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I. SUMMARY 

An advanced-design 25-foot -diameter f  lightworthy proprotor was 
tested i n  the NASA-Ames Large-Scale Wind Tunnel under NASA 
Contract NAS2-5386. Bell  Helicopter Company designed and manu- 
factured the proprotor and loaned i t  to  the government f o r  the 
t e s t s .  These t e s t s ,  Task I1 of the Advancement of Proprotor 
Technology Program, have t-erif ied and confirmed the  theory and 
design solut ions developed a s  pa r t  of the Army Composite Aircraf t  
Program. This report  presents the t e s t  r e s u l t s  and compares them 
with theore t ica l  predictions.  (Reference 1 reports  the r e s u l t s  of 
Task I ,  the design study.) 

Figure 1-1 shows the proprotor ins t a l l ed  i n  the tunnel i n  prepa- 
r a t ion  f o r  the July 1970 dynamic t e s t s .  This t e s t i n g  (which 
reached a simulated speed of 408 knots) showed that  s t a b i l i t y  
increased with airspeed. The meastired damping of the major 
coupled modes was a s  predicted from theory and from the r e s u l t s  
of one-fifth-scale model t e s t s .  

During performance t e s t s  (Figures 1-2 and 1-3). conducted i n  
November 1970, the r e s u l t s  met o r  exceeded predictions.  Hover 
thrus t  15 percent grea ter  than the predicted maximum was measured. 
I n  a i rplane mode, propulsive e f f i c i enc ies  (some of which exceeded 
90 percent) agreed with Theory. 

S t ruc tura l ly  , the proprotor behaved much as  predicted. Blade 
loads were. acceptable i n  a11 f l i g h t  modes, altbough they exceeded 
the i n i t i a l l y  predicted values a t  intermediate conversion angles. 
After the  t e s t s ,  however, computati-onal :-nput e r r o r s  were found 
i n  the predicted values. The elimination of these e r ro r s  put the 
theore t ica l  (predicted) loads s l i g h t l y  higher than those measured. 
Blade loads i n  the airplane f l i g h t  mode were very low. 

These t e s t s  took the flightworthy t e s t  a r t i c l e  through mar?y of 
the conditions i t  would encounter in  a c b a l  f l i g h t  operat ions,  
and found i t  operationally and s t r u c t u r a l l y  s a t i s f a r t o r y  i n  a l l  
of them. The proprotor is therefore ready f o r  the  next log ica l  
s t ep  i n  the development of t i l t -p ropro to r  technology--fl ight 
t e s t ing  on a research a i r c r a f t .  









M i L l t a : ~  and c i v i l  p lanners  a r e  becoming aware of the need fsr 
VTOL q i r c r a f t  i n  a v a r i e t y  o f  miss ions  and r o l e s .  The Irl'OL 
concept which appears  t o  o f f e r  t h e  g r e a t e s t  proraise of f i l l i n g  
t h i s  need is t h e  t i l t - r o t o r  a i r c r a f t ,  I t  has a h;gh hover pay- 
load and causes olnimun no i se  and do-awash, I t  saves  weight and 
complexity by us ing  t h e  same p o e r p l a n t  f o r  both hover and f o r -  
ward f l i g h t ,  

The r o t o r  system, similar t o  that o f  t n e  h e l i c o p t e r ,  g i v e s  the  
p i l o t  t h e  sam p r e c i s e  c o n t r o l  i n  t h e  hover and at  low f l i g h t  
speeds that a pure h e l i c o p t e r  would g i v e  him; y e t  i n  high-speed 
f l i g h t ,  t h i s  same r o t o r  func t ions  e f f i c i e n t l y  as a p r o p e l l e r ,  
g i v i n g  t h e  a i r c r a f t  t h e  range and endurance o f  a fixed-wing 
a i r c r a f t .  The side-by-side a r r a ~ g e m e n t  of t h e  p r o p r o t o r s  g i v e s  
the L i f t  system a l a r g e  o v e r a l l  span ,  which i n  t u r n  g i v e s  it 
e x c e p t i o n a l l y  good SrOL c h a r a c t e r i s t i c s ,  

Many of  t h e  d e s i r a b l e  c h a r a c t e r i s t i c s  of t h e  a i r c r a f t  d e r i v e  
from t h e  Low d i s c  Loading o f  t h e  t i l t - r o t o r  s y s t e a -  Indeed,  
s t u d i e s  have shown t h a t  low-disc-loading GTOL a i r c r a f t .  t h e  t i l t -  
m t o r  i n  p a r t i c u l a r ,  w i l l  make the  most economical mi3-range 
VTOL t r a n s p o r t s  f o r   her c i v i l  o r  m i l i t a r y  app l  l c a t i o n s  . 
( S t u d i e s  by B e l l ,  Vest land,  Lockneed, Sikorsky,  Hoeing, and t h e  
?4arine Coros have supported t h i s  -p red ic t ion .  See References 
2 through LO- 1 The Law disc Loading also minimizes noise 
and d u s t ;  the  low d m w a s h  v e l o c i t i e s  co~trlbilte t o  t h e  s a f e t y  
of ground personnel .  

The simple conversion process  makes the  a i r ~ r a f t  e a s y  t o  f l y .  
Conversion a a y  be s t a r t e d ,  s topped ,  or reversed  a t  any  p o i n t ,  
w i t h  power on o r  o f f .  The r o t o r - l i f t e d  speed range over laps  t h e  
wing-l i f  t e d  speed range ; t h e r e f o r e  t h e  conversion c o r r i d o r  is 
wide, and a i r s p e e d  and pcver need not  be programmed wi th  con- 
v e r s i o n  ang le .  In  case  of complete power f a i l u r e ,  t h e  a i r c r a f t  
conver t s  t o  h e l i c o p t e r  f l i g h t  and makes an a u t o r o t a t i o n a l  descen t  
t o  a h e l i c o p t e r - l i k e  f l a r e  and Low-velocity l and ing .  

The t i l t - r o t o r  concept  has been under development f o r  two de- 
cades.  Ear ly  work l ed  t o  t h e  es tab l i shment  of t h e  j o i n t  Anny- 
A i r  Force XV-3 Conver t ip lane  Proeram in  1951 (Figure  I f  -1). The 
e v a l u a t i o n  tests were completed i n  1961 and repor ted  i n  Refer -  
ences  11 through 13. The program included more than 375 hours 
of wind-tunnel and ground-run t ime,  and more than 250 test  
f l i g h t s  i n  125 hours of f l i g h t  t i m e .  The test a i r c r a f t  was flown 
by t e n  government test  p i l o t s  and two Be l l  p i l o t s ,  who mads a  
t o t a l  of more than 110 f u l l  conversions.  Five of the  government 
t e s t  p i l o t s  made p0w.r-off reconvers ions  from c r u i s e  t o  h e l i c o p -  
t e r  a u t o r o t a t i o n  a f t e r  s imulated engine f a i l u r e .  The f l i g h t  
e v a l u a t i o n  demonstrated t h e  soundness and s a f e t y  of t h e  conver- 
s i o n  p r i n c i p l e  and showed t h a t  a  p ropro to r  could be used e q u a l l y  
we l l  f o r  l i f t  and propuls ion .  I t  a l s o  de f ined  dynamic s t a b i l i t y  



?robLevs tha t  requ! red fu r the r  study. probleas involving dynamic 
s t a b i l i t y  of the proprotors and coupline e f f e c t s  between the 
proprotors and the a i r c r a f t  - A t  t h a t  t ~ a e  these phenomena =re 
l i t t l e  understood and there was no theory f o r  predict ing them 
with any degree of accuracy. 

Specif ical ly ,  the probless were high p r o ~ r o t o r  flapping duri3g 
airplane aaneuv --s. proprotorr/pylon s t a b i l i t y  ( l a t e r  f outld t o  be 
c lose ly  related t o  propeller-nacelle w h i r l  f l u t t e r )  , and a i r -  
c r a f t  dutch r o l l  and short-period Longitudinal s t a b i l i t y .  I n  the 
e a r l y  1960's B e l l  Zielicopter Company i n i t i a t e d  an extensive 
theory and aodel research program t o  resoive these problems and 
t o  develop technology f o r  the design of fa ture  a i r c r a f t  - The 
program yielded a fundamental understanding of proprotorJpy1on 
phenomena and explained the behavior of the XV-3 i n  f l i g h t  and 
i n  the wind tunnel (Reference 11). 

The ;iroprotor/pylon s t a b i l i t y  behavior of the  XV-3 i n  the 1962 
tunnel t e s t  was f i r s t  simulated with a simple sodel ,  A s  theory 
was fu r the r  refined and more e f f e c t s  and degrees of freedom were 
added t o  the equations, wind-tunnel t e s t i n g  uent on t o  evaluate 
blade f l e x i b i l i t y ,  a i r f  raae ae roe las t i c  modes. and a i rp lane  f l i g h t  
degrees of freedom (References 15 and 16). Some of the aodels 
used i n  the dynaaic aodel t e s t  program are shown i n  Figure 11-2. 
Severai d i f f e ren t  desllgn approaches f o r  dynasic s t a b i l i t y  evolved 
and were studied i n  d e t a i l .  These included posit ive p i tch  f l a p  
coupling (negative 6 3 ) .  high wing s t i f f n e s s ,  swashplate/pylon 
coupling, a focused ro tor ,  and automatic flapping control .  

I n  1965 the Amy establ ished the Conposite Ai rc ra f t  Program t o  
combine i n  one a i r c r a f t  the good hover cha rac te r i s t i c s  of the 
hel icopter  and the e f f i c i e n t  high-speed c ru i se  cha rac te r i s t i c s  
of the f  ixed-wing a i r c r a f t .  The XV-3 experience and subsequent 
theory and aodel work provided a foundation f o r  design e f f o r t  i n  
t h a t  program. The Bell Model 266 a i r c r a f t  design shown i n  FZgure 
11-2 resulted frcm t h i s  work. (This work i s  documented and 
reviewed i n  References 17 through 22). 

The exploratory def in i t ion  phase of the Composite A i r c r a f t  Pro- 
gram w a s  completed i n  1967. The research a i r c r a f t  prograrir which 
was  planned t o  follow would have establ ished tha t  the leve l  of 
technology was adequate f o r  an a i r c r a f t  system. This program 
was not begun, however, primarily because of a lack of R I D  fund- 
ing and the absence of a well-defined mission requirement. 
Recognizing the need f o r  large-scale ve r i f i ca t ion  of t h e  tech- 
nology that had developed from the time of the XV-3, Bell 
authorized as part  of i ts I W D  program the design and fabrica- 
t ion  of a 25-foot-diameter rctsr- -..d drive system ccrmponents 
su i t ab le  f o r  t e s t i n g  i n  the NASA-Ames Large-Scale Vind Tunnel. 
This was i n  1968. 

I n  1969 the XASA-Ams Research Center and the  A m y  Aeronautical 
Laboratory contracted with Bell (Reference 23) fc:. t u n q e l  t e s t s  
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of the 25-foot ro tor  and f o r  design s tudies  of a  t i l t - r o t o r  
proof -of -concept a i r c r a f t .  The all Mrdel 300 a i r c r a f t  design 
shown i n  Figure 11-4 resulted from the design study (Reference 1). 

The 25-foot-diaaeter proprotor completed i t s  f i r s t  tunnel t e s t  i n  
July L970 (Figure 1-11. The dynamic invest igat ions shotled tha t  
the systev was s ~ a b l e  t o  the aaxiaum tunnel speed of 202 knots 
with a  fulL s t i f f n e s s  wing s t ruc ture .  Flight was simulated t o  
408 knots with a  one-fourth-s t i f fness  wing s t ruc tu re .  &aping of 
a l l  modes was good and trends -re predicted accura te ly  by theory. 
Control and s t ruc tu ra l  invest igat ions showed low blade, hub, and 
control  s t r e s ses .  Investigations with a n  automatic flapping con- 
t r o l  device uere i n  agreement with theory. 

The most recent tests of the 25-foot proprotor took place i n  the 
Ames 40- by 80-foot tunnel i n  November 1970 (Figures 1-2 and 1-3). 
During these t e s t s ,  the rotor  was power driven i n  the hel icopter  
mode, i n  the airplane mode, and over a  range of conversion angles 
between these modes, Test r e s u l t s  cor re la ted  well with predic- 
t ions  as is summarized i n  Rzference 24 and shown i n  d e t a i l  i n  the 
following sect ions of t h i s  report ,  The dynamic s t a b i l i t y  of the 
ro tor  was excel lent  i n  a l l  modes, and blade loads were acceptable. 
The r e s u l t s  of the t e s t s  show t h a t  the 25-foot-diameter proprotor 
i s  mady fo r  t e s t i n g  on a complete a i r c r a f t ,  











111. DESCRIPTION OF TEST :IARD'dARE 

A. PROPROTOR AX3 CON'I'ROLS 

The 25-foot thlee-bladed oroorotor  used for  these  t e s t s  i s  scmi- 
r i g i d ,  with the hub gimbal mounted t o  t h e  mast t o  provide blade 
f lapping freedom. The al l-bonded blades  a r e  made wi th  high- 
s t r eng th ,  hea t - t r ea t ed  s t a i n l e s s  s t e e l .  Blade p i t c h  mction and 
r e t e n t i o n  a r e  ~ r o v i d e d  by needle bearings and wire s t r aps .  
S t a in i e s s  s t e e l  Liners,  bonded t o  the  t i t an ium yoke, prevent 
f r e t t i n g .  fie s t i f f  t i t an ium yoke places  a l l  blade bending f r e -  
quencies above r o t o r  speed a s  i s  discussed i n  Subsection III.A.2 
of t h i s  repor t .  

The geometry of t he  blades w a s  developzd with the  he lp  of two- 
dimensional t e s t s  ic subsonic and t ransonic  wind tunnels.  The 
blades haveanNACA 64-208 a i r f o i l  a t  the  t i p  and a h ighly  cam- 
bered, 27-percent t h i c k  s e c t i o n  a t  the  roo t .  A combination of 
t w i s t  and camber was chosen t o  meet the  aerodynamic requirements 
f o r  both he l i cop te r  and a i r p l a n e  f l i g h t ,  and t o  permit the  blade 
spar  s t r u c t u r e  t o  have a uniform t w i s t  r a t e .  The i n t e g r a l  blade 
and g r i p  e l imina te  t h e  need f o r  an aerodynamic cuf f  a t  t h e  rooc 
of t he  blade, thereby saving weight and minimizing performance 
Losses. 

An e las tomeric  hub spr ing  i s  u t i l i z e d  t o  increase  the  c o n t r o l  and 
damping moment c a p a b i l i t y  of t h e  oroprotor .  The hub s ~ r i n g  i s  
located i n  the  nonrota t ing system t o  e l imina te  f a t i g u e  loading 
on t h i s  component. The spri:~g i s  a t t ached  d i r e c t l y  t o  t h e  t op  
case of t he  transmission and t o  the  hub yoke through a bearing. 

cyc l i c  con t ro l  is  achieved through a monocyclic ( f o r e  and a f t )  
swashplate below the  proprotor.  A r i s e - a n d - f a l l  c o l l e c t i v e  head 
assembly above the  proprotor mcves t h r e e  walking beams thereby 
providing c o l l e c t i v e  con t ro l ,  Hydraulic a c t u a t o r s  pos i t i on  t he  
cyc l i c  and c o l l e c t i v e  con t ro l s .  The servo valves  of the  1500 ps i  
hydraul ic  ac tua to r s  were posi t ioned by a 28-volt e l e c t r o -  
mechanical ac tua tor  t o  provide remote c o n t r o l  f o r  these t e s t s .  
In  the  event  of hydrau l ic  pressure  l o s s ,  the  e l e c t r i c  a c t u a t o r  
provided a mechanical back-up t o  ca r ry  t he  c o n t r o l  loads u n t i l  
the  tunnel  could be shut down. 

Table 111-1 provides a summary of the  pe r t i nen t  d a t a  concerning 
the  proprotors.  Both aerodynamic and dynamic d a t a  a r e  included. 
Bel l  drawings 300-960-002, 300-010-001, and 300-010-100 included 
i n  the  appendix show some of the  cons t ruc t ion  d e t a i l s  of the  
proprotor. Reference 1 provides a complete de sc r ip t i on  of t h e  
p r o ~ r o t o r  including mass and s t i f f n e s s  d i s t r i b u t i o n s .  



TABLE 111-1. PROPROTOR DESCRIPTIVE DATA 

1 
Number of Blades per Proprotor 3 

Diameter 25.0 f t  

Disc Area per  Proprotor 491 s q  f t  

Blade Chord 

Blade Area ( 3  Blades) 

S o l i d i t y  

Blade A i r f o i l  Section 
Root ( 5  Mast) 
Tip 

14 i n  bas ic  blade I 
17 i n  cuff  roo t  a t  

0,0875R 
i 

Tapering t o  14 i n  
at 0.25R 

NACA 64-935 a = 0.3 
NACA 64-208 a = 0.3 

Blade Twist (See Figure I V - 1  for 
~ s t r i b u t i o n )  -45.0 deg 

Hub Precone Angle +2.5 deg 

63 -15.0 deg 

Underslinging 0 deg 

Mast Moment spr ing Rate (pe r  Rotor) 2700 in Lb/deg 

Flapping Design Clearance 1 2 . 0  deg 

Blade Flapping I n e r t i a  (per Blade ) 105 Slug f t 2  

Blade Lock Number 3 . 8 3  

Helicopter  

Conversion 

Airplane 

T i p  Speed 
( f p s )  ( r p )  
740 56 5 



2. Natural ~ r e a u e n c i e s  

p r i o r  t o  t h e  wind-tunnel   test^ t h e  p ropro to r  n a t u r a l  f r e a u e n c i e s  
were measured i t 1  a  n o n r o t a t i n g  v i b r a t i o n  survey and t h e i r  l o c a -  
t i o n s  confirmed dur ing  a  w h i r l  t e s t  a t  t h e  c o n t r a c t o r  f a c i l i t y .  

~ i g u r e s  111-1 and 111-2 compare t h e  measured n o n r o t a t i n g  f r e -  
quencies  w i t h  t h e  c a l c u l a t e d  f requenc ies .  I n  BHC terminology 
t h e  c o l l e c t i v e  modes a r e  t h e  symmetric modes of t h e  p ropro to r ,  
i , e , ,  po la r  symmetric about t h e  mast. T ~ L  c y c l i c  modes a r e  the  
asymmetric modes. For the  v i b r a t i o n  survey,  the  p ropro to r  was 
mounted on a  t e s t  f i x t u r e  which was e f f e c t i v e l y  r i g i d  i n  t h e  
d i r e c t i o n  normal t o  t h e  plane of  t h e  r o t o r ,  but  which had a n  
inp lane  mode c l o s e  t o  the  f i r s t  c y c l i c  out-of-plane mode. Coup- 
l i n g  of  t h e  two modes was no t  inc luded i n  t h e  c a l c u l a t i o i ~  but  i s  
e v i d e n t  i n  t h e  measured f requenc ies .  

The f i r s t  t o r s i o n a l  mode of t h e  blade was measured a t  80 cps a s  
shown i n  F igc re  111-1. The v i b r a t i o n  survey t e s t  s t a n d  provided 
a n  extremely s t i f f  t o r s i o n a l  r e s t r a i n t ,  hence t h i s  i s  e f f e c t i v e l y  
t h e  t o r s i o n a l  n a t u r a l  frequency of a  c a n t i l e v e r e d  b lade .  The 
c a l c u l a t e d  f i r s t  t o r s i o n a l  n a t u r a l  frequency f o r  t h e  c a n t i l e v e r e d  
b lade  is  87 cps. With t h e  c o n t r o l  system f l e x i b i l i t y  inc luded i n  
t h e  c a l c u l a t i o n s ,  a  mode which i s  r i g i d  body f e a t h e r i n g  on t h e  
c o n t r o l  system i s  in t roduced a t  36 cps. Coupling w i t h  t h i s  mode 
f o r c e s  t h e  t o r s i o n  mode up t o  122 cps. 

Wher, t h e  p ropro to r  was w h i r l  t e s t e d  on a  h o r i z o n t a l  t e s t  s t a n d ,  
the  blade n a t u r a l  f r equenc ies  were f u r t h e r  e s t a b l i s h e d  by resonant  
c r o s s i n g s  and harmonic e x c i t a t i o n  of t h e  swashplate .  Figures 
111-3 and 111-4 compare t h e s e  f requencies '  i d e n t i f i c a t i o n s  w i t h  
f a n  p l o t s  based on e x t r a p o l a t i o n  of the  f requenc ies  measured dur -  
i n g  t h e  n o n r o t a t i n g  v i b r a t i o n  survey. Note t h a t  s e v e r a l  modes a r e  
i n d i c a t e d  t o  be i n  resonance, nameiy t h e  t h i r d  c o l l e c t i v e  mode 
and t h e  second and t h i r d  c y c l i c  modes. These resonances were 
c l o s e l y  monitored dur ing  t h e  wind-tunnel t e s t s ,  but  were never a  
problem. 

TEST STANDS 

1. Performance Stand 

a .  Descr ip t ion  

Performance t e s t i n g  of t h e  Model 300 p ropro to r  was accomplished 
on t h e  NASA p r o p e l l e r  t e s t  r i g  a s  shown on Figures  1-2 and 1-3. 
The power module of t h i s  r i g  c o n s i s t s  of two 1500 hp e l e c t r i c  
motors mounted i n  tandem on a frame, d r i v i n g  an  R-2800 engine  
reduc t ion  gearbox. The power module was mounted a t  appr oximately 
t h e  c e n t e r  of t h e  t u n n e l  t e s t  s e c t i o n  on s t r u t s  a t t a c h e d  t o  t h e  
t u n n e l  balance frame. Angle of a t t a c k  could be changed on t h e  
module by means of a  remotely-actuated t a i l  s t r u t .  The angle 



range a v a i l a b l e  was from 0 degrees (mast ho r i zon ta l )  t o  85 
degrees (mast 3ea r ly  v e r t i c a l ) .  Bell  Drawing 309-018-013, i n -  
cluded i n  t5e appendix, shows the  proprotor  mounted on the t e s t  
r i g .  

To adapt tl-e Model 300 ro to r  t o  the t e s t  r i g  gearbox, a new 
ge.2rbox f r o n t  cover was vaie. A mast support  case conta iniqg 
a a l l  t h r u s t  bearing and a  r a d i a l  r o l l e r  t zd r ing  was a t tached t o  
the  spec i a l  f r o ~ t  cover.  The bearings i n  the mast case were 
separated by 13.5 inches t o  c a r r y  Eoments generated ty the r o t o r .  
A c o l l e c t i v e  p i t ch  input  s leeve  was i n s t a l l e d  between the  bear-  
i n g s .  This sleeve contained a r o ~ a t i n g - t o - r o t a t l n g  bearing s e t ,  
and at tached t o  a c o l l e c t i v e  tube i n s ide  t he  mast. The co l l ec -  
t i v e  con t ro l  c y l i n d e r ,  i n s t a l l e d  below the  gearbox, ac tuated the  
s leeve  through a  l e v e r .  The upper end cf the  w i ~ d - t u n n e l  mast 
case  was s i m i l a r  t o  t he  Model 300 t ransmiss ion mast c a s e ,  and 
had attachment points  f o r  the  Mode, 300 swashplate and hub rnosent 
spr ing .  An instrumentat ion s l i p  r i ng  was i n s t a l l e d  i n s ide  the 
mast case ,  above t h e  upper bear ing .  

The mast used during t he  wind-tunnel t e s t s  was i d e n t i c a l  t o  t h a t  
of the  Model 300 above the  mast case .  I n s ide  the mast ca se ,  the  
wind-tbnnrl mast was s l o t t e d  t o  permit operat ion of t he  colLect ive  
s leeve .  The mast wall th ickness  i n  t he  a rea  of the  s l o t s  was 
i;-.cLeased over t h a t  of the  Model 300 i n  order  t o  maintain t he  mast 
s t r eng th .  The lower end of the  mast had a  d r ive  s p l i n e  t o  which a  
modified R-2800 p lane ta ry  gear  c a r r i e r  a t t ached .  The c a r r i e r  con- 
t a ined  s tandard R-2800 p l a r e t a r y  gears .  

The Model 300 proprotor and r o t a t i n g  c o n t r c l s  tittached t o  the  
wind-tunnel p a s t  and mast case without modif ica t ion.  The ModeL 
30U spinner  f a i r e d  the  forward por t ion of t he  r i g ;  nons t ruc tura l  
f a i r i n g s ,  a t t ached  t o  t he  tunnel  f l o o r ,  f a i r e d  the  remainder of 
the  r i g .  

b .  Natural  Frequencies 

A v ib ra t i on  ana lys i s  of the  p rope l l e r  t e s t  s t and ,  wi th  t he  25-  
foot  proprotor  i n s t a l l e d ,  was made p r i o r  t o  t he  powered t e s t .  
The t e s t  s tand s t r u c t u r e  was modeled on t he  NASTRAN s t r u c t u r a l  
ana lys i s  (Reference 25) and the  na tu ra l  f requencies  through e i g h t  
per rev ca l cu l a t ed .  Figure 111-5 shows the  NASTRAN s t r u c t u r a l  
mode 1. 

A v ib ra t i on  survey of t he  p rope l l e r  t e s t  s tand was conducted with 
the  stand i n s t a l l e d  i n  the  t e s t  s e c t i o n .  For the  survey the  
proprotor blades = r e  removed and replaced by equ iva len t  weights.  
A Lazan e c c e n t r i c  mass v i b r a t o r  was i n s t a l l e d  i n  a  blade g r i p  t o  
provide e x c i t a t i o n .  Surveys were made a t  nace l le  angles  of 0 and 
60 degrees .  The inf luence of nace l le  angle was very sma l l .  

The measured s tand  na tura l  f requencies  a r e  compared t o  the  calcu- 
l a ted  f requencies  i n  Table 111-11. While the  frequency c o r r e l s -  
t i o n  i s  reasonable,  neg lec t ing  the  f l e x i b i l i t y  of the  s tand 
torquemeter i n  the  math model caused a considerable e r r o r  i n  the  



TABLE 111- 11. PROPELLER TE3 STAND NATURAL FREQ'JENCIES 

abIAST = 0 DEGREES 

1 
Mode No. Measured Calculated ident i f i ca t ion  

(cps) (cps) 

1 1.8  1.66 Strut first l a t e r a l  
bending 

2 3.8 3.52 Nacelle  yaw 

3 3.5 2.72 S t r u t  fore  and a f t  
bending 

4 5.2 1C.47 Cross tube v e r t i c a l  
bendir-g 

5 16.g2 22.3 Mast l a t e r a l   ending 

6 22.12 26.7 Past v e r t i c a l  bending I 
7 -- 29.7 Nacelle torsior- (rear) I 
8 31.; . 4 3:. 3 Nacelle l a t e r a l  bending I 
9 -. , 38.2 Stand Torsion (front) 

10 -.. 42.1 S t r u t  I 
11 42.1; 22 , .4  Vacelle vc r.-. ical bending I 
'cross tube s t i f k n e r s  too  high i n  NASTRAN model i 
' ~ o r q ~ e  meter softness  a t  interface  between stand & mast 
case n o t  reprr5ented i n  b! 'TRAN model 



f r e q u e n c i e s  o f  the vast vertical a n d  Lateral b e n d i n g  modes ,  r h e  
L o c a t i o n  o f  t h e s e  modes is v e r y  i m p o r t a n t  s i n c e  t h e y  are l o c a t e d  
it. t h e  t w o - p e r - r e v  a n d  t h r e e - p e r - r e v  excf tatiori f r e q u e n c y  range. 
D u r i n g  t h i s  t es t ,  t w o - p e r - r e v  Loads  a t  535 rpln p r o v e d  a l i n i t a -  
t i o n  a n d  p r e v e n t e d  e x t e n s i v e  o p e r a t i o n  a t  that r p .  However, 
t h e r e  wa* P.O p r 2 b l e a  ir .  o p e r a t i n g  a t  rotor  s p e e d s  h i g h e r  or lower 
t h a n  535 rpw. 

2 ,  3 y n a a ~ c  T e s t  S t a n d s  

a .  D e s c r i p t i o n  

The W e 1  300 p r r  ra tor  was t e s t e d  f o r  d y n a a i c  s t a b i t i t y  on a 
s t r u c t u r e  v h i c h  s i m u l a t e d  the H o d e l  300 s e a i s p a n  v i n e  and n a c e l i c .  
B e l l  Drawing 309-0;8-941, i n c l u d e d  i n  the a p p e n d i x .  s h o w s  t h e  test 
assesbly. This wing  was 9 o u n t e d  v e r t i c a i l y  i n  t h e  wind  t u n n e l ,  
a n d  a t t a c h e d  d i r e c t l y  5s t h e  t u n n e l  b a l a n c e .  The  w i n g  a n g l e  of 
a t t a c k  couLd be v a r i e d  r e s o t e l y ;  alsc, t h e  n a c e l l e  c o u l d  be 
p i t c h e d  r e l a t i v e  t o  t h e  w i n g  f r o a  O t o  20 d e g r e e s  m a n u a l l y .  
E x t e n s i v e  u s e  was aade of the resote a n g l e  o f  a t t a c k  v a r t a t i o n  
c a p a b i l i t y  d u r i n g  the test,  h o w e v e r ,  211 dynamic  test - s t a n d  runs 
-re made w i t h  the nacelle i n  the a i r p l a n e  a o C e .  

The basic wing  s t r u c t u r e  c o n s i s t e d  of a beam o f  r e c t a n g u l a r  c r o s s  
s e c t i o n ,  a n d  equal i n  b e n d i n g  a n d  t o r s i o n a l  s t i f f n e s s  t o  t h e  
actual Hodel 300 w i n g  d e s i g n .  A s e c o n d  bear, having o n e - f o u r t h  
t h e  s t i f f n e s s e s  of t5e f L i g h t  w i n g ,  was a l so  p r o v i d e d .  The w i n g  
" a i r f o i l "  vas z s i q p l e  aerodyriasic fa i r ing cori lplete  w i t h  1igk.t  
n o n s t r u c t u r a l  c m p o n e n t s .  The  f a i r i n g s  would a d a p t  t o  e i t h e r  
wing beaa- ALL c o a p o n e n t s  of the beam a n d  f a i r i n g s  were a luminum.  

The tes t  s t a n d  p a r a m e t e r s - - w i n g  c h o r d ,  s p a n ,  -*ei@t, s t i f f n e s s ,  
a n d  sweep--were  h e l d  as c l o s e  t o  t h o s e  of t h e  Mode! 300 as  p o s s i -  
b l e .  The a i r f o i l  s e c t i o n .  h o w e v e r ,  w a s  s i a ~ l i f i e d  t o  r e d u c e  
m a n u f a c t u r i n g  cost. Its t h i c k n e s s  was 13-5 p e r c e n t  as compared  
t o  t h e  Model 309 w i n g ' s  23 p e r c e n t .  

The b a s i c  s t r u c t u r e  o f  t h e  nace l le  was a steel  s ~ l d v e n t  ~-t : ich -. a t t a c h e d  t o  the w i n g  t i p  by  lreans of a c o n v e r s i o n  s p i n d l e .  lne 
b e n d i n g  s t i f f n e s s  of t h e  s p i n d l e  was t h e  same as  t h e  Model 309 
c o n v e r s i o n  s p i n d l e .  The c o n v e r s i o n  a c t u a t o r  was r e p l a c e d  b y  a 
Link .  A yaw Link  was  a l s o  p r o v i d e d  t o  s i m u l a t e  t h e  p y l o n - t o - w i n g  
a t t a c h a e n t  when t h e  p y l o n  is f u l l y  c o n v e r t e d  so t h a t  a d o w n s t o p  
is e n g a g e d .  The s a a t  s c p p o r t  case u s e d  on the p o v e r  test  r i g  
a t t a c h e d  t o  t h e  f r o n t  of t b e  u e l d r a e n t .  Two a l u m i n m  b u l k h e a d s ,  
z t t a c h e d  t o  t h e  u e l d m e c t ,  s u p p o r t e d  a fiberglass f a i r i c g  o v e r  t h e  
s t r u c t u r e .  The f a i r i n g  c o o t o u r  was made t o  the  Model 300 n a c e l l e  
l i ~ e s .  

The c o l l e c t i ~ ~ c  c o n t r o l  roechanis* was the same as was u s e d  o n  t h e  
power rig. The c y c l i c  h y d r a u l i c  c y l i n d e r  was a l s o  u s e d ,  b u t  was 
c o n t r o l l e d  b y  a small h y d -  ~ l i c  . c t u a t o r  (SCAS U n i t )  e q u i p p e d  
with 3? e i e c t r i c a l l y  c o n t . o l ! e c  s e r v o  v a l v e .  The SCAS c y l i n d e r  
was u s e d  for t h e  f l a p p i n g  c c ? t  .oiler i n p u t  and as a c y c l i c  c o n t r o l  
s y s t e T  s h a k e r .  



In addi t ion t o  the cycl ic  shaker, an aerodynamic shaker was a l s o  
provided. T h i s  shaker consisted of a z ~ d L 1  a i r f o i l  mounted on a 
sha f t ,  at tached near rhe a f t  end of the  nacelle,  The shaker was 
osc i l l a t ed  by another S U S  hydraulic cyl inder ,  

b, Scaling 

The sca l ing  fac to r s  of the two design stands a re  given i n  Table 
IIT-JII  fo r  reference, Note t h a t  data  from the design s t i f f n e s s  
stand may tz used 2irc:tly. Data from the one-fourth design 
s t i f f n e s s  t e s t  s t a ~ d  must be muliLplied by the appropriate f a c t o r  
from rable 111-iII t o  obtain the fu l l - sca le  equivalellt value, 

c. Test Stand Natural Frequencies 

The t e s t  stand na tu ra l  frequencies were calculated pr ior  t o  the 
dynamic s t a b i l i t y  t e s t  using a f i n i t e  element s t r u c t u r a l  model 
of the stands. Figure 111-6 shows tne  layout of the  s t r u c t u r a l  
model and the  element propert ies  and node point masses a re  given 
i n  Tables 111-IV and 1 1 1 - V ,  

A vibrat ion survey of the design-st i f fness  t e s t  stand was c m -  
ducted f i r s t  a t  the cont rac tor ' s  f a c i l i t y  and again when the 
starid was i n s t a l l e d  i n  the t e s t  section. A vibra t ion  survey of 
the  one-fourth-design-stiffness stand was a l s a  canducted i n  the 
t e s t  sect ion,  

3uring these surveys the proprotor blades were removed and re -  
placed b;* equivalent weights. A Lazan shaker was used t o  exc i t e  
the system natural  frequencies. Hand exc i t a t ion  of the fundamen- 
t a l  reoder was used t o  obtain modal damping r a t i o s ,  

m r i n g  the  design s t i f f a ~ e s s  stand v ibra t ion  survey the tunnel 
balance na tu ra l  frequencies were ident i f ied .  S t ra in  gaged beam 
transducers mounted a t  the corners of the balance frame were used 
t o  determine the balance mode shapes, 

The liacural frequencies for the  Model 300, the calculated stand 
natural  frequencies, and the measured frequencies a r e  tabulated 
i n  Table 1 1 1 - V I ,  l'he measured damping i s  a l so  indicated.  Also 
l i s t e d  i n  Table 1 1 1 - V I  a re  the frequencies of the  balance modes. 

The mode shapes f o r  the four lowest modes of the design-st i f fness  
t e s t  stand a re  shown i n  Figure 111-7. These modes a re  the same 
f o r  the  one-fourth-stifffiess stand with the exception of four th  
modes, which is a pylon yawing mode. The balance modes were 
e s s e n t i a l l y  r i g i d  body and uncoupled, 

d. Test 3tand Dynamic S t a b i l i t y  Boundaries 

Figure 111-8 shows the calculated dynamic s t a b i l i t y  boundaries 
f o r  the t e s t  stand a s  a function of proprotor rpm. These a re  
based on the t e s t  stand measured na tura l  frequencies. Ztto 



TABLE 111-111. DYNAMIC TEST STAND SCALE FACTORS' 

Design s t i f f n e s s Z  One-Fourth S t i f  fnes s3  
Parameter T e s t  Stand Test Stand 

1 
I 

- 

Length 

Mass 

Time 

Velocity 

Acceleration 

Frequency 

Force 

' ~ u l t i ~ l ~  model data by s c a l e  factor  to obtain 
equivalent fu l l - s ca l e  value 

2 ~ c a l i n g  - Mach N o .  1 : l  
Froude No. I : l  
Lock No.  1 : l  

'scaling - Mach N o .  0 . 5 : l  
Froude No. 0 .25: l  
Lock No. 1 : l  



TABLE 111-IV, DYNAMIC TEST STAND MASS PROPERTIES 

Mass and I n e r t i a *  

Mz 18 x 

0 . 4 3  0 .6  

0 . 2  0  -6  

0 .2  0 .6  

0 .2  0 . 6  

0 .511 0 . 6  

0 .01  0 .31  

0 .01  0 . 0 1  

1 .087 772.0 

2 .13  800.0 

1.036 -- 
-- 112 -96 

Node 

I *See Figure 111-6 for element coord ina te  system. 
A l l  units i n  lb - in - sec  system. -- I n d i c a t e s  coord ina te  was n o t  r e t a i n e d .  



TABLE 111-V, DYNAMIC TEST STAND STIFFNESS PROPERTIES 

Segment (in) (15-in2) ~ 1 0 ' ~  (lb-in2) x10" (lb-in2) ~ 1 0 ' ~  

I *Multiply El ~ n d  GJ x 0.25 for one-fourth design s t i f f n e s s  
stand . 
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@ BELL HELICOPTER C--r 

boundaries a r e  shown f o r  the one-fourthaesign-st i f fness  stand,  
one when the scaled one-fourth-design-stiffness hub r e s t r a i n t  i s  
used, and one when the design-st i f fness  r e s t r a i n t  i s  employed. 
Pr ior  t o  the  t e s t  i t  was planned t o  switch t o  a one-fourth-design- 
s t i f f n e s s  hub r e s t r a i n t  when the wing spars  were switched, How- 
ever, while the t e s t  was i n  progress a decision was made t o  r e -  
t a i n  the design-st i f fness  hub r e s t r a i n t  for  the one-fourth design 
s t i f f n e s s  stand t e s t s ,  i n  order  t o  conserve occupancy time. Cal- 
culat ions indicated the s t a b i l i t y  cha rac te r i s t i c s  were not s ig -  
n i f i can t ly  affected by the hub r e s t r a i n t  and tha t  the time 
required t o  change t o  the one-fourth-design-stiffness r e s t r a i n t  
would not be jus t i f ied .  The difference i n  one-fourth s t i f f n e s s  
t e s t  stand dynamic cha rac te r i s t i c s  w i t h  hub r e s t r a i n t  i s  dis- 
cussed f u r t h e r  in  Section V. 

INSTRUMENTATION 

conventional instrumentation was used t o  measure loads, def lec-  
t ion ,  vibrat ions,  and pressures during both t e s t s ,  The t r ans -  
ducers included s t r a i n  gages, potentiometers, accelerometers 
and pressure sensors. Proprotor ro ta t ing  system instrumentation 
channels u t i l i z e d  a 52-ring s l i p  r ing  t o  provide 2 exc i t a t ion  
power channels and 24 data chaanels. Table 1 1 1 - V I I  is a summary 
of the da ta  channels f o r  the dynamic and tne powerec! t e s t s .  
There were 27 channels avai lable  during the dynamic t e s t  and 41 
channels avai lable  during the powered t e s t .  The channel £re-  
quency range is shown f o r  reference. system accuracy is e s t i -  
mated t o  be within -+ 3 percent (based on channel fu l l - sca le  w i t h  
e r ro r s  being :he square root of the sum of the square of the 
individual e r ro r s  ). 

B t a  were recorded using d i r e c t  -write osci l lographs,  and during 
the dynamic t e s t s  magnetic tape records were a l s o  made. Two 
ld-channel oscil lographs were used during the dynamic t e s t s  and 
four of the same type oscil lographs were used during the powered 
t e s t s .  



@ BELL HEUCOPTER 

TABLE 1 1 1 - V I I -  INSTRUMENTATION SUMMARY 

r 9 

Dynsaic S t a b i l i t y  Tes t  Chan ne 1 
Frequency 

Item Transducer Range ( c p s )  

Mast p a r a l l e l  bending S t r a i n  gage 0-6CI 
( i n  red b lade  f l app ing  sense )  

Yoke beam bending S t r a i n  gage 0-60 

Red p i t c h  L i n k  a x i a l  Load S t r a i n  gage 0-135 

Xed blade sp ind le  chora bending S t r a i n  gage 0  -69 

Blade bean S t a  52.5 ( 3 5  per- S t r a i n  gage 0-135 
cen t  R )  bending 

Blade beam Sta 7 5  ( 50 percent  R) S t r a i n  gage 0-135 
bending 

Blade chord Eta 52 .5 (35  per-  S t r a i n  gage 0-135 
cent  R )  bending 

Red blade f l app ing  Rota t ing  pot 0-135 

Fore c?d a f t  f l app ing  S t a t i o n a r y  pot 0-190 

L a t e r a l  f l app ing  S t a t i o n a r y  pot  0-190 

Wing beam inboard bending S t r a i n  gage 0-160 

Wing chord inboard bending S t r a i n  gage 0-60 

Wing t o r s i o n  inboard bending S t r a i n  gage 0-60 

Wing chord outboard bending S t r a i n  gage 0  -60 

Cycl ic  tube a x i a l  load S t  r a i n  gage 0-60 

Co l l ec t i ve  tube a x i a l  load S t r a i n  gage 3-60 

Conversion l i n k  a x i a l  load S t r a i n  gage 3 -60 

Yaw l i n k  a x i a l  load S t r a i n  gage 0-60 

Shaker beam S t r a i n  gage 0-60 

Pylon i n t e r n a l  s t a t i c  p ressure  Pressure  0  -60 

I n l e t  t o t a l  head pressure  Pressure  0-60 

Hydraulic  pressure  Pressure  0 -60 

Fore and a f t  a c c e l e r a t i o n  Acce l e rom~  t e r  0  -60 

Pylon S t a  0  beam a c c e l e r a t i o n  Accelerometer 0-60 

Pylon S t a  0 yaw a c c e l e r a t i o n  Accelerometer 0-60 

Pylon S ta  36.0 beam a c c e l e r a t i o n  Accelerometer 0-60 

Pylon S t a  36.0 yaw a c c e l e r a t i o n  Accelerometer 0-60 
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TABLE 111- V I I .  CONTINUED 

Powered Tes t  Channel 1 

Frequency 
I tem Transducer Range ( c p s )  - 

Mast p a r a l l e l  bending S t r a i n  gage 0-69 
( i n  red blade f l app ing  s ense )  

Mast perpendicular  bending S t r a i n  gage 0-69 
(normal t o  red blade f l a p p i n g  
sense )  

Red p i t ch  l i n k  a x i a l  load S t r a i n  gage 0-60 

White p i t ch  l i n k  a x i a l  load S t r a i n  gage 0-60 

Green p i t c h  L i n k  a x i a l  load S t r a i n  gage 0-60 

Red blade sp ind le  beam bending S t  r a i n  gage 0-63 

Red blade sp ind le  chord bending S t r a i n  gage 0-60 

GXite blade sp ind l e  beaa bending S t r a i n  gage 0-60 

White blade spind le  chord bending S t r a i n  gage 0-60 

Blade beam S t a  22.8 ( 15  per-  S t r a i n  gage 0-60 
cent  Rj bending 

Blade beam S t a  75  ( 50 percent  R) S t r a i n  gage 0-60 
bending 

Blade beam Sta  112.5 ( 7 5  per-  S t r a i n  gage 0-60 
cen t  Ri bending 

Blade chord S t a  52.5 (35 per- S t r a i n  gage 0-60 
cent  R) bending 

Blade chord S t a  75 ( 5 0  per-  Str- i in gage 0-60 
c e n t  R! bending 

Blade chord S t a  L i 2 . 5  ( 7 5  per- S t r a i n  gage 0  -611 
cenL R) bending 

Blade t o r s i on  S t a  112.5 (75 per- S t r a i n  gage 0-59 
cent  R) bending 

R 2 J  blade f l app ing  Rotat ing pot  0-60 

Rt\d blade f e a t h e  r i n g  S t r a i n  gage 0-60 

Fore and a f t  f l ?pp ing  S t a t i o n a r y  pot 0-60 

L a t e r a l  f l app ing  S t a t  ionarg  pot 0-60 

Xed blade  t r a i l i n g  edge s t r e s s  S t r a i n  gage 

Cycl ic  tube . ~ x i a l  load S t r c i n  gage 9-60 

Co l l ec t i ve  tube a x i a l  load S t r a i n  gage 0-60 

Co l l ec t i ve  s l eeve  perpendicular  S t r a i n  gsge 0-60 

LEE2 



TABLE 1 1 1 - V I I .  CONCLUDED 

I tern 

Cha nne 1 
Frequency 

Transducer Range ( c p s )  

Col lec t ive  s leeve  p a r a l l e l  S t r a i n  gage 0-60 
bending 

Collective pos i t ion  Linear pot 0-60 

I Cyclic pos i t ion  Linear pot 0- 60 

Spinner upper support arm S t r a i n  gage 0-60 I bending 

Spinner lower support  arm ; btnding 
S t r a i n  gage 0  -60 

i L i v e r  load S t r a i n  gage 0-60 

Mast torque S t r a in  gage 0-60 

Test  s tand i n t e r n a l  s t a t i c  Pressure  0-60 
pressure 

I Hydraulic pressure  Pressure 0-60 

1 Tunnel a i r speed  Pressure  0-60 

1 Mast case a x i a l  a cce l e r a t i on  Accelerometer 0-60 

I Mast case Seam a c c e l c r a t  ion Accelerometer 0-60 

%st case yaw acce l e r a t i on  Accelerometer 0-60 

Test  s tand a f t  v e r t i c a l  
a cce l e r a t i on  

Test  s tand a f t  l a t e r a l  
a cce l e r a t i on  

Accelerometer 0-135 

Accelerometer 0-135 

Test  s tand forward ver t ica l .  Accele roae t e r  0-60 
acce l e r a t i on  

Test  s tand forward l a t e r a l  Accelerometer 0-60 
accelerometer  
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Figure  111- 1. P r o p r o t o r  C o l i e c t i v e  >!~de l i a t u r ~ ~ l  
Frequencies,  Nonrotating. 
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Figure 111- 2 .  P r o p r o t o r  C y c l i c  Mode N a t u r a l  
F r e q u e n c i e s ,  N o n r o t a t i n g .  
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Figure III- 3 .  Propro tov  C o l l e c t i v e  Mode Natural 
F r e q u e n c , ? ~ ,  Rotating. 
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Figure  111-4. Proprotor Cyc l i c  Mode Natural 
Frequencies, Rota t ing .  
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(a) TCP VIEW 

(b) SIDE VIEW (c) FROST VIEW 

Figure 111- 5 .  NASIRAN Structural Model of Powerad T e s t  Stand. 
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Figure 111- 6 . NASTRAN Structiiral Model of Dynamic Test Stand. 
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(d)  PYLON YAW 
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F i g u r e  111- 7 . Elode Shapes - Dynamic T e s t  Stand. 
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IV. PERFORMAXCT 

The BHC 25-foot-diameter proprotor r-ras t e s t e d  i n  the NASA-Aqes 
40- by 80-foot wind tunnel  t o  eva lua t e  proprotor performance 
and loads i n  a l l  three  modes of fLight :  hover. h e l i c o p t e r -  
conversion,  and zfrplane . The t e s t  r e s u l t s  co r r e l a t ed  well with 
p red ic t  ions. 

The t e s t s  showed t h a t  t h i s  proprotor maintains good propulsive 
e f f i c i e n c y  i n  a i rp l ane  f l i g h t  node with no compromise of i t s  
performance i n  the  hover o r  i n  t he  he l i cop te r  f l i g h t  .node. The 
propulsive e f f i c i e n c i e s  ca lcu la ted  f o r  the c ru i s e  condi t ions  
a r e  approximately 75 percent .  These p red ic t ions  were v e r i f i e d  
by t h e  t e s t  da t a .  E f f i c i enc i e s  i n  excess  of 90 percent  were 
obtained f o r  the  higher t h r u s t  requirements. The h ighes t  
measured r o t o r  9ean l i f t  c o e f f i c i e n t  i n  hover ( a s  ind ica ted  by 
the value of CT~: ' '~)  was 18 percent h igher  than the  predic ted 
maximum. Furthermore, t h e  helicopter-conve r s  ion f Light data  
were --Lightly better than pred ic ted .  

Pred ic t ions  of perfornance were ca lcu la ted  p r i o r  t o  t he  t e s t s .  
using BHC' s  s tandard pred ic t ion  techniques Where t e s t  r e s u l t s  
and predic ted perfomance d i sagree .  t he  t e s t  perfornance i s  
usua l ly  b e t t e r .  For example, the power required f o r  a  given 
L i f t  w a s  not a s  high dur ing the t e F t s  a s  %las predic ted.  

Data a r e  presented here by f l i g h t  node. Where a ~ p l i c a b l e ,  i - e . ,  
f o r  the  proper opera t ing  t i p  speeds,  d a t a  a r e  shown f o r  the  
t yp i ca l  operat ing requirewents of a LG,3~0-pound -gross weight 
veh ic le .  Because engineers  with d iverse  backgrounds w i l l  be 
using them, the  da t a  have been nondiaensionalized i n  accordance 
with the two d i f f e r e n t  conventions of a i rp lane  and h e l i c o p t e r  
ana lys i s .  The appendix def ines  the noaeacla ture .  

B .  TEST DESCRIPTION 

The wind tunnel  had equipment f o r  measuring pe r t i nen t  paraae te rs  
during p o e r e d  t e s t s .  B i C  supplied some add i t i ona l  i n s t  ruaen- 
t a t i o n .  The six-component balance provided da ta  which were 
converted t o  r o t o r  t h r u s t ,  H-force,  and torque.  There was a l s o  
a load c e l l  on t h e  t e s t  s tand f o r  qeasur ing  to rque .  The r o t o r  
mast ( s h a f t )  w a s  a l s o  strain-gaged t o  give yet another  means of 
measuring torque.  General ly,  t h i s  repor t  uses torque and power 
f i gu re s  obtained by means of the strain gages because they 
seemed t o  be more accura te  and were. furthermore, conservat ive  
i n  t h a t  t hey  showed the  r o t o r  t o  be consuaing gore power than 
the  o the r  instriimentation showed. I n  add i t i on  t o  these  measure- 
g e n t s ,  the  proprotor rpm, c o l l e c t i v e  p i t c h ,  c y c l i c  p i t c h ,  and 
f lapping were measured. For a  .nore d e t a i l e d  desc r ip t i on  of  the  
proprotor ins t rumeata t ion and force/angle r e l a t i o n s h i p s ,  see 
Subsec'iion 111. C and the  appendix r e spec t ive ly .  



The aa jor  t e s t  var iables  were t i p  speed. tunnel s w e d ,  and sha f t  
angle. Table I V - I  shows the ranges t e s t e d  f o r  each of the th ree  
f l i g h t  modes. For the majority of t e s t  condi t ions,  the col lec-  
t ive  pitch was varied while the other var iables  were held approx- 
imately constant ( cyc l i c  was adjusted t o  hold fore and a f t  
flapping cons tart t a t  zero 1. 

TABLE 13-1. RANGE O F  VARIABLES FOR POWERED TEST 

Complete predict ions of performance fo r  the  t e s t  conditions 
were computed and supplied to XASA pr ior  t o  tunnel entry. 
These predict ions used Be l l  Helicopter Company program F35. 
This program employs blade-element-momentum theory with non- 
uniform inflow f o r  hover and a x i a l  f l i g h t  and uniform in£ low f o r  
the o ther  f l i g h t  conditions. i t  uses two-ditnensional a i r f o i l  
da ta  i n  conjmcti on with the blade geometric charac ter i s  t i c s .  
Reference 26 provides f u r t h e r  discussion of the theory. Blade 
geomztry i s  defined i n  Figure IV-1.  

I 

Hover 

He1 icopter- 
Conversion 

Airplane 

I 

A s  shown, the 5lade has been divided in to  four major segments, 
the maximum number of d2-visions allowed by the program f o r  the 
input of geometric and a i r f o i l  sec t ions  properties.  For calcu- 
l a t fon  purposzs, each of the major segments is subdivided in 
such a way tha t  each blade is represented by 22 elements. The 
program l imi ta t ion  of four segments resul ted i n  an i n a b i l i t y  t o  
match exact ly  the inboard t w i s t  and chord. 

The a i r f o i l  sec t ion  data  f o r  each of the four segments a r e  shown 
i n  Figures IV-2 through IV-5. Also shown a re  modifications made 
to  these datn i n  an attempt t o  obtain b e t t e r  correli.tion with the  
naver d a t a ,  as  discussed i n  Subsection I V .  E.L. The unmodified 
sect ion da ta  a r e  used throughout t h i s  report  except a s  noted f o r  
hover. The a i r f o i l  da ta  f o r  the f i r s t  sec t ion  were obtained from 
two -dimensional t e s t s  conducted i n  the General Dynamics -Convair 
low-speed wind tunnel. The da ta  f o r  the outboard three  sec t ions  
were obtained from t e s t s  conducted i n  the United Ai rc ra f t  
Research Laboratories high-speed wind tunnel. 

Tunnel 
Speed 

( knots ) 

0 - 20 

80 - 140 

120 - 185 

. Tip 
Speed 
( f p s )  

600 - 740 

700 - 740 

400 - 740 

1 

Mast 
Angle 
(deg) 

9 - 75 

15 - 7 5  

9 

i 



I n  addi t ion t o  the geometric propert ies  of the ro to r  and the 
a i r f o i l  sec t ion  da ta ,  other  inputs include the number of blades,  
t i p  speed, speed of sound, freestseam veloc i ty ,  a i r  density 
r a t i o ,  mast angle,  and co l l ec t ive  p i t ch  or  thrus t .  

Tip l o s s  i s  normally calculated by equating t o  zero the l i f t  of 
the blade segment outboard of the  spanwise s t a t i o n  determined by 
the r e l a t ion  

& B = l - -  
b 

The program a lso  allows the user  t o  en ter  any a r b i t r a r y  constant 
t i p  l o s s  fac tor .  The program then u t i l i z e s  t h i s  f ac to r  a s  
explained above; i . e . , no l i f t  is produced on the blade outboard 
of the s t a t i o n  s e t  by the t i p  l o s s  fac tor .  

D . SPINNER T m  DATA 

Figures IV-6 through IV-8 show :he L i f t  and drag t a r e s  used during 
the t e s t .  Approximate t a r e  da ta  were obtained i n i t i a l l y  with the 
blade spindles  protruding from the spinner. After  the t e s t  was 
completed, these spindles  were removed and da ta  obtained 
f o r  both a s m o ~ t h  spinner and one with the blade holes 
open. I n  general ,  curves a r e  fa i red  through a l l  of the da ta  
s ince ne i the r  case i s  t ru ly  representat ive of the ac tua l  t e s t  
conditions.  Figure IV-6 shows the e f f e c t  of the spinner base 
pressure on the drag t a r e  when the proprotor is i n  the a x i a l  
f l i g h t  node. Most of the spinner drag was due t o  skin f r i c t i o n  
ra ther  than base pressure since d u r i n g  the t e s t  the measured 
..W/q value never exceeded 9.1. These low base pressures were 
probably a r e s u l t  of the one- t o  one-and-one-half-inch gap 
between the spinner and t e s t  stand shroud. Also shown i n  t h i s  
f igure are  the tare data previously measured on a one- f i f th -  
sca le  proprotor model. 

Fjgures IV-7 and IV-8 show the l i f t  and drag t a r e  da ta  used i n  
reducing the helicopter-conversion data .  During the spindle-off 
t a r e  t e s t s ,  the l i f t  balance d a t a  become questionable. In  order 
t o  obtain the proper l i f t  t a r e  f o r  t h i s  condition,  the incremental 
values determined from the one-f i f th-scale  t e s t s  were applied to  
the fu l l - sca le  da ta .  

E. RESULTS AND CORRELATION 

Figures IV-S through IV-36 show the cal-culated da ta  and powered 
t e s t  r e s u l t s .  The da ta  a re  separated i n t o  the hover, hel icopter-  
conversion, and a x i a l  or  a i rp lane  f l i g h t  modes f o r  c l a r i t y  of 
preserrtation. These da ta  a re  shotm in  both dimensional and 
nondimensional form. Nondimensional da ta  have been shown i n  h ~ + h  
a i rp lane  a ~ d  he l icopter  nomenclature where applicable.  A l l  



c o e f f i c i e n t s  a r e  i n  a i r p l a n e  t e n s  unless  noted. De f in i t i ons  f o r  
a l l  c o e f f i c i e n t s  and parameters a r e  found i n  the appendix. Also 
i n  the appe.ldix i s  a cornputer L i s t i ng  of a l l  dimensional test 
data  . 

ALL co r r e l a t i on  was aade i n  t e r a s  of fo r ce s  and horsepower because 
they a r e  of p r i aa ry  i n t e r e s t .  Corre la t ion with respec t  t o  q a s t  
angle has been shown by s t a t i n g  the value of a a s t  angle where 
app l icab le  (hel icopter-convers ion aode ) .  As the  da t a  i n d i c a t e ,  
good co r r e l a t i on  was o b t a i ~ e d  when the  f lapping angle was Less 
than 20.5 degree.  The c o r r e l a t i o n  between the ca l cu l a t ed  and 
aeasured da ta  becomes Less accura te  a s  the sha f t  angle  i s  i n -  
c reased,  e s p e c i a l l y  beyond 60 degrees .  I t  should be noted,  how- 
e v e r ,  t h a t  the disagreenent  i s  one of conservatistn, i . e . ,  more 
l i f t  and/or propulsive force  =as produced f o r  a  given horsepower, 
Two cont r ibu t ing  f a c t o r s  a r e  ( 1 )  the  d i f f i c u l t y  of determining 
the  abso lu te  a a s t  angle under Loaded and dynamic condi t ions ,  and 
( 2 )  the e f f e c t s  of the  proximity of the  tunnel  c e i l i n g  f o r  the  
higher  a a s t  angles .  

No tunnel a n g u l a r i t y  co r r ec t i ons  have been made t o  the  t e s t  d a t a .  
Such co r r ec t i ons  might have some s ign i f i cance  f o r  the  condi t ions  
where the  proprotor was a t  Large mast a r g l e  pos i t ions  ( 6 0 - 7 5  
degrees) and the blade t i p s  approached the  tunnel  roof .  To put 
i n  perspect ive  a l l  the  va r i ab l e s .  including the t ip-path-plane 
angle (aTPp) and the  t i p  c o l l e c t i v e  angle ( ~ T ~ P ) ,  maps of ca lcu-  
l a t ed  da t a  a r e  shown in Figures IV-20 and I V - 2 1  f o r  the  he l i cop te r -  
conveision f l i g h t  modes a t  80- and 140-knot tunnel  speeds.  

1. Hover F l igh t  Mode 

higures  IV-9 and I V - 1 2  show the  r e s u l t s  of the  hover t e s t s .  Data 
e r e  taken f o r  proprotor t i p  speeds LI 600 and 740 f e e t  per second 
and f a r  a a s t  angle s e t t i n g s  of 9, 30,  60,  and 7 5  degrees. Overall  
c o r r e l a t i o n  between the t e s t  and predicted data is  good. For the  
lower mast angle s e t t i n g s ,  the  induced flow i n  the  tunnel  i s  
responsible  f o r  che increase  i n  power r e l a t i v e  t o  the  ca lcu la ted  
da ta .  The tunnel fans  were operated i n  reverse t o  minimize flat-7 
through the  t e s t  s e c t i o n ,  but were not  e n t i r e l y  e f f e c t i v e .  The 
data  cor  the  higher  mast qng-Le s e t t i n g s  may be s l i g h t l y  op t imi s t i c  
f ro% a power s tandpoint  due t o  the r e c i r c u l a t i o n  i n  the  t e s t  
s e c t i o n ,  although t e s t  s ec t i on  top doors were p a r t i a l l y  opened t o  
minimize t h a t  e f f e c t .  The ro to r  plane was more t h ~ n  one r o t o r  
diameter  above the  tunnel  f l o o r ,  ~ t h i c h  would o r d i n a r i l y  axclude 
ground e f f e c t :  however, s i 9ce  the tunnel  i s  rounded on the  s i d e s ,  
o ther  r e c i r c u l a t i o n  e f f e c t s  may have been present .  

The predic t ion if hover perfomaace and ( t o  a  l e s s e r  e x t e n t )  
po t en t i a l  aaoeuve r ing  performa;~,.e of a new r o t o r  depends upon 
the  accuracy of p red ic t ions  of che maximum t h r u s t  of the  r o t o r .  
P red ic t ions  of +ne maximum t h r u s t  of t h i s  ro to r  have been more 
conservat ive  a s  they  shouid have been, with t h e  predicted rnaximun 
values f a l l i n g  well below t h a t  measured. On the assumption t h a t  
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the predic t ion methods were p r imar i ly  responsible  f o r  the  non- 
exact  c o r r e l a t i o n ,  not the  t e s t  procedures o r  d a t a  reduct ion.  
the  predic t ion methods were examined. 

O f  spec i a l  : ' t , :+rest  was the  de2ree t o  which some of the input  
va r i ab l e s  s f rve t ed  the p red ic t ions .  This was i nves t i ga t ed  by 
modifying the inpu ts  a s  follows: 

- Tip Loss f a c t o r  = 0.97 

- Tip l o s s  f a c t o r  = 1-00  

- Tip l o s s  f a c t o r  = 0.97 and modified blade element 
c h a r a c t e r i s t i c s  

This was a  depar ture  from the  use of t h e  expression given i n  
1V.C f o r  c a l c u l a t i n g  the t i p  l o s s  f a c t o r .  The 0.97 f a c t o r  has 
been used i n  the  pas t  t o  improve the  c o r r e l a t i o n  between t h e  
predicted and the  a c t u a l  performance of h e l i c o p t e r  t a i l  r o t o r s .  
Like t he  t a i l  r o t o r ,  the proprotor has a comparativelj- high d i s c  
loading,  and there fore  the  t i p  Loss f a c t o r  which is appl icab le  
fo r  one should be co r r ec t  f o r  the  o the r .  

The 0.97 t i p  l o s s  f a c t o r  d id  improve t he  c o r r e l a t i o n ,  but not 
s u f f i c i e n t l y .  Tho 1 .r)O fisctor was a l s o  inadequate,  and f u r t h e r -  
more was r a t h e r  u n r e a l i s t i c .  Therefore ,  the  t i p  l o s s  f a c t o r  was 
re tsrned t o  0.97 a t ~ d  the blade element data  modified s l i g h t l y  a s  
shown i n  Figures IV-2 through IV-5. This combined adjustment 
put the ca lcu la ted  performance i n  good agreement with t he  meas- 
ured perf ornance . 
2 .  Helicopter-Conversion Fl ight  Mode 

Figures IV-14 through IV-19 show (nondimensionally) the  v a r i a t i o n  
of horsepower a s  a  function of proprotor l i f t  and propulsive 
force  f o r  mast ang les  of 15 ,  30, 6G, and 75 degrees ,  a  tunnel  
speed range of 80 t o  14G knots ,  and t i p  speeds of 700 and 740 
f e e t  per  second. 

General ly,  c o r r e l a t i o n  i s  bes t  a t  t h e  lower mast ang les .  with some 
devia t ions  occurr ing with increas ing  mast ang le .  The dev ia t ions  
a t  the higher mast ang les  may be a t t r i b u t e d  t o  an i n a b ~ l i t y  t o  
determine t he  t ip-path-plane angle with s u f f i c i e n t  accuracy and t o  
the  f a c t  t h a t  a constant  mast angle does not insure  a  constant  
t ip-path-plane angle a s  shown by the  fol lowing r e l a t i o n :  

An a r b i t r a r y  l i m i t  of i 0 .5  degrees has been placed on the  value 
of f lapping ang le ,  and a l l  data  ou t s i ae  t h i s  l i m i t  have been 
f lagged.  A t  the  higher mast angles  t h i s  angle range lirnit could 
show the s e n s i t i v i t y  of the c t h e r  va r i ab l e s  t o  the  t ip-path-plane 
and t i p - c o l l e c t i v e  ang les .  
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Figure IV-22 shows the c o r r e l a t i o n  between measured and ca lcu-  
la ted horsepower f o r  a l l  of the hel icopter-convers ion da t a .  The 
data were ca lcu la ted  f o r  the measured l i f t  and propulsive fo rce  
f o r  t h i s  c o r r e l a t i o n .  The f igure  shows a  conservative t rend  f o r  
the calcula t2d da ta .  

3. Airplane F l igh t  Mode 

Figures IV-23 thrsugh.IV-36 conta in  a i r p l a n e  mode ( a x i a l )  da ta .  
Figures IV-23 through IV-32 show the  propulsive force and e f f i -  
ciency da ta  a s  a  funct ion of horsepower. Data a r e  presented fo r  
tunnel speeds of 120,  1960, and 185 knots and t i p  speeds ranging 
from 400 t o  740 feed per second. Cor re la t ion  f o r  t h i s  data  i s  
good and where a  dev ia t ion  e x i s t s ,  t he  ca lcu la ted  da ta  a r e  
usua l ly  conservat ive .  

Figures IV-33 through IV-35 show t h e  above-mentioned da t a  i n  the  
nondimensional form of propulsive e f f i c i e n c y  a s  a funct ion of 
power c o e f f i c i e n t .  

Figure IV-36 show a  cor re la t io r :  between ca lcu la ted  and measured 
norsepower f o r  a l l  t e s t  condi t ions .  The ca lcu la ted  horsepower 
data  were evaluated f o r  the  measured v a l ~ l e s  of propulsive fo rce .  
This f i g u r e  shows the  t rend  of the ca lcu la ted  da t a  t o  be more 
conservative a t  the  h igher  values of horsepower. 
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I 4  8 - 4  PI- 

BLADE STATION - INCHES 
/ 

Figure I V - 1 .  Computer R e p r e s e n t a t i o n  o f  t h e  
25 -Foot  P r o p r o t o r  Blade. 
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Figure IV-2. Proprotor Blade Section Data, A i r f o i l  Sect ion 
No, 1, Blade s t a t i o n  0 .075  t o  0.45.  



---- MODIFIED DATA 

LIFT COEFFICIENT 

F igu re  I V - 3 .  P r o p r o t o r  B l a d e  S e c t i o n  Da ta ,  A i r f o i l  
S e c t i o n  No. 2 ,  B l a d e  Station 0.45  
t o  0.70. 
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Figure I V - 4 .  P r o p r o t o r  BLade S e c t i o n  Data, A i r f o l l  
S e c t i o n  No. 3 ,  Blade S t a t i o n  0 .70  t o  
0.90. 



---- HODIFIED DATA 

Figure fV-5 
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Proprotor Blade Section Data, Airfoil  
Sect ibn No. 4 ,  Bladc Station 0 .90  t o  
1-00. 
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Figure IV-6. Spinner Drag Tare, A i r p l a n e  Flight Mode. 
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Figure IV-7. Spinner Lift Tare Versus Mast Angle of Attack, 
Helicopter-Conversion Mode. . 
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Figure I V - 9 .  aimensions1 iiover Power Required. 
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Figure IV-LO. Nondimensional Hover Power Required. 
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F i g u r e  IV-11 . Nondimens i o n a l  Hover  Power Required .  
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h 

Figure IV-12.  Hovezing Figure of Merit Versus Helicoptzr 
Thrust Coefficient/'Solidity.  
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Figure IV-13. Correlation of Nondimensional Hover 
Power Required - 



CAUULATED MAST ANCLE = 30' 
F'NOM = .241 (RUN 9) QR = 7i39 fps 

LIFT COEFFICIENT (CL) 

Figure IV-14. Nondimensional Ilelicopter-Conversion 
Perf onnanca . 
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Figure I V - 1 5 .  Nondimensional Helicopter-Conversion 
Performance. 
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Figure IV-16. Norldimensional H e l i c o p t e r - C c n - - 2 r s i  nn 
Performance. 
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Figure IV-17. Nondimensional Helicopter-Conversion 
Performance. 
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Figure IV-18. Nondimensional Helicopter-Conversion 
Performance. 
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Figure IV-19. Nondimensional Helicopter-Conversion 
Perf ormacce. 
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Figure IV-20. Calcg la ted  Shaf t  Horsepower Versus T i p  
Path Plane Angle of Attack, Helicopter- 
Conversion Mode, 80 Knots. 
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PI CAL OPERATZ N 

TIP PATH PLANE AVGLE OF ATTACK - DEGREES 

F i g u r e  IV-21. C a i c u i a t e d  Shaft Horsepower Versus T i p  
Path ?lane Angle of Attack, Helicopter- 
Conversion Mode, 140 Knot s, 
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AND PROPULSIVE FORCE 

Figure IV-22. Comparison of Measured Horsepower w i t h  
Calculated 3orsepower, Heliccpter- 
Conversion ?-?ode. 
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HORSEPOWEWDENSI TY RATIO 

Figure IV-24,  Propulsive F o r c e  and Efficiency Versus 
Horsepawer,  A i r p l a n e  Mode. 



F i g u r e  IV-25. P r o p u l s i v e  F o r c e  a n d  Efficiency V e r s u s  
Horsepower ,  A i r p l a n e  Mode. 
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Figure IV-28.  Propuls.ve Force and Efficiency Versus 
Horsepower, Airplane Mode. 
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F i g u r e  IV-32 .  Propul  s i v ~  Force and E f f  ie iency Versus  
Horsen er,  Airplane Mode. 
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POWd COEFFICIENT ("p) 

F igu-e  IV-33 P r o p u l s i v e  Tfficirncv Versus Power 
C o e f f i c i e n t  , 120 K n o t s ,  Airplane Mode. 

IV-39 



Figure IV-34. P r o p u l s i v e  E f f i c i e n c y  Versus Pow 1 





Figure IV-35. Proptllsive Efficiency Versus Power C 
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Figure IV-36. Comparison of Measured Horsepower w i t h  
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V. DYNAMIC STABILITY 

A .  MODELING TECHNIQUES 

1. - Jus t i f i ca t ion  of Semispan Canxilever Kodel - 
Semispan cant i lever  models are often used i n  the study of fixed- 
wing aeroe las t ic  problems. One reason f o r  t h i s  i s  t h a t  the 
ae roe las t i c  cha rac te r i s t i c s  of the  cant i lever  nodel a re  gene r a l l  y  
conservative ( f o r  example, f l u t t e r  car( be tr iggered a t  lower 
speeds on the cant i lever  model than on the f ree- f ree  wing). 
Theory indicates tha t  t h i s  i s  a l s o  t rue  f o r  propl-otor/pylon 
d p a n i c  s t a b i l i t y  (sometimes ca l led  & i r l  f l u t t e r ) .  Figure P-1 
compares the calculated va:iation of the  c h a r a c t e r i s t i c  roots 
of a semispan cant i lever  with airspeed v i t h  those of the  
complete a i r c r a f t .  The %odes a re  ident i f ied  a s  b i n g  s)armetric 
o r  asymmetric f o r  c l a r i t y .  The math model used f o r  theory i n -  
cludes the fundamental beam, c h ~ r d ,  and tors ion  aodes of the 
wing, the proprotor flapping and f i r s t  inplarge bending nodzs. 
For the cosplete  a i r c r a f t ,  the s i x  rigid-bodv degrees of freedom 
and associated a i r f  rase zerodynamics a re  included, together w i t h  
the dr ive system ( including engine and interconnect sha f t ing) .  
The proprotor and airframe aerodynamics have been corrected fo r  
compressibil i ty- 

The most notesorthv dffference between root l o c i  of the can t i l eve r  
wing and those of the complete a i r c r a f t  i s  the lower frequency and 
damping of the wing bean, chord, and tors ion  nodes of the cant i -  
lever  wing. This indicates  tha t  the f l u t t e r  cha rac te r i s t i c s  of 
the cant i lever  wing w i l l  be conservative ( a s  References 20 and 22 
explain i n  some d e t a i l ) .  

2. Reduced S t i f fness  Test Stand 

For a  portion of the dynamic t e s t s ,  a t e s t  s t ~ n d  was used having 
a  s t i f f n e s s  of one-fourth tha t  of the normal design s t i f f n e s s .  
The use of t h i s  stand and o p ~ r a t i o n  a t  one half  the standard 
pronrotor rpm preserves the frcqzeacp relet ionships between the 
blade flapping end wing modes and the proprotor inflow angles 
but not the blade. e l a s t i c  ;node frequency relat ionships and com- 
p r e s s i b i l i t y  e f f e  2 t s  on the prcprotor ael-odynamics. However, 
calcutat ions indicate  t h a t  the l a t t e r  e f f e c t s  a re  not s ign i f i can t  
for  prop!-ctors w e r e  the lowest blade e l a s t i c  mode i s  above one 
per  rev and f o r  airspeeds up t o  400 knots. Figure V-2 compares 
the root  var iat ion with airspeed of the one-fourth-design-stiff- 
ness t e s t  stand with t h a t  f o r  the cantile-7er wing of Figure V-1 .  
The cha rac te r i s t i c s  of the wing fundamental beam and chord mode 
roots aro, nearly iden t i ca l ,  while those of tb.2 wing tors ion mode 
a re  more heavily d a ~ p e d .  The root cha rac te r i s t i c s  of the blade 
flapping and inplane e l a s t i c  modes a re  d i f f e r e n t ,  but the pr in-  
c ipa l  moaes of i n t e res t  are those of the wing beam and chord 
s ince they a re  the vast l i g h t l y  damped. 



The damping of the wing fundamental beam and chord modes i s  
compared fu r the r  i n  Figure V-3. Note t h a t  the damping of modes 
on the one-foilrth-stiffness stand is only s l i g h t l y  higher than 
tha t  of the can t i l eve r  wing a t  airspeeds above 300 knots. This 
is due t o  compressibil i ty e f f e c t s  not being f u l l y  represented i n  
the one-fourth-stiffness stand. (Also shown i n  Figure V-3  i s  
the  small difference i n  damping when the standard s t i f f n e s s  hub 
r e s t r a i n t  is used instead of the scaled one-quarter s t i f f n e s s  
hub r e s t r a i n t ,  as was the case i n  the dynamic s t a b i l i t y  t e s t . )  

Clearly, the dynamic s t a b i l i t y  data from the one-f ourth-design- 
s t i f f n e s s  t e s t  s tand,  along with that of the design-stiffness 
stand, can be used t o  forecas t  the dynamic s t a b i l i t y  character-  
i s t i c s  of the complete a i r c r a f t .  

Figure V-4 is a  summary of the measured damping of the wing bean 
mde f o r  both t e s t  stands up t o  a  simulated airspeed of 408 
knots. Note tha t  the data f o r  the one-fourth-design-stiffness 
stand a re  not a t  constant rpm; the co l l ec t ive  p i tch  encountered 
its mechanical L i m i t  a t  a  simulated 310 knots, hence rpm increased 
with increasing airspeed (constant  inflow angle).  The apparent 
f a l l - o f f  i n  damping above 320 knots is due t o  the increasing rpm. 
For reference,  the prcdicted damping i s  shown f o r  constant rpm 
and for  the t e s t  rpm range. Also shown i n  Figure V-4 are data  
from tests of a one-fifth-scale semispan ae roe las t i c  model. Thtse 
data c o n f i m  the high leve l  of proprotor pylon s t a b i l i t y  predicted 
f o r  the Model 300 a i r c r a f t .  

TEST PROCEDURES 

Most of the  dynzmic s t a b i l i t y  data  were taken with the wind 
tunnel balance frame Locked out.  This was done because it ha? 
become apparent during the vibrat ion survey of the design- 
s t i f f n e s s  t e s t  stand i n s t a l l a t i o n  t h a t  there  was r e l a t i v e l y  
strong co.~pl ing between the  stand modes and the balance modes. 
The frequencies of the fundamental beamwise, chordwise, and 
torsion modes were s l i g h t l y  lower with the balance f ree .  Also, 
t he  damping of the  wing chord mode was 12wer with the balance 
f ree .  For the one-fourth-design-stiffness stand the l a t e r a l  
t rans la t ion  frequency of t h e  balance (1.8 cps) was predicted t o  
have strong coupling with the beamwise bending frequency of the 
stan? (1.4 cps) and t o  influence the dynamic s t a b i l i t y  character-  
i s t i c s .  

The frequency and damping of the t e s t  stand modes were determined 
a t  each data point by means of the two-square-foot ae20dynamic 
vane iocated on the nacel le  f a i r i n g  (mountecl v e r t i c a l l y  i n  the 
tunnel sense).  The f  requeocy of o s c i l l a t i o n  of the vane i n  p i tch  
was adjusted a t  each point so as t o  force the selected mode a t  
resonance. (A l i s sa jous  f igure was generated on a  dual-axis 
cscilLoscope t o  locate resonant frequencies .) When the response 
was s u f f i c i e n t l y  high the vane exci ta t ion  was turned of f  and the 
resul t i r tg  fecay of the t e s t  stand motion anaLyzed t o  determine 



the mode frequency and damping. Figure V-5 shows a typica l  
decay h is tory  and i l l u s t r a t e s  the method used t o  ca lcu la te  
f req uency ar,d damping. 

This method proved highly s a t i s f a c t o r y  f o r  the  stand fundamental 
t?am and tors ion  modes, but did not permit ready determination 
cf the stand chordwise bending node c h a r a c t e r i s t i c s .  I n  the case 
of the chordwise mode the exc i t a t ion  was low compared t o  the 
beamwise and tors ion modes. However, it was a l so  evident from 
the absence of any t r ans ien t  response i n  the  chordwise bending 
mode tha t  i t s  damping was r e l a t i v e l y  high. (With the proprotor 
blades removed and replaced by equivalent weights, the chord 
mode damping was low and frequency and damping were measured.) 

The sysLca natural  frequencies were also exci ted by o s c i l l a t i n g  
the swashplate. This method was s a t i s f a c t o r y ,  but had the  same 
l imitetfons a s  the aerodynamic vane insofar  as the cling chord 
mode was concerned. 

A frequency sweep i n  the frequency range of the proprotor f lap-  
ping and blade inplane modes conf imed t h a t  these modes were 
heavily damped. Frequency sweeps up t o  45 cycles per second 
showed l i t t l e  response i n  any modes o ther  than the wing funda- 
mental beam, chord, and tors ion  aodes. 

C. MEASURED STABILITY CHARACTERISTICS 

1. Design-Stiffness Test Stand 

The contribution of the wing and pylon a i r loads  t o  the  t e s t  stand 
s t a b i l i t y  cha rac te r i s t i c s  w a s  de t e  mined by rzmoving the prop- 
ro tor  blades ~ n d  replacing them w i t h  equivalent lumped weights. 
Frequency and damping were determined f o r  wind speeds u p  t o  tne 
tunnel maximus speed (204 knots) and f o r  angles of a t t ack  up t o  
18 degrees a t  100 kncts an2 8 ciegzees st '185 knots. 

With the proprotor blades i n s t a l l e d ,  w i t l d  speed and angle of 
a t t ack  sweeps were made, a s  wzll as proprotor rpg swceps up t o  
the overspeed rpn. Two pylon configurations were tes ted:  (1) 
a conf i g ~ r a t i o n  s i r a ~ '  a t i n g  the pylon -to -wit?g attachment when the 
gylon is f u l l y  converted s o  tha t  a downs+op s engaged ( the  
yaw 1 i n k  i n  configctration) , and ( 2 )  a configuration simulating 
a confi t ion where the ~ v l o n  i s  ??most Iuf lv  converted. but the 
domsto;, is  not yet er.i&ed ( the  yaw l i nk  but c ~ c f i ~ u r a t i o n ) .  
The dynamic s t a b i l i t y  was found t o  be essentga l ly  the same fjr 
bo' h conf i ruracions.  

Figures V-6 through V-8 s u m  r ize  the meastired v a r i a t i ~ n  i I t e s t  
stand beamwise, chordwise, ,nd tors ion c nod^ damping with a i r -  
speed. The static frequency and da..ipZng a re  sho~vn f o r  esch mode. 

The icfluc 7ce of winghas t  angfr of a t tack on tke dyrramic s t a -  
a i l i  t y  was measured a t  two z 'rspeeds. The beam mode frequency 



and damping variat ion with angle of a t t a c k  a t  the higher a i r -  
speed, 185 knots, i s  shown i n  Figure V-9. The var ia t ion  i s  
negligible.  Witlg chord and tors ion mode exc i t a t iocs  were not 
made. The influence of proprotor rpm on beam lnode s t a b i l i t y  
is shown i n  Figure V-LO.  

2 .  One-Fourth-Design-Stiffness Test Stand 

Tne contribution of the wing-pylon aerodynamics t o  the system 
frequency and damping was establ ished by removing the blades 
and replacing them with equivalent weights. The wind speed was 
wr ieC up t o  the tunnel maximum speed and mast angle of a t tack  
sweeps made a t  92.5 knots (proprotor  inflow equivalent t o  the 
185 knot data  from the design s t i f f n e s s  t e s t )  and 132.5 knots 
(simulated 265 knots).  

The airspeed and mast angle of a t tack  sweeps were repeated w i t h  
the proprotor blades i n s t a l l e d .  I n  addi t ion ,  proprotor rpm 
sweps  up t o  a  simulated 1200 rpm were made a t  150 and 170 knats ,  
simulating 300 and 340 knots respect ively.  The pylon configura- 
t ion  tes ted  simulated the pylon f u l l y  converted and on a down- 
stop. 

The var ia t ion  i n  frequency and damping of the stand beam, chord, 
and tors ion  modes with wind speed is shown i n  Figures V - 1 1  
through V-13. Data from BHC t e s t s  of a  one-f i f th-scale  dynamic 
model a r e  shown, a s  -ell a s  the predicted frequency and dampi-ng. 
Note tha t  the one-fourth-design-stiffness data a r e  not f o r  a 
constant rpm; the upper l i m i t  on the col lec t ive  p i tch  was 
reached a t  a wind speed of 150 knots and the rpm therefore 
increased as  wind speed increased (time considerations precluded 
reindexing the blade pitch hcrns t o  achieve the col lec t ive  re-  
quired f o r  operation a t  229 rpm up t o  the maximum tunnel speed). 
The downward trend i n  s t a b i l i t y  a t  blind speeds above 150 knots 
is associated w i t h  the increasing rpm. A t  a  constant 229 rprn 
the s t a b i l i t y  would increase monotonically -7ith wind speed as 
shown by the predicted damping a t  constant rpm. The limited 
data  on the chord mode frequency and damping are  due t o  the 
i n a b i l i t y  t o  exci te  the chord mode with the aerodynamic vane. 

Figure V-14 shows tne var ia t ion  i n  freauency and damping of the 
wing beam mode with angle of a t tack  a t  a  simulated airspeed of 
265 knots. The angle of a t tack  data taken a t  92.5 knots were 
i n  good agreement with the 185-knot design-st i f fness  stand data.  

The measured va r i a t i cn  i n  frequency and damping of the wing beam 
mode with proprotor rpm a t  150 knots and 170 knots i s  shcwn i n  
Figures V-15 and V-16, respectively.  The damping trend wit' r p ~  
f o r  the 170-knot i340 knots simulated) condition indicsted hat 
neut ra l  s t a b i l i t y  would occur a t  a  somewhat higher rpm thav the  
maximum tes ted .  The maximum tes ted  was 420 rpm and simulated 
840 rpm, o r  180 percent of the normal operating rpm. Damping 
of the  w i n g  torsion mode showed a s i a i l a r  reaction t o  rpm, as  
shown i n  F~gure  V - 1 7 .  
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D. CORRELATION OF THEORY WITH MEASURED DYEU'AMIC STABILITY 
CHARACTERISTICS 

For each t e s t  condi t ion the frequency and damping of the  t e s t  
s tand modes were predic ted by means of two independent analyses .  
These predicted c h a r a c t e r i s t i c s  a r e  shown i n  Figures V-6 through 
V-17. The l i n e a r  a n a l y s i s ,  BHC Preprotor  S t a b i l i t y  Analys is ,  
DYN4 (computer program DRAL06). i s  based upon per tu rba t ion  
theory .  The nonlinear a n a l y s i s ,  BHC Proprotor  Ae roe l a s t i c  
Analysis  , DYNS (computer program ARAP08), i s  based on nonl inear  
open-form theory.  A br i e f  de sc r ip t i on  of each a n a l y s i s  is given 
i n  the  paragraphs below. Complete d e t e i l ,  including the  equa- 
t i n n s  of ~ o t i c n ,  i s  contained i n  References 27 and 28 .  

- Proprotor S t a b i l i t y  Analys i s ,  DYN4 

Program DYN4 i s  a 1 i n e a r ,  tGlenty-one-degree-of -f  reedom 
proprotor s t a b i l t t y  ana lys i s .  I t  can determine the  
proprotor/pylon, blade motion, and  f l i g h t  mode s t a b i l i t y  
c h a r a c t e r i s t i c s  of a  t i l t - r o t o r  veh ic le .  A t i p - p a t h -  
plane represen ta t ion  is used f o r  the proprotor ,  and 
l i n e a r  aerodynamic functiorrs a r e  assumed. Deta i l s  such 
a s  p i tch-axis  preconing, undersl inging , pi tch-f  l a p  
coupling,  and f lapp ing  r e s t r a i n t  a r e  included.  The f i r s t  
inplane blade mode i s  represented . Control  system f  I ex-  
i b i l i t y  may a l s o  be simulated.  Five coupled wing/pylon 
e l a s t i c  modes a r e  represented:  wing \earn, chord,  and 
t o r s i o n ,  and pyloc p i tch  and yaw. 3ix r i g i d  body degrees 
of freedom a r e  included t o  a l low s i ~ u l a t i o n  of f r ee - f r ee  
bcdy condi t io i? .~  and the  a i r c r a f t  shor t  period f l i g h t  
m r  Ces . 
Inputs t o  DYN4 a r e  lumped parameters de sc r ib ing  the  
dimensions, i n e r t i a ,  s t i f f n e s s ,  and kinematics of t he  
a i r c r a f t  being simulated.  Standard a i r c r a f t  s t a b i l i t y  
de r iva t i ve s  a r e  used t o  s tudy  the  in f luence  of tkLe 
proprotors snd the  wing/pylon dynamics on the  s t a b i l i t y  
of the f l i g h t  modes. Outputs a r e  system eigenvalues and 
e igenvectors .  Root l o c i  can be p lo t ted  automat ical ly .  

- Proprotor Ae ro l a s t i c  Ana lys i s ,  DYN5 

Program DYNS is a  nonl inear ,  open-form proprotor aero-  
e l a s t i c  a n a l y s i s  t h a t  uses the  same bas ic  mathematical 
model a s  DYN4. This program c a l c u l a t e s  proprotor l oads ,  
v iorar io t~  , and s t a b i l i t y  i n  h e l i c o p t e r ,  conversion,  and 
h i g h - s ~ e e d  modes. A s p e c i a l  vers ion of the  program was 
developed f o r  t he  A i r  Force under Contract  F33615-69-C- 
1339, "Vibration i n  V/STOL A i r c r a f t  ,'' Reference 28. 

The dynamic equat ions  of motion were derived usi-ng the  
Lagrangran method. Provisions f o r  Large f l app iag  and 
f ea the r ing  motion a r e  included i n  DYN5. S1r2ll allgle 



assumptions a re  made on the wing-pylon and blade e l a s t i c  
degrees of freedom. The aerodynamic functions used i n  
DYNS are the same as  those used i n  the Bell Rotor Perform- 
ance Analysis, F35. C l ,  C d ,  and Cm a re  inptit i n  t abular  
form f o r  a  180-degree range of angle of 3ttack and f o r  
Mach numbers dp  t o  0.9. Tables f o r  d i f f e ren t  p r o f i l e s  
may be input to  account f o r  differences i n  the blade 
section from root t o  t i p ,  thereby properly accounting 
for  blade s t a l l  and compressibil i ty e f f e c t s .  

DYNS i s  programmed f o r  solution by d i g i t a l  computer. A 
predictor-corrector in tegra t ion  technique i s  used i n  t h e  
solution of the simultaneous equations of motion; integra- 
t ion in te rva l  m y  be varied as  a  function of azimuth. 
Input t o  the program cons is t s  of lumped parameters a i~d the 
coupled normal modes of the wing, pylon, and proprotor.  
The output consis ts  of a  time h i s to ry  of the wing and 
pylon motions, and the  blade flapping and e l a s t i c  deflec- 
t ion .  Generally, i n i t i a l  conditions a re  input t o  minimize 
the time required f o r  convergence t o  steady s t a t e  t r i m .  
For s t a b i l i t y  investigations,  the t r ans ien t  response t o  
external inputs o r  t o  in i t i a l  conditions can b2 calcu- 
la ted.  

Figures V - 1 1  through V-16 show frequency and damping data  from 
BRC t e s t s  of a one-f i f th-scale  ae roe las t i c  model. These data  
j u s t i f y  the hypothesis t h a t  proprotor dynamic behavior can be 
predicted by means of smaller scale  models or a  minimum-sized 
research a i ~ c r a f t  . 
I n  general the corre la t ion  is excel len t .  The nonlinear analysis  
is i n  be t t e r  agreement with the ac tua l  damping than i s  the 
l i n e a r  ana lys is .  but both analyses a re  conservative. W; i l e  
few meslsured data on the wing chord mode were obtained, the  
excel lent  cor re la t ion  with regard t o  the wing beam mode indicates  
t h a t  the s t a b i l i t y  of the chord mode can be predicted.  Further- 
more, the one-fifth-scale model chord mode charac te r i s t i c s  a re  
i n  good agreement with theory. 
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MAST A&;LE OF ATTACK - DEGREES 

Figure V-9. Wing Beam Frequency and D a m p i n g  V a r i a t i o n  
w i t h  An,le-of-Attack for Standard S t i f f n e s s  
Test Stand. 
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F i g u r e  V-11. Wing Beam Frequency and Damping Variation 
with Tunnel  Velocity for One-Fourth-Stiffness 
Test Stand. 
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Figure  V-12. I.!Fr?g Chnrd F r ~ q l ~ e n c y  a n d  &??ping 
V a r i a t i o n  with Tunnel Velocity for 
One-Fourth-Stiffness Test Stand. 
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F i g u r e  V-13. Wing Tors ion  Frequency and Damping V a r i a t i o n  
with Tunnel V e l o c i t y  f o r  One-FGurth - S t i f f n e s s  
Teat Stand.  
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Figuxe V-17. Wing Torsion Frequency and Damping Variation wit!! 
Proprotor RPM for One-Fourth-Stiffness Test Stand. 



a l a d e  f l a p p i n :  i n  a i r p l a n e  mode. n a n i f e s t e d  as s t e a d v  t i l t i n g  of  
t h e  p r o p r o t g r  d i s c .  r-QS ?rea+-ured f o r  e i g t i t  c o ~ b i n a t i o n s  cf r p  
an6 w i n d - t u n n e l  s w e d  d c r i n p  t h e  d y a a i c  s t z b i l i t y  t es t ,  One 
c m b f c a t i o n  was t .  peated d f ~ r i n g  t5e powered test- t o  o b t a i ?  a n  
i n d i c a t i o n  o f  t h e  i n f l u e n c e  of ~ i n g - p r c - o r o t o r  z e r o d ; ~ a ~ i c  iq ter-  
f e r e n c e  on b l a d e  f l a p p i n g .  

1. Measured D e r i v a t i v e s  

F i g u r e  V I - L  shows a n  e x a ~ p l e  of t h e  ~ e a s u r t d  b l a d e  f l a p p i n g  
v e r s u s  aast a a g l e  o f  atta?K. Tbt  n e a s c r e d  l o n g i t u d i n a l  f l a p p i n g  
( a l ) .  i s  n e a r l y  L i n e a r  i n  n a t u r e :  a s t r a i g h t  l i n e  a p p r o x i ~ a t i o n  
was a a d e  t o  a r r i v e  a t  t h e  d e r i v a t i v e .  d a l  'daT. The lateral  
f l a p p i n g  I b i ) ,  is n e a r l y  l i n e a r  fro?: aT = O to n, = -6 . b u t  
has a s h i f t  be tween a, = 0 a ~ d  a, = -2  - T h i s  s h i f t  appears 
iri o t h e r  f l a p p i n g  v e r s u s  aast a n g l e  o f  a t t a c k  d a t a  a n d  is 
b e l i e v e d  t o  be c a u s e d  b y  a n  i n s t r u - ; . e n t a t i o n  i r r e g u l a r i t y ,  The 
n e a s u r e d  Lateral f l a p p i n g  d e r i v a t i v e  , d b ~  4a, w a s  es t  i ~ a t e d  
u s i n g  t h e  s l o p e  between aa = 0 arrd a?, = +6 . 

The f l a p p i n g  , e r i v a t i v e s  f o r  t h e  o t h e r  r v - w i n d  s p e d  co-nbina- 
t i o n s  are t a b u l a t e d  i n  T a b l e  ITI-I .  C o a p a r i s o n  o f  t h e  185-knot. 
590-rpn d a t a  fro? t h e  d y n a a i c  s t a b i l i t y  t e s t  w i t h  t h o s e  f r o m  the 
powered t e s t  i n d i c a t e s  t h a t  w i n g - p r o p r o t o r  a e r o d v a n i c  i n t e r -  
f e r e n c e  h a s  n o  i n f  icence on t h e  l o n g i t u d i n a l  f  l a p p i n 9  r e s p o n s e  
b u t  n e a r l y  d o u b l e r  t h e  lateral  f L a p p i n g  r e s p o n s e  - Houever . s i n c e  
t h e  Lateral f l a p p i n g  is r e l a t i v e l y  saa l l .  t k e  c v e r a l l  i n f l u e n c e  
on t h e  f l a p p i n g  r e s p o n s e  t o  a n g l e  of  a t t a c k  a p p e a r s  t o  be z e g l i -  
g i  b l e  . 

T q r r e l a t i o  ~ f  Theory  w i t h  ?&asured F l a p p i n g  

Two a n a l y t i c a l  n e t h o d s  a r e  compared w i t h  t h e  o e a s u r e d  f l a p p i 5 5  
d e r i v a t i v e s  s h o r n  i n  F i g u r e  1'1-1 and  T a b l e  VT-1- The l i n e a r  
t h e o r y  is based  o n  the l i c ea r .  sna! l p e r t u r b a t i o n .  p r o p r c t o r  
d y n a a i c  s t a b t l i t y  a n a l y s i s :  t h e  n o n l i n e a r  t h e o r y  i s  basec on the 
L i n e a r  o p e n - f o r n  p r o p r o t o r  aeroelastic a n a l y s i s .  The b a s e s ,  
a s s u . n p t i c n s , a n d  l i m i t a t i o n s  of  t h e s e  ana lyse? ,  o i s c u s s e d  ea r l i e r  
i n  S e c t i o n  V, a l s o  appLy t o  t h e  f l a p p i , ~ g  d e r r v a t i v e  t h e o r y .  

Both t h e o r i e s  a c c u r a t e l y  p r e d i c t  t h e  a e a s u r e d  tong; t u d i n a l  
d e r i v a t i v e s .  The n o n l i n e a r  t h e o r y  i s  i n  be t ter  a g r c e r e n t  w i t h  
t h e  lateral  d e r i v a t i v e s  t h a n  i s  t h e  l i n e a r  t h e o r y .  T h i s  i s  
due  t o  t h e  s e c o n d a r y  f a c t o r s  s u c h  as p r e c u n e ,  b l a d e  f ! .cxibi  L i t y ,  
and  w i n g - p r o p r o t o r  a e r o d y n a a i c  i n t e r f e r e n c e  i n c l u d e d  <a  t h e  non- 
l i n e a r  t h e o r y .  

I n  g e n e r a l . ,  t n e  c o r r e l a t i o n  between t h e o r y  and veclsured f l a p o i r l g  
is e x c e l l e n t .  F i g u r e  V I - 2  s u m a r i z e s  t h e  c o r r e l . a t  i o n  with r e p a r d  
t o  t h e  t o t a l  f l a p p i n g  d e r i v a t i v e  itP/aaa. 





The autoaat ic  flapping cc;ltrc.Lle r  was tested o?ly or! the oce- 
fourth-desig?-st i f fness  stand. A s  noted e a r l i e r  i n  Section V .  
the one-fourrh-design-at i f  fness nvb  r e s t r a i n t  was aot used 
during rhc one-fourth- lesign-st  i f  f n ~ s s  stand t e s t .  Since the 
flapping conrro l le r  w3-- confipsred t o  be used with the cne-fourth- 
design-stif  fness hub r e s t r a i n t .  i t s  performance was s o a e h a t  
reduced, Furthernore, the swashr>late phasing was not opti-nun 
f o r  the aooocyclic c o n t r o l l e r .  Youever. the t e s t  data  a re  ade- 
quate t o  ve r i fy  corre la t ion  betweera theory and neasured control-  
l e r  cha rac te r i s t i c s  and t o  deaonstrate the f e a s i b i l i t y  of a 
f  lapping control i e r  . 
1. Test Results - 
To e v a l ~ a t e  c o ~ t r o l l e r  s t a b i l i t y  and performance. the following 
procedure was employed: 

- The controLLer was txrned off except fo r  the hydraulic 
ac tua tor .  

- The c o n t r o l k r  gains were selected.  

- A s tep  was put i n t o  the ac tua tor .  simulating t o  sore 
extent a  s t ep  v e r t i c a l  gus t .  t r ans ien t ly  exci t ing  both 
the w i n g  arid the proprotor. 

- The con t ro l l e r  was ac t iva ted ,  resu l t ing  i n  a reduction 
of f lapping - 

- The s t ep  was removed. T h i s  i n i t i a t e d  a  t r ans ien t  response 
which could be cornpared t o  the response with the control-  
l e r  inact ive.  obtained i n  Step 3 above. 

- A t r iangular  pulse was input t o  the actuator  t o  measure 
the t rans ient  response. 

- When desired,  the  frequency response was measured by 
inputing a  s inasoidal  s ignal  t o  the ac tua tor .  

Two types of feedback were tes ted:  (i) in tegra l  feedback, where 
the ra te  of cycl ic  input from the con t ro l l e r  was proportional t o  
the flapping, and (2) Lagged posit ion feedback. Lateral  b l  
feedback was a l so  investigated but because of the l i a i t e d  bl 
feedback da ta ,  the r e su l t s  were not conclusive. 

Figure VI-3 shows the normalized flapping and wing beam tending 
response t o  a  s t e p  input f o r  various values 9 f  integraL gain a t  
a simulated 185 knots, Note tha t  f o r  a l l  gains the a1 flapping 
's completely eliminated. but the magnitude of the t rans ient  
reduction and the t l ~ e  t o  wash out the flapping a r e  functions 
of the gain.  Also evident is  the apparent reduction i n  d a ~ p i n g  



o f  t h e  b l a d e  f l z p p i n g  a o d e  as thc  g a i n  i s  i n c r e a s e d .  E x t r a p ( . -  
L a t i o n  o f  t h e  d ~ ~ p i n g  w i t h  g a i ?  re la t  2 o n s h i p s  i n d i c a t e s  n e u t  r n l  
s t a b i l i t y  a t  a g a i n  o f  a p p r o x i m a t e l y  ? l  t o  12 degree..- p e r  s e c o n d  
p e r  d e g r e e .  

A l s o  e v i d e n t  i n  F i g u r c  V I - 3  i s  a n  ir?crease i n  t h e  w i n g  b e a a w i s e  
~ o t i o n  w i t h  i n c r e a s i n g  g a i n .  I n  t h e  s i a p l e  c o n t r o l l e r  t e s t e d  
( w h i c h  c o u l d  be d u p l i c a t e d  u s i n g  a h v d r o n e c h a n i c a l  s v s t e a  i n  a n  
o p e r a t i o n a l  a i r c r a f t ) ,  t h e r e  were n o  c o T p e n s a t i o n  n e t w o r k s  t o  
~ i t i g z t e  i n p u t s  a t  t h e  tes t  s t a n d  n a t u r a l  f r e q u e n c i e s .  A t  t h e  
wing  b e a s  f r e q u e n c y  t h e  i n p u t  was p h a s e d  s o  ay t o  i n c r e a s e  
f l a p p i n g  a n d  herice t h e  wfng  r e s p o c s e .  A  n o t c h  f i l t e r  c o u l d  be 
e a p l o y e d  i n  a n  o p e r a t i o n a l  c o n t r o l l e r  t o  e l i a i n a t e  t h e  i n c r e a s e d  
r e s p o n s e  o r  n e t w o r k s  a d d e d  w h i c h  would e v e n  r e d u c e  t h e  u n a u p e ~ t e d  
r e s p o n s e .  

Data similar to  those shown in Figure V I - 3  were also takenat a 
s i a u l a t e d  265 k n o t s .  The s y s t e m  became u n s t a b l e  a t  a p i n  o f  
a p p r o x i a a t e  l y  f i v e  . 

F i g u r e  VI -4  s u m m a r i z e s  t h e  s y s t e m  s t a b i l i t y  b o u n d a r i e s .  the  
r e d u c t i o n  i n  t r a n s i e n t  f l a p p i n g .  a n d  t h e  i n c r e a s e  i n  w i n g  beam 
r e s p o n s e  as a f u n c t i o n  o f  g a i n .  The  recommended g a i n  l e v e l  shown 
i n  F i g u r e  V I - 4 ( a )  is  b a s e d  on  t h e  g e n e r a l l y  a c c e p t e d  g a i n  m a r g i n  
o f  6-8 .  Note  t h a t  t h e  g a i n  w i l l  h a v e  t o  be v a r i e d  w i t h  a i r s p e e d  
o r  t h e  v a l u e  a t  t h e  l i r , , i t  d i v e  s p e e d  employed .  

N o t o w o r t h y  is  t h e  e v i d e n c e  t h a t  f o r  a r e l a t i v e l y  l o w - g a i ~  I n t e g r a l  
c o n t r o l l e r .  a L a r g e  r e d u c t i o n  i n  t r a n s i e n t  f l a p p i n g  c a n  be 
a c h i e v e d .  F o r  e x a m p l e .  f o r  a g a i n  o f  ~ r n i t y ,  t h e  t r a n s i e n t  f l a p -  
p i n g  is r e d u c e d  b y  a p p r o x i m a t e l y  30 p e r c e n t .  T h i s  g a i n  c o n t r o l l e r  
h a s  a n e g l i g i b l e  e f f e c t  on  s t a b i l i t y  a n d  c a u s e s  o n l y  a saa l l  i n -  
crease i n  wing-beam b e n d i n g  r e s p o n s e .  

The m e a s u r e d  s y s t e m  r e s p o n s e  t o  Lagged p o s i t i o n  g a i n  i s  shown i n  
F i g u r e  VI-5. Lagged p o s i t i o n  g a i n  was  somewhat T o r e  e f f e c t i v e  
t h a n  i n t e g r a l  g a i n  i n  r e d u c i n g  t r a n s i e n t  f l a p p i n g ,  b u t  p r o d u c e d  
more wing  r e s p o n s e .  A r e d u c t i o n  i n  s t a b i l i t y  w i t h  g a i n  was  a l s o  
e v i d e n t .  

C o g b i n a t i 9 n s  o f  i n t e g r a l  g a i n  a n d  l a g g e d  p o s i t i o n  g a i n  w e r e  
t e s t e d  t o  d e t e r m i n e  a n  o p t i m u 3  c o n t r o l l e r  c o c f i g u r a t i o n .  F i g u r e  
VI-6 s h a w s  t h e  n e a s u r e d  f l a p p i n g  r e s p o n s e  a t  s i m u l a t e d  a i r s p e e d s  
of 1 8 5  k n o t s  a n d  265 k n o t s  f o r  two c o m b i n a t i o n s  o f  g a i n s .  I n  
t h i s  c a s e  a s i g n i f i c a n t  r e d u c t i o n  i n  f l a p p i n g  is  e v i d e n t ,  b u t  a t  
t h e  e x p e n s e  o f  a r e d u c t i o n  i n  s y s t e m  damping .  

The r e s p o n s e  o f  t h e  o p t i a u ~  c o n f i g u r a t i o n  t o  s t e p  a n d  t r i a n g u l a r  
s h a p e d  p u l s e s  i s  shown i n  F i g u r e s  \ ' I -7  a n d  -8 .  r e s p e c t i v e l y .  A 
s i g n i f i c a n t  redu: t ion  i n  t r a n s i e n t  f l a p p i n g  is a c h i e v e d  w i t h  
n e g l i g i b l e  r e d u c t j . 0 ~  i n  s y s t e q  damping .  The i n c r e a s e  i n  wing  
beam r e s p o n s e  i s  s:>all w i t h  t h i s  c o n f i g u r a t i o n  . 



C o r r e l a t i o n  o f  T h e o r y  w i t h  Measured  S t a b i l i t ; ~  a n d  P e r f o r n a n c e  

The  BHC f l a p p i n g  c o n t r o l l e r  t h e o r y  is b a s e d  o n  t h e  l i n e a r ,  small 
p e r t u r b a t i o n  dynamic  s t a b i l i t y  a n a l y s i s  d e s c r i b e d  i n  S e c t i o n  V. 
T h e  method i n v o l v e s  g e n e r a t i n g  t r a n s f e r  f u n c t i o n s  for- L o n g i t u -  
d i n a l  a n d  l a t e r a l  f l a p p i n g  as a f u n c t i o n  o f  t h e  s: .?ashplatc i n p u t .  
a n d  c o u p l i n g  them w i t h  e q u a t  ions r e p r e s e n t i n g  t h e  c o n t r o l l 2 r .  
T h e  s y s t e a  s t a b i l i t y  a n d  f r e q u e n c y  r e s p o n s e  is  t h e n  c a l c u l a t e d  
u s i n g  t h e  c o u p l e d  e q u a t i o n s .  

C o r r e l a t i o n  b e t w e e n  t h e o r y  a n d  m e a s u r e d  c h a r a c t e r i s t i c s  i s  g o o d .  
T h i s  is b e s t  i n d i c a t e d  b y  c o m p a r i s o n  b e t w e e n  t h e  m e a s u r e d  a n d  
p r e d i c t e d  L o n g i t u d i n a l  f l a p p i n g  f r e q u e n c y  r e s p o n s e .  shown i n  
F i g c r e  V I - 9 .  Note t h a t  rhe g e n e r a l  s h a p e  of t h e  a a p l i t u d e  a n d  
p h a s e  c o n p a r e s  v e r y  w e l l  w i t h  t h e  p r e d i c t e d  r e s p o n s e .  However ,  
t h e  Low-frequency  r e s p o n s e  is  h i g h e r  t h a n  p r e d i c t e d .  (The  
p r e d i c t e d  wing  r e s o n a n t  f r e q c e n c y  i s  h i g h e r  t h a n  t e s t e d  b e c a u s e  
t h e  r o o t  f l e x i b i l i t y  i n t r o d u c e d  b y  t h e  w i n d - r u n n e l  mount was  n o t  
known when t h e  p r e d i c t i o n s  were made.)  

A c o m p a r i s o n  o f  t h e  p r e d i c t e d  a n d  m e a s u r e d  s t a b i l i t y  b o u n d a r i e s  
w i t h  i n t e g r a l  g a i n  is shown i n  F i g u r e  VI-4 .  The r e l a t i v e l y  small 
d i f f e r e n c e  is  p r o b a b l y  due  t o  d i f f e t e n c e s  be tween  t h e  t e s t  s t a n d  
c o n f i g u r a t i o n  a n a l y z e d  a n d  t h e  o n e  t e s t e d :  name ly  t h e  b e a a w i s e  
f r e q u e n c y  a n d  t h e  h u b  r e s t r a i n t .  

The m e a s u r e d  s t a b i l i t y  b o u n d a r y  f o r  p o s i t i o n  g a i n  is somewhat  
h i g h e r  t h a n  t h e  p r e d i c t e d  v a l u e .  A t  a s i m u l a t e d  1 8 5  k n o t s .  t h e  
n e u t r a l  s t a b i l i t y  g a i n  w i t h  a n  9 . 1 8 - s e c o n d  lag  is 3 . 9  compared  
t o  a p r e d i c t e d  2 .2 .  T h i s  e r r o r  i s  n o t  r e a d i l y  e x p l a i n e d  by t h e  
d a t a  a n d  was p o s s i b l y  due  t o  a n  e r r o r  i n  t h e  s y s t e m  c a l i b r a t i o n .  
e - g - ,  t h e  l a g  may h a v e  b e e n  s l i g h t l y  l o n g e r  t h a n  0 . 1 8  a n d  o r  t h e  
g d i n  may h a v e  b e e n  s l i g h t l y  Lower t h a n  i t  was t h o u g h t  t o  be .  



ANGLE OF ATTACK - DEGREES 
Figure VI-1. Proprotor Longitudinal and Lateral Flapping 

versus Angle of Attack, Simulated 265 Knots, 
458 rpm. 
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Figure VI-2. Correlation of Flapping Theory with 
Measured Total Fla2ping Derivativa. 
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Figure V I - 3 .  M e a s u r e d  R e s p o n s e  to Step Input for V a r i o u s  V a l u e s  
of Integral Gain a t  a S i m u l a t e d  1 8 5  K n o t s .  
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Figure  V I - 4 .  Summary of S t a b i l i t y  and Response 
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Gain Feedback. 
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Figure VI-5. Gust Response for Various Values of 
Lagged Position Gain at 92 Knots. 
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and 265 Kqots, for Combined Integral and L a g g e d  
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V I I .  BLADE A Y D  COlTWL Sk'5TVI LOADS 

Blade 2nd c o n t r o l  l o a d s  were r e c o r d e d  t h r o u g h o u t  t h e  p c r f  ork7ance 
tests, a n d  d u r i q g  the a i r p l a n e  a e d e  p o r t i o n s  o f  t h e  Gynanic  
tes ts .  S e v e r a l  additions; runs  were ~ a d e  f o r  t h e  p r i a a r y  p u r p o s e  
of  c t t a i n i n p  l o a d s  d a t a .  

Dur ing  t h e  po-red tes ts .  t h e  a a j o r i t y  of t h e  d a t a  were o b t a i n e d  
w i t h  t h e  p r o p r o t o r  L o n g i t u d i . ~ a ?  f l a p p i n g  ' a l )  t r i ~ m e d  t o  z e r o  by  
t h e  a p p l i c a t i o n  of c y c l i c  p i t c h  t o  s i a p i i f y  t h e  t e s t  p r o c e d u r e .  
E x t r a p o l a t i n g  t h e  d a t a  t o  s i ~ u l a t e  c o n v e r s i o n  a t  a c o n s t a n t  
f u s e l a g e  a c g l e - o f  -at  t a c k  r e s u l t s  i n  a wide .  i n s e n s i t i v e  c o n v e r -  
s i o n  c o r r i d o r -  F i g u r e  V I I - L  show? t h a t  c o n v e r s i o n  c o r r i d o r  based  
on t h e  a e a s u r e d  l o a d s .  

P r i o r  t o  t h e  test .  c a l c ~ l a t i o n s  o f  p r e d i c t e d  bLade f o a d s  e r r o n e -  
o u s l y  i n c o r p o r a t e d  a swashpLatc  a r r a n g e a e n t  such that f o r  c y c l i c  
i n p u t s  t h e  a a x i a u a  b l a d e  a n g l e  v a r i a t i o n  o c c u r r e d  a t  a n  a z i ~ u t h  
of 90 d e g r e e s -  The a c t u a l  a r r a n g e v e n t  of the ~ o n o c y c l i c  swash-  
p l a t e  was such  t h a t  the aaxiaza b l z d e  a n g l e  v a r i a t i o n  o c c n r r e d  
a t  a n  a z r a u t h  o f  75 d e g r e e s .  The Loads ~ e a s u r e d  d u r i n g  t h e  tes t  
=re i n  r e a s o n a b l e  a g r e e n e n t  w i t h  t-he p r e d i c t e d  loa t ' s  f o r  h e l f -  
c o p t e r  a n d  a i r p l a n e  ~ o d e s .  b u t  were h i g h e r  tlza? t h e  predicted 
',zz3s fnr c o n v e r s i o n  node .  When t h e  p r e d i c t i o n  c a l c u l a t i n n s  were 
c o n d u c t e d  t o  r e f l e c t  t h e  a c t u a :  s w a s h p l a t e  a r r p n p e a c n t  . p r e d i c t e d  
l o a d s  f o r  t h e  c o n v e r s i o n  aodz  c o r r e l a t e d  w i t h  t h e  q e a s u r e d  f o a d s ,  

B- MEASURED BLADE ASD COSTROL LOADS 

F i g u r e  V I I - 2  shows t5e w a v e f o n s  of  t h e  b l a d e  a n d  c o n t r o L  Loads 
f o r  a r a n g e  o f  Tast a n g l e s  c o r r e s p o n d i n g  t o  h e l i c o p t e r .  c o n v e r -  
s i o n ,  a n d  a i r p l a n e  a o d e s .  S e v e r a l  c h z r a c t e r i s t i c s  are e v i d e n t :  
( 1 )  One-per - rev  l o a d s  a r e  d o n i n a n t .  a n o r n a l  c h a r a c t e r i s t i c  of  
t h e  s e m i r i g i d  r o t o r .  a n d  peak a t  a n  a z i n u t h  o f  279 d e g r e e s  
because  o f  t h e  d r a g  I m d  o f  t h e  r e t r e a t i n g  b l a d e  i n  h e l i c o p t e r  
mode and  t h e  g r a v i t y - i n d u c e d  Load as t h e  py lon  i s  c o w e r t e d .  
( 2 )  H i g n e r  ha rmonic  l o a d s  a re  low. c o n f i r m i n g  tihat t k , e  Mode? 3C)Q 
p r o p r o t o r  is f r e e  o f  resor lance  p r o b l e a s .  ( 3 )  The p i t c h - l i n k  
trace is f r e e  o f  s t a l l - f l u t t e r  c h a r a c t e r i s t i c s .  c o n f i r a i n g  f r c e -  
dorn £ram s t a l l - f l u t t e r  p r o b l e a s .  The b l a d e  Loads s a o o t h  o u t  
p r o g r e s s i v e l y  as the p y l o n  is c o n v e r t e d  f r o a  h e l i c o p t e r  t o  a i r -  
p l a n e  mode, r e f l e c t i n g  t h e  r e d u c t i o n  i n  skewed f l o w .  I n  a i r p l a n e  
n o d e .  t h e  o n l y  o s c i l l a t o r y  f o r c e  i s  frorr! g r a v i t y  a t  o n e  p e r  r e v .  
C o n s e q u e n t l y ,  t h e  a i r p l a n e  mode o s c i i l a t o r y  loads are e x t r e n e l y  
low. 



1. Loads i n  ~ e l i c o p t e r  Mode, a NAsT = + 7 5  Degrees 
- - --- 

Figure VII-3 shows a t y p i c a l  d i s t r i b u t i o n  of spanwise o s c i l l a -  
t o ry  b e ~ d i n g  moments f o r  a r e l a t i v e l y  tiigh t h r u s t ,  hign wind- 
speed condit ion.  For comparison, t h e  ca lcu la ted  endurince l i m i t  
is a l s o  shown, When the  r a t i o  of  the  measured Load t o  the  0s- 
c i l l a t o r y  load i s  considered,  the  s t a t i o n  52.5 beamwise bending 
aoment and t h e  sp ind le  chordwise bending moment a r e  the  most 
c r i t i c a l .  (This  is a l s o  t r u e  f o r  conversion and a i r p l a n e  mode.) 
Consequently, t he  loads  da t a  presented i n  t h i s  repor t  per ta in  t o  
t h e  s t a t i o n  52.5 beamwise and t h e  sp ind le  c h o d i s e  loads  (and 
t h e  p i t c h  f i n k  load, which i n d i c a t e s  blade t o r s i o n a l  loads  and 
c o n t r o l  system loads),  

The v a r i a t i o n  i n  o s c i l l a t o r y  loads  versus  t h r u s t  f o r  t h r e e  wind 
speeds i s  shown i n  Figures  VII-4 through VII-6 f o r  s t a t i o n  52 - 5  
beamwise bending moment, t h e  spindle  ctlordwise bending moment ,  
and t h e  p i t c h  l i n k  loads. Figure 711-7 shows t h e  v a r i a t i o n  i n  
blade and cont ro l  loads  wi th  a i r speed  f o r  a constant  thrust. 

2. Conversion Mode, o llAm = +60 Degrees. +30 Degrees, 
and +15 Deprees 

The design e i p  speed i n  conversion mode is 700 f p s ,  but most of 
t h e  test d a t a  f o r  conversion mode were taken a t  740 f p s  s ince  
a test s tand  frequency w a s  i n  resonance w i t h  two per rev a t  t h e  
r p m  corresponding t o  700 fps !see Sect ions  111 and VIII).  Test  
s tand  o s c i l l a t o r y  load cons idera t ioas  d i c t a t e d  l imi t ed  use  of 
t h e  r p  corresponding t o  a t i p  speed of 700 fps .  Camparison of 
t h e  small  amount of blade load d a t a  taken a t  700 f p s  with those  
taken a t  740 i p s  r e v e r l s  a n e g l i g i b l e  d i f f e r ence  i n  magnitude and 
t rend  - 
Figures VII-8 through VII-10 show t h e  measured blade and yoke 
berding moments and p i t c h  l i n k  loads versus  t h r u s t  f o r  s eve ra l  
conversion angles. The most no t iceab le  t rend with  conversion 
angle  i s  t h e  steady reduction i n  s e n s i t i v i t y  t o  t h r u s t  as t h e  
s h a f t  sng le  of a t t a c k  is reduced. 

3. Airplane Mode, a MAST = 0 Degrees 
-- - - 

The a i r p l a n e  mode d a t a  were taken with zero c y c l i c  p i t c h ,  i n  con- 
trast t o  ' .e l icopter  and conversion mode where l ong i tud ina l  c y c l i c  
was used t o  zero t h e  1or.gitudinal f lapping.  

The var:atioa i n  blade and con t ro l  oscLlLatory loads  w i t h  a i r -  
speed and  t h r c s t  was small, a s  shown i n  Figure VII-11. Tkis w a s  
expected, because the  o s c i l l a t i n g  exc i t a t i on  5n the  a x i a l  flow 
condit ion is pr imar i ly  due to  g rav i ty .  

The v a r i a t i o n  w i t t :  mast angle of a t t a c k  is shown i n  Figure VII-12 
f o r  500 r p  and a wind speed of 185 knots. This same v a r i a t i o n  
a t  t he  i d e n t i c a l  test condi t ions  was determined during the  dynamic 



test wi th  t h e  p ropro to r  mounted a t  t h e  wivg t i p .  P comparison of 
t h e  d a t a  was made t o  de termine  t h e  i n f l u e n c e  of wing-proprotor  
aerodynamic i n t e r f e r e n c e  on b l a d e  loads .  n , a t  i n f l u e n c e  w a s  found 
t o  be s m a l l .  

The s t eady  p i t c h  l i n k  l o a d s  arc h i g h e r  i n  a i r p l a n e  mode than they  
are i n  h e l i c o p t e r  and conversion modes because the  c o l l e c t i v e  
p i t c h  is  higher .  F igure  VII-13 shows t h e  v a r i a t i o n  i n  pitch-1ik.k 
s t e a d y  l o a d s  wi th  a i r s p e e d  i n  a i r p l a n e  mode. The i n f l u e n c e  of 
t h r u s t  on t h e  s t e a d y  l o a d  is  smal l .  Represen ta t ive  p i t c h  l i n k  
s t e a d y  Loads f o r  h e l i c o p t e r  and conversion mode are a l s o  shown 
f o r  comparison. 

CORREIATION OF THEORY WITH MEASWED OSCILLATORY IDADS 

T h e o r e t i c a l  b lade  l o a d s  w e r e  c a l c u l a t e d  by means of a hybr id  
computer v e r s i o n  of t h e  BHC P r o p r o t o r  A e r o e l a s t i c  Ana lys i s ,  
Program DYNS, desc r ibed  i n  Sec t ion  V. The hybrid v e r s i o n  has  
been developed s p e c i f i c a l l y  f o r  t h e  purpose of computing b iade  
Loads f o r  wind tunne l  test c o n d i t i o n s .  While t h e r e  w e r e  some 
d i f f e r e n c e s  between t h e  l o a d s  p r e d i c t e d  b e f o r e  t h e  test and t h e  
measured Loads, t h e s e  have been t r a c e d  t o  t h e  swashplate  phasing 
e r r o r  d i scussed  i n  Subsect ion VI1.A.  

With t h e  i n p u t  e r r o r s  c o r r e c t e d ,  t h e  c o r r e l a t i o n  is e x c e l l e n t .  
(The theory  appears  t o  be s l i g h t l y  conservat ive . )  The p red ic ted  
o s c i l l a t o r y  Loads are p l o t t e d  i n  F i g u r e s  VII-3 through VII-13 
w i t h  t h e  measured d a t a  shown f o r  comparison. 

N o  a t t empt  h a s  been made t o  p r e d i c t  t h e  o s c i l l a t o r y  p i t c h  l i n k  
Loads, hence c o r r e l a t i v e  d a t a  are no t  shown. The d e s i g n  o s c i l -  
l a t o r y  l o a d s  w e r e  e s t a b l i s h e d  by means of an e m p i r i c a l  method 
which BHC u s e s  f o r  s e m i r i g i d  r o t o r s .  The s t eady  p i t c h i n g  moment 
of  t h e  b lade  has  been c a l c u l a t e d  f o r  a i r p l a n e  mode and i s  com- 
pared with t h e  measured s t eady  load  i n  F igure  VII-13. The cor-  
r e l a t i o n  is e x c e l l e n t .  
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Figure VII-4. Blade Station 52.5 Beam Oscillatory 
Bending Moment versus Thrust in 
Helicopter Mode. 
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Figwe V I I - 5 .  Spindle Chord Oscil latory Bending Moment 
Versus Thrust i n  Helicopter Mo6e. 
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Figure VII-6. Blade P i  tch-Link OsziJ-latory Load Versus 
Thrust i n  Helicopter Mode. 
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Figure VII-8. Blade Stat ion 5 2 . 5  Oscillatory ~eamwise 
Bending Moment Versus Thrust i n  
Conversion Mode. 



Figure V I I - 9 .  Yoke Spindle Chord O s c i l l a t o r y  
Bending Moment - Conversion Mode. 
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Figure VII-10. Pitch-Link Osc i l la tory  Load Versus 
Thrust i n  Conversion Mode. 
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Figure VII-11. Glade S t a t i o n  5 2 . 5  Eem Bending Moment 
c.cd Pitch Link Loads versus Proprotor 
T k r s s  t ir ,  Airplane Mode. 
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Figure VII-12. Blade and Pitch Link Loads Versus 
Angle of Attack i n  Airplane Mode. 
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V I l I .  SOISE AND VIBRATION 

A ,  NOISE 

During powered t e s t i n g  a  microphone 68 f e e t  upstreaa of the 
node1 and 5 f ee t  above the f l o o r  on the c e n t e r l i s r  of the 
tunr,el monitored the noise Le-:eL. !This Locatiov i c  the same 
as  t h a t  for  a past program which neasured the r:oise of conven- 
tionaL rotors .  See References 29 and 39 t The output of the 
microphone was recorded for  a a s t  t i l t  angles fron zero t o  7 5  
degrees, f o r  several t i p  speeds, and a t  various thrus t  and 
power s e t t i n g s .  

Figure VIII-1 shows the coaparison between proprotor and con- 
ventional rotor noise. For tunnel ve loc i t i e s  above about 80 
knots, the noise of the proprotor i n  takeoff mode is  Lower than 
t h a t  of a  square-tipped conventional rotor .  Also, the r a t e  of 
increase i n  proprotor noise.  as  tunnel ve loc i ty  increases .  i s  
somewhat l e s s  than f o r  conventional ro tor>.  The proprotor 's  
noise i n  cruise  mode, a t  tilt angles between zero and 30 degrees, 
i s  a t  l e a s t  7 decibels Lower than tha t  f o r  the takeoff =ode. 
(Predictions show a  reduction on the order of 15 decibels.) 

The proprotor sounds more l t k e  a propel ler  th&n a  rotor .  lacking 
the Loud blade s l a p  which is c h a r a c t e r i s t i c  of conventional 
ro tors  a t  high speeds. I n  cruise  mode, the proprotor i s  reason- 
ably quiet--quiet  enough, i n  f a c t ,  t h a t  the sound of the w i n d  
tunnel masks it a lnos t  coaple t e ly .  

The noise measurements shown i n  Figure V I I I - 1  can be extrapolated 
t o  give estimated noise l eve l s  :or the Model 300. Figure V I I I - 2  
shows the resul t s  of such an extrapolat ion,  and shows the noise 
cha rac te r i s t i c s  of a  var iz ty  of other a i r  and surface vehicles 
for p::rposes of coaparison. A s  the f igure shows, the noise of 
the Model 300 during takeoff w i l l  be about the saae as  '-hat of a  
medium hel icopter ,  whereas i t s  noise i n  cruise  f l i g h t  w-11 be 
about the same as tha t  of a  Light hel icopter .  The observer on 
a  busy s t r e e t  corner would be unable t o  hear the kodel 300 pass- 
ing over i n  crxise f l i g h t  a t  an a l t i t u d e  of 1030 f e e t .  

Vibration leve ls  were measured a t  two s t a t ions  on the dynamic 
t e s t  stand pylon: t1.e intersect ion of the center l ines  of the 
conversion spindle and aas t  (Pylon Stat ion Q), and a t  Pylon 
Station 36. A t  S ta t icn  9 the vibrat ion was measured along the 
shaf t  a x i s ,  i n  the wing beam sense,  and i n  the pylon yaw sense. 
A t  Stat ion 36, the vibrat ion was measr~red i n  the wing beam and 
pylon yaw senses. 

The doainant vibration was a t  the blade passage frequency ( th ree  
per r e v )  and was due t o  aerodynamic interference between the wing 
and the proprotor. I t s  amplitude increased with both airspeed 



and mast ang le  of a t t a c k .  The ampli tude was ext remely  s e . l s i t i v c  
t o  rpxi i n  the  case  of t h e  d e s i g n - s t i f f n e s s  t e s t  s tand s i n c e  t h e  
l a t e r a l  be:.ding n a t u r a l  frequency of t h e  rnast was i n  resonance 
wi th  th ree -pe r - rev  e x c i t a t i o n s  a t  470 rpm. 

A s  noted i n  Sect ion  111. the  dynanic t e s t  s t a n d s  do not respond 
e x a c t l y  a s  t h e  Mcdel 300 wing-pylon system rlould i n  t h e  noraa l  
opera t ing  rpn ,  th ree -pe r - rev  frequency rznge because t h e i r  
s t r u c t u r a l  d e t a i l s  ( such  a s  t h e  t r a n s n i s s i o n  and pylon c a s e ,  
engine i n s t a l l a t i o n ,  and the  v a s t )  a r e  not  dynamical ly s i rn i l a r .  
De ta i l ed  s c a l i n g  of these  f e a c u r e s  was not  necessary  t o  d u p l i c a t e  
dynamic s t a b i l i t y  c h a r a c t e r i s t i c s .  Natura l  f r equenc ies  of both 
t e s t  s t ands  were c lose  t o  resonance with t h r e e  per r e v ,  producing 
r e l a t i v e l y  h i g 5  th ree -pe r - rev  v i b r a t i o n s .  Even s o .  the  t e s t  
opera t ion  w a s  not s i g n i f i c a n t l y  r e s t r i c t e d .  

Five accelerometers  were i n s t a l l e d  on t h e  powered t e s t  s t a n d ,  
p r imar i ly  f o r  t h e  purpose of a o n i t o r i n g  t e s t  s tand o s c i l l a t o r y  
Loads. The torquemeter b o l t  r i n g  w a s  e s t ima ted  t o  be the  
c r i t i c a l  aember of  t h e  t e s t  s t a n d ,  and t h e r e f o r e  a c c e l e r a t i o n  
l i m i t s  were e s t a b l i s h e d  which would preclude exceeding i t s  
endurance l i m i t .  During t h e  conversion and h e l i c o p t e r  mode 
tests ,  opera t ion  of t h e  p ropro to r  a t  535 rpm (nR = 709 f t  'set) 
w a s  avoided because t h e  two-per-rev v i b r a t i o n  l e v e l s  exceeded 
t h e  e s t a b l i s h e d  L i m i t .  (These r e s u l t e d  from a  t e s t  s t and  aode 
being i n  resonance a t  535 rpm, with t h e  two-per-rev torque 
generated by t h e  gimbal when t h e  r o t o r  f l apped . )  Vibra t ion  a t  
o t h e r  p ropro to r  speeds was no t  a  probl.za. 

1. Vibra t ion  C h a r a c t e r i s t i c s  of t h e  T e s t  Stands During Nornal 
P ropro to r  Operat ion 

Figure VIII -3  shows how the  t h r e e - p e r - r e v  v i b r a t i o n  of t h e  
d e s i g n - s t i f f n e s s  dynamic t e s t  s t and  v a r i e d  with rpv .  The 
i n s t a l l a t i o n  of the  pylon yaw l i n k  s imulated f u l l y  converted 
a i r p l a n e  n ~ d e  f l i g h t  (pylon on  t h e  doc~nstop) The l a r g e  a a p l i -  
tude  i n  t h e  450-470 rpa range i s  due t o  resonance of t h e  q a s t  
L a t e r a l  bending mode with t h r e e  per  rev  Figure VI I I -4  shows 
the v a r i a t i o n  i n  a n p l i t u d e  with a i r s p e e d  a t  cons tan t  458 rpm. 
There a r e  no da ta  i n  t h e  170-190-knot range because of t h e  mast 
l a t e r a l  bending aode resonance a t  458 rpa  i n  t h i s  speed range. 

Without the  yaw L i n k  t h e  amplitude of t h e  t h r e e  pe r  rev  was much 
lower ( a s  shown i n  Figure VI I I -5 ) .  I n  t h i s  case  t h e  i n t r o d u c t i o n  
of the  pylon yaw mode ( 1 4 . 1  c p s ,  o r  1.85 per  r ev )  f o r c e s  t h e  rnast 
l a t e r a l  bending mode t o  over  53 cps ( g r e a t e r  than  e i g h t  per  rev 
a t  458 rpm). For t h a t  cond i t ion  t h e r e  a r e  no modes nea r  th ree  
per  rev ( s e e  Sec t ion  111) .  

Figure VIII -6  shows how t h e  v e r t i c a l  (beamwise) three-per- r .?v  
v i b r a t i o n  a t  Pylon S t a t i o n  36 var ied  wi th  s i n u l a t e d  a i r s p e e d  
or both t h e  one-four th  and design s t i f f n e s s  t e s t  s t a n d s .  Note 
tk.at t h e  o n e - f o u r t h - d e s i g n - s t i f f n e s s  t e s t  s tand d a t a  a r e  not 
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a t  constanr rpm because of the  c o l l e c t i v e  p i t ch  l i m i t a t i o n s  
discussed i t ;  Section V .  A t  390 knots t he  v ib ra t i on  l e v e l  (1.2g) 
is  l e s s  than 50 percent  of the Model 300 design L i m i t  (+2.5g) .  

Figure V I I I - 7  shows the  inf luence of angle of a t t a c k  on the 
v e r t i c a l  v ib ra t i on  a t  Pylon S t a t i on  36. The increase  i n  a n p l i -  
tude with angle of a t t a c k  is  due t o  the increas ing  wing upwash. 

Vibrat ion da t a  from the  powered t e s t  a r e  surnvarized i n  Figure 
VIII-8. I t  i l l u s t r a t e s  the t rend  in  v ib ra t i on  l e v e l  during a  
conversion a t  constant  a i rspeed and rpm, Since the  response of 
the  powered t e s t  s tand i a  the  three-per-rev frequency range i s  
e s s e n t i a l l y  invar ian t  with conversion angle ( s e e  Sect ion 1111, 
the reduction i n  v ib ra t i on  l e v e l  a s  the pylon is  converted i s  
due t o  reduced e x c i t a t i o n .  

2. Vibration Pur ine  S top-Sta r t  Operation 

Fxploratory t e s t s  t o  simulate the s t o p - s t a r t  phase of tke  fo ld-  
ing  proprotor concept %ere made on both the standard and one- 
q u a r t e r - s t i f  fness  dynamic t e s t  s t ands .  Of prlmary i n t e r e s t  were 
the  v ib ra t i on  l e v e l s  t h a t  would be encountered a s  a s t a r t i n g  o r  
stopping operat ion passed through the var ious  resonant  frequen- 
c i e s  of the  blades ,  wings, and pylons. The 25-foot proprotor of 
these  t e s t s  w a s  not designed t o  be folded i n  f l i g h t ,  the re fore  
d id  not have a f l app ing  lockout o r  a h igh- ra te  c o l l e c t i v e  p i t c h  
arrangement, f e a t u r e s  which would improve i t s  f ea the r ing  charac- 
t e r i s t i c s .  Neverthe l e s s ,  the  proproror feathered without 
d i f f i c u l t y  a t  a i r speeds  up t o  265 knots (s imulated)  and angles  
of a t t a c k  up t o  6  degrees.  

The s t o p - s t a r t  t e s t s  on t h e  des ign - s t i f fnes s  t e s t  s tand were 
conducted a t  a n  a i rspeed of 136 knots .  The c o l l e c t i v e  p i tch  
range r e s t r i c t e d  the rpm sweeps from the low p i t ch  l i m i t  (600 
rp3) t o  the  hiqh p i tck  l i m i t  (250 rpm). Several  resonances of 
t he  blade and wing were t rz r i s i t ed  dur ing these  sweeps without 
any s i g n i f i c a n t  inc rease  i n  loads o r  v i b r a t i o n .  The time t o  
change from 600 t o  250 rprn was 2.75 seconds; and t o  r e tu rn  t o  
600 rpa ,  2.48 seconds. 

On the  one-four th-design-s t i f fness  s t and ,  s t o p - s t a r t  t e s t s  were 
a t  simulated speeds of 185 and 265 knots.  F u l l  s tops  t o  zero 
rprn were vade i n  both cases .  A t  185 knots the  angle of a t t a c k  
was varieti  f ro% 0 degrees t o  +6 degrees.  The time t o  s t o p  o r  
s t a r t  was approximately 6  seconds (equ iva len t  t o  3 seconds i n  
r e a l  t ime) .  The optim~rn r e a l  time required f o r  the  s t o p - s t a r t  
operatiorl has been shown by model t e s t s  t o  be 2  t o  3 seronds.  

Figure VIII-9 shows a  time h i s t o r y  of proprotor  and t e s t  s tand 
response during s topping a t  185 knots a n d  zero  angle of a t t a c k .  
A s  the blade passage frequency t r a n s i t s  each of the s tand n a t u r a l  
modes, a  buildup appears .  Model t e s t s  and theory ( s e e  References 
22 and 28) have e s t ab l i shed  t h a t  t h e  aerodynamic i n t e r f e r ence  



between wing and r o t o r  causes  hub s h e a r s  a t  t he  blade passage 
f r equency  and g e n e r a t e s  a  s m a l l  avount  of e x c i t a t i o n  a t  twice  
t h e  b lade  passage  f requency .  T h e  s h o r t e r  t h e  t i a e  r e q u i r e d  f o r  
s t o p p i n g ,  t h e  smaller t h e  a a p l i t u d e  of t h e  buildup--down t o  t h e  
t i m e  f o r  mlnimum b u i l d u p ,  g iven  a s  h t  = 2 . 7 5 , r D  '38.5 seconds 
(Re fe rence  26) o r  abou t  2 . 2  seconds  i n  t h e  c a s e  of  a 25 - foo t -  
d i ame te r  p r o p r o t o r .  

As F i g u r e  VI I I -10  shows, t h e  ampl i tude  of t h e  response i n c r e a s e s  
w i t h  a n g l e  o f  a t t a c k .  The a n g l e  of a t t a c k  i l l u s t r a t e d  ( 4  d e g r e e s )  
co r r e sponds  t o  a 1.5g maneuver. The ampl i tude  a l s o  i n c r e a s e s  w i t h  
a i r s p e e d  a s  shown i n  F igu re  VIII-11. 

The l i rn i ted  number o f  d a t a  p o i n t s  keeps t h e  r e s u l t s  of t h e  s t o p -  
s t a r t  t e s t s  e s s e n t i a l l y  q u a l i t a t i v e .  bu t  t h e  tes ts  d id  show t h a t  
f e a t h e r i n g  t h e  b l ades  and s t o p p i n g  t h e  r o t o r  i s  f e a s i b l e .  Loads 
and  a c c e l e r a t i o n s  were w e l l  w i t h i n  a l l o v a b l e  l i - i ts  and t h e r e  
m s  no ev idence  of  i n s t a b i l i t y .  A modi f ied  v e r s i o n  of t h e  2 5 -  
f o o t  p r o p r o t o r  which i n c o r p o r a t e s  a  f l a p p i n g  lockou t  and b l ade  
f o l d i n g  w i l l  be t e s t e d  i n  t h e  f a l l  of 1971. 

3. C o r r e l a t i e n  of Theory w i t h  Measured V i b r a t i o n  

Under c o n t r a c t  t o  t h e  U. S. A i r  Force  F l i g h t  Dynamics L a b o r a t o r y ,  
BHC has developed  a h i g h l y  r e f i n e d  t h e o r y  which p r e d i c t s  t h e  
aerodynamic i n t e r f e r e n c e  between wing and p r o p r o t o r  (Reference  2 8 ) .  
Good c o r r e l a t i - o n  wkth measured v i b r a t i o n  d a t a  from d y n a z i c a l l y  
s c a l e d  models has  been e s t a b l i s h e d  and is zhown i n  t h a t  r e p o r t .  

A s t u d y  of t h e  c o r r e l a t i o n  of  BHC v i b r a t i o n  t h e o r y  w i t h  t h e  
v i b r a t i o n  measured d u r i n g  t h e  dynamic s t a b i l i t y  t e s t  has  c o t  
been made. A l a r g e  amount of d i g i t a l  computer t i v e  would be 
r e q u i r e d  f o r  such  a  s t u d y  and because a c c u r a c y  of t he  t h e o r y  
h a s  a l r e a d y  been i n v e s t i g a t e d ,  t n e  expense w a s  cons ide red  unwar- 
r a n t e d .  Fur thermore ,  t h e  d a t a  i n d i c a t e  t h e  v i b r a t i o n  problem i - .  
e s s e n t i a l l y  one of a v o i d i n g  resonance wi th  t h r e e  per  r e v .  
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Figure V I I I - 2 .  Estimated 5x te r .7a l  Noise Levels. 
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Figure VII 
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1-3. Pylon Three-Per-Rev Vibration Level  Versus 
Proprotor RPM f o r  Standard S t i f f n e s s  Test 
Stand (Airplane Mode). 
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TUNNEL VELOCITY - KNOTS 

Figure VI 11-4 Pylon T h r e e - P e r - R e v  Vibration L e v e l  V e r s v ~ s  
Tunnel Velocity for Standard Xifffness 
T e s t  Stand ( A i r p l a n e  Mode) . 



TUNKEL VELOCITY - KNOTS 

F i g u r e  VIII-5. Pylon Three-Per-Rev V i b r a t i o n  Level Versus 
T u n n e l  V e l o c i t y  for Standard S t i f f n e s s  
Test S t a n d  (Airplane Mode - Yaw Link O u t ) .  
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SIMULATED TRUE AIRSPEED - KNOTS 

Figure ~111-6, Three-Per-Rev Bemise  Vibration at 
Pylon Stat ion  36 Versus Simulated 
Airspeed (Airplane Mode) . 
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0 DESIGN STIFFNESS TEST STAND 
(100 KNOTS, 458 RPM) 

A DESIGN STIFFNESS TEST STAND 
(185 KNOTS, 500 RPM) 
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1 
A 

ANGLE OF ATTACK - DEGREES 

Figure VIII-7, Three-Per-Rev Beamwise Vibration a t  
Pylon Stat ion 36 Versus A n g l ~  of Attack 
(Airplane i%lde). 
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MAST ANGLE OF ATTACK - DEGREES 

Figure VIXI-8, Mast Case Three-Per-Rev Vibratior Levels 
Versus Mast Azgle of Attack, Helicopter 
and Conversion Modes. 
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I X .  CONCLUSIONS 

A .  GENERAL 

1. Fu l l - s ca l e  wind-tunnel t e s t s  have v e r i f i e d  the proprotor 
technology developed dirring the  Army Composite A i r c r a f t  Program. 

2. Theory and model t e s t s  form a  r e l i a b l e  bas i s  f o r  t h e  design 
of f u l l  -scale proprotors .  

3. The advanced design 25-foot-diameter proprotor w i l l  provide 
good performance i n  h e l i c o p t e r  f l i g h t ,  w i l l  a t t a i n  high propul- 
s i v e  e f f i c i e n c y  i n  a i rp l ane  f l i g h t ,  and w i l l  have pos i t i ve  
dynamic s t a b i l i t y  and acceptable  t l a d e  loads.  

4 .  These tunnel t e s t s ,  by e s t a b l i s h i n g  t h a t  t h e  predic ted Levels 
of  performance, s t a b i l i t y ,  and load margins a r e  a t t a i n a b l e ,  pro- 
vide a  f i rm base fo r  the next Logical s t e p  i n  t he  development of 
proprotor  technology--a research a i r c r a f t  f l i g h t  program. 

1. Proprotors  can provide l i f t  e f f i c i e n t l y  in  hover ( a t  a  t yp i ca l  
opera t ing  condi t ion ,  thr i l s t  was measured a t  8 .5  pounds p e r  horse-  
power and the  f i gu re  of meri t  was 0.78). 

2 .  Measured s t a t i c  t h r u s t  exceeded the maximum predic ted t h r u s t  
by 1 5  percent (maximum t h r u s t  was not defined i n  the r e s t  due t o  
t e s t  s tand power l i m i t a t i o n s  a t  the  t e s t  rpm) . 
3. I n  the blade element momentum ana lys i s .  t h e  use of the  cLas- 
s i c a l  h e l i c ~ p t e r  t i p  l o s s  f a c t o r  B = 1 - ~ ! q / b ,  leads  t o  under 
p red ic t ion  of the  maximum a t t a i n a b l e  s t a t i c  t h r u s t .  I n  add i t ion  
t o  a decreased t i p  l o s s ,  maximum l i f t  c o e f f i c i e n t s  h ighe r  than 
measured during the two-dimensional a i r f o i l  t e s t s  m u s t  be used i n  
the  ca l cu l a t i ons  t o  match the  h ighes t  t h r u s t  measured. 

4 .  The proprotor provides a  broad range of L i f t  and propulsive 
fo rce  f o r  conversion. 

5 .  For a  given leve l  of L i f t  and propulsi17e fo rce ,  power can be 
predic ted accura te ly .  Proprotor  t i p  path plane o r i e n t a t i o n  pre-  
d i c t i o n s  f o r  the  given force  combinations a r e  good except  f o r  
mast angles  g r e a t e r  than about 60 degrees a t  which point  the  
p red ic t ions  begin t o  be l e s s  accura te  and over p r ed i c t  the  
required angle by 2 t o  3 degrees .  

6.  Propulsive e f f i c i e n c i e s  were measured i n  excess of 90 per-  
cent  and were gene ra l l y  s l i g h t l y  higher  than predicted by theory.  

7 .  The t e s t  r e s u l t s  confirmed t h a t  t y p i c a l  c ru i s e  e f f i c i e n c y  of 
approximately 75 percent  a r e  poss ible  with a  proprotor a s  p r e -  
d i c t ed  i n  the  Task 1 Design Study. 
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C. DkNAMIC STABILITY 

1. ALL proprotor/pylon/wing modes exh ib i ted  good s t a b i l i t y  
through a  simulated speed of 408 knots.  

2 .  The c r i t i c a l  mode, the  fundamental wing bending mode, 
exhibi ted  increased damping with a i r speed  ( a t  constant  prop- 
ro to r  rpm). 

3. There was c lose  agreement between t h e  200-knot simulated 
speed and the  200-knot ac tua l  speed. 

4 .  The f u l l - s c a l e  t e s t  r e s u l t s  were i n  exce l l en t  agreement 
with theory and one -f i f  th - sca le  a e r o e l a s t i c  model t e s t s .  

D BLADE FLAPPING 

1. Blade f l app ing  produced no r e s t r i c t i o n s  or, the  operat ion of 
the  proprotor .  

2 .  A simulated 3.0g maneuver a t  265 knots produced l e s s  than 7 
degrees of f lapping a s  compared with the  12-degree design allow- 
able  . 
3 .  Measured f lapp ing  de r iva t i ve s  agree  with theory.  

4. Evaluation of an e l e c t r o n i c  f l app ing  c o n t r o l l e r  showed s teady  
f lapp ing  reduction of 100 percent with reductions of t r a n s i e n t  
f l app ing  of 40 t o  40 percent .  

5 .  The f lapping c o n t r o l l e r  increased the wir;gts response t o  
simulated gusts  

6 .  Increas ing t he  response r a t e  of t h e  f lapping c o n t r o l l e r  t o  
reduce t r a n s i e n t  f l app ing  reduced the  dynamic s t a b i l i t y  of the  
proprot or/pylon/wing system. 

7 .  The e f f e c t  of t h e  f l app ing  c o n t r o l l e r  on f l app ing  and dynamic 
s t a b i l i t y  agreed with theory.  

E,  BLADE AND CONTROL SYSTEM LOADS 

1. Measured bladz and con t ro l  system Loads were acceptable i n  
a l l  f l i g h t  modes. 

2. O s c i l l a t o r y  loads were l e s s  thar, the  ca lcu la ted  f a t i g u e  
endurance l i m i t  i n  h e l i c o p t e r  and conversion modes even though 
l i t t l e  time i s  spent  i n  those modes and complete conversion can 
be made i n  11 seconds. O s c i l l s t o r y  Loads vere verV low i n  a i r -  
plane mode. 

3.  O s c i l l a t o r y  blade loads were i n  good agreement with predic-  
t i o n s  i n  h e l i c o p t e r  mode but were i n  poor agreement with o r i g i n a l  
p red ic t ions  a t  in termediate  conversion ang les .  

300-099-004 I X -  2 



4 .  The o r i g i n a l  p r e d i c t i o n s  were found t o  have e r r o r s  i n  t h e  
inpu t  d a t a  ( r e l a t i n g  t o  swashpla te  phasing and hub s p r i n g  
aoment s ) .  When t h e s e  e r r o r s  were c o r r e c t e d ,  t h e  t h e o r y  p r e -  
d i c t e d  o s c i l l a t o r y  Loads s l i g h t l y  h i g h e r  than those  measured. 

5 .  The t e s t  r e s u l t s  and t h e o r y  show t h a t  t h e  f l a p p i n g  r e s t r a i n t  
produced by t h e  hub s p r i n g  i n c r e a s e s  t h e  o s c i l l a t o r y  bl2de l o a d s .  
Only a moderate l e v e l  of f l a p p i n g  r e s t r a i n t ,  such a s  t h a t  i n c o r -  
porated i n  t he  system t e s t e d ,  appea r  p r a c t i c a l .  

F .  NOISE  AND VIBRATION 

1. Measured p r o p r o t o r  n o i s e  i n  h e l i c o p t e r  mode was comparable t o  
n o i s e  measured from i s o l a t e d  h e l i c o p t e r  main r o t o r s  i n  t h e  tunnel.. 
I t  can t h e r e f o r e  be concluded t h a t  t h e  noise  f r o 9  a p r o p r o t o r  a i r -  
c r a f t  w i l l  be lower than  t h a t  from a h e l i c o p t e r  o p e r a t i n g  a t  
equa l  t i p  speed and g r o s s  we igh t ,  because of t h e  absence of a  
t a i l  r o t o r  o r  t h e  o v e r l a p  e f f e c t s  of a tandem r o t o r  h e l i c o p t e r .  

2 .  I n  a i r p l a n e  f l i g h t ,  n o i s e  l e v e l s  w i l l  be ex t r emely  low. 
P ropro to r  t?oise l e v e l s  i n  p r o p e l l e r  o p e r a t i o n  were ' >o low t o  be 
d i s t i n g u i s h e d  f r o a  background tunnel  n o i s e .  

3 .  During the  powered t e s t  t h e  t e s t  s t a n d  t n r e e - p e r - r e v  
v i b r a t i o n  Level decreased  r a p i d l y  a s  t h e  s t a n d  was conver t ed  
from h e l i c o p t e r  t o  a i r p l a n e  mast a n g l e  of a t t a c k ,  r e f l e c t i n g  the  
r educ t ion  i n  o s c i l l a t o r y  a i r l o a d i n g .  

4 .  I n  a i r p l a n e  mode t h e  b lade  passage f requency v i b r a t i o n  i s  
dominant. Aerodynamic i n t e r f e r e n c e  between t h e  wing and prop- 
r o t o r  i s  t h e  source  of v i b r a t i o n  i n  a i r p l a n e  qode .  

5. Crew s t a t i o n  and cabin v i b r a t i o n  l e v e l s  i n  a i r p l a n e  mode w i l l  
be v e r y  l o w ,  provided t h a t  wing and pylon n a t u r a l  f r e q u e n c i e s  a r e  
n o t  i n  resonance w i t h  t h e  b lade  passage f requency.  

6 .  S t a r t - s t o p s  s i m u l a t i n g  t h i s  o p e r a t i o n  f o r  a s t o p - f o l d  prop- 
r o t o r  were performed wi thout  d i f f i c u l t y  a t  s imula ted  speeds up 
t o  265 kno t s .  
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NOMENCLATURE 

Corncute r 
SpboL Output Description - 

Rotor a c t i v i t y  f ac to r  = 218 (based on a 
constant blade chord of 14 inches) .  

FLAP Fore a ~ d  aft f i ~ p o i n g  angle with respect to 
the  haft (8eg) ( see Figurr A - 1 ) .  

CYCLIC Fore and a f t  c y c l i c  angle with respect t o  the 
s h a f ~  (deg' isee Figure A - 1 1 .  

C Speed of socnd ( f ps 1 .  

CL L i f t  coef f ic ient  = L/( 16pn 2 R 4 ). 

CLH 2 3 Helicopter l i f t  coef f ic ient  = L .'(p?;fl R ) . 
CPB Airplane power coeff ic ient  based on the mast  

torque power data  = 550 ( H ~ ) / (  32pn3~5>.  This 
value used i n  the t e x t  and f igures  - 

CPF Propulsive force coeff ic ient  = ~ ~ ' 1 6 p n ~ R ~ .  

CP BH Helicopter power coeff ic ient  based on the qas t  
torque power data = 550 ( H ~ ) / [ ~ I ~ R ~ ( ~ ~ R ) ~  1 .  

CPHSOL Helicopter power coef f i c i en t / ro to r  s o l i d i t y  
r a t i o  = CpH/'v. 

CPl Airplane power c ~ e f f i c i e n t  based on the 
w i n d - t u n n e l  balance por-ler data 
= 550 (Hpl I / (  32pn3~5) .  

CP 1 H  Helicopter power coeff ic ient  based on the 
wind-tunnel balance power data 
= 550 (lIpl ) / [ p a ~ 2 ( ~ ~ ) 3 ]  . 

CP2 Airplane power coeff ic ient  based on the 
tes t-s tand c e l l  powr  data 
= 550 (FiP2)/( 32pn3~5).  

CPZH Helicopter power coeff ic ient  based on 
the test-stand load c e l l  power data 
= 550 ( H ~ ~ ) / [ ~ T R ~ ( R R ) ~  1. 

CT Airplane th rus t  coef f ic ient  = ~ / 1 6 p n ~ R ~ .  



Computer  
S ~ ~ O L  o u r p u t  D e s c r i p t i o n  

CTH SOL H e l i c o p t e r  t h r u s t  c o e f f i c i e n t  ' r o t o r  s o l i d i t y  
r a t i o  = C T ~ / ' O .  

D r a g  (15) .  D 

DSIG Drag r e f e r r e d  t o  sea L e v e l  s t a n d a r d  
c o n d i t i c n s  = !3,/mt ! LS). 

3 12 F i g u r e  o f  m e r i t  = 0 . 7 9 7  % CpH 
= 0.798 C33/*,/cP. 

R o t o r  "HI' force, p e r p e n d i c u l a r  t o  t h e  s h a f t  
a x i s  ( Lb) . 

H S I G  R o t o r  "H" force r e f e r r e d  t o  sea L e v e l  
s t a n d a r d  c o n d i t i o n s  = H / u '  (Lb). 

Horsepower  b a s e d  on  t h e  aast t o r q u e .  T l i i s  
v a l u e  u s e d  i n  t h e  t e x t  a n d  f i g u r e s .  

HPBSIG H o r s e p o e r  b a s e d  on t h e  mast t o r a u e  r e f e r r e d  
t o  sea l e v e l  s t a n d a r d  c o n d i t i o n s  = Hp,/ua . 

Horsepower  b a s e d  o n  t h e  w i n d - t u n n e l  b a l a n c e  
d a t a .  

H c r s e p o w r  b a s e d  o n  t h o  w i n d - t u n n e l  b a l a n c e  
d a t a  r e f e r r e d  t o  sea L e v e l  s t a n d a r d  
c o n d i t i o n s  = HpL/ut  . 

HPlSIG 

S.:c\rsepower b a s e d  o n  t h e  t e s t  s t a n d  l o a d  
c e l l  d a t a .  

Horsepower  b a s e d  o n  the t e s t  s t a n d  l o a d  
c e l l  d a t a  r e f e r r e d  t o  sea L e v e l  s t a n d a r d  
c o n d i t i o n s  = Hp2/u1 . 
A i r p l a n e  aGvance  r a t i o  = V/2nR. 

A i r p l a n e  a d v a n c e  rat io c o r r e c t e d  f o r  s h a f t  
a o g l e  o f  a t t a c k  = (V/2nR) c o s  (amST). 

A i r p l a n e  a d v a n c e  r a t i o  c o r r e c t e d  f o r  t i p  
p a t h  p l a n e  a n g l e  = (V/2nR) c o s  (aTpp). 



Symbol 
Computer 

O u t p u t  

LSIG 

RPS 

F F  

PFSIG 

RF 

RFSIG 

R P M  

RUN 

T 

TSIG 

V( KTS 

ALN 

ALTPP 

L k s c r i p t i o n  

L i f t  ( L b ) .  

L i f t  r e f e r r e d  t o  s e a - L e v e l  s t a n d a r d  
c o r l d i t  i o n s  = L / u g  ( l b )  . 
Advanc ing  t i p  Mach number 

= ( l / C )  Jv' + ( f l ~ ) *  + 2VRR c o s  (aTpp) 

R o t o r  r p s .  

P r o p u l s i v e  f o r c e  = -D ( l b ) .  

P r o p u l s i v e  f o r c e  r e f e r e e d  t o  sea Leve l  
s t a n d a r d  c o r i d i t i o n s  = PF/U@ ( L b ) .  

Data  p o i n t  number. 

Dynamic p r e s s u r e  ( p s f  1 .  

Mast t c r q i i e  ( f t - l b ) .  

hotor r a d i u s  ( f t : .  

R e s ~ l t a n t  f o r c e  = 4- ( l b ) .  

R e s u l t a n t  f o r c e  r e f e r r e d  t o  sea l e v e l  
s t a n d a r d  c o n d i t i c n s  = %/ul ( l b )  . 

R o t o r  rpm. 

Run number. 

T h r u s t  a l o n g  t h e  s h a f t  axis ( l b )  . 
T h r u s t  a l o n g  t h e  s h a f t  a x i s  r e f e r r e d  t o  s e a  
l e v e l  s t a n d a r d  c o n d i t i o n s  = T / u g  ( l b )  . 
V e l o c i t y  (f ps )  . 
T u n n e l  s p e e d  ( k n o t s ) .  

Mast a n g l e  o f  a t t a c k  ' d e g ) .  

T i p  p a t h  p l a n e  a n g l e  of a t t a c k  - = aMST -- 
a l ~  - 90 ( d e g ) .  

P r o p r o t o r  b l a d e  f l a p p i n g  a n g l e ,  measured 
be tween  t h e  b l a d e - s p a n  axis  a n d  t h e  mast 
a x i s .  P o s i t i v e  f o r  b l a d e  f l a p p i n g  up .  
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Computer 
SXI\bol O u t p u t  

'I ETC B 

THERF 

COLLECT 

MU 

ML!  

T. SPYYD 

RHO 

SIGMA -P 

D e s c r i p t i o n  

Change ir. s p i n n e r  b a s e  p r e s s u r e  r e l a t i v e  
t o  f r e e  s t r e a m  s t a t i c  p r e s s u r e .  

P r o p u l s i v e  e f f i c i e n c y  b a s e d  on t h e  mast t o r q u e  
power d a t a  = (TV) c o s  (aMAST ) / ( 5 5 0  H p i .  
T h i s  v a l u e  used  i n  t h e  t c x t  and f i g u r e s .  

P r o p u l s i v e  e f f i c i e c c y  b a s e d  on t h e  wind-  
t u n n e l  b a l a n c e  power d a t a  
= (TV) c o s  i a m ~ ~ ) / (  550 Hpl) .  

Propu 1s i v e  e f f i c i e n c y  b a s e d  on t h e  
t e s t  s t a n d  Load ce l l  power d a t a  
= (TV) cos (aMST /( 550 Hp2 . 
R e s u l t a n t  force a n g l e  = a r c t a n  (L,/PF) (deg ; .  

T i p  c o l l e c t i v e  a n g l e  ( d e g )  . 
Hel ic3pt :er  a d v a n c e  r a t i o  c o r r e c t e d  f o r  
t i p  p a t n  p l a n e  a n g l e  = (!!/OR) c o s  ( aTpp) .  

H e l i c o p t e r  a d v a n c e  r a t i o  = v/OR. 

Ro to r  t i p  speed = RR ( f p s ) .  

A i r  d e n s i t y  ( s l u g / f t 3 ) .  

R o t o r  s o l i d i t y  = 0.089 ( b a s e d  on a c o n s t a n t  
b l a d e  c h o r d  of l k  i n c h e s  1, 

A i r  d e n s i t y  r a t i o  = pIPo. 

R o t o r  a n g u l a r  v e l o c i t y  ( r a d / s e c )  . 



Figure A - 1 .  Direction of Angles and Forces. 
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POWERED TEST DATA LISTINGS 

The fol lowing Listings were prep-*.ed 
using t e s t  data cards supplied by NASA. 
The format i s  shown a t  the  beginning 
of  each page for  convenience. Refer to 
the nomenclature for  d e f i n i t i o n  of  
terms, 
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