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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 

u 
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SUMMARY 

The Rotur/Win^ represents a unique concept for hlqh-speed  VTOL aircraft 

cinployinii the stopped-rotor confiyuralion.     This concept,   originating at 

Hughes   Tool  Company  -  Aircraft Division in   196^,   uses a   lari^e - centerbody 

winy  in  conjunction with three  blades  to provide  lift in the  VTOL flight modi' 

in the conventional helicopter manner.    During the airplane mode,   the winy 

and  blades are stopped and  locked  to the  fusclaue  to  form a modified delta 

planform.     No blade  foldinu or  rotor  retracting mechanisms are employed; 

only lightweight retracting fairings are used to provide a clean configuration 

lor cruise. 

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

pleted during the research program.     These tests have  investigated the aero- 

dynamic  characteristics of blade airfoil section and wing planform shape  in 

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

liminary tests,   from a  performance viewpoint,   was   selected  for investigation 

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

AERODYNAMIC PERFORMANCE 

As a   result of this  research,   the  basic parameters  that affei     vehicle  perform 

ance  arc well  understood.      Lift and drag characteristics  can  be  predicted  for 

the airplane flight mode for small  changes in Rotor/Wing ueometry.     The 

effects  of compressibility are   included  in the  prediction  techniques.     The 

power   required  to produce  lift in  the  hover mode  has  been  verified  by tests. 

Again,   the  effects of channim; pi.inform  shape  can  be  predicted by  logical 

ana lysis. 

1 
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PROPULSION 

The prediction techniquf  f(jr  rotor power av.uUblf  is  h.isi'tl mi  the  s uc irs sfu 1 

techniques used durinu the XV-'jA  rest:arrh he li( opte i- pr^L'iMm.     These .m.i- 

lytical techniques have be 'ii  refined  to intlude both the  hot-cyele  syslem. 

where tlie toasts  used to drive the rotor are fn in a  core enume,   and tlic 

warm-cycle system,   when' both primary enuine and bypass Liases are used. 

The propulsion  system  losses are   readily predictable and  el't'u ieneies aeeu- 

rately estimated.     The prediction uf thrust .tvail.ible  in the i raise mode  us 

based on enuine  manufacturer's  estimates and  follows  the   identical  methodol- 

üj4y found  in conventional airplane  design. 

STABILITY   AND CONTROL 

The control moments produced by the   Rutor/Wini; blades durinu helicopter 

operation are predictable.     The  horizontal  tail's  characteristics,   m the down- 

wash field  behind the winu,,   are  understood  for  the winu  planform  shapes  in 

vestiyated   in the  wind tunnel.      Latera 1-directiona 1  .st.itic   stability  charaeter- 

istics are  readily predictable  usiriu data  developed durinsj   the  test  proer.im 

to  size' the  vertical  tail.     Stability and  control  characteristies  .ire  sensitive  to 

small changes in planform  ueometry.   .md predicted eh.i r.u te r ist ies for a  final 

design confiyuration must   be  verified  by .idditmn.il  testinu. 

DYNAMIC LOADS 

A   l/7th-scale  model was  designed  to  be dynamu   illy   simil.ir  \" the  llujhe,-. 

Composite   Research Aircraft.      When  constructed,   the  bladi  -rnut   flexibility 

did not truly represent  uhut  could   be  aehieved   :ii  .i   lull    -i.ili    veh;«   i .      \s .i 

result,   the   model's   resonance  eha r ,ie t e r i st; e s  di i  not  duju i i .it i    1 hi    i'i -■' ii i lui 

c ha racte r i s tics  pred ieted   for a   I'ul 1 - seu le a i ri. r,t 11 ,   ,i nd   i-es HIMJI!   , I I up! I I: < .it i on 

of loads occurs at undesi ra ble  r < il i ir s peed s .      \n . UM I \ I . i .i I  11 i Im ii j m   was used 

to account   for  resonance-ampl ificat ion  uf In,ids  me.isufi d  duriML!  v   nd   tunnel 

tests  of the  transition  fliuht mnde. 
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Thi' nicasurud bladc-ruoi   loads,   corret'Led  for  resonancu   ampl ifu-.i Lion.   .irr 

hiyht'r lhan predicted or anlicipaU-d.     Cyclic flapwisc bending is -. S times 

anticipati.'d,   blade cyclic torsion is almost   '> limrs  tlu1 predicted  levid,   and 

chordwisc bendinu  is   1 .-1  times the scaled CRA desiun level.     The total tran- 

sition envelope was not investiuated because liiL;li  loads encountered .it advance 

ratios  between 0. ^5 and  0. V,'  miuht have  endangered  the model. 

It is possible that the loads measured durinu the  last tests,   Series  XI.   are 

inaccurate.     Certain harmonic components of the  measured loads slope the 

wron^ way when plotted against rotor  speed.     Aureement between the two 

dynamic model tests.   Series  IX and Series   XI,   is  erratic.     Yet  the   last lest 

is   very consistent within  itself and  the   Rotur/Wm«  loads auree well with those 

measured on the concept model.   Series  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 un realistically 

hiuh. 

At this staye of concept development,   aerodynamic and propulsion performance 

and  stability and control have been adequately defined.     The prime  concern 

now,   once  the  cyclic  load  level  has  been  verified,   is  to  find an operatini; 

technique,   a schedule of control angles,   or a Rotor/Win^ structural definition 

that will  minimize blade  loads and avoid a  lar^e  structural weight penalty. 

Additional  dynamic - mode I  tests,   parallel with ana I ytica I studies,   are   recom- 

mended  to achieve  tins   "oal. 
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DESCRIPTION OF THE ROTOR/WINO CONCEPT 

Tlic  Hrjt  Cycle  Rotor / W in L;  is a  unique  concept   for hi ^h - speed   VTOL.iifi raft 

that promises  the advantages of the helicopter lor  low-speed  I'lmhl combined 

with tile hi^h-speed  capability and  cruise efficiency of the   let airplane.      The 

Rotor/Wini; consists of a   larue hub and three short,   uide-chord  blades.     It 

functions as a tij -jet-powered heluoptt-r rotor   for vertical and lou-speed 

flight and  stops in fliuht to become a  fixed-v, im: for cruise.     The  fundamental 

compromise associated with  the  Rotor/Winy concept  is   between  the  confhctinL; 

requirements of fixed-winy and  rolary-winu fliuht  modes. 

"The center of a  rotor disc  is  a  reuiun  that produces   little  lift.     The  inboard 

10 percent of a typical  blade  may produce only S percent of total   lift,   and  the 

dray associated with the hub and blade shanks in tt.is center region  is usually 

a  larue portion of total parasil" dray.     The Rotor/U'inü concept utih/.es this 

inefficient   reqion of the  rotor disc   to p/ovide a  liftini; surf.ice  for the  stopped- 

rotor  flight mode.     The  retjui ren lent s   for the stoppt cl - rotor mode .ire  th.tt 

this  center  surface  be as   larye as   possible,   so lh.it   conversion to airplane 

flight can be made at low fliuht  speed.     The helicopter  mode  require-,  ti.al  lilt- 

produciny blades sweep as much of the disc as possible.     These conllictinL; 

requirements are depicted  yfaphically m  Fmure   1, 

Tlie hoi i /.onta I sea h' of tliis fiyu re .   blade - root  to blade   tip r.ulius  r.iti o     n-ji - 

resents  the  ennfi yurat i\'e  ueomelry  of tin   Rotor/ W LIIL.*.      Ihi    Nil   h.md   sid»' 

represents  a  typical helicopter  con fi uurat ion;   that   is.   then    i>  onl\   .i   very 

small center body and I lie  lota 1 disi   is  sx1. t nt 1)\   11 it • pr^d 'ie i nu  bhuh ■ -.        11 n 

r iyht -ha nd  s ifle depicts  the  oppost te  ext Ti me,   t he   .   ail : j : r.i 11 ■ a;  ;.-   , i:  i ■, u ; I ,i I e IM 

^.rf^«ttU«j«Jii«..»«t<faMtoinibil»if«iin*Ui'«i*i«»»nii«m""*l'"' 
aamj'-KMr-f 'V'" ■ ■ ma—« 



HTC-AD 69-l^A 

Gross  Weiglit 
or 

G.   Wt/Area 

JT .6 .8 
BLADE  ROOT TO  BLADE  TIP RADIUS  RATIO,  r/R 

Figure  1.     Conflictini; Helicopter and Airplane Flight Requirements 

triangle inscribed within the circular dLsc and there are no lift-producinu 

blade's.     TliL'Se inaryins,   then,   represent tlie two conflietinu  requirements 

helicopter on the left and .airplane on the  riuht. 

1.0 

The  Rotor / Winu's  iittiny ability  is depicted  on  the  vertical  scale,   which may 

be either i^ross weicht in pounds  or disc  lo.idinn  in pounds  pi r square  fool nf 

disc area.     The diagonal curve,   dtfwnwnrd to the  riyht,   represents the lilting 

abi'ity in hov_ r flight for  constant  installed  power.     The   larger the  blade  span 

in proportion to the1 total  radius,   the  larger tho  v.vei!4ht-liftin.u capacity durinu 

the hover mode.     As  the  center - surtace   (winy) area   increases and  blach' span 

decreases,   the hover liflim; ability decrease's   --   gradually al   first,   when  the 

wini;  utilizes the inefficient disc  center,   but the  curve1  becomes steeper until, 

at tlie   nnhthand  niart>in,   no  lift can  be  produced  by  the  bladeiess etjui latera 1- 

t n a n Li 11;  c; o nf i SJ u r a t i o n. 
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The upward sJtjjsiny curve is determined by the lifting ability of the centerbody 

surface during the minimum-speed stopped-rotor mode.     At the  left margin, 

there  is  no  surface area to produce  lift,   but,   as the  surface area increases, 

the lifting ability in this mode increases  rapidly,     'ihese 1\KU  lines represent 

limits of the conflicting requirements above which thr  Rotor/Winy concept 

cannot ope-rate. 

The configuration with the largest lifting ability and within the constraints 

imposed by these requirements  lies at the intersection of the two curves. 

This apex lies between configurations with ' /R ratios of 0. 5 and  0. 6,   with 

lifting ability approximately two-thirds of that attained by a conventional 

rotor.     Tile exact location of the apex depends  upon the  power installed,   the 

hover atmospheric conditions,   the  black,'  chord,   and the   speed  selected for 

minimum  stopped - rotor flight. 

ROTOR/WING OPERATION 

Figure  Z shows  the  operatinu diagram for  the  Rotor/WIIIL;  concept.     The upper 

left corner  represents  hover,   at a   rotor  tip-speed of 700 feet per  second. 

The lower right corner represents airplane flight with the  Rotor/Winu slopped 

and locked to the  fuselage at ZOO knots.     The essential  feature of the concept 

is that there is some reasonable path  between these  two operating points  that 

can be followed in   a loyical manner.      The path shown on  Figure  Z was  derived 

to avoid the high blade-tip dynamic   pressure that c rcurs  in  the  upper riuht 

corner. 

In operation,   ihe   Rotor/Wing aircraft takes  off,   hovers,   and   flies at  speeds 

up to approximately   100 knots  in the  helicopter mode,   with  the  rotor powered 

by its  tip jets  at constant tip-speed.     Aircraft  control   is  from   rutor-btade 

cyclic and collective pitch,   plus the yaw fan in the tail.     This operation is 

depicted by the horizontal   line at constant 700-foot-per - second  tip-speed, 

ending at an advance  ratio of 0. Z^. 

() 



HTC-AD 69-UA 

•Helicopter  Mode 

700 t 

600 L 

^     5001- 
i 

O! A 00 t- 

Q 
w 
S     300 L 

PM 
H 
H 

W 
a 

200 

100 

Hover ,   // =  0 

<? 
-,'& 

<^ 

0 L I 
40 

I 

\$* 

ß = oz Rotor/Wins  Stopped 
L...    _ i i ; i 

o 
o 
3 
< 
1-1 
tn 

o 
3 

80 120 160 

FORWARD  FLIGHT  SPEED,   V  -   KNOTS 

Figure Z.     Rotor/Win^ Operating Diayrani 

200 

Flight speed is further  increased by shifting power from the  rotor to either 

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 sequence. 

The gas flow from one  engine  (twin-engine  configuration) will  be diverted to 

the  .hrust-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 engine will be   diverted from  the 

rotor.     This mode,   labeled scniiautogyro on the  figure,   is  not true autorota- 

tion,   because  power is   supplied 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 

surfaces.     Rotor  deceleration during the  sequence  from   340 feet per second 
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to zero is provided by both aerodynamic torque and rotor braking.    A locking/ 

indexing mechanism must be provided to position the Rotor/Wing for the air- 

plane mode. 
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DESCRIPTION OF THE ROTOR/WINO PROGRAM 

The purpose of the Rotor/Winy research 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  tu verify the theory,   and develop an analytical model  of the 

vehicle based on the verified theory.     The flow diagram for this technical 

approach is shown schematically in Figure  3. 

Historically,   the first questions to be answered about the Rotor/Wini; concept 

concerned hovering performance.     Helicopter theory predicted acceptable 

hover performance,   even with a 50-percent centerbody; however,   the sym- 

metrical double-ended blades presented some analytical uncertainty.     The 

first research was conducted on the whirlstand at Hughe s to answer some of 

these questions.     This test,   Whirlstand Series I,   was started late in l%.i,  as 

shown on the chart of Figure 4.     This test compared three centerbody shapes 

and three double-ended symmetrical airfoils with a conventional helicopter 

rotor equipped with 0015 blades.     These models were; pneumatically driven by 

compressed air expelled from tip nozzles;  construction was carved mahogany 

over a steel  frame.     Essentially,   this  test confirmed the helicopter-based 

hovering theory after suitable adjustments und factors wert.' included for the 

Rotor / Wing configuration. 

With tiie iibility to predict hovering performance confidently established,   the 

next task was to measure the forces and moments on a Rotor/Win^ configura- 

tion during stopped-rotor forward-flight operation.     This would establish the 
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Figure  3.     Rotor/Winy Techimal  Approach 



HTC-AD 69-l^A 

*n2 

X 

□ n □ 
M 
M 
M 

D 
h- 

i 
i m 

QJ 
•H 

W 
H 
w 

g 
g 

o < a H 
H M 
3= i-J "^ Di 
Pd H 
O 
H ^ 
CT 
o! 

CO 
H 
w 

w 
o 
§ 
H 

W 
a o u 

H 
CO 

Z o 
M 
CO 
W 
P 

< 
Pi 

CO 

^3 

CO 

H erf 
CO <; 
Z ^1 
O 
M Dd 
H < 
g 
< 3 
> <: 
W 0 

> 
p 
-a 
c 
.-a 

u 

V 
cd, 
if 
C 

C 

0 
cd 

5/" 
0 

"o 
c 
0 
u 

u 

;f 

11 



HTC-AD 69-l^A 

two corners of the operational envelope shown in Figure Z.     The Series I 

wind-tunnel test used two of the models developed for the whirlstand.     These 

models  were  tested   in  the   low-speed tunnel at the  Naval Ship Research and 

Development Center,   at various   rotor .jzimuth  positions,   with and without 

blades,   but without a fuselage.     As  far as  can  be determined,   these were  the 

first tests  of this kind ever made. 

The Series   II and Series  III tests were  conducted  to establish da la  within  the 

operational envelope,   and  in demonstrate the stopping and  starting of the  rotor 

by aerodynami c force.     This  test  was  moderately successful:  only n - .m  forces 

and moments  could be measured on the tunnel's mechanic,il  balance.     Internal 

friction within the model's drive system was  larue  compari-d  with aerodynamu 

torque;  thus,   the  rotor-turning performance data   was  subject to  the  small 

difference-of-large-numbers type of "fror.     The  fuselaue ol  this model w is 

designed to house the model's mechanical  components,   with  little attention 

given to fairing and streamlining. 

After analysis  of this test,   it was apparent that  the  Rotor/Wing confiuu ration 

would evolve with tapered blades rather than with the straight,   untapered 

blades already tested.     This was due to several  factors;  the first was to pro- 

vide the  space  to pass  large amounts  of gas  through  the   round   leathering  bear- 

ing at the blade root.     This makes a  large root chord necess.  ry  s- that .1 

moderate thickness  ratio is achieved.     The second factor was  structural, 

tapered blades and tapered wings are   lighter than  straight confi. urations.     At 

this point,   the straight-blade concept  was abandoned  in  favor of the  tapered 

design currently being  considered.     It was also realized that  the  tnsei mr 

centerbody planform shape tested previously offered  no  real  aerodynamu 

advantage in any flight mode  over a triangular  shape,   and   thi    irimmle  1 -MILMI 

ration offered  simplified structural design and  easier manufacture. 



HTC-AD 69-1ZA 

One penalty paid for Ihc Rotor/VVinu configuration is the extremely long fuse- 

lage that places the cockpit forward of the rotor disc.     This long fuselage is 

used to fair the forward blade during airplane mode flight and it makes the use 

of ejection seats  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- 

figuration 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 Series 

IV wind-tunnel test was  to measure the aerodynamic performance of two 

short-nose  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 

R.eynülds 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-nose 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 Series   V model  was 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 chararteri sties  of a  low-mounted  horizontal tail  were  needed 

to determine  longitudinal   stability  characteristics.     There was  some concern 

about the engine   inlet's effect on dran during earlier pvel i minary design 

studies,   so an internal duct through the model  was used to  simulate  internal 

13 
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engine airflow during testing. This cumprehensive series included lateral 

and directional stability tests along with the usual pitch tests at a series of 

Mach numbers up to M  -   0. 90. 

This test uncovered what was thought to be a  later.il/directional  stability 

problem at high angles of attack.     Typical of highly swept confiyurationa, 

static stability was lost as the nose was raised through a.   ^   ^ ^ degrees.    Time 

did not permit detailed investigation of this  undesirable characteristic until 

much later in the program,   when the Series  VI] tests were conducted specifi- 

cally to investigate lateral/directional stability at hiah angles of attack. 

In the mean time,   there was  Some concern over the effects of tunnel wall  on 

the large models tested during Series I,   Series  IJ,   and Seru-s  111.     These 

models were extremely large for the tunnel  test section:  model  .-otur 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 was questionable 

An opportunity  to test in the  full-scale tunnel at ihv   Lanujey Research Center 

was available  in  i9(.6.     This  made  it possible  to  repeat   some  of the  earlier 

tests  so that a comparison of data  obtained  in  the  Iv o tunnels  could  be  made. 

The model installation at Langiey required that the strain-üa ue balance and 

some of the hydraulic plumbing be installed immediately behm  the mudel, 

where its  interference  effect on the models  could  be  significant yet   could  not 

be measured by the usual  strut interference tests.     The  result was  thai drai; 

data  could not  be presented  in the  final   report of those  tests.     However,   the 

performances of three Rotor/Winy planform configurations were compared. 

There appeared to be no significant difference    bi-lui en ,<   trt.tnule wmu  with 

tapered blades and the previously tested trisei tor wir.L: with straichl  blades. 

The third configuration,   called a tricusp,   was  inferior  m the  import.int  rotor- 

turning flight modes. 
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The- »i'vonth scru.'S of LrriLs was conrlucted to investigate the lateral/clirec- 

tional .stability problem discovered during the Series  V tests and mentioned 

earlier.      Various  "fixes"  vvi-re  tried,   without  ^re.il   success;   the  best solution 

was  to  raise  Hie  vertical  tail  height.     This  etmiiuuration maintained  lateral 

and directional  stability to considerably higher anales of attack than the basic 

configuration,   which became directiona lly unstable at Q,   ~   10  degrees. 

The Series -VIH tests w^re designed to investigate the conversion maneuver 

at advance  ratios above   I. 0.     Usinn the  l/7th-scale Concept model tested 

previously,   the following technology was established, 

•     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. 

o      B|-cyclic pitch can  be useful 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  (if wind-tunnel  tests  was  essentially an extension of the eighth 

series,   in that the high-advance-ratio region of conversion was  investigated. 

Again,   collective flaps were used to  improve the  shaft  cyclic  stress.     These 

flaps were  considerably improved aerodynamical ly over those tested earlier, 

and the  configuration was practical  from a  full-scale design standpoint.     The 

cente r-of-pressure did move  rearward  toward  the  rotor center;  however,   the 

total  shift was  not as  large as anticipated.     Some   residual   1-per-rev stress 

level was measured,   regardless of flap configuration or deflection.     The  re- 

sult is that flaps  were  not  recommended   for further study because the weight 

penalty of flaps and  their mechanism and actuators  far exceeds the  penalty 

involved  in  building a stronger  rotating shaft and  bearing. 

15 
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The cyclic pitch matrix run at infinitr ridvancc   ratio was the  first of its kind 

performed  in a systematic manner.     \',\ -cyclic pitch does  reduce the 3-per- 

rev pitch and  roll moments  to zero,   but  not at  the  same time.     A compromise 

schedule of B]  and n  has been worked out that minimizes both these moments 

to easily acceptable  levels.     The  penalty paid  for  minimi/.inu  these  oscillatims 

is  reduced   lift.     In order to maintain   I - L;  lift,   the  .mule  of attack  must be  in- 

creased,   which in turn  raises  induced dra;;.     Induced drau   is   further increased 

as a  result of the narrow effective'  span  loadmu  obtained '.'.hen   H]   unloads   the 

lateral blades. 

The Series LX and Series XI Rotor/Wini; wind   tunnel tests were conducted 

usin^ tl      dynamically scaled model  in the N3RDC 8 - by    10-foot tunnel.     The 

purpose of the Rotor/Winy dynamic model  research pro^r.im  is to further 

validate the technical adequacy of the concept and  systematically identify 

potential problem areas,   in a program continuing the  investigations begun 

with the  Rotor/Wing concept model. 

Any model of the  proper geometric scale car, produce data  on the external 

aerodynamic characteristics  of the  Rotor/Wing,   but also a  paramount  interest 

in studying the applicaoility of the concept is obtaining; .1 uood   idea of the 

structural dynamics of the Rotor/Wmi: that accompany the ae n KI vnamu s,     It 

has been demonstrated that,   for conventional helicopters,   the equations of 

motion can be written to a L;ood enough decree of accuracy th.it  they can be 

solved by an electronic  computer to predict the aerodynamii s  and  structural 

dynamics closely for low advance  ratios.     Tins should also be  t rut    for the 

Rotor/Wing,   but  since   it  has   many  operational   features   that  ,ire  different   from 

conventional rotors,   some assurance of the accur.u y < 1 the cmnpiit.ilional 

methods was desired.      The  best way  is  to compare an.ilytic-il   studies with a 

dynamical ly sea led  mode 1.     The dyna mica 1 ly  sea led   mode 1   is ,   111  itself,   an 

analog computer  that automat ua 11 y w rites and   soKes all  the .i ppl id hie equa- 

tions  of motion for comparison with  the  so,ulion of 1 quations  v\ ritten  lor .111 

electronic compviter. 

1 ( 

IliHlliliiil"- -' ■  ^—■■■^^.--^m-.!   1 nil   m i.mtMMtfaXlH-l ' lllilr"' 
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I'll»'  ni.idi! 'A.I-, (U's:-j''.rd and  Inn'!   i.ii'   F r 'udi'  iiuiiilu-r sinul.a'ily  in air,   vvilli 

cnnrfitlfiMti'in  ■jivi'ii   m   the (ic.-iu;n  I'ra'wfts  I     am'tunnKl.itf  h-stiiiL;  in  l^rcm 

at .i  [a ti' r da u   tnr  M.u'h innnlu- r s:i;': 'ar ity.     Tin- 11 :■ K!,- l was a   I /7t h - si ,t If 

rfiniuuilinn wf ihr   I!u._;hfS   ,\ V I, A i'..S  li-.t  la.rlr  K-i-r   Wiiij  C.nii pusi tc  Rfscarrli 

.A i tv faM  (U- >■■ ribial   m   1\<I t  i-.'iu r   1 . 

Tlu'   Rolur/WIUL;   ll.scli'  uas   U,  he  (|\ii.i :;, a   i!l\    -ailiil.   as   v. a  ;   ihc   [lylmi  and   run- 

fnd   sy.sli-n:,   In  that  f.-> t llu.i U'd   t'nr   ihr   ('i\.\  lirsi;.')!.      I"1!"'.\ i s a m  was   nu hidfd 

t'ur  s-aryniL; tlu-  pyl.m  in-ndiiiL;  stil't'nfs^.   I!I.-  Inrsauiai   -,[ i ITTH-.^S  ■<( ihr  Ijladr 

fontri))    aVrttrin.    and   thf   mass   bahinaa       l   ihr   Idaairs.       'I'ahlr    I    sla.us   Ihr   iDin- 

parisixi  DI  mass and  stidnrss  [impi-rt irs  ..|   ihr  w n::  and l)laclrs  f.ir  Ihr C'.R.A , 

thr   SiTlrslX   lla'drl.    and   lllr   .SrlMr.-,    \l   aa.drl   at    ihr   i    ani!l..li   CR.\    -rah-   < >i 

R -^  fi-rl.     Thr Srru-s- IX  and  Ihr  CKA   ;. r-.Mr r I a ■-.   r-a.-a)., rr  v. r 1 i :   rspn lally 

•Su  in   thr    d.ulr  r ha fa r tr r ! s I i r .^ . 

.As  a   result   rf  Ihr   Srrirs-IX   trst.s,    It   W a .S   mpurrd   tn   s I fr liLlt hrli   Ihr   hladcH, 

u'hich  is   rr fir rtrd  in Ihr duuldrd I'lapuisc hrndiiu,1   stiffness  shown  in the fable. 

TD compensate  fef the   inrreasetl btacir  stil'fiiess,   the  redesiün nirrrpniMled a 

f'apwise  llexure .it   thr   bhule   rnut  th.it  w.iidd  pr a  111ui h si)l te r   icunt more 

in  line  with the original  CRA drsiun.     In iiperation.   the   flexure had  tau much 

undesirable friction,   sn Series  XI was ronducted \i. ith ,i   idarlr much stilirr 

than desired.     In any future tes',   it will   br dr.siralde to  lower thr stiffness 

effec:ti\adv by one - four th.   so that  the model   frequencies ran be cut  in half. 

Because of the n odel's  hiLd1  st i I fne-. s .   the  collective   bendiiiL;  mode  was  in 

3-per-rev  resonance at tlu   model's design operatimt   speed 710 rpm.    Thus. 

the   test   (Series   XI)   w.is   condui  ted   .it   .i   ha.'.,a"   rotor   speed   I   .  avoid   resojiance- 

indiued   loads. 

The  model's fuselam- ,ind  rm pr HIM :■!■ are  not  dynainically  -.r.ilrd  '.ui  are  vao-y 

liL;ht   by  usual   model   standards,    so  thai   model   inertia   ill  pilch   is   low,    but   is 

still   c.  to  3 times  what would  be  expei ted,   proportionately,   in a   lull-scale 
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Rutur/VVini;  Mndc 1  M'-s:-. .ijui Si.r:.'. rih-  Prnpcrtif.s C. uiip.trccl 

With the  Fn)l-.Si:,ih- CRA lh- :.:i, 
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clrsii;!!.     The mudf]  'A.IS nuHint\'tl uii ;,i  uimlj.il  s.) Uiut there was resti'aint.'d 

froedenn abuut tlu" pitch and roll axis and ihv model could respond to moments 

in  these dir ec tioii.s.     (This  I'caturr has  proved  to be most effective  in demon- 

stratiny oscillations abuul  the center   of   gravity.     This amplitude  is  remark- 

ably reduced byr usini;   Ri-cyclic  Made  pitch,   as shown in motion pictures 

taken during the  test. ) 

In total,   five distinct wind-tunnel models have  been constructed.     There are 

one 1/30tli-scale airplane model,   two  l/i5th-srale airplane models,  and two 

powered  l/7th-scale models.     One  of the  1/lSth-scale models  was  tested  to 

M =  0.'l in a transonic  wind tunnel and   its  data  provide the  basis  for high- 

speed flight peri'ormanc'   analysis. 

The  l/7th-scalo  Concept model  was  used to  investigate  nonst ructura 1   configu- 

ration changes,   such as  the addition of flaps  to the wiiv_; centerbody,   changes 

in tail  location,   and  channes  m pylon height and nose configuration.     This 

rugged model   is  powered  by hydraulic  pressure and has  fully actuated  controls. 

The most Sophisticated  is  the   1/7th-scale dynamic model,   which lias a dynam- 

ically scaled WüIL; and  blade  structure,   a flexible  pylon  structure ol  varying 

stiffness,   and  powered  rotor and control   system.     This  model   is  fully  instru- 

mented to measure  blade,   pylon,   tail,   and  total  aircraft loads  in all  flight 

modes.     A  unique  feature  is a t^imbal  mount that allows  the  model  to pitch and 

roll during   various  tests of flight  mode  operation. 

Wind-tunnel  model   scale,   the  test  series,   and  the   reference where  the  test is 

reported are  summari'/.ed  on  the  foliowini;  pane. 
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Model Scale 

l/30th 

1/1 5th (Transcjnic) 

l/15th 

l/7th (Concept) 

1 /7th (Dynamic) 

Test Serics 

IV 

V 

VII 

I,  II,   III, 
VI,   VIII,   X 

IX,   XI 

Reference 

I 

3 

-),   5 

(',   7,  8,   9, 
10,   II,   11, lr> 

Unpublished 

The two whirlstand tests  of the   l/7th-seale  Concept  ntcjdel  are  reported  in 

References  13 and   14. 
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TECHNICAL, DISCUSSION 

GENERAL 

Thi- sequi'ticc  of topics  pi-fticntrcl in this discussion Cullows l.ho do vr lopnu'in 

dequenct' ol tho  Rütor/Wini; concept.     As montionod previously,   ihv first con- 

corn \c^s  ho\-or  performance,   followed  by  po r formal, co  characteristics  in the 

airplane  cruise  mode.     In the course  of performance  testinu,   deficient static 

stability characteristics were discovered,   which were subsequently remedied 

during the  course of further  testint;.     Tile area of current   immediate concern- 

dynamic  loads  on the  Rutur/Wini;  itself  --  WMS  the subject of tlie   last series  of 

tests,   and  is  presented as the closint;  topic  of this di sens.-: ion. 

HELICOPTER HOVER MODE ROTOR POWER REQUIRED 

The total power  required  to drive the   Rotor/Winu  in hover  is  divided into 

three parts that can be analyzed separately.     These are  induco.l  power,   pro- 

file power,   and the power required to drive the centerbody-winu.     The ana- 

lytical methods,   as well as the whirlstand  substantiation,   are  presented in 

this section. 

ROTOR-INDUCED TORQUE 

The Rutur/Winq  configuration has a larye centerbody thai   is equivalent to a 

lari^c  root cutout in a conventional  rotor.     In order to correctly account for 

this  cutout,   the  induced torque  must be  intei^ratvd  from  the  blade   root  radius, 

AR,   to the effective  tip radius,   BR,   instead  of die usual  value  of P (,o BH . 
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The derivation of the induced-torque equation used in the Rotor/Win^ hover 

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

/BR 

-    / dr 
r 

AR 

Integrating this equation: 

T  =   b~ :   ./ R3 a (Gi - Z^C  f ~ ," ^      1     - CT - ]C ;   f. R)Z 

where: 

Let 

then 

or 

and 

A   -   (blade root radius/tip radius) ratji 

B   =   the tip loss factor 

n 
be 
-R 

C 
T o a 

> 1, l      (9t ' li) 

(B    - A   ) 

(6t-2t) 

4C 
T 

) > 
«a  (R     -A 

■!C 
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x       16x -  1  ^\/l 

3^ x e 

then 

:     :J   x ;     and Q    - x (5   ,   Hssuminy ideal  twist 
t x t x 

«. = rl V-' *V. ■ ™l 

Substitute  for 9    in terms of C 

lg «a 
16 16 

(3^)    (4)   CT 

J   i —   + 
'     ■>       J > 

"" a" (B"  - A") 

^ (3^)   (4)   C     n~   a" 
oa ; "    a      v   _      T 

^'t + 16  "W         > + ~      >    1    1      2         Z"    F 

16 (16)    "    a    (B    - A   ) 

;3^i, 

;i6) 

Squaring both sides and canceling terms 

^ t r;    a 
as,    + —r^—  + 

"    a 
t 16 

T f t 

(ID)" (16)^ I   (RZ  - A'', 

C. 
T 

1    "   .(nz-A^) 

Q. 
B       1 Z     -l 

b 7 0 :<     R    a x (et - 2t) j    cdx 
A 

Z3 
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Q.   -   b-pw2R4a (B2 - A2) {Q 4  - 0j 0,  cdx - CQ " R2 p (wR)    R i I 1        t   "1 

2       A2\ 
CQi   =  ^~     "a (et - 0t) it 

Substituting for (g    - ^   ) and g    above 

r (B2-A2) 
4  C 

T 
> > 

a (B    - A") 

C 
T 

; ) 
(B    - A   ) 

Canceling terms 

CT2 

'Qi i. ir - A- 

Thia value of induced torque is d'-rived assuming idea) twist  or taper.     The 

table on page   96 of Reference  15 presents a   correction  factor  to be  used to 

correct the induced torque for combinations of taper and the  lack of twist. 

Typical Rotor/Wing blades have a I, 3:1   taper   ratio,   thus a  factor  C,  of I. 0- 

is added to the induced power,   resulting  in: 

CQ1 

c, cT. 

yr/ir - .\ 

c, cT. 

rw-   v 

or,   in another form: 

C 
Ü. 

C  C, 
3/2 y, 

v 
i\ 
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PROFILE POWER 

Thi-' profile torque coefficient is cuniputed usinn (he  basic equation (36) on 

paye B3,   Referenco  15,   written in a slightly different form: 

C n '■ •■'':. M C,,,.,  \   ,  / ^ \/c ■o 0 1 T      + 
8       V 3a 

urB 

T 
> 

The values of 5  are given by the NACA polar,   which  is  based on conventional 

airfoils  such as an NACA 001^ airfoil. 

C ,     =   0. 0087   -0. 0^1 6c.     + 0. 4a 
d0 

which results in 

C /" 
0 

0.0010875   -Q. 00Z513 (CT/"B I   0.0487316 

C      ,(7    l]    I 
,    T/   B   / 

The  solidity used in the above equation is based on a weighted ef'ective chord 

from A to 100-percent ^idius;  the tip loss factor B of 0. 97 handles the tip loss. 

The weighted effective  chord is  given by 

•1    cxZ   dx 

A 

where: 

x   ~ 
R 

be 

R 

r 
JA 

J o 
dx 
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As in the induced power,   the factor for planform and twist cj is applied. 

The dra^ polar used in the profile torque equation is  based on  12-percent- 

thick airfoils; therefore,   a factor JS added to account for the increased draq 

of a thicker airfoil.     The average thickness  is assumed to be the thickness at 

the radius at which the geometric chord is equal to the effective weiqhted 

chord.     This value is then  14.4 percent.     Airfoil data of Reference   16 indicate 

an approximate  Z. 3-percent increase  in dray  coefficient with  each  1-percent 

increase in airfoil thickness.     Therefore,   the profile torque is increased by 

6 percent to provide an allowance for increased dray over that of the conven- 

tional NACA airfoil. 

NACA whirl tower tests presented  in  Reference  17 for a  mtor with an NACA 

0015 airfoil are used to determine a   profile  power correction due  to stall  and 

compressibility,   if required.     These data are modified  in the  following man- 

ner for the Rotor/Winy configuration. 

It is conservatively assumed that the drat; rise due to stall for the circular 

arc airfoil will occur approximately 1  decree  in anqle of attack  earlier than 

for an NACA 0015 airfoil.     To account for this,   the averatie Ci    is  increased 

by an equivalent of 1 decree when entering the profile power-Mach number 

charts of Reference 17. 

The rotor of Reference  17 had  - 5. 5 decrees of twist,   v. lu fi-as the  CRA  Rotur/ 

Wing is untwisted.     Reference  18,   which presents whirl-tower test riata  for 

both a twisted and an untwisted  model   rotor,   shows  thai at  a   coiiM.inl   M.oh num- 

ber the angle for drat; divergence  is  increased  by   I   dourei    I    r an uut-A;   lid 

blade compared with one with -8 decrees of twist.     Thus.   1 hi    tip ai...'ii      ; 

attack of an untwisted blade  is  effectively   I   <lr::re.   ! i.d.cr.   r.ithor  than thi 

expected Z degrees higher,   for a  blade with     8 deurro l\v. i.-M.      k   apuh   !'i. 

drat;-divergence  data of Reference   17  to  the   Rotor/ Wim:  . . ai r;    ■. r.il .. ii'   in 

hover,   the average  lift coefficient   is  conservatively   Ma !'■ .i, i ci  '^x   ■  u .   ,ii;\.i 

Icuit of «i-degree angle of attack  (1   decree  for  l,u K o|  twist,    1   o. J n .   i 

it. 
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account for the circular arc airfoil),   assamin.q the blade lift curve slope is 

0. 1 per degree. 

The drag divergence data   of Reference   17 has  been   replotted  in terms  nf 

C'p/o-.    The \-ahi(> of the factor rleterruined from this data is  identified 

as C 
stall 

The resulting equation for profile torque used for Rotor/Wing performance is 

C -    C   .   ..   (1. 06) C/: 
Ü stall i 

0. 0010875  -  0. 00<i5ni I CTA;B    Jl 

0. 04873161 CT/aR 

WING HOVER TORQUE 

The wing torque is obtained from whirlstand tests of the triangle and trisector 

wing with blades off. The torque on a rotating flat plate is proportional to the 

radius taken to the fifth power. 

10        ~   Cr y Area X   V   ' 
W 

and 

thus: 

.Area - R 

VT   -   R 

C • :   H 
W 

A  function,   Figure  S,   which passes throu.qh the two data  points at the; test 

radius ratio,   ^ives the OQ       for that wini; configuration at all  radius  ratios. 
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0.00020 

0.00015 
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0,00010 

0.00005 

Model Winj; Datn-From Reference  l/t 

Triangular Model Winji Data  R =  /. 

CQ = GQ 

Tri-SecCor Model Wing Data 

CQ =  CQ0.6^3 
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Fiuure 5. 
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R 

BlacU's-Off V.i ri.ituin   ui   TnnaU'   H ,u ;; r.d   ;:,  M.^.r 

O.cS 

WHIRL-TCvVER MODE L SUBST.AXTl.A TION OF 1 KU'l-;K !.\u FFR KOK .\!.\ XCE 

COMPUTATIONAL METHOD 

Data from whirl-towtT Uvstrf of nu»di'l^ nl a tur.wntion.u hi iii.ptft' ri-t^r \s:lh 

NACA 00JS black's, ca 1 U-d luTnii Ihr rotViviu-r roi.ir. .um a R.-ior W. ■ . w : t h 

circular arc  blades arc used  (o  sn bs la n t M I c  the pnv, c r - ci 't: ■ i")!: lu:  ir i I IN '(.. 

.'.s 
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A C^-CQ curve from It'.sLs ot the ri-lcrcnct' rotor iä shown in Figuru 6. A 

profile power factor (PPF) for thu niodul is determined by comparing thesu 

test d.ita u iUi a siniil.ir curve calrulated by tlic N.ACA performance nu'lhoc! 

(Reference 15). The PPF thus deturminud is shown in Figure 7, and is Hi- 

result of the low Reynolds number of the small-scale model, since both the 

model and  the theory have  NACA 001 S blades. 

When the profile power factor determined in this way is applied to the hover- 

ini; computational method devised for the  Rotor/Winy configuration with an 

NACA 0015 airfoil,   the L;ood agreement between model  test data and  C^-CQ 

predicted for the Rotor/Winy model is shown in Figure lj. 

The profile power factor for  the  model  tests was  computed uainy  the  method 

outlined in this report and is  presented in Figure  H.     The PPF is consistent 

between Series I and Series II whirlstand tests.     At C-p/oj        0. 08,   the vari- 

ation of PPF,   maximum to minimum,   represents ±5 percent of the total  Qj. 

This is within the scatter of the data. 

The figure of merit,   M,   for the model test,   and corrected to lull scale,   is 

presented in Figure  10.     Figure  3 in Reference -0 presents a figure of 

merit for a model test and full-scale tests.     The figure of merit of Reference 

10 shows a correction to full scale similar to that deduced  for the Rotor/Wing 

shown in Figure 10. 

^9 
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Figure 6.     Thrust and Torque Coefficients,   Reference Rotor 
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1.0 

Model  Configuration,   Full  Scale 

Fiiiure 10.     Rotor/Winv, Fitrure of Merit 

AIRPLANE MODE PERFORMANCE -  THRUST REQUIRED 

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

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

rations in the airplane flight mode.     This method is appropria .e t<   tne cnuse 

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

forward,   seals and fairings are in place,   and the landing gear is retracted. 

The following equation is appropriate for all speeds between conversion and 

the beginning of compressibility drag rise: 

cD - c„    t Do       IT A Re L b 
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The first two terms are the classic parasite and induced drat; terms.     The 

last term is also an induced dra^' term typical uf highly swept or delta-wing 

planfort is and is associated with the formation of the leading-edge vortex. 

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

tunnel test data. 

SKIN FRICTION AND FORM DRAG COEFFICIENT 

The total drag at zero lift (parasite dra;;) is the summation of both the skin 

friction drag associated with aerodynamic shearing force and the pressure or 

form dra,L; associated with normal  forces on tlie model  surface. 

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 to 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 friction drai;  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 area of each component are added  to- 

gether and tills  summation is divided by total wetted area.     The   result is  the 

weighted skin friction coefficient shown in the equation below: 

ci. s.  • Cr) s, + ... ^  cf   s 
11.     ... n     n 

f      , (S .   i  S ,1   . . .   S   ) 
wtd I J. n' 

14 
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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 thai delay separation. 

Figure  11  summarizes this discussion,   showint; the total parasite drai; coef- 

ficient for several models and test Reynolds numbers.      These  coefficients 

are based on wetted area,   so the comparison with skin friction coefficients 

can be made directly.     1'he shaded symbols   represent measured test data 

between Rn -   10     and  10   .     The open symbols on the turbulent skin friction 

line from Reference  16 represent that portion of drag assigned as skin fric- 

tion.     The  increment between the skin friction 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 number increases  from model 

size  to full-size and velocity increases  between the  model  test conditions  and 

full-scale conditions, the  skin friction drag decreases by the  schedule  shown 

by the full turbulent line on the  figure.     Full-ccale Rotor/Wing configurations 

will have skin friction coefficients  of approximately  (0 percent of the test 

values. 

The apparent wide variations of profile dran,   measured during the several 

tests,   is due to variations  in  configuration.     For  example,   the high drag  shown 

for the Series  XI dynamic  model is clue to that model's   large  projected frontal 

area.     The  rotor  control mechanism  required that the pylon immediately below 

the rotor center be of outside proportions,     Scaled frontal projections of the 

Rotor/Wing would be more  like  that indicated by the  Series  X data points.    The 

upper of these two points  represents the current Rotor/Wing configuration 

with increased pylon height for adequate  black'  clearance.     The  profile drag 

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

3S 
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will be Ihe same increment i"ull-scale.     Thus,   the Series X cunfiguration, 

extended to I'ulJ-scale conditions,   will  have a parasite drag of 0. 003^3.    Since 

the full-scale  vehicle; will  have surface imperfections,   miscellaneous antennas, 

and projections not found on the model,   the parasite drai; is incremented up- 

ward  15 percent.     The Series-X confi<.;uration parasite drag would be  0.00371 

for full-scale conditions. 

INDUCED DRAG 

The second term of the dra^ equation  represents  classic induced drat»,   depend- 

ent on the  square of the lift coefficient.     The efficiency  factor "e"  is meas- 

ured from test data plotted as  Cij   versus  C^.     Figure   12.  shows a  summary 

of these plots from various Rotor/Win.q wind-tunnel tests.     These curves  show 

the typical sharp break experienced by win^s with hiuhly swept leading ed.ues. 

This "break",   or nonlinearity,   is  caused by the  leading-edue  vortex  system 

associated with larL;e sweep angles and small  leading-edi^e  radii  used  on  the 

Rtjtor/Wint^.     The  slopes  of the  lower  portions  of these  curves are  used to 

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

rameters  measured for each of the appropriate test  series. 

The value of "e",   or the  slope of the  lower  portion of ihv  Cj-j   versus  Cj "curve, 

curve,   depends on both the Reynolds number and  the  lift-curve  slope to aspect 

ratio relationship.     Reference ZI   suggests the  following equation for this 

relationship: 

C 

R 
A Re 
C 1, 
 £ 
AR 
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Figure  11.     Rotor/Wing Parasite Drag  Versus  Reynolds Number 
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Table II.     Performance Parameter Summary 
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Figure  12.     Induced Drag From Several   Rulur/Winu  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 significant trend with Reynolds number; however, 

they do lie within the scatter band of data reported.     The mean 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" valut ? of 0. 84. 
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Figure 13.     Induced Dra« Scaling Parameter 
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INDUCED DRAG ASSOCL\TED WITH LEADING-EDGE VORTEX FORMATION 

The third term in the dra^ equation applies to operation at high lift coefficients, 

during low-speed flight,   at angles of attack beyond the maximum lift-to-draq 

ratio.     This term accounts for the induced drag in the upper part of the CJ-J 

versus CT      lines.     Essentially,   this K value is empirical and is used to adjust 

calculated drag polars into agreement 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 values. 

Figure 14 shows the drag poJL'r  computed for a full-scale vehicle that has the 

Series-X model's geometric characteristics.     The maximum lift-to-dray 

ratio equals  1 0. 0 for the low-speed polar.     Also shown on this  figure   are 

polars for constant Mach number that show the increased dray associated 

with compressibility.     These high Mach number polars are based on the data 

obtained from the Series-V transonic tests. 

GENERAL 

Hover performance,   or the rotor power required tu hover,   and airplane drag, 

or the thrust required in the airplane mode,   were the two primary areas of 

concern and investigation early in the Rotor/Winq program.     The preceding 

discussion establishes the power requirements  for these two flight modes at 

opposite corners of the operating diagram.   Figure -.     The next section dis- 

cusses the power and thrust  requirements alont;  the  transition path between 

these two extreme operation points. 

POWER REQUIRED DURING TRANSITION 

Figure  15 presents  a generalized picture of the  power  required  for  steady, 

unaccelerated,   level flig't in transition alonu  tht   schedule  of  rutor  tip-speeds 

and flight speeds  shown on  Figurt   d.     The vertical  scale  is  shmvn .is  the 
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Figure  15.     Rutor/Winy Power  Mana^c-incnt in Transitiuii 

percentatic of i;as horscpow rr rc<juircd,   wherf  1 Od prrc rut  rfprt'Scnto the i.'.is 

horsepower  required to hover.     This  was chair lu pi*esi nl  a  i ontinii.ms  pic'ure 

of Üic power  required,   whether  it be  rotor powvr   required   in  the  helicopter 

mode of operation or thrust horsepower  in (lie autM^vro,   con\a rsion,   and air- 

plane modes.     The definition  of rotor  horsepouer  h.is   rotor  sneeti as a   factor, 

and,   when these  factors approach /.ero,   the convi ntional rnjwer tenos  procnt 

a  misleading; view of the  true powe r  s i tua tit ui.     Tlii    h. > r i /' aa 11  s IM le  is   n dor 

advance  ratio,   V fliuht/V tip,   running   from   /.ern  c    lufi:,  [y,      P'ijl-t   s]ie»'d 

and  rotor speed can be found  for anv  point on tin   pi.a  o >.   r.    i  i-rm..:  IJ.H 
l   to  Fig- 

ure  ^ iit  the appropriate advance   ratio.      The operatii L       .ides  ..re   l.ibi  ied 

across tlie  top of the fimi re and divide  the  i ha rt   int.'  tho  ihrer  sr pa rate ■> per - 

atinj»  modes. 
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In lit'I iciiptc i- opi« riitiun,   all puvvt-r or L;.I.S ilnw   is clirectcd to thf rotor,   brcau.sc 

the o\H'rboard thrust rcqiiircnifut is /.oro.     Thf details of this rotor-puwcr- 

r i'iu i !■<.■(! L'oinputa tiuna 1 procrciurr art.' ci i .-.cussed in Rrfert-'nct' H.     In summary, 

this procedure sums  thu  miMsufi.'(l  blades-ot'l" ai'rudyn.i niic: lorers and the blade 

torcL'S Liiven by  the  NAC.A  pe rtorm.iiu'u c'harts  of ileterenee J^  for a.cKa.i* c 

ratios appropriate to helicopter flight.     The charts of Re I'r rein r Ji are ust;d 

lor higher advanci' ratios appropriati' to .luti.^yro operation.     The mi'thod of 

usiiiL; these charts has  been adapted to the Rotor/WuiL; i unfi LJUIM t ion.    Specif- 

ically,   the adaptation accounts for the fuliowini;: 

1.       The  lift of the centet'botly is  subtracted  from  the  total   lift  pr^ 

vided  by   the   blades 

J..      The drau increase of the i eiiterboiK   with anuie of ,itlae!-   is 

included 

3. The  induced  power of the  blades  is adjusted  fur the   larL',e  cutout 

of the  cente r body 

4. The  rotating  torque of the1 tetiterbody  is  included in  the analysis. 

Currently,   the blades-off data was  thai  measured during; the Series-X tests, 

Reference 10,   and shown in Fi.uure  Ic 

Figure 17 presents  the  comparison of theory and  Rotor/Wini;  model data  in 

rtjta tint;-winy ,   forward-flight mode,     [''or helicopter flight,   torque coetficient 

for theory versus  measured data  is  shown and,   for autouyro flitiht,   the  total 

dray  coefficient  for theory versus  measured data   is   shown.     This  li^ure  indi- 

cates  that   tue  theory is  capable  o|   matchiiu1   measurerl data. 

The a-'toeyro mode  is  initiated by diverting  power overboard  from  the   rotor. 

This accomplishes  the step reduction  in  rotor  speed  mentioned earlier. 

Approximately half of the   power available  is  required overboard,   and a  small 

increment is  required  to tile  rotor to help maintain the  rotor  speed  schedule 
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•5 0 

ANGLE OF ATTACK, DEGREES 

Figure 16.     Rlades-Off Lift and Dray Characteristics 

shown on the operatins» diagrani.     The narrow banc] represents puwi-r recpiircd 

to tlie rotor to maintain constant rotor speed in both the aufnuyro and conver- 

sion modes.     The power margin,   above the curve,   represents the acceleration 

available to the pilot to either accelerate the r-itor to proceed to helicopter 

operation or to accelerate the aircraft to airplane operation.     The  riüht-hand 

side of the figure represents another design point  to si/.i   the engine,     Here 

the vehicle suffers from the high induced CIIML associated with blade unloading 

and the  parasite draq due  to open  fairings.     A  small   m.iruin.   ^ |)ericnl,   is 

left to provide acceleration for maneuver.     The  initial airplane PHKII   drat;  is 

indicated by the short line at  5^  percent  poui-r and  show.'-,  the efiVct    a   fnwer 

induced and parasite dray. 
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Thi.-  total power   ncture shows thi' typical penver bucket that is (..'xpected for 

VTÜL. types in u,oin^ from powered lift to aerttdynamic lift.    At the full design 

uross weight,   the ship could fly on one cn^in.- in most portions of the diagram. 

Transition to the heliccjpter mode {i<::M be made on o;,e enuine in llie cxcul ■)\ 

sin^Je-eiiLjine failure.     Level fliuht as a  helicopter could be maintained at 

reduced uross weicht. 

STATIC STAJ3ILITY AND CONTROL 

It is  difficult to  present stability and control  infurmutLm si parate  fro n  per- 

formance data,   since the calculations and parameters are so interrel.ited. 

For example,   the blade  control  ani»les and anule  uf attacl'   for  n 41 u--1 u mi nu 

operation are obtained as  fallout from the performance   calculatiuii   iteration 

process  usint; the NACA charts  mentioned  in ttie nrecediiiL'  paragraphs.     The 

static stability deficiency mentioned in the opening puranraph    if this technical 

discussion certainly has an influence on the  peri'ormani e  capability durint! 

transition. 

During the high-speed testing of the airplane mode confi miration (Series  V 

tests) it was found that stability was  lost   (both   i..ter,.I  and d   r; , lional] at   hiyh 

angles of attack.     The problem \\,is attributed  to  leading-ediie vtJrlex  forma- 

tion,   typical of confi mirations with  larye  sweep angles  on the  leadinü  ecLe. 

The Series - VII tests ,   Reference   1,   tried sex'eral  . --.es;  ti.e most prumisinu 

and straightforward was to  ii creasi   the \ertiial  tail   height   ■IK! area  to  main- 

tain stability to a higher angle of attack.     This   : ivolves   si-ttmu; a  m.-ximun    or 

limiting angle for operation. 

The maximum anule of attack was  set  ,1!   10 decrees   for  normal  operalion,   so. 

to provide a safety margin,   the  vertical tail was si/.ed to provide neutra1   (/,ero) 

directional  stability at ci  -   ^ 5 dearees.     Fimire   I h  s how s  1 he i' rit ica I  d ■ r<-et 1 oiia 1 

stability parameter,   C]\Ja ,   for the current configuration.      llie  r'di  p''••oi eter, 
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C(i_,   is not critical,   as shown   in   the   lower   figure.     The   data   for   both 

figures came directly from the Series-VII tests. 

The maximum operating angle of attack (10 degreed) is achieved durini; con- 

version (^00 knots,   1.0   ^   a),  as shown in Figure  19.     The critical point is 

the upper right-hand corner,   where the  rotor has Just stopped and  the  blades 

are still unloaded.    As the blades are feathered and begin to sustain aircraft 

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

removed from  the  critical area; helicopter flight is characterized  by the  typi- 

cal nose-down attitude.     The large increase in -•  between helicopter and auto- 

gyro operation compensates for the decrease in  rotor speed  mentioned 

previously. 

Figure .iO is a plot of the percentage of aircraft weight supported by the winu 

and by the blades.     In the helicopter regime,   the blades must  supply more 

than 1-g lift,   because of the download on  the wini;.     Even at the extreme nose- 

down attitude of helicopter operation,  ^  -  -7. 5 degrees,   the winy contributes 

only approximately 4 percent download because of the lov«.  dynamic pressure 

at 40 knots. 

The wing and blades exchange roles during the  auto.uyro mode.     The winu  is 

completely  loaded,   so that the oscillatinu  loads associated  with blade  lift can 

be minimized. 

CONTROL ANGLES IN TRANSITION 

The blade control angles are shown on Fiuure  ~1.     Collective pitch  reaches 

its peak in hover and follows a decreasitiL;  schedule that   i -   reipiired  (o  ii;ain 

tain rotor speed and  1-g lift in conjunction with the anule m .Mt.o '•    -howu  in a 

previous figure.     Similarly,   the two cyclic aiu'.les   lollow   ,.   !.)_;..,.     ilu-dule to 

the advance  ratio of  1. 0.     Here ,   both col led i ve a nd A t - cy el ii    t>i!i h a n    inef- 

fective and  set to zero.     The   Bi-cyclic is  effective  in  rediniie'   -i-per   r<\ 
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pitch and roll monrent at the;  rotor  center,   if raised  to approximately 18 de- 

grees   as shown and as discussed  later. 

GENERAL 

Just as   stability and control  parameters affect .ic rodynamir  performance  con- 

siderations,   aerodynamic  loads  and  structural  characteristics also have  con- 

siderable influence on performance,   stability,   control,   and flying (jualities. 

The operating diagram,   shown in Figure ■i,   is the  result of all these consid- 

erations.     Only the loads   imposed  on  the  Rotor/Wini;  itself .are  considt red in 

the following discussion; tail  loads,   landinsj gear loads,   fuselaue loads,   and 

so forth,   are not discussed.     The slatch of Fiuure .il shews the orientation 

and relative  location of the,1 various   loads discussed,   which  fall   into the two 

broad  categories of static or steady loads and cyclic or oscillalory  loads.    Tin 

subdivision used in this discussion groups the  loads  that 01 eur   :t the pylon or 

rotor  shaft together,   to be discussed  first,   and the  loads  that  ol uir at  the 

blade-root wing-tip junction are discussed second. 

PYLON AND ROTOR SHAFT LOADS 

One problem discovered early in the  Rotor / Wi ivj  testin::  pr i   i-.in,  uas  a ;so- 

ciated with the location of the lift vector with respect to the  rotor center.     Or 

the triangle-shaped centerbody,   the  lift vector follows an elliptical  path thai 

is  located somewhat forward of the  center of rotation.     Not  onl^   docs  the   lift 

vector follow an elliptical  path three  times  pel   rotor revolutmn.   hul   the   1. njth 

of tlie  vector varies  in the  same  cyclic  manner.     This   loadhej   <\-\<-\\    i.in  hi- 

resolved into two moments at  the  rotor center,   plus   lift.   -:di  I'mui  .   and dra-.,' 

vectors.     One of the moments   is a   once-per-rev  rotalinu   oca?:    in "du      i\pr 

of loading.     It is  equ.il  to  the  iiiomen)   c.iused  i)\   ihi    Mil   \i i tor   hi, .i, d   M   1 hi 

center of the' elliptical  path,   with the   rotor turning; heiuMth it.     This  .^KI does 

not affect the motion of t he a i re ra ft,   because  it  i s a   st ead\   l< > iu >■  ii-! !.i: . i d  o- 
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the tail.     It causes only a  1-per-rcv cy. lie niDmcnl, in ihr  roUn' shuft,   which 

affects fndurance loading  limits. 

One purpose of the Series-X tests wus tu inlroduc" a c ,1 mln-ritl cfiilerliucly thai 

would move the center of the   elliptical path rearward,   closer tu the rotor 

center,   and reduce: this type of loading on the rotor axis.     However,   the opti- 

mum flap arrangement tested,   which simulates camber,   did not completely 

eliminate this type of load.     The flap arrangement was  sue1"! that onl^   collec- 

tive flap deflection was invest)yuted;  that is,   all three flaps on the winy rd^es 

were deflected equally,   without respect to rotor azimuth position.     It  is pos- 

sible that cyclic variation of flap defied.inn would  shift the  center of pressure 

aft to the rotor center. 

In a practical design sense,   the  cyclic flap mechanism would  be  similar to a 

helicopter swashplate,   and the structural benefits of reduced  loading must be 

evaluated against the:  increased  weight and complexity of this  mechanism. 

The same is true of collective flap deflection as tested.     The benefits of the 

reduced  structural loading must be evaluated against the additiunal  weight and 

complexity of the flap system.     Preliminary analysis  indicates that  the  weight 

of a flap system will be greater  than any  structural  weight savmu act rued 

through reduced loadings of the  rotor mounting structure,   relative in a v. iiej 

with fixed camber. 

The  second loading type that occurs at the n tor .axis  is  the     -i ill.itory mn 

ments,   which are primarily at the  3-per-rev frequency  i'1 the stationary   rder 

ence system.    These art   the "hiuher order terms ' of the  series ex]iaiisii)n. 

resolved into the  stationary pitch and   roll axis   system.     As .m ait! In  visu.ili/- 

ing these loads,   consider a circular centerbody without  blatles.     The   1 -per- 

rev rotating beam bending  load  would  be present  on the   rotor  sh.ift.   but  .1! 

higher order terms would be absent.      When the centerbody  shape  is  made 

triangular,   the  l-per-rev  is   still  present  (/.em-per   rev  111 the  station.try 

-1 
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.sysU'm),   with a  i-prr-rcv moment superimposed.    Simil.i rly,   a  square 

ri'iitc rbocly will   introducr a  4-ptn -rev   mumi.'nt in  Liu'  stationary system. 

These  loads  will   inlroduee motion  into the aircraft if they are  nut compen- 

sated  in some way,     Of eonrse,   adding  blades  to the  eireular  eenterbody will 

also  intruducH'  these cyclic moments.     The  introdaction of blade  cyclic pitch, 

H,,   is effective  m  reducing both tlie  3-pc'r-rcv pitch and the  J-per-rev roll 

oscillations.     Howevi-r,   while either of these  modes  may be made  /.ero by 

proper choice  uf B^   v\'ith an^le of attack,   both  modes  cannot be  /.ero together. 

A compromise schedule of B^ with ^  has  been made to minimi/e both modes 

in the  ratio of  10 to  1.     The  resultini;  pitch  moment is   JO times  :,he  roll  mo- 

ment;  the lO-lo-l   ratio is based on the aircraft's  relative inertias about the 

pitch and   roll  axes.     The  compromise'  schedule  results   in near /.ero roll  mo- 

ment oscillation and minimum pitch moment oscillation when compared with 

the  R]   -   0 case. 

These moments are compared on Figure  ^3,   where the data are from Figures 

/.f),   Z7,   and  31  of Reference  10.     These clat.i represent a  flaps-on case,   no 

tail on the model,   .and  therefore are not truly representative.     However,   the 

larye  reduction in cyclic moments  at  the   rotor  shaft due to application of Bj 

cyclic pitch is apparent. 

In effect,   B.-cyclic pitch,   when used to minimi/a' cyclic shaft loads,   is un- 

loading  the  blades when they are in the  lateral quadrants  of the  rotor disc. 

Positive  B|  causes a nose-down pitch change with respect to the  relative wind, 

thus  the  blades are  unloaded or possibly down   loaded.     As  a  result,   mean or 

average  lift is  reduced,   and to maintain   1 - u,  lift,   the anyle  of attack must be 

increased.     Figure  ^4 presents  the comparison of mean lift from the Series-X 

test case,   where all  control  angles are  zero,   with the  case where  Bt-cyclic 

pitch follows the aiiLjle of attack  schedule presented on Fiioire 30,   Reference 

10. 



HTC-AD f)9-J^A 

, 03 ,   

I z 
w 
H 
U 
H 

W 
O 
o 
H 

H 

O 
Pi 

> 

,vEquals   Sin  3 lp Component 
,01 I J  

-5 0 5 10 15 

w 

H 
fa 
fa 
g 
O 

O 

H 

H 
PM 

s 

^^0/0^ —Q 

;     ^Equals  Cos 3^  Component 
,01- J 

"5 0 5 10 15 

ANGLE  OF ATTACK,   DEGREES 

Figure ^3.     Cyclic Shaft Mumcnl Hi'duclicn Due I"   I-',    Cvt li,    Pit, Ii 

■ >il«in*BMIt* ^,-,.,:....-.^,^.^^l^..^.,^^.(M|M|i|Mml|at^ 



HTC-AD 69-l^A 

5.0 

0 b 10 

ANGLE  OF ATTACK,  DEGREES 

15 

Fifuri' d4.     Mem   Lift Rt-tlurtiun  Duv in  Pq-Cycli(   Pilch ,ind Uu- 

Reduced   Lift iu l)r.-i.y Ratio 

... ...->. —■^»H^w^vM-^^tfh^it^.^wvtotiyj«-.<-^MAw^tM^^^iijUttWM*AaM   .......^i4.^J^^^,j^«tty^w^^jJ^..-vv^^^^»:iWittaMffB>titfflr>riiira^*;h'nBnii>imM^ iii'ihiM'iiiMiiifl^iaiiHijfcmiMfcteili 



I ITC-AD 69-l ZA 

In addition to the   reduced lift,   the mean lift-to-draii ratio is  reduced .us a  re- 

sult of Bj  unloading the blades.     The maxiimmi   LQ/DQ for /a-ro cyclic ]iitch 

is 4.80 for  .he configurations as tested.     This  is  reduced to i.-1 as  shown in 

Figure Z4.     Both of these  values will  be  reduced slii'.htly for the tail-on 

trimmed condition where a tail-up  load  is   required  to balance  the  static  nose- 

up pitching moment of the-  Rotor/Wini; and fuselage beyond -       -1 det^rei'S. 

This  LQ/DQ reduction,   due to blade unloadiny,   is  significant  in that  the  in- 

stalled power  must be  increased to match this   increased drasj  aiul  maintain an 

adequate power margin durint; the conversion m.aiieuver.     This  is the situation 

that causes  the  increased  thrust required  level  .it   infinite advance   ratio  shown 

on Figure 1 5. 

The dynamic model  incorporated an adjustably  flexible  pylon  support.      This 

feature provides  a  very  soft pylon  (up to a   limited amplitude approximately 

3 degrees) to minimi/.e rotor vibrations during  forward  fliidd .it  hiuh .»ml 

intermediate rotor  speeds,   and  a  stiff pylon to  provide  the   structural   stability 

required at the lower end of the  rotor  speed  ran^e durini;  conversion.     The 

purpose of pylon flexibility is to reduce the  oscillatory  pylon   loads  when   I'M - 

cyclic pitch cannot be used because  it  introduces  a   steady  cuntrol  moment at 

high rotor  speeds. 

BLADE ROOT-W INC, TIP LOADS 

Design of the  blades,   centerbody,   hub,   and  pylon  compunent s   is  primarily 

determined by oscillating  (fatigue)  load  levels,   whu h.   m  turn,   depend  mi  ihr 

structural characteristics of the load-carrying im mbers.     'l'!ii-sc dyn.iii K 

loads,   at the blade-root,   were estimated al   the  lime  'I' llu   CK.\  pri liM.;n..r\ 

design effort,   Reference  1.     These  estimales  \\ei-e  based en   limitt d  lee hnoliun 

with respect to the Rotor / Wing confi miration and en  1 luidi'      .  ■: I e n- ; -, e  , ■•.; ie r i 

ence in the  rotary-wing  field.     These   loads  were   believed  m in    n     I, •-1 a   .it 

that time. 

:-i,S 
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In  orclrr  In  wrilv   IM.KIS  that  (.'1111111  Uv  .ipplird  ID .1   I'u 1 I - si'.i k' ck'sign,   it was 

conri idiTi'd iii'Cfs.Ha ry In cslalilish a dynamic modid dt'siyn that would bu suf- 

iii-icnlly cU'.ir of rcsdiia me with inlcucr mulliplcs of rotor tipecd in the dt-si^n 

dpi'ratinu  ranne and that would bo frtu- of iiu'fhanit-a 1  or acruidastic  instabilities. 

An analytical   pni^ram  wa s   t ho ro fo rr   1 ns t ii'a tod  to ostahlish .111 optinumi  con- 

I i U u iMt i on ,    from a  dynamic  standpoint,   so  that  re sonanco and  instability  could 

bo avoided with the  minimum  expenditure ol  weight.     An effort wa.s  made  to 

tailor  the dynamic  model   to meet  these  preesta bl ished design parameters.     In 

order  to  lower  the  first collecti\e   flapwise   frequency  to approximately  ^ - pe r- 

rev at   100  percent  rpm.   it w.ts   necessary  to  i ncorpo IM te a   joint  flexible   in the 

flapw i se direction ,11 the  11 la de   root - v. i 11 L;  ti p junct ure.     Th is  fk'.vi hie   joint  was 

designed  to incorporate  coil   springs  betweiui  the one  end of the  blade torque 

tube  and   the winü  structure,   with 1 hordwisi    support  jirovided  by a  slider 

closely  fitted  to .1  bolt concentric  with the  coil   springs.      When this desiyn was 

tested,   it was  found  that the  frictioiial  forces on   the  sliders  could not be  re- 

duced  to acceptable  values,   and  no time was available  to attempt a  new   desii;n. 

Figure  ^ ">  shows  the  resonance  characteristics ol   the  tested con fimiratiun  rel- 

ative   to  the  harmonic exciting   frequencies.      The  proximity ol  the  first cyclic 

111 ofle   chofdwi Se   f feqUellC y   to    k pe r - re\   and   ol   the   first   Col lecti Vi.'   I iapw i s e 

mode  frequency to   3-per-rev  is  e\ideni a'   the desiun   rotor speed.     As a   re- 

sult,   some   limitations  on  the  operating;  ranue of this   model were  imposed, 

and  the   biads obtained  included an unrea lis tica 1 ly  hiuh dynamic amplification 

factor,   so  th- I a  correction of these  measured   loads   is  necessary  before  they 

can  be applied to .'   w. e 1 I  designed aircraft. 

DYNAMIC   LOADS A No LYSIS 

Without  analytical  or  lheoretic.il  verification,   the   measured  model   loads  are 

translated   into full-scale   loads   by  the  followitiL;  process. 

■V) 
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A  computer program was  used to calculate the  structural response to an 

oscillutinn  unit  load applied at the  3/4 rotor  radius.     The  frequency of applied 

load was   I,   d,   3,   and -1  times  rotor speed  for the  test data point beint«  con- 

sidered.     The  program  considered  the   response  cd' a  full-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 dynamic 

model  type  structure   --   has  been called a   response  ratio. 

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

moment that would  be obtained on a model with  full-scale  structural  charac- 

teristics.     When  these  products arc added  vectoria 11 y,   they represent the 

overall  model  moments  that would be  measured  in the wind tunnel   if the  model 

had the proper full-scale   structural  characteristics.     Table  III shows  the 

response ratio for each of the data point harmonics  measured.     The  lower 

riuht  shows  the  vector  summation of these  ratios   to present an overall  com- 

parison between model  characteristics and  full-scale characteristics. 

Since the model   test data   points  were  not obtained at  the  "scaled"  operating 

diagram,   a  small  adjustment,   usually upwird,   must be  made  to the  moments 

on  the  basis  of vc locity  squared.     The  final adjustment to the data   is  made  by 

multiplying  by the  moment scab'  factor,   which  is   the  linear  factor,   to the 

fi uirth pi iwe r. 

Fimires  H>,   17,   and ^H show the overall  blade  root moments  measured durini; 

the Series-XI tests  and  the  lour harmonic  components extracted   from the 

data.     Fach of these  plots,   represent! ni;  blade-root  flapwise,   clmrdwise,   and 

featherint;  moments,    i.i  siiov.n against advance   ratio.     The  left-hand  side, 

up to .tii advance   ratio of 0. -->,   represents  the  helicopter mode of ooeration. 

The middl i   of ea ch pi ot,   bet '   'en advance- ratios  of 0, .i1! and   1.0,   represents 

tli'    autoL'vro  regime.      Tnese  curves are  not  continuous,   because oi   the  hick 

of test data  between   _        0. Z^ and,,        0. l'iO.      The   riuht-hand side   represents 

conve rs inn .it  ZOO l< not s ,  I'd lowint; the ful 1 - scab' opera tins; diagram of Figure  Z. 

(.1 
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Table III.    Series XI Dynamic Model Structure]  Response Ratio 

Advance 
Ratio 

Klar y-ise Chui (IwiHi* K.-..1 lennn 

in 2r; 30 4r. ir. 2," 3,1 4.~ 1." 2.-, J-, If, 

0. 16 0. 52') 0. 597 0. 07 1 0. 02 9 1.214 1. 8 15 0. 2'i 1 0.  1 it.         1 3)2          1 450 0. 260 0. 200 

0. dO 0. 524 0. 597 0. 07 1 0. U29 1.214 1 835 0. 24 1 0, 1 H,        1 112          1 450 0, c',0 0. 200 

0. ti 0. 521 0. 597 0. 071 0, 029 1.214 1. 835 0. 24 1 0. 1 il.        1 112          1 450 (1. 21.0 0. 200 

0. 57 0. 70H 1. 351 0. 369 0. 067 0. (1.5 1 77 1 0. 689 0. 1 SI          1 180         1 8 92 0. (,27 0. 294 

D. 7 3 0. 755 1.415 0. 1.56 0. 179 0. 452 1 too 1, 174 0. 34 4         1 158          1 7 05 1. 02 5 0. 401 

0. 85 0. 796 1. 359 1. 144 0. 297 0. 37 3 1 000 1, 527 0. 478        1 141         1 52 4 1. 531, 0. 481. 

1. 02 0. 839 1. 259 3. 1 34 0. 61 5 0. 292 0 714 2. 4io 0. 1.90        1 130   ]    1 12 2 2. (.40 0. 575 

1. 29 0. 894 1. 147 2. 353 1. 809 0. 199 0 4 08 1, 067 1.41.4        1 1 10         1 24 9 1, 890 1 173 

2. 09 0. 937 I. 046 1.254 1, 805 0. 081 0 1 4 0 0. 2 SO 0. 4M        1 101    |    1 120 1. 229 1 4 11 

2, 52 0. 950 1.015 1. 156 1. 47Ü 0. 059 0 091. 0.  14 7 0.225         1 105    j     1 107 1.  11.5 1. 27 1 

3. 35 0. 972 1. 000 1. 061 1. 220 0. 035 0 053 0. 071, 0.  105          1 084   !    1 08 1 i. 103 1. 142 

(,. 56 0. 994 1. 000 1. 000 1. 031 0. 003 0 015 (1, 019 0. 024          1 01 1    1     1 07 1 1. 08 1          1 . 086 

Total Response  Ratio (Vector Summatioii) 

Advance 
Ratio Flapwise Chordvvi se Fe.i therinL! 

0. 16 0. Z09 0. 5Z(, 0. 5 7 1 

0. zo 0. Z38 0. 555 0. i.8 5 

0. Z5 0. 34 0 0. 75i, 0. Mt' 

0. 57 0. t>83 0. 8^5 0. i 7.^ 

0. 73 0. 768 0. 8 59 0. 7 51 

0. 85 1. 000 0. 87 i 0. "7.^ 

1. oz 1.519 C. h5^ 1. l-\.'- 

1. 19 J. 383 0. '178 1 . J 7 7 

I. 09 1. 107 0. l^f. i. ii •; 

1. 5Z 1. 0(.0 0.  1 O-l 1.171 

3. 35 0. 9-5 0. 050 0. "1  5 

6. 56 0. 90(. 0. 0 1.! o. "o •; 

(.! 
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Series XI 
Dynamic Model Teat Data 

ADVANCE RATIO 

Figure Z7.     Blade-Root Cyclic Chordwise Moment 

The cyclic moments shown on Figures Z6,   17,   and ^8 are uiven in engineering 

units,   because there is no method of presentini; meaningful mmdimensional izod 

coefficients for the complete transition path where both  rotor  speed and flight 

speed vary from zero to high operating speed.     However,   these  measured 

loads,   when adjusted for scale,   response ratio,   and upc r.i liuu  condition,   rep- 

resent loads  considerably higher than anticipated.     The  flapwise  momenl 

reached a level Z. 3 times that expected.     Similarly,   the chordwise moment, 

Figure 2.7,   is  1.43 times that anticipated.     To complete  the putuia .   Figure J.h 
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Tl?      .20    .25 .57 .85 1.29 "2.52 6.56 
.73        1.02 2.09    3.35 

ABVaSKX RATIO 

Figure <d8.     Blade-Root Cyclic Feathering Moment 

shows the blade's feathering moment to be 1.75 times the expected level. 

Since these levels are  so much larger than the anticipated moments,  every 

effort has been made to verify the test results.     Flap bending at n   - -^ was 

checked with another test,   Series X,   performed earlier,   and  it verified the 

dynamic model data.     The data measured on a different blade  (Series XI) was 

investigated and  revealed a similar moment level. 

A  comparison of blade  bendinu data from the Series-IX tests at an advance 

ratio of 0. 15 shows  some interesting discrepancies.     The flapwise oscillating 
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müment measured during Series XI is approximately 1-1/^ times the value 

measured earlier. The earlier tests showed considerable scatter, but the 

majority of data points    how levels around ±60 inch per pound atjj  - 0. ^5. 

Chordwise bending shows an opposite situation.     The earlier tests showed 

chordwise bending moments of 3 times the values measured during the Series- 

XI tests.     To further confuse the issue,   the two tests a^rce very well with 

respect to the torsional moment or blade feathering.     Thus,   of the three com- 

ponents of blade-root bending,   the ratios of agreement are 1. 5,   0. 33,   and 

I. 0 between two tests of very similar models 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 information 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<u  '0. Z5i  shown on  Figure ^6 is dif- 

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

Clearly,   the question of valid test data must be res.dved by a systematic 

investigation of analysis and further testing. 
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CONCLUSIONS AND RECOMMENDATIONS 

The primary area 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.     These 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 cleaner pylon design,   plus  it allows a shorter forward fuse- 

lage,   resulting in an empty weight saving. 

I 
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A circular-centerbody planfcjrm will mini'Tji^e the  3-per-rov shaft loads 

introduced by the trianfj;lf'  centerbody tested.     The circular shape will also 

present more planform area for vehicle  support during transition.     Ln addi- 

tion,   this shape has slightly better hover performance. 

It is  recommended that a general program of tenting and analysis be conducted 

in the flight region where high blade loads have  been measured  so that the 

techniques  required for load prediction can  be developed. 
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