, and airplance drag,
or the thrust required in the airplane mode, were the two primary arcas of
concern and investigation early in the Rotor/Wing program. The preceding
discussion establishes the power requirements for these two flight modes at
opposite corners of the operating diagram, Figure 2. The next section dis-

cusses the power and thrust requircements along the transition piath between

these two extreme operation points.

POWER REQUIRED DURING TRANSITION

Figure 15 presents a gencralized picture of the power regmred for steady,
unaccelerated, level {lig't in transition along the schedule of rotor fin-speceds

and flight spceds shown on Figure 2, The verticnl sciale 15 shown as the
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Figure 15, Rotor/Wing Power Manicement in Transition

percentace of gas horsepower required, where OO percent represents the vis
horsepower required to hover,  This was done to presont o continue us picture
of the power required, whether it be votor power reqguired in the helicopter
mode of operation or thrust horsepower in the autoovre, conversion, and air-
plance modes.  The definition of rotor horscepower hs rotor soecd as o Lactor,
and, when these factors approach zero, the conventional nower tern s presont
aomisleading view of the trae power situation. The horoeoa oD scale is rotor
advance ratio, V flicht/V tip, running from cero to i v, Fhiob soeed
and rotor speed can be found for anv point on the poot G v ormn s hoe bt Fig
ure 2 at the appropriate advance ratio, The operatin o - odes e Tate od
across the top of the ficure and divide the chart into the thee e separate oner-

ating maodes.
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In helicopter operation, a1l power or vas flow is directed to the rotor, because
the overboard thrust requircment is wero. The detadls of this rotor-power-
required computational procedure are discussced in Reference 8. In sununary,
this procedurce sums the measured blades-off aerodynoamic forces and the blade
forces aiven by the NACA performance charts of Reference 22 for advaacse
ratios appropriate to helicopter tlicht, The charts of Roference 23 are used
for higher advance ratios appropriate to antozyro operation, The method of
using these charts has been adapted to the Rotor/Wing contizuration,  Specif-

ically, the adaptation accounts for the {ollowing:

1. The lift of the centerbody s subtracted from the total Tift pro-

vided by the blades

2o The drag increase of the conterbody with ancle of attaes ds

included

3. The induced power of the Hhlades is adjusted for the Taree cutont

of the center b()(ly

4. The rotating torque of the conterbody is incladed in the analysis.

Currently, the blades-off datic was that measurcd during the Series-X tests,

Reference 10, and shown in Fivure L.

Ficure 17 presents the comparison of theory and Rotor/Wing model data in
rotating-winu, forward-{licht mode,  For helicopter tlicht, torque coelficient
for thecory versus measurcd data is shown and, for autoeyro flicht, the total
drag cocfficient for theory versus measured dati is shown,  This figare indi-

cites that the theory is capable of matehine measnred data,

The atogyro mode s inttiated by diverting power overboard Teom the rotor,
This accomplishes the step reduaction in rotor specd mentioned carlicr,
Approximately half of the power aviaitable is required overboard, and o soadl

increment is required to the rotor to help maintain the rotor snecd schedule
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Figurce 16, Rlades-Off Lift and Drae Characteristics

shown on the operating diagram. The narrow band represents power required
to the rotor to maintain constant rotor speed in both the antogyro and conver-
sion modes.  The power margin, above the curve, represcnts the aceeleration
available to the pilot to cither accelerate the rotor to procecd to helicopter
operation or to accelerate the aircraft to airvliane operation.  The rigiht- hend
side of the figure represents another design point to size the engine. Here
the vehicle suffers {rom the high induced drac associated with hlade unltoading
and the parasite drag duc to open fairings, A small marain, > porcoent, s
left to provide acceleration for mancuver.  The anitial corphbone prode drae is
indicated by the short Tine at 55 pereent power and shows the cifect ot fower

induced and parasite drag.
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The total power sicture shows the typical pover bucket that is expected for

VTOL wpes in going [rom powered Hift to acerodynaniic 1ift. At the full desipn

gross weipht, the ship could fly on one engine in most portions of the diagrans,

Transition to the helicopter mode conld be made on one envine in the event of
single-enzine fatlure,  Level flicht as o helicopter conld be niaintained ot

reduced gross weicht,

It is difficult to present stability and control information scparate fron per-
formance data, since the calcoulations ind pariamceters are =o interrelated,
For example, the blade control aneles and ancle of attack {or rotor-tarning
operation arc obtained as fallout [rom the performance colonlation iteration
process using the NACA charts mentioned in the precedine paracvraphs. The
static stability deficiency mentioned in the openine paravraph of this technical
discussion certainly has an influence on the performance capability during

transition.

During the high-speed testing of the alrpline niode conficuration (Series 'V
tests) it was found that stubility wits lost (bhoth aterad and dorootiona) o high
angles of attack., The problem wis attributed to leadimo-edae vortex formie-
tion, typical of configurations with larcve sweep anzles on the Teading cdoe,
The Scrices-VII tests, Reference 4, tricd several cowes: e most promising
and straightforward was to i1 creasc the vertical taal heioht ond area to neain-
tain stability to a higher angle of attack,  This avalves sottine aeesimun or

limiting angle for operation.

The maximum angle of attack was sct ot 10 decrees for novmal operition, sao,

to provide a safcety margin, the vertical tail was siced to provide neatre’ Gero)

directional stability at g - 15 deurces, Froure I8 shows the oriticad dorectional

stability parameter, CNB' for the current conficaration,  The ol g cter,

f =t
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Cy,., is not critical, as shown in the Jower figure., The data for both

figures came directly from the Series- VII tests,

The maximum operating angle of attack (10 degrees) is achicved during con-
version (200 knots, 1.0' . =), as shown in Fivure 19. The critical point is

the upper right-hand corncer, where the rotor has just stopped ind the blades
arc still unloaded., As the blades arce feathered and begin to sustain aircraft

weight, the angle of attack can be lowered, The rest of the o schedule is well

i
removed from the critical arca; helicopter flight is chariacterized by the typi-
cal nose-down attitude. The large increasce in g between helicopter and auto-

gyro operation compensates for the decrcase in rotor speced inentioned

previously.

Figure 20 is a plot of the percentage of aircraft weight supported by the wing
and by the blades. In the helicopter regime, the blades must supply more
than l-p lift, because of the download on the wing, Even at the extreme nosce-
down attitude of helicopter operation, g = -7.5 degrees, the wing contributes
only approximately 4 percent download because of the low dynamic pressuare

at 40 knots.

The wing and blades exchange roles during the autogyro mode. The wing s
completely loaded, so that the oscillating loads associated with blude 1t can

be minimized.

CONTROL ANGLES IN TRANSITION

The blade control angles arce shown on Ficure 21, Collective nitelr readches
its peak in hover and fellows a decrcasing schedule that = reqguired o nain
tain rotor speed and l-g lift in conjunction with the ancle o dttecs ~howiom a
previous figure. Similarly, the two cyclic anvles toltow o loea choanio to
the advance ratio of 1.0, IHere, both collective and A poeyedie mite b et -

fective and sct to zero. The By-cyclic is effective in reducine v per oy
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pitch and roll moment at the rotor center, if raiscd to approximauately 18 de-

grees as shown and as discussed later,

GENERAL

Just as stability and control paramecters aflfect ccrodynamic performance con-
siderations, acrodynamic loads and structural characteristics also hive con-
siderable influcnce on performance, stability, control, and {lying quiditics.
The operating diagram, shown in Figurce 2, is the result of all these consid-
erations. Only the loads iinposcd on the Rotor/Wing itscelf are considered in
the following discussion; tail loads, landine gear loads, fusclage loads . and
so forth, arce not discussced. The sleteh of Ficure 22 shows the oricentation
and rclative location of the various loads discussced, which fadl into the two
broad catepories of static or steady londs and cvelic or oscillatory loads, The
subdivision used in this discussion croups the loads that oo cur cUthe pylon ar
rotor shaft togcther, to be discussoed [irst, and the loads that aoonr ot the

blade-root wing-tip junction arc discusscd sccond.,

PYLON AND ROTOR SHAFT 1.LOADS

One problem discovered carly in the Rotor/Wing testing procran, was aaso-
ciated with the location of the lift vector with respect to the rotor center, On
the triangle-shaped centerbody, the Dift vector follows o cliiptreal poath thot

is located somewhat forward of the center of rotation. Not anly doces the 1ift
vector follow an elliptical path three times per rotor revolution, ot the Jeneth
of the vector varies in the same cyvelic manner. This Toading so-ten con he
resolved into two moments at the rotor conter, plas Bt =ode borce o v e
vectors. Once of the moments is o once=per-rov rotatinge Hoere hendin e

of Joading. It is cqual to the nroment coused hy the Tt veotor Tocoroa ot th
center of the elliptical path, with the rotor turtmime beneath crs 0 This cooa does

not affect the motion of the airorafl, hocausc it is oo stesdy Toroe b ood by

Do S ST T s bt b v s st AN ol G R i oo |
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the tail. It causes only a l-per-rev evolic moment in the rotor shidt, which

affccts endurance loading limits,

Onc purpose of the Serics-X Ltests was to introduc o caoanberced centerbody thit
would move the center of the clliptical path rearward, closer to the rotor
center, and reducce this type of loading on the rotor axis. However, the opti-
mum flap arrangement tested, which simulates camber, did not completely
climinate this type of load. The flap arrangement was such that only collee-
tive flap deflection was investivated; that is, all three {laps on the wine edues
were deflected equally, without respect to rotor azimuth position. It is pos-
sible that cyclic variation of {lap deflection would shift the center of pressure

aft to the rotor center.

In a practical design sense, the cyclic flap mechanisi would be shimilar to o
helicopter swashplate, and the structural benefits of reducced loadine must he
cvaluated against the increased weight and complexity of this mechanism,

The same is truc of collective {lap dellection as tested,  The benefits of the
reduced structural loading must be cvaluiated against the additional weight and
complexity of the flap system.  Preliminary analysis indicates that the wetoht
of a flap system will be greater than any structural weicht savine aoorned
through reduced loadings of the rotor mountinge struacture, reliative to oo wing

with fixed camber.

The sccond loading type that occurs at the rotor axis is the  cillatory neo
ments, which are primarily at the 3-per-rev frequency in the stationary refer
ence system. These arc the "hicher order terms" of the series exnansion,
resolved into the stationary pitch and roll axis system. As an ofd to visadie -
ing these loads, consider a circular centerbody without blades, “Ihe Foper-
rev rotating beam bending load would be present on the rotor shaft, but o1
higher order terms would be absent, When the conterbody shape is nade

triangular, the I-per-rev is still present (zero-per-veviin the stationary
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system), with a 3-per-rev moment superimposcd,  Similarly, a square
centerbody will introduce a -b-per =rev moment in the stationary system.,
These Toads will introduce motion into the aivceralt if they are not compen-
sated in some way,  Of conrse, adding blades to the circular centerbody will
also introduce these cyclic moments.  The introdaction of blade cyclic pitch,
By.is clfective in reducing both tie 3-per-rev pitch and the 3-per-rev roll
oscillations, However, while cither of these modes may be made zero by
proper choice of B with angle of attack, both modes cannot be zero together,
A compromise schedule of By with 3 has been made to minimize both modes
in the ratio of 10 to 1. The resulting pitch moment is 10 times the roll mo-
ment; the 10-1o-1 ratio is based on the aircraft's velative incertias about the
pitch and roll axes.  The compromisce schedule resuits in near zero roll mo-

ment oscillation and minimum pitch moment oscillation when compared with

the By - 0 casec.

These moments are comparced on Figure 23, where the data ave from Ficures
26, 27, and 31 of Reference 100 These data represent a flaps-on case, no
tail on the model, and therclore are not trialy representative. However, the
large reduction in cyclic moments at the rotor shaft due to application of By

cyclic pitch is apparent,

In c¢ilect, 3)-cyclic pitch. when used to minimize cyclic shaft loads, is un-
loading the blades when they arce in the lateral quadrants of the rotor disc.
Positive B causes a nosce-down pitch change with respect to the relative wind,
thus the blades are unloaded or possibly down loaded.,  As o result, mean or
averave liftis redaced, and to maintain T-pg 1ift, the angle of attack must be
increased. Fivare 24 presents the comparison ol mean Iift from the Series-X
test case, where all control angles are zero, with the case where Bl-cy(‘]ic
pitch follows the anuice of attack schedule presented on Figure 30, Reference

10,
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In addition to the reduced 1ift, the mean lift-to-driae ratio is reduced as a re-
sult of By unloading the blades.  The maximum Lg/Dg for zera cyclic pitch

is 4, 80 for .he configurations as tested.,  This is reduced to 3.1 as shown in
Fipure 24. Both of these values will be reduced shohtly for the tail-on
trimmed condition where a tail-up load is required to balionee the static nose-
up pitching moment of the Rotor/Wing and fuscliace beyond 5 o degrees,

This LO/DO reduction, duc to blade unloading, is sienificant in that the in-
stalled power must be increascd to match this incrvascd drae and maintain an
adequate power margin during the conversion mancuver,  This is the situation
that causcs the increascd thrust required Tevel at mhmite advance ratio shown

on Figurce 15.

The dynamic model incorporated an adjustably flexible pylon support. This
feature provides o very soft pylon (up to o lhnited amnplitude - approximately
Jdegrees) to minimize rotor vibrations durine forward ficht ot hich and
intermediate rotor speeds, and a stff pylon to provide the stractural stability
required at the lower end of the rotor speed rance during conversion, The
purposc of pylon flexibility is to reduce the oscilliatory pylon toads when By -
cyclic pitch cannot be used becausce it introduces o steady control monment it

high rotor spceds.

BLADE ROOT-WING TIP LLOADS

Desipgn of the blades, centerbody, hub, and pylon components s prinarily
determined by oscillating (fatiguce) load Tevels, which, o tirn. depead on thy
structural characteristics of the Toad-carrvine mombers, These dyrnaon
loads, at the blade-root, were estimated at the tane of the CRA preciin o
design cffort, Reference 1. Thesce estimates weore hased on Tinoted techiolooey

with respect to the Rotor/Wing conficuration and on Thiche  cstensive cunery

ence in the rotary-wing ficld,  Theso Toads were Hholioved oo he res oo toe

that time,
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Inorder to verity toads that could Hhe applicd to o [ull-scale design, it wits
considercd necessary to establish o dynaomic model desien that would be suf-
neiently clear of resonance with inteeger multiples of vrotor speed in the desien
operating range and that would be tree of mechanical or acroclastic instabilitices,
An analytical provram was thercefore instivated to establish an optimum con-
ficuration, from o dynamic standpoint, so that resonance and instability could
be avoided with the minimum expenditure of weight, An offort wis made to
tatlor the dynamic model to meet these preestablished desien pavinneters,  In
order to lower the first collective flapwise frequency to approximately 2-per-
revoat 100 percent rpm, it was necessary to incorporiate a joint flexible in the
flapwisce direction at the bhlade root-wing Lp duncture,  This flexible joint wis
desivned to incorporate coil springs between the one end of the blade torque
tube and the wine structare, with chordwisco support provided by a slider
closcly fitted to o bolt concentrie wath the coil sprines. When this desian was
tested, 1t was found that the frictional forces on the sliders could not be re-
duced to accepltable values, and no time was available to attempt o new desien,
Ficure 25 shows the resonance characteristicos of the tested confignration rel-
ative to the harmonic exciting frequencies. The proximity ol the first cyciic
mode chordwise froquency to b-per-rev and of the first coblective flapwise
mode (requency to S-per-rev is evident af the desien rotor speed. As o re-
sult, some limitations on the ooeratine rance of this model were imposed,
and the loads obtiined included an unrealistically hieh dynamic aomplification
[hctor, so thota correction of these measurcd loads is necessary before they

can be applicd to oowell desioned aireraft,

DYNAMIC 1LOADS ANSTLYSIS

Without an.dytical or theorctical verification, the tneasurcd model Toads are

translated into Dill-scale Toads by the following process,
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A computer program was uscd to calculate the structural response to an
oscillating unit load appliced at the 3/4 votov radius.  The (requency of applicd
load was 1, 2, 3, and -} thines rotor speed for the test data point being con-
sidered.  The program considered the responsce of a (ull-scale type structure
and the response of the dynamic model structure,  The ratio between these

structural responses -- that is, the full-scale type structure to the dyniomic

model type structure -~ has been called o response ratio.

The product of responsc-ratio and model harmonic moment is the harmonic

moment that would be obtained on o model with full-scaic structural charac-
teristics,  When these products are added vectorially, they represent the
overall model moments that would be measured in the wind tunnel if the model
hiad the proper full-scale structural characteristics.  Table I shows the
responsce ratio for cach of the data point harmonics measured.  The lower
richt shows the vector sunvmation of these ratios to present an overall coni-

parison between model characteristics and full-scale characteristics.

Since the model test data points were not obtained at the "scaled' operating
dizerany, @ small adjustment, usually upwaird, must be made to the moments
on the basis of volocity squared.  The final adjustment to the data is made by
maltiplying by the moment scale factor, which is the hnear factor, to the

fourth power,

i Fieures 26, 27, and 28 show the overall blade root moments measured daring
the Series-XI tests and the fHour harmmonite components extracted from the

dati. Each of these plots, representing blade-root flapwise, chordwise, and

f feathering momnrents, 1 shown against advance ratio. The left-hand side,
up to an advance ratio of 0,25, represents the helicopter mode of oneration,
The middlc of cach plot, bets cen advance-ratios of 0025 and 1.0, represents
the autoovro recime, These curves are nat continuous, bhecanse of the lack
]
of test data between | 0.25 and . 0. 60, The richt-hand side represents
l conversion ot 200 knots, followine the full-scale operating diagram of Fieure 2.
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Table III. Scries XT Dynminic Model Structural Response Ratio
¢
Flapwise Churdwise Featliering '
Advance —_ _— .
Ratio 10 20 3N 40 7, 25 4 a5 1% 20 3 i
0,16 0.524 | 0.597 | 0.071 | 0.029 | 1.214 | 1.835 | 0,240 | 0.130 [ 1,302 | 1,450 | 0.260 | 0.200 3
0.20 0.524 | 0.597 | 0.070 | 0,029 | 1,214 | 1.s3s | oo2al | 00136 | 1os1e | 1450 ) ooln0 | 0,200 §
0. 25 0.524 | 0.597 | 0.071 | 0.029 | 1.204 | 1.835 | 0,241 | 0,136 | 1312 | 1,450 | 0,200 | 0,200 :
0.57 0.708 | 1,350 | 0.369 | 0,067 | 0,065 | 1720 | 00089 | 0,130 | 1,180 | 1692 | 0,027 | 0,294
0. 73 0,755 | 1,415 | 0.656 | 0,179 | 0,452 | 1.300 | 1, 1%4 | 0344 | 1,08k | 1,705 | 1,024 | 0,40l
0. 85 0.796 | 1,359 | 1.144 | 0,297 | 0.373 | 1.000 | 1,527 | 0,475 | 1. 141 | 1,524 l a3t | 0,480
1,02 0.839 | 1.259 | 3,134 | 0,615 | 0.292 | 0.714 | 2,430 | 0.090 | 1130 | 1422 | 240 | 0,575
1,29 0.894 | 1.147 | 2.353 | 1.809 | 0.199 | 0.40k | 1067 | Loded | 1 HIO | 10249 | 1690 | 1,373 ]
2. 09 0.937 | 1.046 | 1.254 | 1,805 | 0.081 | 0140 [ 0,230 ! ooars o roe | o1o020 0 dzey | 1o43)
2.52 0.950 | 1.015 | 1,156 | 1,470 | 0.059 | 0,090 | 0,147 ! 0,225 | Loros 10107 | boles | 1027 ]
3,35 0.972 | 1,000 | 1.061 | 1,220 | 0.035 | 0.053 | 0,07t i 0.105 | 1.omd | Lonl | od 103 ] 1142
6,56 0. 994 1. 000 1. 000 1. 03] 0. 003 0,015 0,019 | 0,024 1,0l 1,073 1. Ol J 1. U8t ;&
| R , w— | | | ,
?
Total Response Ratio (Vector Summation) i
Advance
Ratio Flapwisc Chordwisce Featherme ,
0.16 0. 209 0.5.26 0,957
0.20 0. 238 8! 559 0. t&~
Or 4 0. 340 0. 75¢ 0. 61¢ §
L
. - — E:
0. 57 0. 683 0. &25 0.¢7x i
|
ks
0.73 0, 768 0. 639 | 0,751
|
0. 85 1. 000 0. 57> ' 0, 97T~ ;
|
1. 02 1.519 . 852 ! L. o ‘
1.29 1. 383 0. 175 ; 1,277 !
4
2, 09 1,107 ‘ 0. 1> 1,115 :
| | ~ ]
2.52 1. 060 ' 0, 101 | 171
‘ |
3 35 ORRaES S | 0. 0-0 . 0. 915
6. 56 0. 900 | 0, 01. 0. 90 -
| - = =

th 2

POR? VETOE BRI TPRIT IO AR UL i wr"" ] i3, Aatatd Losasiad I\ Bl akibabia Aailad e 4 A B o oo 1y L Lok b tdandihideriiab d kb b ik Btk P




thaid sy ile tako v iud b e hais i blkaabid ot maid bt badadt TIUTOm s e At Al Uoua i bt Gl Lt n S il s i LA R S U AL B et Alare bl bl ittt et {ed iRl iniy iR Ll it i 'W

HTC-AD 69-12A ]

160

[ Beries XI
Iynamic Model Test Date

4O f— —ees

120 b—— - g

10[) I — —

80 ! - — L

1/Rev
2/Ray

BLADE-ROOT CYCLIC FLAPWISE MOMENT, In-Lbs.

37 .85 1.29 2.52 6.56
73 1.02 2.09 3.35

Figure 246, Blade-Root Cyclic Flapwise Moment
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24 Bt = .
Series XI
Dynamic Model Test Data

e e e s
20 —l—

Totel Moment

e 16}

5 |

L .- Components

E 12 R

; 3/Rev

2

5 8

(£}

o S 2 /Rav
1/Re

g 4 / [Revy

ADVANCE RATIO

Figure 27, Bladce-Root Cyclic Chordwise Moment

The cyclic moments shown on Figures 26, 27, and 28 arce viven in engineering
units, because there is no method of presenting meanineful nondimensionalized
coefficients for the complete transition path where both rotor specd and flight
speed vary from zero to high operiting speed. However, these measured
loads, when adjusted for scale, response ratio, and operating condition, rep-
resent loads considerably higher than anticipated.  The fiapwise moment
reached a level 2. 3 times that expected,  Similarly, the chordwise moment,

Figure 27, is 1. 43 times that anticipated.  To complete the picture, Fioure 28
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60
Saries I1

Dynamic Model Test Data

CYCLIC FEATHERING MOMENT, In-Lbs.

Componenta \’R '*
20 A ‘

10

0 ; !
L'F.m .20 .28 .57 .8% 1.29 V2.52 6.56

Figure 28, Blade-Root Cyciic Feathering Moment

shows the blade's feathering moment to be 2. 75 times the expected level.

Since these levels are so much larger than the anticipated moments, cvery
cffort has been made to verify the test results.  Flap bending aty = v was
checked with another test, Scries X, performed carlicer, and it verified the
dynamic model data. The data measured on a different blade (Series XI) was

investigated and revealed a similar moment level, i

A comparison of blade bendine data from the Sceries-IX tests at an advance

ratio of 0. 25 shows some intercsting discrepancices. The flapwise oscillating
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monient measured during Series XIis approximately 1-1/2 times the value
mecasured earlier. The earlier tests showed considerable scatter, but the

majority of data points -how levels around £60 inch per pound atyy = 0. 25,

Chordwisc hending shows an opposite situation. The carlier tests showed
chordwise bending moments of 3 times the values measured during the Series-
XI tests. To further confuse the issue, the two tests agree very well with
respect to the torsional moment or blade feathcering, Thus, of the three com-
ponents of blade-root bending, the ratios of agrcement arce 1.5, 0. 33, and

1. 0 between two tests of very similar modcls in the same tunnel under close

operational conditions.

At this stage, there is no theoretical procedure that will predict these moment
levels accurately, and we must rely on test infor;;wati(m and results to design
blade structural elements, but there seems to be a credibility gap with respect
to the test data. For example, the decreasing 3-per-rev component of flap-

wise bending in the helicopter mode (0. 16< L 70, 25 shown on Figure 26 is dif-

ficult to believe, especially since the other harmonics are increasing,

Clearly, the question of valid test data must be resolved by a systematic

investigation of analysis and further testing.
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CONCLUSIONS AND RECOMMENDATIONS

The primary arca of concern is now the oscillating or cyclic loads imposed on
the Rotor/Wing during the middle region of transition from hover to the
stopped-rotor airplane mode. There is no analytical procedure currently
available that will predict the load levels measured during the last series of
wind-tunnel tests., Thesce load levels are not consistent with an earlier test,

Series IX, yet indications are that these measured moments are correct.

The schedule of cyclic pitch and angle of attack developed for the infinite
advance ratio situation was used approximately during the high-advance-ratio
portions of the dynamic-model tests. This schedule appeared to minimize
loads at the rotor center, but it is now thought that this schedule may actually

increase the moments at the blade root.

The high cyclic loads represent a potential problem area that occurs in a
flight region where the flow field and structural dynamic interactions are
extremely complex. It appears that analytical techniques alone are not suf-

ficient to arrive at a solution.

Stability, control, and performance are secondary areas of concern. Aero-
dynamic performance in the airplane mode can be improved with the existing
Rotor/Wing planform shape. Tests of the static rotor ir various azimuths
show that drag is substantially reduced if one blade faces aft instead of for~
ward in the airplane configuration. The blade-aft rotor position allows an
aerodynamically cleancr pylon design, plus it allows a shorter forward fuse-

lage, resulting in an cmpty weight saving,
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A circular-centerbody planform will minimize the 3-per-rev shaft loads
introduced by the triangle centerbody tested.  The circular shape will also
present more planform arca for vehicle support during transition,  In addi-

tion, this shape has slightly better hover performance.

It is recommended that o gencral program of testing and analysis be conducted
in the flight region wherce high blade loads have been measured so that the

techniques required for load prediction can be developed.
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