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I. SUMMARY 

A n  advanced design 25-foot-diameter folding tilt ro tor  was tes ted  i n  the 
NASA-Ames Large-Scale Wind Tunnel under NASA Contract NAS2-5&61 (Ref- 
erence 1).  Bel l  IIelicopter Company designed and manufactured the folding 
proprotor which is designated the Bel l  Model 627, modified the ex i s t ing  
wing semispan dynamic t e s t  stand, and supported the t e s t  under the above 
cont rac t  . 
Figures 1-1, -2, and -3 show the fu l l - sca le  madel i n s t a l l e d  i n  the 40- by 
80-foot wind tunnel in  the unfolded, p a r t i a l l y  folded, and f u l l y  folded 
posi t ions during the Febriiary 1972 unpowered airplane-mode t e s t s .  During 
the t e s t s ,  the ro tor  completed over 40 s t a r t / s t o p  sequences. After complet- 
ing the sequences i n  a stepwise manner, smooth s t o p / s t a r t  t r ans i t ions  were 
made i n  approximately 2.0 seconds. Wind-tunnel speeds up through 175 knots 
were used, a t  which point the ro to r  mst angle of a t t a c k  was increased 
to  4 degrees, corresponding to  a maneuver condition of about 1.5g. Blade 
folding and unfolding was accomplished up t o  a ro to r  mast angle of a t t a c k  
of 8 degrees a t  175 knots. With the blades i n  various fold posi t ions,  the 
ro tor  mast angle of a t t a c k  was increased t o  19 degrees a t  125 knots and t o  
12 degrees a t  150 knots. 

Complete sequences including stop-index-fold-unfold and s t a r t  up were com- 
pleted up through 175 knots. Folding o r  unfolding each require  between 
8.5 and 9.0 seconds, and the f u l l  sequence is accomplished i n  about two 
minutes, During these t e s t s ,  the model experienced simulated maneuver lords  
ranging from 0 t a  +%go Dynamic c h a r a c t e r i s t i c s  were checked t o  the maximum 
wind-tunnel airspeed 02 195 knots. The envelope of the wind-tunnel t e s t  
program, i n  terms of mast angle of a t tack ,  airspeed, and e q u i v a ~ e n t  gus t  
loads is shown i n  Figure i-4. Also shown i n  Figure 1-4 is the t r a n s i t i o n  
mode design maneuver load envelope. 

Osci l la tory  ro to r  and cont ro l  loads were about 30 percent l e s s  sens i t ive  to  
angle of a t t a c k  than predicted during a l l  phases of the stop/fold sequence 
s ince the hub flapping lockout was not  a s  s t i f f  a s  assumed f o r  ana ly t i ca l  
predictions.  During stopping and s t a r t i n g ,  the ro tor  blade fold lug oxperi- 
ences about three to  f i v e  cycles of high o s c i l l a t o r y  load. The t o t a l  damage 
f r a c t i o n  f o r  the fold j o i n t  was 0.00276 which indica tes  l e s s  than one percent 
of the lug fa t igue  l i f e  was expanded during the wind- tunnel t e s t .  The 
remainder of the blade and hub did not  exceed endurance l i m i t s  a t  any time 
during the test. 

These Task 11 t e s t s  were preceeded by extensive work acconlplished under 
Task I of the cont rac t ,  which included preliminary design s t u a i e s  to  def ine 
the Model 627 folding proprotor, and a minimum-size research a i r c r a f t  
designated the D272A, t h a t  could perform f l i g h t  research invest igat ions.  
The s tudies ,  which a r e  based on the Bel l  Model 300 proprotor design study 
and on p r io r  work accomplished under Bel l  Helicopter Company Independent 
Research and Development, include a i r c r a f t  and ro to r  layouts,  weight 
estimations,  performance ca lcula t ions ,  and dynamic and s t a b i l i t y  analyses. 
This work is  reported i n  Bel l  Report D272-099-001 (Reference 2 )  and was 
submitted i n  April  1970. 



eEU Use or disclosure ol data bn this page IS 

HE-R C O M ~ N Y  subject to the restriction on tht title page. 

The successful conclusion of the t e s t  program presented herein,  indica tes  
t h a t  the folding t i l t  ro tor  i s  feas ib le  and shows potent ia l  operational 
capab i l i ty  of performing under the range of conditions i t  would encounter 
i n  ac tua l  research f l i g h t .  Future work i n  preparation f o r  research f l i g h t  
i s  reconmended (see Section VIII). This program a l so  indica tes  expanded 
c a p a b i l i t i e s  f o r  the Bel l  Model 300 proprotor a i r c r a f t  concept. 
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I I. INTRODUCTION 
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A. THE CONCEPT 
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The folding-proprotor VTOL concept combines the low-speed f l i g h t  character-  
i s t i c s  of the he l icopter  with the high subsonic c ru i se  c h a r a c t e r i s t i c s  of 
the convectional turboje t  a i rplane.  Because of t h i s  highiy desirable com- 
binat ion of f l i g h t  charac ter i s  t i c s ,  the folding-proprotor concept has been 
investigated for  both ml l i t a r y  and commercial applicatior\s.  

The folding-proprotor VTOL sequence of operation i s  i l l u s t r a t e d  i n  Figure 
11-1. T a ~ e o f f  i s  accomplished i n  hel icopter  mode with the nacel les  ver- 
t i c a l .  After takeoff,  the folding proprotor a i r c r a f t  i s  acceleratzd to  an 
airspeed a t  which wing l i f t  czn support the a i r c r a i t .  The nacel les  a re  
then mechanically t i l t e d  90 degrees so tha t  the proprotors a c t  as  propellers.  
During v e r t i c a l  and low-speed f l i g h t ,  control of the a i r c r a f t  i s  by use of 
the hel icopter  co l l ec t ive  and cycl ic  pi tch controls .  These cont ro ls  a re  
washed out a s  the nace l les  a re  t i l t e d  forward, and a t  90 degrees nacel le  
tilt ,  cont ro l  i s  by a co l l ec t ive  proprotor governor and by conventional 
fixed-wing controls.  The n a c e l l e - t i l t i n g  process i s  operat ional ly  f l ex ib le ;  
i t  can be accomplished over a wide range of airspeeds and maneuver condi- 
t ions,  and with o r  without power. 

After the nace l les  a r e  t i l t e d ,  f l i g h t  can be c o n t i ~ u e d  k i t h  the proprotors 
act ing a s  propel lers  or  the proprotors can be feathered and folded, and fan 
engine t h r u s t  used f o r  propulsion. The proprotor feathering process i s  
accomplished by t ransfer r ing  power from the proprotors to  high bypass r a t i o  
fans (compound engines capable of del iver ing s h a f t  power or  fan th ra~s t ) .  
The windmilling proprotors a rc  then declutched from the e n g i n ~ s  and the 
blades feathered. When stopped, the proprotors a r e  indexed an6 the blades 
folded. With the blades folded, the foi ---~g propiotor a i r c r a f t  i s  operated 
a s  a conventional j e t  a i r c r a f t .  For landing, the t i l t / f e s t h e r / f c l d  s?quence 
described above is reversed. In  an emergency, a conventional a i rp lane  land- 
ing could be made a t  an a i r f i e l d  with blades folded. 

The foldlag-proprotor a i r c r a f t  o f f e r s  a combination of good hover e f f ic iency,  
low-downwash charac te r i s t i c s ,  acceptable noise leve ls ,  and high cru ise  
eff ic iency.  Maximum speed capabi l i ty ,  which can be specif ied In the design 
s tage t o  meet the needs of the mission, is not  res t r iczed  by cons t ra in ts  
associated with proprotors or p r ~ p e l l e r s .  Mi l i ta ry  missions which could 
berief i t  from these c h a r a c t e r i s t i c s  include l o g i s t i c s  support, airbornc 
assau l t ,  armed escor t ,  and search and rescue ( see  Figure 11-2). Of the 
d i f f e r e n t  approaches to  low- d isc-  loading l n i l i  t a ry  VTOL, the folding propro tor  
i s  believed to  hold considerable promise f o r  transport-type s i s s i o n s  where 
high enroute speed, extended hover time, and/or unres t r ic ted  approach a r e  
-- ;quiremen t z ,  

The high c ru i se  speed capabi l i ty  of the folding-proprotor VTOL concept in- 
creases productivity f o r  l o g i s t i c s  support missions, decreases vulnerabi l i ty  
during a i r - a s s a u l t  and aircrew-rescue missions when penetrating a nonper- 
missive environment, and o f f e r s  f a s t e r  response for  a l l  missions--frequently 
the difference between success or f a i l u r e  of a mi l i t a ry  operation. 
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From the conmercial standpoint, i f  present trends continue, a i r p o r t s  w i l l  
coon be saturated;  VTOL a i r c r a f t  development o fze r s  one oZ the most promising 
areas  i n  a l l a  fa t ing  t h i s  s i tua t ion .  I n  the camtercial  a i r  t ransport  i i e l d ,  
the four U. S, high densi ty  air corr idors  (Nor theas t, Great Lakes, Cal i fornia ,  
and Chicago) a re  already a t  o r  near saturat ion.  Aircrait of t h i s  type oLfer 
one promising means of a l l e v i a t i n g  the prclblems of a i r  t r a f f i c  and a i r p o r t  
access road congestion, The low noise l eve l  and minimal dounwasn, combined 
u i t h  jet t ransport  c r u i s e  performance, w i l l  cont r ibute  g rea t ly  to the accep- 
tance of V/STOL a i r c r a f t  both by the comnunities f ron which they operate and 
by the passengers, A c ~ r c i a l  t ransport  folding-propro to r  a i r c r a f t  opera- 
t ion  i n  a metropolitan a rea  is depicted i n  Figure 11-3, 

An invest igat ion of stoppable-rotor configurations w a s  i n i t i a t e d  i n  1967 by 
the U, S, Air Force. betail information was requested of industry r e l a t i n g  
to possible low-disc-loading VTOL configurations s u i t a b l e  f o r  high-speed 
mission requireraaents. The B e l l  response considered trail ro tor ,  edgewise 
stopped rotor ,  and folding-proprotor configurations. Based on exploratory 
model tests and analyses, together with fu ture  c l a r i f i c a t i o n  of the Air Force 
requir-nts, *he folding-proprotor configuration w a s  subsequently recom- 
sttended as the bes t  technical approach. 

The f olding-proprotor configuration is a log Lcal development of the propro tor 
configuration, the f e a s i b i l i t y  of which was proven during extensive f l i g h t  
and wind-tunnel tests of the Bel l  XV-2, M d T t i ~ z t a l  design s tud ies  and small- 
sca le  model tests of a t ransport  s i z e  proprotor a i r c r a f t  were performed 
during the Army C q s i t e  Ai rc ra f t  Program. These s tud ies  and MSA/Army 
fu i l - sca le  wind-tunael tests of a 25-foot-diameter f lightworthy proprotor, 
Zeference 3, g rea t ly  extended the s t a t e  of the a r t  of proprotor technology, 
and provided a f inn base for technology s tud ies  of the folding proprotor, 

Research and development work to advance proprotor technology has b e ~ a  i n  
process a t  B e l l  over the past quar ter  of a century, with g r e a t l y  concentrated 
e f f o r t  during the pas t  r igh t  years, Over the pas t  four years, considerable 
s tudies  and investigat-.ons of the folding proprotor have been made a t  Bel l ,  
including force, ae roe las t i c  and f l u t t e r  d e l s ,  and fu l l - sca le  mechanism 
laboratory tests. The work has included spec i s i c  p ro jec t s  f o r  Air Force, 
Army, ana NASA, as well  as B e l l ' s  Independent R69 Program. Some of these 
ear ly  program models a r e  shown i n  Figures 11-4 through 11-8, 

Results of the t e s t s  and s tudies ,  reported i n  Keferences 4 thrmgh 11, showed 
tha t  the folding-proprotor concept was feasible-- in  t h a t  small-scale models 
of the z-otor were successful ly  tes ted,  stopped, folded, and s t a r t e d  i n  a wind 
t u ~ e l  a t  high-scale speeds. However, problems and r i s k  a reas  re la ted  to  the 
s top-fold-star t  sequence were encountered and ident i f ied .  These included: 

- Aeroelastic c h a r a c t e r i s t i c s  of the wing-rotor-pylon (pa r t i cu la r ly  
ro to r  s t a b i l i t y  and flapping response t o  externa l  disturbances and 
ae roe las t i c  behavior during proprotor fea ther  and folding). 
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- A i x ~ r a f  t s t a b i l i t y  and coratrol cha r ac t e r i s t i c s  during the stopping 
and folding of the rotors .  

- Aerodynamic interference b e w s n  the wing and proprotor. 

These well- ident if ied dynamic areas  were i n i t i a l l y  investigated i n  January 
1970 w i t h  a one-sixth-scale semispan model of the Bel l  266 w i t h  dynamically- 
scaled blades and pylon which could be fixed i n  the various blade fold posi- 
t ions  as shown i n  Figure 11-9. Later,  wind- tunnel tests were made i n  
February 1971 with a one-fifth-scale ae roe las t i c  semispan model of the 25- 
f o o t - d i e t e r  M e 1  627 foldirrg proprotor, Figure 11-10. 

During design s tudies ,  a i r c r a f t  s i z e  se lec t ion  and s e n s i t i v i t y  analyses were 
made and design c r i t e r i a  were developed fo r  folding proprotor rescue and 
t ransport  missions a s  given i n  References 12 and 13. Following the design 
s tudies ,  a one-tenth-scale powered force model of the operational rescue 
foldiag-proprotor a i r c r a f t ,  Figure 11-11, was fabricated and checked out  a t  
Bel l  under A i r  Force cont rac t  (Reference 10)- Final r e s a l t s  of the A i r  Force 
s tud ies  and model programs a r e  stmmnrized i n  Reference 14, 

6. TECHNICAL RISK ABEAS 

Proprotor i n s t ab i l i t y ,  similar i n  nature t o  propel ler  whirl  f l u t t e r ,  was 
encountered during tnsts of the XV-3 convertiplane. Subsequent invest igat ions 
have led  t o  an understanding of proprotor i n s t a b i l i t y  and have provided design 
approaches which can provide an adequate margin of s t a b i l i t y  fo r  t i l t i n g -  
proprotor VTOL a i r c r a f t ,  In the case of the folding proprotor a i r c r a l t ,  the 
3roprotor s t a b i l i t y  requirements a r e  somewhat relaxed s ince the blades a r e  
folded pr ior  to operation a t  high speed, 

The XV-3 f l i g h t  tests showed t ha t  provision of adequate flapping clearance 
between the proprotor blades and the wing leading edge i n  the ai rp lane  mode 
is required f o r  t i l t ing-proprotor  a i r c r a f t ,  I n  general,  the required 
clearance is proportional t o  the square of the proErotor advance r a t i o ,  Vm, 
and can be reduced i f  the bladg flapping natura l  frequency is detuned from 
one per rev by using flapping r e s t r a i n t  and/or pi tch-f lap coupling. For the 
folding proprotor a i r c r a f t ,  the larqe advance r a t i o s  occurring during blade 
feathering w i l i  cause excessive flapping unless flapping is  restrained.  How- 
ever, restrained flapping o r  the use of very s t i f f  hingeless blades increases 
one-per-rev loads i n  the ro to r  (s ince flapping a c t s  t o  a l l e v i a t e  one-per-rev 
a5rloads). The use of high flapping res t ra in ;  only during stopping and start- 
ing appeared feas ib le  s ince only a l imited number of cycles  is incurred during 
a s topJs ta r t  cycle, 

I n i t i a l l y  i t  was thought that the dynamic response during proprotor featherrng 
would be neglig'ble. This was based on the assumption that the ax i a l  flow 
condition of the proprotor would not  induce s ign i f i can t  o sc i l l a t o ry  exci tat ion.  
Hawever, during wind-tunnel t e s t s  of small-scale dynamic models, r e l a t i ve ly  
high v ibra t ions  of the wing and pylon were recorded. These occurred a t  the 
blade passage freqcency with peak v ibra t ions  occurring when the proprotor 
angular ve loc i ty  was one-third of the wing/pylon na tu ra l  frequency. The sotlrce 
of t h i s  v ibra t ion  was determined t o  be wing-blade aerodynamic interference, 
pr inc ipa l ly  the change i n  the blade a i r loads  a s  it passed inmediately i n  f r on t  
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of the wing. In the preliminary tes ts ,  only very slow rates  of feathering 
were possible because of mechanical limitations, A f a s t  ra te  of feathering 
appears to be desirable since it w i i i  reduce resonance buildup. 

In  addition to the above risk areas, i t  was found that the mechanisms 
associated with the folding-proprotor concept are a significant design 
problem from the standpoint of achieving a re l iable  mechanism a t  a reasonable 
weight, These r isks were investigated durirc the silbject t e s t  program, and 
are  discussed in Section V I  of th i s  report. 

D, OBJECTIVE OF THE LARGE-SCALE WIND-TUNNEL INVESTIGATION 

Various small-scale model tes t s  conducted ear l ie r  indicated the folding prop- 
rotor  to  be feasible and practical. However, no suitable evidence was avail- 
able to prove the small-scale data to be directly applicable to full-scale 
hardware. Also, design solutions to the c r i t i c a l  component of Colding, 
indexing, and locking needed to be worked out in  f u l l  scale to determine 
functional characteristics, weight penalty, and real- time operating procedures, 
A full-scale folding-proprotor program became a dei ini te  possibil i ty due to 
the prior Bell I U D  development of the 25-foot-diameter Hodel 300 pro2rotor. 
In  Hay 1969, the NASA-Ames Research Center and the Army Aeronautical Research 
Laboratory contracted with Bell for design studies of a t i l t - ro to r  proof-of 
concept a i rcraf t .  

In July 1969, Bell Helicopter Company was awarded the contract for the fu l l -  
scale folding-proprotor design, fabrication, and large-scale wi~d-tunnel 
investigation; and for  preliminary design studies of minimum-size folding- 
proprotor research ai rcraf t .  This is the subject of this  report and of the 
the Task I design studies report of Reference 2. 

The stated objectives of the program were: "To achieve a practical f l ight-  
worthy folding ti1 t-rotor design with blades that can be s topped, indexed, 
folded (and unfolded), and stowed into the wingtip pylon so that the f ina l  
folded blade pylon configuration w i l l  have low drag i n  cruise configuration. 
The full-scale folding tilt rotor shal l  be for  a medium-size f l igh t  rc?.jearch 
vehicle which can be scaled with certainty to an operational-size a i rc raf t ,  
and the rotor design shal l  be representative of a f l igh t  application for  
which the stop-fold cycle is  activated a t  airspeeds of 170 to  180 knots i n  
gusty a i r .  Structurally, the tilt rotor shal l  be designed to operate i n  
propeller mode, and to  perform the stop-fold and unfold cycle a t  maximum wind- 
tunnel airspeed of 200 knots and to  a rotor shaft  angle-of -attack objective 
of 20 degrees." 

The intent  of these objectives was met i n  the program a s  described i n  de ta i l  
i n  Sections V and V I  of th i s  report. 



















III. TYE FOLDING PROPROTOR CONVERSION SEQUENCE 

BELL 
HEUCOPTER COMR~NY 

A. THE SEQUENCE STEPS 

.- 4 
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The folding proprotor a i r c r a f t  i s  designed to  a t t a i n  s m o ~ t h  t rans i t ic -1  from 
hel icopter  to  airplane mode of f l i g h t  using proprotor th rus t ,  and f i n a l l y  to  
j e t  thrus t  with the proprotors stopped and stowed. The proprotor and the 
folding proprotor a i r c r a f t  perform the same co~:version sequence from h e l i -  
copter to  airplane mode f l i g h t .  However, the sequence segments from f l i g h t  
with proprotor thrus t  to  j e t  thrus t  a re  peculiar t o  the folding proprotor 
a i r c r a f t  and a re  the pr incipal  configuration var iables  of t h i s  investigation. 
The sequence segments required to  go from hel icopter  to  a i rp lane  mode f l i g h t  
with j e t  thrus t  a re  a s  follows: 

(1) Helicopter mode operation 

( 2 )  Convert pylons 

( 3 )  Airplane mode operation (propro to r  th rus t )  

( 4 )  Increase j e t  thrus t ,  reduce r o t o r  torque 

(5) Declutch r o t o r  (windmilling r a t o r )  

( 6 )  R2duce rpm to  70-80-percent hover 

( 7 )  Lock out flapping 

(8) Feather r o t o r  to  obtain 3-3 rpm 

( 9 )  Index and lock mast 

(10) Lock out co l l ec t ive  pi tch 

(11) Fold and stow blades 

B ,  THE AIRCRAFT CONVERSION 

A typical  t r ans i t ion  ( a t  140 to 170 knots) of the folding proprotor a i r c r a f t  
with convertible fan/shaft  engines is shown i n  Figure 111-1. The sequence 
i s  i n i t i a t e d  with pylon conversion which is  control led by the p i l o t  f rdm a  
t r ans i t ion  "beep" switch on the cyc l i c  stick. The governor s e l e c t  lever then 
changes from (NII) ro tor  power turbine speed gove~ning to  (NI) gas generator 
a t  15 degrees of mast conversion. Pro2rotor rpn w i l l  be control led by proQ- 
ro tor  p i tch  a t  t h i s  point i n  the conversion from hel icopter  to  proprotor mode. 
The t r ans i t ion  process may then be continued by fu r the r  use of the t r ans i t ion  
control  "beep" switch. After pylon conversion, fu r the r  "beeping" illcreases 
fan mass flow by e i t h e r  increasing p i tch  of the fan  r o t o r  or  opening the fan 
flow valve (ciependilrg on the design concept of the engine). The increased 
demand on power tends to reduce power turbine speed which i s  ofl-set  by the 
proprotor governor reduction of proprotor pitch. The drop i a  proprotor t h r u s t  
i s  almost f u l l y  compensated fo r  by the increase i n  fan thrust .  Fan thrus t  is  
then trirrnned t o  maintain the desired r a t e  of climb o r  airspeed. This trimming 
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is  the only addi t ional  p i i o t  control  input required during the sequence. 
When the eroprotor torque is essen t i a l ly  zero, the ro tor  may be decoupled 
from the dr ive t r a in ,  the ro tor  speed decreased t o  7 0  80 percent of hover 
rpn., the hub (flapping) locked, the ro tor  fea thtred t o  a stop, the mast 
indexed and locked, the blade p i tch  locked, and then the blades folded back 
and restrair.ed i n  stow posit ion.  These s teps can be stopped and reversed a t  
day point by forward o r  reverse "beeping" of the ?rans i t ion  switch. With 
the blades folded, the a i r c r a f t  can be accelerated to  i ts c r r i s e  speed. 
This sequence concept is a l s o  discussed i n  References 4, 5, and 14. 

F., INVESTIGATIONS 0-E COKVERS ION SWJENCE 

The t r ans i t ion  sequence described above f o r  Steps 1 through 3 was investigated 
during the Nodel 300 propLotor dynamic and powered wiad-tunnel t e s t  of can- 
t r a c t  NAS~-5386, The conversion s t e3s  of thesc t e s t s  a r e  given i n  Section I V .  
The sequence f o r  Steps 6 through 11 were the subject  of the folding proprotor 
invest igat ioc.  The t e s t  hardware, data ,  and cor re la t ion  with predic t i c  .ls are 
presented i n  Sections V and V I ,  Demonstration of Steps 4 and 5 w i l l  awai: 
a v a i l a b i l i t y  of ccnvert ible  fan s h a f t  engines, 

THE RATIONALE OF THE CONVERSION SEQUENCE 

The purpose of the conversion sequeuce i s  t o  s e t  LP a logic of -0th t ran-  
s i t i o n  control  functions and configuration changes f o r  the a i r c r a f t  I n  t h i s  
uay, a manual systen, such as used In  the wind- tunnei t e s t ,  o r  an au t s n a t i c  
system such a s  has been considered f o r  the a i r c r  t (Section VIIL) could be 
implemented. The uptimum sequence control  provides the lowest leve l  of loads, 
the l e a s t  number of cycles  of high o s c i l l a t o r y  loads o r  vibrat ions,  and avoids 
operation near ro to r  na tura l  frequencies. One 9f the key tasks i n  the subject  
t e s t  program was to  implement the cont ro l  means f o r  ac tua l ly  ~e r fo rming  a 
continuous sequence then carrying out  the real-t ime sequence t e s t  t o  assess  
opera to r  workload and sys tern performance. 

The control console used i n  the wind- tunnel invest igat ion is shown i n  Figure 
111-2 The sequence panel switch arrangement a s  shown i n  Table 111-1 pro- 
vided a means of monitoring the ro tor  configuration changes during the 
sequence and a l s o  prompted the operator to  apply properly timed control  
t?arough the sys tern-condi t ion  f oedback provided by the indicator  1 igh ts. This 
same sequence could be applied to  a logic  c i r c u i t r y  package f o r  an a i r c r a f t .  
Reliable system feedback information would be mandatory f o r  an automa t i c  
system which would control  thc sequence i n  response t o  p i l o t  camnand. 
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I V .  HELICOPTER TO AIRPLANE MODE CONVERSION SEQUENCE 

The BHC Model 300 25-foot-diameter proprotor was tes ted  i n  the NASA-Ames 
40- by 80-foot wind tunnel previously under the cont rac t  of Reference 16 
to  evaluate proprotor performance and loads i n  a l l  three modes of f l i g h t :  
hover, helicopter-conversion, and airplane.  The discussion with data  and 
r e s u l t s  a re  given i n  Reference 3. The following is  a br ie f  sumnary of 
the test configuration which i s  given only to  complete the discussion of 
the conversion sequence. 

B. HOVER FLIGHT MODE (aMAST = +75 DEGREES) 

Reference 3, Section I V ,  contains the r e s u l t s  of the hover t e s t s .  Data were 
taken f o r  proprotor t i p  speeds of 600 and 740 f e e t  per second and f o r  a mast 
angle of a t t a c k  s e t t i n g  of 75 degrees. The proprotor provided l i f t  e f f i -  
c i e n t l y  i n  hover ( a t  a typical  operating condition, th rus t  was measured a t  
8.5 pounds per horsepower with the f igure  of merit  of 0.78). 

C. HELICOPTER CONVERSION FLIGHT MODE (aMAsT = 6 0 ,  +30, AND +15 DEGREES) 

Reference 3, Section I V ,  contains (nondimensionally) the va r i a t ion  of horse- 
power as a function of proprotor l i f t  and propulsive force f o r  mast angles 
of 15, 30, and 60 degrees, a tunnel speed range of 80 to  140 knots, and t i p  
speeds of 700 and 740 f e e t  per second. 

Reference 3, Section V I I ,  contains the measured blade and yoke bending 
moments and p i tch  l i n k  loads versus th rus t  f o r  several  conversion angles. 

D. AIRPLANE FLIGHT MODE (UMAST = 0 DEGREES) 

-Reference 3, Section I V ,  contains a i rp lane  mode ( a i x a l )  da ta  and shows the 
propulsive force and eff ic iency da ta  a s  a function of horsepower. Data a r e  
presented fo r  tunnel speeds of 120, 160, and 185 knots, and t i p  speeds 
ranging from 400 to  740 f e e t  per second. 

The var ia t iod  i n  blade and control  o s c i l l a t o r y  loads with airspeed and th rus t  
is  small. The steady p i t ch  l ink  loads a r e  higher i n  a i rp lane  mode than they 
a r e  i n  hel icopter  and conversion modes because the co l l ec t ive  p i t ch  is 
higher. The influence of th rus t  on the steady load is  small. Osci l la tory  
Loads a r e  a l s o  very low. 

I V -  1 
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V. DESCRIPTION OF THE FOLDIKG PROPROTOR TEST HARDWARE 

A. FOLDING PROPROTOR 

The design of the folding proprotor is  based on the 25-foot-diameter Bell  
Model 300 proprotor with stop-index-lock and fo ld  provisions incorporated. 
The ro to r  has been designated the Model 627 folding proprotor w i t h  basic  
components as shown i n  Figure V - 1 ,  The design parameters a re  given i n  
Table V - I .  

1. Basic Design 

The 25-foot three-bladed (folding)  proprotor used f o r  these t e s t s  evolved 
from the design s tud ies  of Reference 2 and is semirigid with the nub gimbal 
mounted t o  the mast t o  provide blade flapping freedom, The hub yoke is of 
forged titanium. The s t i f f  t i tanium yoke a i d s  i n  keeping a l l  blade bending 
frequencies above r o t o r  one per rev. Blade p i t c h  motion and re tent ion  are 
provided by needle bearings and wire s t r aps ,  S ta in less  s t e e l  l i n e r s ,  bonded 
t o  the t i tanium yoke, prevent f r e t t i n g .  The blades a r e  fabricated of 17-7PH 
s t a i n l e s s  s t e e l  using a l l  bonded construction. The blade root ,  gr ip ,  and 
fo ld  lug a r e  made of 2014 forged aluminum. The geometry of the blades was 
developed f o r  the Model 300 with the help of two-dimensional t e s t s  i n  subsonic 
and transonic wind tunnels, The blades have an NACA 64-208 a i r f o i l  a t  the 
t i p  and a highly cambered, r e l a t i v e l y  thick sec t ion  a t  the root.  A combina- 
t ion  of twist and caaber was chosen t o  meet the aerodynamic requirements f o r  
both hel icopter  and airp1a::e f l i g h t ,  and t o  permit the blade spar s t ruc tu re  
t o  have a uniform twis t  r a t e ,  see Figure V-2, 

The provision of feather/fold capab i l i ty  fo r  the Model 627 ro to r  required 
severa l  changes to  the basic  proprotor design which had a p3 ten t i a l  e f f e c t  
on blade na tu ra l  frzquencies, The n e t  e f f e c t  of the changes, including p i t ch  
change bearing sphcing and s i z e ,  spindle  diameter, and the introduction of a 
hinge was held to a minimum. Because the inboard area  s t i f f n e s s  was main 
tained and because the s t i f f n e s s  and mass proper t ies  of the outboard portion 
of the blade a r e  not  s i g n i f i c a n t l y  changed, the Model 627 frequencies a r e  
nearly the same as those of the Model 300 as shown i n  Figures V - 3  and V-4. 
Figure V-5 is f o r  a mode f o r  hub lockout only. The 627 s t i f f n e s s  and mass 
proper t ies  a r e  shown i n  Table V - 1 1 .  The Model 627 blade bemawise and chord- 
wise l i m i t  load capab i l i ty  i s  sho-vn i n  Figures V-6 and V-7 respectively.  
Drawings of the ro to r  design a r e  enclosed a t  the end of the report .  

TABLE V - I .  DESIGN PARAMETERS FOR MODEL 627 FOLDING PROPROTOR 

Diameter 

Number of blades 

Blade chord 

S o l i d i t y  

. Airc ra f t  design gross  weight 

Disc area 

Disc loading 

25 f t  

3 

14 in. 

0.089 

9500 l b  

491 f t 2  

10.4 Ib/sq it 
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Rotor t i p  speed 
Helicopter mode 
Fixed-wit* mode 
Design overspeed 

-- 
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Hast index lock engage speed 
Normal operating 
Design l i m i t  

700 fps ,  534 rpm 
600 fps,  458 rpm 
770 fps ,  587 rpm 

(10 percent overspeed) 

3 rpm 
10 rpm 

Blade twist (see Figure V-2 f o r  33 deg 
d i s t r i b u t i o n )  

Thickness d i s t r i b u t i o n  (see Figure V-2 32 t o  8 percent 
f o r  d i s t r i b u t i o n )  

Hub precone 2% deg 

Pi tch  f l a p  coupling b3 = -15 deg (increased p i tch  
with up flapping) 1 

Flapping clearance 10 deg I 
Cyclic p i tch  

Helicopter mode 
Fixed wing m d e  

*8 deg 
none 

Collect ive p i tch  a t  0.75 radius  
Low range -2 deg, +26 deg 
High range +26 deg, +88 deg 

Blade fea ther  Chordline a t  66 percent radius  
aligned with airs t ream I 

Hub spring s t i f f n e s s  (per  r o t o r )  225 f t-lb/deg flapping 

Hub lockout s t i f f n e s s  (per  ro to r )  4500 f t- lb/deg flapping 
( t e s t  value) 

Hub lockout time 2 to  3 sec I 
Fold r a t e  10.2 deg/sec I 
Fold time 8-9 sec 

Pi tch  r a t e  t o  fea ther  25-30 deg/sec I 
Design airspeeds 

Helicopter mode 
Pylon conversion 
Propro t o r  mode 
Blade folding 
Rotors folded and stowed 

Design load fac to r s  ( a t  design 
gross  weight) 
Helicopter mode +2.0 -0.5g 
Pylon conversion mode +3.0 -0.5g 
Stop/£ old sequence +2.0 -0.Og 
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TABLE V - I .  Concluded 

Blade Mass Balance 

Design gus t  ve loc i ty  
I n f i n i t e  l i f e  25 f t / sec  a t  1 g 
S t a t i c  l i m i t  (stopped ro to r )  50 f t / s e c  a t  1 g 

Blade f i r s t  inplane frequency 
Helicopter mode 1.25-1.6 per rev 
Fixed wing mode 1.25-1.46 per re-r 

Blade f i r s t  f lapping frequency 
Helicopter mode - hub f r e e  0.94 per rev 

The Model 627 proprotor blades' mass balance was c lose ly  monitored t o  ensure 
t h a t  the design changes did not introduce blade f l u t t e r  o r  weaving. The 
chordwise locat ion of the 627 blades' e f fec t ive  center  of gravi ty  is  2 per- 
cent  a f t  and 8 percent inboard of t h a t  of the Model 300 blade; however, t h i s  
is  considered sa t i s fac to ry  s ince the e f fec t ive  center  of gravi ty  is  moved 
a f t  only 0.5 percent. The e f f e c t i v e  aerodynamic center  is unchanged. 

- hub locked 1.17 per rev 
Fixed wing mode - hub f r e e  0.95 per rev 

- hub locked 1 .27  per rev 

L i m i t  co l l ec t ive  load ( a t  boost 6000 l b  
cyl inder)  

Limit p i tch  l i n k  load 900 600 I t  

Design Torque Values 

Adjustment 
For Power L i m i t  UL timate 

Torque Dis t r ibut ion  Torque Load 
Mode rpm shp ( in- lb)  (Torque x 1.1) (Torque x 1.5) (Limit 1.5: 

Helicopter 565 820 91400 100600 151000 228000 

Fixed wing 458 755 104000 114400 171000 258000 
+' 

3. Ful l  Pi tch Range 

I 

The increased p i tch  range of the 627 proprotor w a s  i n i t i a l l y  provided by a 
planetary gear p i t ch  change horn with a gear r a t i o  of 1.75:l. This had two 
major e f f e c t s  i n  addi t ion t o  increasing the cont ro l  travel:  (1)  i t  increased 
the e f fec t ive  pi tch-f lap c *19ling, 63, to  -26 degrees and made the feathering 
of a given blade a f u n c t i ~  ~f the flapping of the t ip-path plane a t  an azimuth 
90 degrees removed from the o r ig ina l  blade ( f l a t  tracking),  and (2)  i t  in- 
creased the downstream cont ro l  system loads by 75  percent. The increased 63 
reduced flapping and increased the blade f lap- lag  s t a b i l i t y ;  however, the 
f l a t -  tracking fea ture  reduced the flapping s t a b i l i t y .  To accommodate increased 
cont ro l  loads from the planetary gear r a t i o ,  the control  system s t rength  was 
increased by 75 percent over the Model 300. 
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TABLE V-11. MODEL 627 ROTOR STIFFNESS AND MASS PROPERTIES 

HUB SEC TORSO VMASS HMASS VSOFT;E+6) HSOFT(E+6) RSOFT(E+6) 
1.0 1.0 0.0 0.0 0.0 0.0 0.0 

A E IB G E IC WT/IN FCENT 
(E+6) (E-6) (E+6) (E-6) 

I PARAMETER SUMMARY 

I RADIUS 140 IN. 
DIAMETER 25 iT 

FREQ RANGE CPS 
NO. BLADES 3 START 10 
ROTOR REW 458, 5 6 5 ,  0 DPMAX 30 

PLAST 5600 
ROOT COLL 20.000, 45.000, 60.000 DEG 
TWIST -25.000 DEC 
NO. HUB SEC 1 
TEETERING HUB GEOMETRY 

BHC PROG DR1701 (C02), ROTOR AND CONTROL LOADS IPSN = -627014 I 
K W H =  6958 
LOOP = 0 

APPROX TENNIS-RACKET MOMENT = 5.95 IN-LB/DEG/BLADE AT loo RPM 
(ASSUMES SYMMETRICAL SECTIONS, NO DEFLECTIONS, NO OFFSETS) 
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The f u l l  co l l ec t ive  p i tch  range mechanism was evaluated during the cont rac tor ' s  
whirl  t e s t  of the Model 627 folding proprotor a t  Bel l  Helicopter Company. 
Although the planetary p i t ch  change mechanism produced sa t i s fac to ry  p i tch  
change motion from hel icopter  f l a t  p i tch  to  f u l l  fea ther ,  the dynamic flapping 
c h a r a c t e r i s t i c s  were not  s a t i s f a c t o r y  because of the f l a t - t r ack ing  fea ture  of 
the planetary. A decision was made to  lock out the planetary f o r  the remainder 
of the t e s t  following the completion of an analys is  tha t  indicated tha t  the 
r o t o r  would be unstable above about 100 knots. 

The avai lab le  co l l ec t ive  p i t ch  range, a f t e r  lock out of the planetary,  i s  62-1/2 
degrees, which was s u f f i c i e n t  to  accomplish the wind-tunnel t e s t  without reindex- 
ing and did not i n  any way compromise the t e s t  program. 

4. Fold Mechanism 

This mechanism cons is t s  of a safety-locked nonover-center toggle linkage and a 
hydraulic gear-driven actuator.  Three hydraulic motors a re  mounted to  a gear- 
box on the hub yoke. These power a cen t ra l  r ing  gear of the interconnect gear- 
box which dr ives  a s h a f t  t o  each blade fold actuator .  The mechanism of each 
blade contains four ro ta t ing  j o i n t s  with moly-coated s t e e l  sleeves ro ta t ing  on 
bronze bushings. The f i t  i s  ca re fu l ly  control led t o  reduce j o i n t  f r i c t i o n ,  
The mechanism was designed so tha t  the fold mechanism was adequate f o r  the 
wind-tunnel t e s t  program and a l s o  w i l l  be sa t i s fac to ry  f o r  possible fu ture  
research f l i g h t  t e s t s .  The r o t o r  hub with fo ld  mechanisrrt i s  shown i n  Figure 
V - 8 .  

Fold mechanism power input can be approximated from fold l i n k  load data  
recorded during the wind-tunnel t e s t  a t  150 and 175 knots wind speed. These 
data  a re  shown i n  Figure V-9 and V-10 fo r  folding and unfolding moments a t  
the fo ld  lug hinge center l ines  respectively.  I n  these f igures ,  pos i t ive  
moments indicate  the fo ld  linkage i n  tension (pul l ing  the blade about the 
hinge), and negative moments indica te  the fo ld  linkage i n  compression (push- 
ing the blade about the hinge). F r i c t iona l  res is tance  a t  the j o i n t s  make up 
pa r t  of the t o t a l  folding moment. However, a i r  loads contr ibute  to  the t o t a l  
moment when the blades are near the f u l l  open (unfolded) posit ion.  The 
moments a l s o  vary depending on the blade a t t i t u d e  of folding i n  a v e r t i c a l  
o r  horizontal  posi t ion although the trend is  about the same. The power input 
may be approximated from the following re la t ionship  based on the maximum 
moment f o r  the blade between 5 and 30 degrees of fold angle: 

Power Hinge No. of Motor Input 

Input hp = 
)(Blades)( rpm 

(Fol::ink)( Power Hinge Worm Gearbox Interconnect 
Ratio x - E f f .  Drive Eff. ) (63025) 

For se fe ty  reasons the t o t a l  fold motor power provided (16 horsepower) i s  
100 percent i n  excess of the power required per ro tor .  
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5. Fold Link Safety Lock 

The toggle fo ld  linkage i s  uesigned with a mechanical safe ty  lock pin which 
automatically engages when the blade i s  in  the f u l l y  open posi t ion.  The lock 
pin secures the fold dr ive arm to  the drag l ink.  A sa fe ty  lock for  the fold 
linkage is  provided in  the event of an actuator  gear f a i l u r e  which might 
r e s u l t  i n  a blade azimuth s h i f t .  The lock pin i s  disengaged by the fold 
Gctuator driving through a cam s l o t  to  unlock the pin during the i n i t i a l  few 
degrees of actuator  t r ave l  of the folding sequence. Locking i s  achieved a t  
the l a s t  few degrees of actuator  t r ave l  of the unfolding sequence. 

6.  Fold Interconnect Sys tem 

The mechanism selected f o r  blade folding, a s  previously discussed, provides 
f o r  three hydraulic motors to  dr ive a cen t ra l  r ing  gear on the hub yoke with 
dr ive  sha f t s  to  each blade folding actuator .  This dr ive system provides fo r  
interconnecting without the use of f l ex ib le  dr ive sha f t s  and w i l l  allow the 
power from each motor t o  be equally d is t r ibuted .  The dr ive design a l so  
allows fo r  the individual blade weight i n e r t i a  loads, f r i c t i o n ,  and a i r loads  
t o  be equalized a t  the hub and provides for  a smooth ac tua t ion  cycle. 

Pi tch Change Lockout 

The s t a t i c  s t rength  of the ro to r  yoke and blade f o r  the high angle-of-attack 
folding condition i s  considerably grea ter  than required fo r  the ro ta t ing  
controls  f o r  a l l  other design conditions. Invest igat ion of the r o t o r  indi-  
ca tes  t h a t  lockout of the ro ta t ing  cont ro ls  during the folding sequence would 
improve the overa l l  ro to r  s t rength  and obtain a more balanced design s t ruc-  
tu ra l ly .  The basic  loads problems a r e  the l i f t  and drag due to  mast angle 
and/or gust  loads on the blade tending to  twist the r o t o r  about the p i t ch  
change ax i s  in  the same manner a s  a swept-wing a i r c r a f t  appl ies  l i f t  loads to  
the fuselage. This twist load i s  r e s i s t e d  by the p i tch  horn. The so lu t ion  
i s  to  lock the p i tch  horn securely to  the huh yoke pr ior  to  folding. In  the 
Model 627 design, t h i s  i s  accomplished by incorporatiag the hydraulic p i t c h  
lock cylinders in to  the same mechanism used to  fold the blades so  t h a t  the 
hydzaulic locking pin motion a l s o  engages the fold dr ive s h a f t  to  each blade. 

8. Rotor Index end Lock 

The method of lockirlg the ro to r  mast during the folding sequence Is incorpo- 
r a t ed  i n  a simple straightforward mechanism which w i l l  a l s o  keep it from 
being e f fec t ive  i f  i t  is engaged inadvertent ly  during r o t a t i o n  or  prematurely 
during stopping. Rotor stopping is  obtained by feathering the blades with 
co l l ec t ive  control.  When the ro to r  i s  stopped, or  up to  ten rpm, the index 
hydraulic cylinder a c t ~ ~ a t o r  i s  engaged which stops the ro to r  a t  one of the 
three possible  index posi t ions fo r  folding. Three index posi t ions a r e  used 
so  t h a t  ro to r  index can be zccomplished i n  minimum time. When the ro to r  i s  
stopped and indexed, the index actuator  i s  a u t o i ~ a t i c a l l y  locked. This lock 
pos i t ive ly  secures the ro to r  a t  the index posi t ion.  The lockout mechanism 
i s  designed fo r  the torque due to  the blade p i t ch  angle for  fold with 
respect  to  the feather  (zero rpm) angle being rigged, plus three legrees. 
This w i l l  produce up to  9000 foot-pounds of mast torque during folding. 
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The mechanism i s  fabrJcated from s tee l  and was mounted to  the pylon s t ruc tu re  
of the o]~amic t e s t  stand. For the a i r c r a f t ,  i t  would be mounted to  the 
transmission case. The mast includes a wheel with index pos i t ion  s l o t s  a t  
the three equally spaced locations as  shown i n  Figure V - 1 1 .  (Recommended 
fu ture  improvements f o r  t h i s  mechanism are  discussed i n  Section VIII, para- 
graph E , 3 ) .  

9. Hub Flapping Lockout 

Flapping lockout for  the ro to r  doring stopping and s t a r t i n g  is  necessary to  
prevent the ro tor  from contacting the stops and moving close to  the wing due 
to  large flapping excursions with mast angle of a t tack  and low rpm. During 
the hel icopter  end proprotor mode, the combination of the elastomeric %b 
r e s t r a i n t  and the 6 3  provides adequate flapping control  and good control  
power. During the ro to r  stopping sequence, a t  approximately 70 percnnt of 
hover rpm, a lockout is  engaged, bringing the ro to r  to  near a zero flapping 
condition. This condition i s  held throughout the fold/unfol8 -equence u n t i l  
the ro to r  is back t o  70 percent of hover rpm. The mechanisrl i s i s t s  of a 
hydraulic motor dr iving a gear actuator .  This ro ta t2s  an Acmr power screw 
which i n  turn r a i s e s  and lowers a conical lockout r ing  against  a nonrotating 
centering r ing  on the hub. The input hydraulic power required to  i x k  out  
the flapping within three seconds i s  s i x  horsepower. The flapping moment 
actuator  design l i m i t  i s  85,000 inch-pounds and the lockout motor r a t e ,  due 
to  gear r a t i o s ,  provides lockout from up t o  ten degrees of f lapping in  2 , ?  
seconds. Ample torque capab i l i ty  i s  avai lab le  fo r  maneuvers and fo r  50 f e e t  
per second gusts. 

B. CONTROLS 

The Model 627 cont ro l  system is  pat :* :-?led d i r e c t l y  from the Model 300 t:, 
r e t a i n  s imi la r i ty  with the proprotor f o r  reduced engineering cost .  

1. Collect ive 

The primary control  f o r  the ro to r  f o r  the wind- tunnel t e s t  i s  the co l l ec t ive  
sys tem. The col lec  ti.ve sys tem cons i s t s  of ;  (1)  an e?ec t r i c  l inea r  actuator ,  
( 2 )  a hydraulic boost cyl inder ,  (3) s servo valve and linkage to the e l e c t r i c  
actuator  and boost cyl inder ,  (4)  a co l l ec t ive  tube inside the mast connecting 
the boost system and the co l l ec t ive  head, (5) p i t ch  l inks  and horns, and (6 )  
control  tubes to  swashplate. Figure V - 1 2  shows the co l l ec t ive  ccnt ro l  
ac tua to r  and 1 inkage. 

A rise-and- :all collective,  head assembly above the propro tor  mo;-es three 
walking beams, thereby providing co l l ec t ive  control .  The hydraulic actuator  
posi t ions the co l t ec t ive  controls .  The servo valve of the 3000 ps i  hydraulic 
actuator  i s  positioned by a 28-volt electro-mechanical actuator  t o  provide 
remote control.  I n  the event of hydraulic pxessuze loss ,  the e l e c t r i c  
actuator  provides a mechanical back up tl carry  the cont ro l  loads u n t i l  the 
tunnel speed i s  reduced. .tlso a check valve i n  the hydraulic pressure l i n e  
w i l l  r e t a i n  pressure t c  nold the control  pos i t ion  a t  the time of a pressure 
loss  i n  the system. The e l e c t r i c a l  power f o r  the collective actuator  i s  
provided from t DC power supply ia which the voltage i s  varied from 24 to  34 
v o l t s  t o  providc a co l l ec t ive  r a t e  change. 
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2. Cyclic 

Cyr control i s  achieved through a morocyclic (fore and a f t )  swashplate 
be : ';e proprotor. This .-stem was oy2rated during the contractor uni-rl 
t e s i  a*- PHC but was r igidly positioned a t  zcro cyclic for the wind-tcnnel 
test.  This is to conform to the proprotor a i r c ra f t  control system which 
=ill "washout" cyclic to zero during pylon conversion to the propeller 
f l igh t  mode. 

3. Hub Spring 

An elastmeric  hub spring is uti l ized to increase tk. control moment capa- 
b i l i t y  of the proprotor. The hub spring i s  located in the nonrotating 
system to eliminate fatigue loading on this component. The spring i s  
attached directly to the hub lockout actuator mounted to the top case of 
the transmission, and the uppet attachment is to the hub yoke through a 
bearing set .  Figure V-13 shows the rotor controls on the whirl t e s t  stand 
a t  BHC. 

4, Folding Sequence Control System 

a. System Requirements 

The folding sequence control sys tern requirements for the wind- tunnel t e s t  
prograa are not as demanding as for the f l igh t  a i rcraf t .  In the tunnel, the 
sequence of c o ~ t i o l  functions are  manual so that the operator can stop and 
hold any part of the sequence as desired. The method used for the wind- 
tunnel t e s t  program involves the use of functional l i m i t  switches from a 28 
vol t  DC power supply to i n i t i a t e  each step of the sequence, and i ~ ~ d i c a t o r  
l ights to show that each step has been accomplished satisfactori ly.  The 
controls allow stopping and reversal of any step in the sequence. For the 
D272A rosearch a i r c ra f t  i t  is desirable to  provide an automatic seqcznce 
control system which relieves the p i lo t  of the duties of programming the 
functions of a pylon conversion, stopping and folding. However, this  
automatic feature is only to relieve the p i lo t  of excessive work load and 
must also be capable of stopping, holding or reversing the sequence a t  the 
pi lots  coramand, or of being quickly switched to  manual control. This is 
discussed in the recomaended future work in  Section V I I I ,  paragraph C. 

b. Circuit Requirements 

Electric c i rcui ts  for the f ive solenoid control valves and eight position 
switches with indicator l ights  extend through the wLng. This resul ts  in  an 
spprox!.mately 32-wire bundle through the wing. k o r a  th i s  bundle, f ive 
c i rcui ts  go through the instrumentation sl ipring for the folding and locking 
controls in the rotating system. The c i rcu i t  layout for functions l ike  
pitch lock, blade folding, and unfolding were prov3-ded ~ i t h  the l i m i t  
switches in series for each of the three blades to provide indication that 
the function is complete for a l l  blades. A diagram of the control system 
for the wind-tunnel t e s t  i s  shown in  Figure V-14. 
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C. HYDRAULIC POWER SYSTEM 

The hydraulic sys tern f o r  the Model 62: folding proprotor is  a 3000 psig 
maximum operating pressure system with MIL-H-5606 f lu id .  The minimum 
operating p r e s s u r ~  is 2000 psig. The flow requirement i s  6 gpm fo r  f o l d j  
unfold cycle and 4.5 gpm f o r  hub lock/unlock. The mast lock or  the col lec-  
t i v e  boost cylinder each require  about 2 gpm flow, but only one control  
functions a t  a time. The system supply l i n e s  i n  the wing and pod were 
s ized t o  Frovide s meximt)m of 12 gpm t o  provide f o r  a possible  fold/unfold 
cycle  r a t e  increase. The f l u i d  cleanness is assured by a 15 micron absolute 
f i l t e r  i n  tke pressure l i n e  a t  the base of the wing. The three-fourth-inch 
pressure and re tu rn  connectiorrs a t  the base of the wing included quick d is -  
connects. The hydraulic l i n e s  i n  the wing and pod a r e  five-eights-inch 
diameter s t a i n l e s s  s tee1 t o  the solenoid cont ro l  valves with one-half-inch 
diameter s t a i n l e s s  s t e e l  l i n e s  f o r  folding and a ainimum of one-fourth-inch 
diameter s t a i n l e s s  s t e e l  l i n e s  t o  the p i t c h  lockout, hub lockout, mast 
lockout, an3 co l l ec t ive  control.  A l l  the l i n e s  from a r i g i d  member t o  a 
moveable componel-t incorporate high pressure f l e x  hoses, and a l l  hcses on 
the ro to r  a r e  protected with s t a i n l e s s  s t e e l  wire braid covers. Four--;- 
three-posit ion solenoid valves provide control  f o r  each fold o r  lock func- 
tion. During a l l  r o t o r  turning operatiofis, a flow of 0.25 gpm a t  a pressure 
of 300 psig is provided t o  lubr i ca te  and cool the hvdraulic s l i p r i n g  and t o  
provide pressure co secure the p i t c h  locks i n  the unlock posit ion.  This is 
provided by Lee j e t  r e s t r i c  t o r s  i n  the l ines .  

The hydraulic system schematic f o r  the fo ld  and p i t c h  lock system i s  shown 
i n  Figure V-15 .  The hydraulic schematic f o r  hub lockout, mas t  lockout, and 
c o l l e c t i v e  cont ro l  is shown i n  Figure V-16. 

The hydraulic system silpply f o r  the aerodynamic shaker vane is  from the t e s t  
staild system and incorporates a pressure regula tor  t o  drop the pressure t o  
1500 psig with a tes t-s tand system pressure of 3000 psi .  This i s  done t o  
u t i l i z e  an cx i s t ing  1500 p s i  servo SCAS ac tua tor  from the Model 300 test 
system. The servo ac tua tor  coc t ro i led  the frequency and amplitude of the 
o s c i l l a t o r y  vane shaker motion. The response of the ac tua tor  is t o  20-30 
Hertz and *15 degrees of fea ther  motion from the remote control.  

D. WING AND POD DYNAMIC TEST STAND 

1. Kicg Description 

F x  dynamic s t a b i l i t y  tes t ing ,  the Model 627 folding proprotor was mounted on 
a s t ruc tu re  which simulzted the Model 300 o r  the D272A semispan wing and 
nacel le  without a u x i l i a r y  t h r u s t  engines. Be l i  drawing 300-318-014, included 
a t  the end of the report ,  shows the t e s t  assembly. This wing w a s  mounted ver- 
t i c a l l y  i n  the wind tunnel and attached d i r e c t l y  t o  the tunnel balance. The 
wing angle of a t t a c k  could be varied remotely and the l i m i t s  were s e t  a t  -10 
and +20 degrees. Extensive use w a s  made of the remote angle-of-attack va r i -  
a t i o n  capab i l i ty  during the t e s t ;  howeker, a l l  dynamic tes t -s tand  runs were 
aade with the nace l le  i n  the a i rp lane  mode. The wing angle of a t t a c k  was 
coincident with the ro tor  mast angle of actack fo r  the Model 627 t e s t  setup. 
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The basic wing structure consists of a beam of rectangular cross section 
equal in bending and torsional s t i f fness  to the actual Model 300 wing 
design, The wing a i r f o i l  i s  a simple aerodynamic fair ing complete with 
l ight  nonstructural components. A l l  components of the beam and fair ing are 
aluminum, 

The a i r f o i l  section, however, is simplified to reduce manufacturing cost. 
Its thickness is 13.5 percent as compared to 23 percent for the Model 300 
or  D372A wing. The wing chord i s  62 inches, and the spanwise length of the 
wing from the ground plane to the centerline of the rotor pod is 165 inches. 

2. Test Stand Dynamics -- 

The t e s t  stand parameters--wing chord, span, weight, s t i f fness ,  and sweep-- 
are  held as close to those of the Model 300 and D272.4 a i rc ra f t  as possible. 

?he scaling factors of the t e s t  stand are 1:l for Mach number, Froude 
number, and Lock number. The t e s t  stand natural frequencies were calculated 
prior to the dynxic  s t ab i l i ty  t e s t  using a f i n i t e  element structural  model 
of the stand. Figure V-17  shows the layout of the structural model and 
the element properties, and node point masses are given in  Tables V - 1 1 1  
and V-IV.  

A vibration survey qf the t e s t  stand was conducted f i r s t  a t  the contractor's 
f a c i l i t y  and again when the stasd was instal led i n  the t e s t  section. A 
Lazan shaker was used to  excite the system natural frequencies. Hand 
exictation of the fundamental modes was used to obtain modal damping rat ios.  
The resul ts  of th i s  survey are given i n  Table V-V, 

The effect  of locking out flapping and proprotor rotation on system natural 
frequencies was evaluated v i th  the blades fully open. These data are  a lso 
shown i n  Table V-V. The influence of the l ink attaching the pylon to the 
outboard r ib ,  in  the pylon yaw direction, and which controls the pylon yaw 
frequency, was evaluated and remained securely attached during the tes t .  
Prior to the shake tes t ,  the frequencies of the coupled wing/pylon/rotor 
system were calculated for several blade fold angles. The correlation is 
good in  terms of trend. Miaor modifications were made to the math model 
parameters to improve the absolute frecuency correlation. The comparison 
of calculated to measured frequencies for various fold angles is shown in  
Figure V-18, 

3. Rotor Pod 

The t i p  pod includes the folding proprotor, with space provisiovs for the 
transmission and Pra t t  and Whitney PT6C-40 engine insta l la t ion,  a ~ d  fold 
s lo t s  in  the nacelle. The discussion of the folding proprotor, designated 
the Model 627 rotor,  is given in  Part A of th is  section. 



pp - -  

TABLE V-111. DYNAMIC TEST STAND MASS PROPE9TIES 

BELL 
HEUCOPTER conwwuv 
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subwt 10 the rr\trirtror: !fir Illit. 

9 

Mass and Inertia* 

Node Mx *z I x  IY Iz 

2 0.215 0.215 0.215 -- -- -- 
3 0.215 0.215 0.215 -- - - -- 
4 0.1 0.1 0.1 -- - - -- 

5 0.1 0.1 0.1 -- -- -- 
6 0.1 0.1 9.1 - - -- -- 

7 0.1 0.1 0.1 -- -- -- 

8 0.118 0.118 0.118 -- -- -- 
9 0.118 0.118 0.118 -- -- -- 

.. 
15 1.145 1,145 1.145 -- 772 772 

16 2.12 2.12 2.12 208 800 800 

17 9.0026 0.0026 0.0026 -- -- -- 

18 0.0026 0,0026 0.0026 -- -- -- 
19 0.0026 0.0026 0.0026 -- -- -- 
20 1.453 1,453 1.453 -- -- -- 

*See Figure V-17 for element coordinate system. 

All wits in lb-in-sec system. 

-- Indicates coordinate was not retained. 
t 1 
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TABLE V-IV. DYNAYIC TEST STAND STIFFNESS PROPERTIES 

EIBEAM 
Length 

E 1 ~ ~ ~ ~ ~  

Segment ( in) ( lb-in2) x 1 0 ' ~  ( lb- in2)  x 1 ~ 1  ( lb- in2)  x 10-6 



TABLE V-V. MODEL 627 TEST STAND WING/PYLON/ROTOR COUPLED FREQUENCIES AT O-DEGREE BLADE FOLD, 
BLADE ROOT COLLECTIVE 126 DEGREES 

i First wing beam 2.4 2.4 .I 2.4 2.4 2.4 o 2.4 1 

i 
Gimbal Free Gimbal Free Flapping Locked Flapping Locked 

Rota tion Free Rotation Free Rota tion Locked Rota tion Locked 
Yaw Link In Yaw Link Out Yaw Link In Yaw Link Out 

Mode (cps) (cps) (cps) (cps 
Description Calculated Measured Calculated Measured Calculated Measured Calculated Measured 

I . . 

1 Mass rotation - o o 3.2 4.0 3.3 o 3.3 1 

3 

First wing chord 4.4 4.5 o 4.5 4.4 4.3 .. 4.0 1 
Out of plane o o o - 9.9 10.0 o - 
Cyclic I * o - o I 15.7 - o 6.0 

In plane I * 7.2 o I o 7.1 .. 0 0 

Cyclic 7.2 7.8 - 7.3 7.5 7,8 o 8.0 

Wing torsion 8.9 8.6 o 8.6 6.5 S,6 o 10.5 
L 

12.1 o o 13.0 13.3 12.4 o 

collective I Out Of I 
In plane 16.5 16.3 o 15.3 17.5 15.0 o 17.8 

collective 

1 pylon yaw 15.3 15.9 - 11.5 21.0 18.5 - 13.1 1 
I Second wing beam 38.0 26 .O .. 26.0 - 26 .O o 26.0 1 

I *These modes occur in pairs 1 



The basic s t ruc tu re  of the r o t o r  pod nacel le  i s  a s t e e l  box beam weldrnent 
which i s  attached t o  the wingtip by means of a conversion spindle and l inks .  
The bending s t i f f n e s s  of the spindle  i s  the same a s  the Mddel 300 conversion 
spindle.  The conversion actuator  is replaced by a l ink.  A yaw l ink  i s  a l s o  
provided to  simulate the pylon- to-wing attachment when the pylon i s  f u l l y  con- 
verted so tha t  a downstop is engaged. Four aluminum bulkheads, attached to  
the weldment, support a f ibe rg lass  f a i r i n g  over the s t ruc tu re .  The f a i r i n g  
contour is made t o  the Model 300 nacel le  l i n e s  with provisions f o r  fold stow- 
ing the blades i n t o  the nacel le  s l o t s .  

Q BELL 
HELICOPTER com-r 

On the outboard s ide  of the pod, an aerodynamic shaker i s  provided (Figure 
V-19). This shakzr cons i s t s  of a small a i r f o i l  m~unted cn a sha f t ,  ai tached 
near the a f t  end of the nacel le .  The shaker is  o s c i l l a t e d  by a SCAS hydrau- 
l i c  cyl inder  from a remote cont ro l  which w i l l  vary tnot!: frequency and ampli- 
tude. 

r 
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4. Fold Stow Lock 

The fo ld  mechanism zoatains  an i r r e v e r s i b l e  worm gear stage which w i l l  hold 
and lock the blade a t  any fc ld  posit ion.  However, it is des i rable  to  secure 
the blade spanwise t o  the pod to  hold and cushion i t  without requiring any 
attachments through the blade t r a i l i n g  edge. A i r  iuf l a t a b l e  boots of neo- 
prene s t re tchable  f a b r i c  l in ing  the s ides  of the stowing s l o t  i n  the pods 
were uscd f o r  t h i s  purpose. The surface of the boots is  impressed with a 
tread so i t  w i l l  g r i p  and hold the blade. Corltractor ZR&D lab t e s t s  con- 
firmed the lock capab i l i ty  and a r e  reported i n  Reference 2,  Section V ,  
page 143. 

Modifications of the t i p  pod t o  provide fold-stow seal ing s l o t s  a re  as shown 
i n  Figure V-20. This design provides air  pressure in f l a t ed  diaphragms to  
secure the blade i n t o  the pod i n  the blade stow posit ion.  The. design i s  
based on using engine compressor bleed a i r  a s  a pressure source regulated a t  
20 psig. Since the flow requirement and the boot volume a r e  low, a pneumatic 
l i n e  s i z e  of 3/8-inch i n  the wing to  1/4-inch i n  the pod i s  used. 

During the t e s t ,  the normal wind-tunnel compressed a i r  system, without any 
cleaning o r  drying provisions, was the source af pressure. 

5. Rotor and Spinnder Fa i r ing  

The spinner of the Model 627 ro to r  is s imi lar  to  the Model 300 spinner 
except t h a t  i t  i s  three inches longer fo r  in te rna l  clearance. This provides 
a smooth aerodynamic cone to the pod contour. 

The f a i r i n g  of the blade g r i p  in te r sec t ion  with the spinner was investigated 
during the predesign phase and a l s o  by a small-scale model. This i s  reported 
i n  Section IV.B.3.h of Reference 2.  

A nonrnovable f a i r i n g  dupl icat ing t h i s  concept was designed fo r  the wind- 
tunnel program so t h a t  ro tor  folded drag da ta  may be obtained. However, 
s ince only dynamic data  a r e  required by the cont rac t  work statercent, t h i s  
f a i r i n g  was nc t  fabr'cated ~ n d  no t e s t ing  of such a f a i r i n g  was <me.  See 
Section VIII, paragraph B t o r  recommended fu ture  work to  evaluate l i f t  and 
drag of the f u l l - s c a l e  model with f u l l  f a i r ings .  
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Conventional BHC flight- type instrumentation was tsed to measure loads, 
deflection, vibrations, and pressures during the test. Transducers included 
strain gages, potentiometers, accelerometers, and pressure transdxers. 
Proprotor rotating system instrumentation channels utilized a 52-ring slip 
ring to provide 2 excitation channels and 18 data channels with one spare. 
In addition, 5 channels of fold and lock controls were routed through the 
instrumentation slip ring. Table V-VI is a summary of all the data 
channel3 for the dynamic folding proprotor test. There were 38 channels 
used during the dynamic test. System accuracy is estimated to be within *3 
percent (based on channel full scale w<th errors being the square root of 
the sum of the square of the individual errors). Data amplifiers were in- 
stalled at the base of the model ving to provide gain, balance, calibrate 
inserts, and line driving ability to the control room. 

Signals were distributed to various display devices in the control room such 
as peak reading meters, oscilloscopes, and direct write oscillographs. 
Three 13-channel oscillographs were used dur;rlg the dynamic test to record 
permanent data . 



TABLE V-VI. INSTRUMENTATION FOR MODEL 627 TEST PROGRAM 

L 00% 
DISPUl 

VALUE 

Red + White (Backup) 
BLade Beam 
Blade Beam 

# r 
UPSCALE SIGN 
CONVFNTION 

+ = RIGHT = UPSCAIE 

S ta  33 

NO. 

2 27,000 In-Lb 
t 19,u30 In-Lb 
+ 18,500 In-Lb 
2 3,300 In-Lb 

5.800 In-Lb + 3,500 Lb 
15,000 Lb 
25,000 In-Lb 

+ 70,000 In-Lb + 50,000 In-Lb 
t 50,000 In-Lb 
2 10,000 In-Lb 

7,000 In-Lb 
+ 5,000 Lb 

25,000 Lb 
50,000 In-Lb 

LOO0 

! 
ITEM 

Top Surface i n  Compression = + 

Top Surface i n  Compression = + 

L.E. i n  Tension = + 

L.E.  Up = + 

Outboard Surface i n  Compression = + 

A m  i n  Compression = + 

Link i n  Compression = + 

I , High Right Pi tch Side = i n  + Tension = + 

Tension S t r e s s  + 
1_-  A-.- 

s t a  152.5 
S t a  52.5 
S t a  52.5 

627-CIO-105-2 
627 -010-105-2 
627-010-106-1 
627-010-602-2 

LOCATION 
OR 

PART NUMBER 

Blade Chord 
B Lade Torsi on 
Fold Arm Berd ing 
Fold A r m  Axial 
Drag Link Axial 
P i t c h  Lock Bendinn 

OPERATING 
LIMIT UW 

VALUE 

5,000 p s i  
9. 

10. 

Beser I 11. I Pit*. Link - Red I Link i n  Tension = + I x i x ! x i x ,  x 

- 
w 

Feather Pos i t ion  
Grip Lug S t r e r s  

1,000 Lb 
t 800 Lb 

1 ,000  Lb 
t 8CO Lb 

1,000 Lb 
2 800 Lb 
+100,000 In-Lb 
'100,000 In-Lb 

50,00! In-Lb 
t 12 

P i t ch  Link - White 

627-010-100-2 
627 -0LO-102-2 

t 600 Lb 
900 Lb 

t 600 Lb 
900 Lb 

2 600 Lb + 70,000 In-Lb 
2 70,000 In-Lb 

30,00$ In-Lb 
2 8 

32 
1600 p s i  

Link i n  Tension = + 

I Link i n  Tension = + Pi t ch  Link - Green 

! 627-018-011-1 
627 -018-011-1 
627-018-011-1 
300-010-200-5 

I ( L i n e a r p o t )  
627 -010-301-1 
(Linear Pot) 
627-010-301-1 
(Linear Pc t )  
627-010-013-1 
627-010-415- 1 
627-010-102-2 

Red Blade up Surface i n  Tension = + X  
Red Blade t o  Side Surface i n  Tension = + 

Counter Clockwise Torque Looking Af r = + 

Red Blade Aft = + X X 

Mast Horizon t a l  Bald 
Mast Ver t ica l  Bend 
Mast Tors ion 
Flapping - Red Blade 

I Flap Aft  = + I x ( X  X  
I 

Fore and Aft  Hub Flapping 

Lhteral  Hub FLapping 

Tension = + 
Tension Forward Surface = + 

Fold Aft = + 

Collect ive Tube 
Swashplate Drive Sidaload 
Blade Fold Pos i t ion  

750 Lb 
LOO 

I (Rotary Pot to Blade) : 
23. 1 Rotm RPM - G.nrrator 627-018-012 460-540 1 600 I Rotor RPM = + 

24. 

25. - 
26. 

27. 

28. 
29. 
30. 
31. 
32. 
33. 

34. 

35. 
36. 

I (Mast to  Pylon Pulley 
 rot^ r RPMiAzimuth-Hag Pickup 627 -018-012 1 460- 540 
and Photo Ce l l  I (Mast to Pylon Pulley)  ' 
Hub Sprins Temp 627 -010-301-1 , 1 50 O 

P Lon 
&Conversion Link 

I 

300-018-028-13 2 1,200 Lb 

~ n c r e a s e  press  = + { Below 2000 p s i  
Increase Press = + 

Azimuth Mark 
600 Rotor RPM = + L/REV from Mag Pickup ' X  X  X '  

30O0 F 

2,000 Lb 

4,500 ps i  
50 p s i  

1 

37. I lewe%L/ Warning 
33. A i r  Press  

REV from Photo Cel l  
Increase Temp = + X  

4 

Tension = + 1 X 1 X , X 8  
I 8,000 Lb 12,000 Lb 

Pod Yaw Link 1 -10-018-038-3 + 2,000 Lb + 5,000 Lb / 15.000Lb 25,000 Lb 
Conversion Spindle Yaw 
Accelerometer-  V a r t .  Fwd. 
Acce lermeter  - Horiz. Fwd. 
Accelerometer - V a r t .  Aft 
Accelerometer - H o r i z .  Aft 
A c c e l e r o m t ~ .  - Axial 

Tension = + , X1X X I  

Top Surface of Spindle i n  Comp = + 1 X x ' x i  
Up = + I X '  1x1 IX 

627-018-010 
627-018-010 

Outboard = + 
Up = + 
Out boafd = + 

Aft = 

3,000 ps i  
20 ps i  

X I  1x1 I 

X '  1x1 X  
X I  X  I X 
X I  OX/ , 1 X  

300-OL8-036-1 2100,000 In-Lb 2200,000 In-Lb 
300-018-005-1 I f 1 .5  g - + 3 g 

Wind Bending Up = + 

L.E. i n  Tension = + 
L.E. Up = + 

Wir# 
Wing Root Beam 1 300-018-015-1 

1,300K In-Lb 
2133,000 In-Lb 2250,000 In-Lb I L , OOOK In-Lb 

Wing Root Chord 300-018-015-1 t150,OOO In-Lb +250,000 In-Lb 

- + 3 g 
- 3 g + 

2 3 g - + 3 g 

300-018-005-1 2 1 . 5 g  
300-01 8-017 2 1 . 5  g i 300-018-017 t 1 . 5  g 
300-018-005-1 

Wiw Root Torsion 
Low P n s s  

2 1 .5  g 

l o O K  In-Lb 300-018-015-1 200K In-Lb 
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Figure V-1. Schematic of Model 627 Folding Proprotor. 
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Fjgure V-3. Model 627 Folding Proprotor Co l l ec t i ve  Mode 
Natural  Frequencies. 
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Figure V - 4 .  Model 627 Folding Praprctor Cyclic Mode 
Natural Frequencies. 



Figure V - 5 .  Model 627 Folding Proprotor Scissors Mode 
Natural Frequencies. 
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RUN 28 FOR 150 KNOTS 
AND RUN 29 FOR 175 KNOTS 
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0 

I 

I ! b - 10000 
Figure V-9. Folding Moment at Einge Centerline. 
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F i g u r e  V - 1 4 .  Mode! 6 2 7  F o l d i n g  P r o p r o t o r  A c t u a t i o n  C o n t r o l  Dicqram. 
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Figure V-16, Model 627 Test Hydraulic System, Hub Locking, M a s t  Lucking, end Collective 
Actuator,  
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Figure V-17. NASTRAN Struct~ral Model of Model 627 Rotor on Dynamic 
Test Stand. 
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Figure V-18. M o d e l  627 F o l d i n g  P r o p r o t o r  D y n a m i c  T e s t  S t a n d  with  P y l o n  
Yaw, Hub F l a p p i n g ,  and M a s t  R o t a t i o n  L o c k e d ,  B l e d e  R o o t  
C o l l e c t i v e  of 126 D e g r e e s .  
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VI. CONVERSION SEQUENCE DYNAMICS--TEST DATA AND CORRELATION WITH THEORY 
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Analytical s tudies  of folding proprotor dynamics and small-scale model t e s t s  
such as  those described i n  References 7 ,  11, and 14 formed a bas is  f o r  plan- 
ning the Model 627 t e s t  program. A wind-tunnel t e s t  of a one-f i f  th-scale,  
semispan, ae roe las t i c  model of the 627 folding proprotor conducted i n  
February 1971 provided an excel lent  preview of the fu l l - sca le  t e s t .  

These s tudies  and model t e s t s  showed tha t  the pr inc ipa l  dynamic problems a r e  
associated with the stopping and s t a r t i n g  events. These are: (1)  an in- 
crease i n  blade o s c i l l a t o r y  Loads when flapping was locked out and a fu r the r  
increase during feathering, and (2)  pylon vibrat ions a t  the wing na tura l  
frequencies during stopping or s t a r t i n g .  No s ign i f i can t  dynamic problems 
a re  associated with blade folding. Because of the r e l a t i v e l y  low airspeed 
a t  which conversion is accomplished, proprotor/pylon i n s t a b i l i t y  and f l u t t e r  
a r e  not a problem. 

The schedule of runs accomplished during the ful-1-scale wind-tunnel t e s t  of 
February 1972 i s  shown i n  Table V I - I .  Data on the s t a b i l i t y  and loads and 
v ibra t ion  associated with stopping and s t a r t i n g  the proprotor were obtained 
during the ear ly  runs, followed by s imi lar  data f o r  blade folding. After 
mapping the dynamic c h a r a c t e r i s t i c s  of the stop, s t a r t  and fold/unfold events,  
the complete conversion sequence was investigated.  An invest igat ion of the 
windmilling drag and the drag va r i a t ion  with blade fold angle was a l so  made. 
The aerodynamic data  from these a re  presented i n  the Appendix. 

B. DESCRIPTION OF THEORY USED TO PREDICT DYNAMIC CHARACTERISTICS 

Prediction of folding-proprotor dynamic s t a b i l i t y ,  loads, and v ibra t ion  during 
the conversion sequence was made using Bel l  Helicopter Company program DYN5. 
This d i g i t a l  computer program was developed under an A i r  Force cont rac t  
(Reference 7) and i s  avai lab le  t o  Government agencies and industry. A com- 
p le te  development of the theory, cor re la t ion  with small-scale model data ,  and 
the program FORTRAN l i s t i n g  and input  format i s  presented i n  AFFDL-TR-71-7 
(Reference 11). A br ie f  descr ip t ion  of the program follows: 

Program DYN5 is a nonlinear,  open-form ae roe las t i c  analysis  tha t  may be 
used to  ca lcula te  dynamic s t a b i l i t y ,  loads, and v ibra t ions  i n  he l icopter ,  
conversion, and a i rp lane  modes, and during the feather-foid sequence. 

The dynamic equations of motion a r e  derived using the Lagrangian method 
and include coupling between the proprotor and airframe dynamics. Pro- 
vis ions a re  made f o r  large flapping and feathering motions. Small 
angle assumptions a r e  made f o r  the airframe and proprotor e l a s t i c  degrees 
of freedom. Two-dimensional s t r i p  theory i s  used on the proprotor and 
blades; C 1 ,  Cd, and Cm a re  input i n  tabular form fo r  a 180-degree range 
of angle of a t t a c k  and f o r  Mach numbers up t o  1 , O .  Aerodynamic i n t e r -  
ference between the wing and proprotor i s  represented i n  the program. 



TABLE VI-I. RUN SCHEDULE OF MODEL 627 WIND-TUNNEL TEST 
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Run No. Airspeed Rotor RPM Purpose Remarks/Da t a  
( k t )  

1- 2 80 0-283 Track and balance - 
3 120 0-454 Track and balance - 
4 125 0-470 Track and balance Frequency check 

rpm sweep 

5 135 0-424 Track and balance Aerovane rpm sweep 

6 125 425 Sweep angle of Record flapping 
a t t ack  (a) 

7 125 425 Sweep angle of a = -2 (minimum 
0 

a t t a c k  (a) flapping) 

8 125 0-150 Frequencyresponse Hub Locked 
with s t o p / s t a r t s  

9 125 0-475 Fast  s top/s t a r  ts Response to  angle of 
a t  tack 

10 140 47 5 Dynamic s t a t  ili ty Frequency and dam2ing 

11 150 450 Dynamic s t a b i l i t y  Frequency and dampi:.& 

12 150 0-435 Stop/s t a r t s  versus Rotor response to  
a angle of a t t ack  

13 165 450 Frequency Lesponse Frequency and damping 
with flapping f r e e  
and locked 

14 175 450 Frequency response Frequency and damping 
with flapping f r e e  
and locked 

15 150 0-420 Functional check - 
and balance 

16 175 0-435 Stop/s ta r t s  versus Rotor response t o  
a angle of a t t ack  

17 185 435 Hub flapping f r e e  Frequency and damping 
arid locked, dynamic 
s t a b i l i t y  

18 190 435 Hub flapping f r e e  Frequency and damping 
and locked, dynamic 
s t a b i l i t y  

19 100-175 435-0 Windmill drag with Drag versus a 
balance f ree  

20 125 0 Dynamic s t a b i l i t y  Frequency and damping 
with blade folding 

2 1  148 0 Dynamic s t a 5 i l i t y  Frequency and damping 
with blade foiding 

+ 

+ 
Use sr d i s c l o s l ~ r e  of ddta on th is  pacle IS  

subject to the r e s t r ~ c t ~ o n  on the title pacje - 



TABLE V I - I .  Concluded 

+ 

Run No. Airspeed Rotor RPM Purpose Remarks/Da t a  
( k t )  

22 175 0 Dynamic s tab  i 1 i t y  Frequency and damping 
with blade folding 

23 175-195 0 Dynamic s t a b i l i t y  Frequency and damping 
with blade folding 

24 148 0 0-30' biade folding Load versus a 
loads with angle of 
a t t a c k  

25 148 0 45-90' blade folding Load versus a 
loads with angle of 
a t t a c k  

26 125-175 0 30° blade fold loads Loads versus a 
with angle of a t t a c k  

27 150 0 Same a s  Run 26 Loads versus a 
except ro tor  azimuth 
changed 120° 

28 150 0 S top/s t a r  t, fold/  Loads and response 
unfold sequence 
a= 0 -60 

29 175 0 Stop/s ta r t ,  fold/  Loads and response 
unfold sequence 

30 140 340 Windmill drag and Drag and loads 
high angle of a t t a c k  
with blade folding 

31 125 0 Mast torque Response 
o s c i l l a t i o n  

- 

BELL 
HELICOPTER commuuv 

DYN5 i s  programed f o r  so lu t ion  by d i g i t a l  computer. A predictor- 
cor rec tor  in tegra t ion  technique is used f o r  the so lu t ion  of the simulta- 
neous equations of motion. Input to  the program cons i s t s  of lumped 
parameters and the coupled normal modes of the wing, pylon, and proprotor. 
The output cons is t s  of a  time h i s to ry  of the wing and pylon motions, and 
blade flapping and e l a s t i c  def lect ions.  Generally, i n i t i a l  conditions 
a r e  input to  minimize the time required f o r  convergence to  s teady-state  
t r i m .  For s t a b i l i t y  invest igat ions,  the t r ans ien t  response t o  external  
inputs  or  to  i n i t i a l  conditions can be calculated.  The program can 
simulate gust  encounters and co l l ec t ive  and cycl ic  control  inputs. 

Use or disclosure ol data on thlr p ~ j e  1s 
subject to the restr~ction on the title pdcje. 
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C. DYNA!!IC RESPONSE CHARACTERISTICS DURING THE FEATHER-FOLD SEQUENCE 

In order to provide a  background fo r  the loads and vibrat ion data presented 
i n  t h i s  sect ion,  the dynamic response cha rac te r i s t i c s  during the feather-  
fold sequence (and unfold-unfeather sequence) a re  reviewed. 

Figures VI-1 and V I - 2 ,  respectively,  a re  time h i s t o r i e s  obtained during the 
f u l l - s c a l e  tunnel t e s t s  of continuous feather-fold and unfold-unfeather 
sequences. These time h i s t o r i e s  a re  a t  150 knots and four degrees angle of 
a t t ack ,  simulating a  1.5 g condition. The s ign i f i can t  events such as  gimbal 
lockout, feather ,  and index, f o r  example, have been iden t i f i ed  below and on 
Figures V I - 1  and VI-2 to  f a c i l i t a t e  a  discussion of the dynamic response 
c h a r a c t e r i s t i c s  associated with each event. 

80-Percent Hover RPM, Gimbal Free  v vent 1) 

The feather-fold sequence i s  i n i t i a t e d  with the proprotor windmilling 
a t  70 to  80 percent of hover rpm, with the gimbal f r e e  to  f l ap .  This 
condition is  characterized by low blade loads and moderate pylon 
v ibra t ion  levels .  The v ibra t ion  i s  a t  the blade passage frequency. 

80-Percent Hover RPM, Gimbal Locked Out (Event 2 )  

Before feathering the blades, the gimbal flapping freedom i s  locked out. 
This causes an increase in  o s c i l l a t o r y  blade loads and i n  the proprotor 
normal force (H-force), since flapping no longer a t tenuates  the blade 
one-per-rev angle-of-attack va r i a t ion  resu l t ing  from the mast angle of 
a t tack .  The increase i n  the proprotor normal force i s  ref lec ted  i n  the 
wing beam bending moment and tors ion.  During engagement of the gimbal 
lockout, there is an overshoot i n  blade loads of about 10 percent of the 
steady s t a t e  osc i l l a to ry  load. The pylon v ibra t ion  leve ls  a r e  not 
s ign i f i can t ly  changed from the gimbal-free loads. 

Blade Feathering (Event 3) 

During blade feathering, there is a build-up i n  o s c i l l a t o r y  loads and 
vibrat ion.  The blades a re  feathered rapidly to  minimize the time t h a t  
the prcprotor and airframe a r e  exposed to  the increased loads and vibra- 
t ions.  The proprotor ro ta t iona l  k ine t i c  energy is  d iss ipa ted  by a  per- 
turbat ion thrus t  force which is ref lec ted  i n  the wing chordwise bending 
moment. The increase i n  inflow angle a s  the blades a re  feathered causes 
the one-per-rev a i r loads  and the proprotor normal force to  increase. 
This is ref lec ted  i n  an increase i n  blade o s c i l l a t o r y  bending moment and 
torsi-971. A s  the proprotor rpm decreases, pylon v ibra t ion  and wing loads 
a t  the frequzncies of the wing fundamental beam, chord bending, and 
tors ion modes build up and decay a s  each mode i s  t rans i ted  by the blade 
passage frequewy. The p i tch  l i n k  steady load decreases a s  rprn decreases 
u n t i l  the blade is  f u l l y  feathered; then there is a  sudden increase i n  
p i tch  l i n k  load when the blade p i tch  stop is engaged. The fea ther  p i tch  
s top  is  s e t  such tha t  the proprotor is windmilling a t  6-10 rpm a f t e r  the 
blades a re  feathered. 



Index and Lockout Mast Rotation (Event 4 )  

BELL 
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The proprotor is self-indexing s ince i t  i s  windmilling a t  6 to 10 rpm. 
When the mast ro ta t ion  lockout i s  actuated,  the lockout becomes engaged 
when the rotor  azimuth coincides w i t h  any of the three blade fold posi- 
t ions (see  I igure  V - 9 ) .  Rotation i s  a r res ted  instantaneously since lock- 
out i s  accomplished by a tapered detent engaging a s l o t  i n  the mast. The 
sudden stopping c rea tes  an impact loading tha t  produces a large mast 
torque and exci tes  the wing beamwise bending rc~de. This i s  the only s ig-  
n i f i c a n t  dynamic response. 

Use or  d ~ s c l o s u r t  of data on t h ~ r  paye 1s 
subject to the  r e s t r ~ c t ~ o n  o n  t h e  t l t le  w e .  

After the mast ro ta t ion  is locked out,  the blade pitcti i s  locked out.  
No s ign i f i can t  dynamic response was observed when t h i s  elrent occurred. 

Blade Folding  vent 5 )  

The blades a re  folded i n  approximately nine seconds. The system response 
during blade folding is confined to  changes i n  the steady loads on the 
proprotor and wing. The most s ign i f i can t  of these a re  the p i tch  lockout 
bending and mast torque a t  angle of a t tack .  There was negl igible  dynamic 
response associated ~ i t h  s t a r t i n g  and stopping blade folding. The only 
s ign i f i can t  dynamic response observed was associated with folding and was 
caused by a s l i g h t  free-play clearance i n  the mast ro ta t ional  lockout. 
When operating a t  conditions where mast torque was near zero, the ro tor  
would o s c i l l a t e  through the f r ee  play a t  a very low frequency. This 
o s c i l l a t i o n  was apparently driven by f luc tua t ions  i n  the aerodynamic 
forces  on the proprotor blades. 

The dynamic response during unfolding-unfeathering was essen t i a l ly  a mirror 
image of the feather-fold response. However, the magx~itude of the o s c i l l a t o r y  
loads and v ibra t ion  during unfeathering was considerably lower than during 
feathering . 
D. DYNAMIC STABILITY CHARACTERISTICS 

1. Test  Procedure 

The t.est stand dynamic s t a b i l i t y  boundaries a re  well above the maximum speed 
of the 40- by 80-foot wind tunnel. However, the frequency and damping of the 
pr incipal  mcdes of the t e s t  stand/proprotor system were measured to provide 
an indicat ion of the s t a b i l i t y  charac ter i s  t i c s .  

The f req~ ,ncy  and damping were determined by means of a two-square-foot aero- 
dynamic vane located on the outboard s ide  of the nacel le  f a i r i n g  as  shown i n  
Figure V-19 (pcge V-35). The vane was osc i l l a t ed  i n  pi tch so a s  to aero- 
dynamically force the selected s t r u c t u r a l  mode a t  resonance. A Lissajous 
f igure was generated on a dual-axis oscil loscope to  f a c i l i t a t e  iden t i f i ca t ion  
of resonant frequencies. When the response a t  resonance was s u f f i c i e n t l y  
high, the vane exci ta t ion  was turned aff  and the vesul t ing decay of the t e s t -  
stand motion was analyzed to  determine the mode frequency and danping. Fig- 
ure VI-3 shows a typical  decay h is tory  and i l l u s t r a t e s  the i'lethod used to  
ca lcu la te  frequency and damping. 
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This method was used both with the ro tor  turning, and stopped and folded. 
For each configuration, a slow frequency sweep from 20 to 30 cps was made to 
iden t i fy  the dominant s t r u c t u r a l  modes. With the ro tor  turning, t h t  only 
modes shawing s ign i f i can t  response were the t e s t  stand fundamental beamwise 
bending and tors ion modes. Since the vane exci ta t ion  i n  the t e s t  stand 
chordwise d i rec t ion  was low, the frequency and damping of the stand funda- 
mental chord bending mode could not be determined with the vane. However, 
co l l ec t ive  p i tch  pulses proved to be' an acceptable means of exci t ing the 
chord mode. With the proprotor stopped, the blade bending modes were a l s o  
excited with the vane. 

The majority of the dynamic s t a b i l i t y  data was taken with the wind- t ~ n n e l  
balance frame locked out. A previous t e s t  (Reference 3 )  showed tha t  coupling 
with the balance frame modes s ign i f i can t ly  influenced the frequency and 
danping of the t e s t  stand modes, pa r t i cu la r ly  the wing chordgise oending 
mode. 

During the Model 627 folding-proprotor t e s t ,  the damping of the wing chord 
mode was noticeably lower when running with the balance frame f ree .  And, 
even with the balance locked out,  coupling with the balance modes a f f e c t s  
frequency and damping of the chord mode, ss is discussed l a t e r  i n  t h i s  
sec t ion. 

2. - Measured S t a b i l i t m a c t e r i s  --- t i c s  

Pro~cotor..pylon s t a b i l i t y  was investigated during Task I1 of the Advancement 
of Til-t-Proprotor Technology e f f o r t  and reported in  Reference 3. With the 
gimbal f r ee ,  the Model 627  folding-proprotor s t a b i l i t y  cha rac te r i s t i c s  vere 
found t o  be e s s e n t i a l l y  the same as  those of the Model 300 proprotor ( se r  
FIgure V-6 and V - 7  of Reference 3). This was expected since the ccnfigura- 
t ions  a re  s imilar .  

With the gimbal locked out,  the frequency and damping were determined as  a 
function of airspeed and proprotor rpm, down to zero rpm. These dcta a r e  
shown i n  Figures VI-4 and VT-5 ,  respectively.  The damping of the wing modes 
is s l i g h t l y  higher thsn the gimbal-free damping. Rotor speed was found to  
have only a  s m ~ l l  e f i e c t  on the damping. No damping data fo r  wing chord a re  
avai lable  a t  low airspeeds since the wing chord node could not be excited 
s u f f i c i e n t l y  to measure damping. 

With the proprotor stopped, the frequeqcy and damping of the wing 2nd blade 
modes were measured a s  a function of blade fold angle, angle of a t tack ,  and 
pirspeed. F i g - ~ r e s  VI-6 and V I - 7  show the frequency and damking var ia t ion  w i t A 1  
blade fold angle. The decrease ia damping as  the blades a r e  folded i s  due to  
the reduction i ~ ;  blade ? f fec t ive  area.  No damping data for  blade beam bend- 
ing mode a re  availa.ble s i r  ce the mode could not be excited su f f i c i en t ly  to  
measll- _ damping. 

Figure VI-8 shows the va r i a t ion  of frequency and dampicg with airspeed a t  a  
typical  p a r t i a l  fold angle of 30 degrees. A t  p a r t i a l  fold posi t ions such as  
30 degrees, damping increases i n  proportion to airspeed. There wtis no va r i -  
a t ion  i n  frequency and damping fo r  angles of a t t a c k  beiow s t a l l .  A t  and 
above s t a l l ,  the buffe t  amplitude was very low. 
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The e f f e c t  of aerodynamic vane exc i t a t ion  anplitude on frequency and dampin4 
of the wir+g modes was investigated and found to be s ign i f i can t  f o r  the chord 
bending mode. The var ia t ion  with atnpli~iide is shown i n  Table V I - 1 1 .  This 
variation is believed to  be caused by coupli ix  ~ 5 t h  the balance frame modes. 

TAhLE V I - 1 1 .  VARIATION OF W I N G  WORD MODE FREQUENCY AND DAMPING 
WITH EXCITATION AMPLITUDE 

i 1 

Damping 
Amp1 i tude Frequency Percent C r i t i c a l  

31400 in- lb  4.2 cps 0.65 

42000 in- lb 4.1 cps 1.1 

62500 in- lb 4.0 cps 1.56 
. 

3. Correlation of Theory with Measured Charac ter i s t ics  

Calculated frequency acJ damping c h a r a c t e r i s t i c s  a r e  shown i n  Figure VI-4 
through V I - 8 .  I n  general ,  t h ~  cor re ia t ion  is good, with the analys is  being 
somewhat conservative. The g r e a t e s t  discrepancy occurs i n  the predict ion 
of damping with the ro tor  stopped and the blades near f u l l y  open, where the 
wing beam bending damping is  under predicted a s  shown i n  Figures VI-6 and 
V I - 8 .  This has a l s o  been indicated i n  corre la t ing  with the rest-! ts of small- 
sca le  m d e l  t e s t s  (References 11 and 14). The reason f o r  t h i s  discrepancy is 
believed to be due to  the twa-dimensional s t r i p  theory used f o r  the ro to r  
blade nerodynanic over-predicting the extent  of the blade tha t  is  s t a l l e d .  

E. PROPROEX AND CONTROL LOAD CHARACTERISTICS 

1. Test Procedure 

Loads during the ro tor  eurning ~ z d  stopping and s t a r t i n g  conditions were 
obb ined  by going through a giinial lockout, fea ther  , ucfea ther , unlock -gimbal 
sequeace. I%is sequence was f i r s t  accomplished a t  zero angle of a t t a c k  and 
then repeated a t  progressivley higher angles of a t t a c k  u t t i l  es tabl ished 
limits were reached. Thrcughout t h i s  zeport angle of a t t a c k  refecs  t o  the yaiJ 
table a q l e ;  posi t ive angle of a t t ack  corresponding t o  negative yaw. A t  zero 
angle of a t t a c k  the wing chordline and mast a r e  p a r a l l e l  LG the wind-trrnuel 
center l ine.  Loads with the ro tor  stopped were cbtair'ed from angle-of -a t tack  
sseeps a t  constsnt fold angle. 

A s  noted e a r l i e r ,  the fo ld  hinge lug osc i l l a to ry  loads were determined p r io r  
to  the t e s t  to  be the c r i t i c a l  losd during proprotor stopping znd s t a r t ing .  
For t e s t  purposes, the calculated load f o r  100,000 cyclez was uaed a s  a l i m i t  
for  the lug. During the t e s t ,  the number of cyclcs which exceeded the eudur- 
ance l i m i t  (108 cycles) were counted, and a damage f r a c t i o n  calculated.  The 
overa l l  damage f rac t ion  resul t ing  from the t e s t  was only 0.00276. The lug 
ioad was not measured d i r e c t l y ,  but, based on a calctilated bending moment 
d i s t r ibu t ion ,  the bending moment a t  blade S ta t i cn  33.0 was extrapolated to  the 
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lug f o r  monitoring purposes The bending moments a t  the blade Sta t ion  52.5, 
mast bending, and the p i tch  l i n k  a x i a l  loads were a l s o  monitared. 

During blade folding, the c r i t i c a l  loads were (1) the blade p i tch  lockout 
bending moment, and ( 2 )  the mast r o t a t i o n  lockout torque. The p i tch  lockout 
r eac t s  blade bending moments when the b,ades a r e  folded and when a t  angle of 
a t tack ,  these moments become large.  The p i tch  lockout load l i m i t  w a s  50,000 
inch-pounds. The mast r o t s t i o c  lockout r eac t s  proprotor torques; while the 
mast torque is low a t  zero angle of a t t ack ,  i t  increases  as angle of a t t a c k  
increases.  The mast lockout load l i m i t  w a s  s e t  conservatively a t  70,000 
inch-pounds. During the t e s t ,  these component load l i m i t s  were approached a t  
high angles of a t tack.  

2. Measured Blade and Control L ~ a d s  

Blade and cont ro l  system o s c i i l a t o r y  loads with the gimbal f r e e  a r e  shown 
versus angle of a t t a c k  ifi Figure VI-9. The frequency of the o s c i l l a t c r y  load 
i s  one per rev. The load does not  vary s ign i f i can t ly  with angle cf a t t ack  
s ince  the ro to r  is f r e e  t o  f l a p  and re l i eve  the aerodynamic momeats. Loads 
measured during t e s t s  of the H d e l  300 25-foot proprotor (Reference 3) a r e  
a l s o  shorn. 

Locking out  the gimbal freedom i n c r e a s ~ s  blade load s e n s i t i v i t y  t o  angle of 
a t t a c k  s ince  blade r i g i d  body flapping no longer r e l i eves  the one-per-rev 
aercdynamic moment. However, there  was 50nx flapping due to the e l a s t i c i t y  
of the lockout mechanisms. Figure VL-10 compares flapping versus a x l e  of 
a t t a c k  f o r  gimbal f r e e  alrd gimbal locked c33t. Minilnum flapping occurred a t  
approximately -1 degree t o  -2 degrees r a the r  than 0 degree angle of s t t a c k  
because there was ap;roximatefy I degree of a f t  cyc l i c  p i t ch  which cauld a o t  
be zeroed out. This 1 degree of a f t  cyc l i c  p i t ch  also caused the angle of 
a t t a c k  f o r  micimm blade loads t.o occur a t  -1 degree. Represeatation of  the 
lockout e l a s t i c i t y  (&) aiso proved t o  be e s s e n t i a l  i n  order t o  achieve 
cor re la t ion  with the ~eascre<E icads. 

The blade beam-se 3-r,ding merit va r i a t ion  with angle of a t t a c k  with hub 
locked out  is shown in Figure V I - 1 1 .  The o s c i l l a t o r y  chord bending Illoinent 
and p i t ch  1,nk ioads were snistl and, therefore,  not presented. The influence 
of airspeed on the heamwise r:oment is shown i n  Figure Vi-12. 

t - blade b e a w i s e  o s c i l l a t o r y  bending moments during feathering a r e  the 
krghesi  ::ads r..,ountered i n  the feather-fold cequence. Only four o r  f i v e  
cycles  ocbu - whtn stopping tf.1 proprotor, but :hese re s u f f i c i e n t l y  high t a  
do fat igue ;* -g? .  Ihe loa-js during .Carting a r e  so-what lower but s t i l l  
i x u r  fa t igue  d a q e .  Figures Vf-13 and VI-14, respect ively,  show the peak 
anql i tude of *e blade c s c i l l a t o r y  b e ~ d i n g  m m n t s  duri* feathering and 
unfeathering ver-9s -st angle of a t tack.  The influence of airspeed on the 
peak o s c i l l a t o r y  load duziag stopping and s t e r t i n g  is  shown i n  Figure VI-15. 

?he e f f e c t  of r a t e  c f  feathering an tk:e tllagi.itu5e of tne o s c i l l a t o r y  blade 
loads is negl igible .  By featherixg t h r  blsdes rapidly,  the number of high 
cyclos is minimized. 



Figures VI-16 and VI -17  show the influence of folding the blades on proprotor 
loads. A s  noted e a r l i e r ,  o s c i l l a t o r y  loads during blade folding were negl i -  
g ib le .  Note t h a t  while the blade bending moments and mast torque f a l l  off  a s  
the blades a r e  folded, the p i t ch  l i n k  a x i a l  loads and the p i tch  lockout 
moment habe a maximum a t  about 60 to  70 degrees fold angle. This character-  
i s t i c  a r i s e s  from the blade root  beamwise bending moments being reacted by 
the p i t ch  l i n k  and p i tch  lockout when the blade is folded back from the f u l l y  
open posi t ion (i.e., resolving the bending moments about the p i tch  change 
a x i s  produces a moment about tha t  a x i s  equal to  H s i n  Y ) .  P 
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The va r i a t ion  i n  steady blade beamwise bending moment, pr tch l i n k  a x i a l  load, 
p i t ch  lockout bending moment, and mast torque with angle of a t t a c k  a t  two 
fo ld  angles is  shown i n  Figures V I - 1 8 ,  VI-19, and V1-20, respect ively,  The 
loads increase with angle of a t t a c k  up to  wing s t a l l .  Wing s t a l l  occurred a t  
about 16 degrees angle of a t t a c k  as indicated by a drop i n  w i n g  bending moment 
and a s l i g h t  bnffet .  The blade beamwise bending moment began t o  leve l  off  a t  
an angle of a t t a c k  several  degrees below the wing s t a l l  angle, but blade 
buf fe t  was not  evident. 
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The loads shown i n  Figurcs VI-18, VI-19, and VI-20 a r e  f o r  the blade lying i n  
the plane of the wing (i.e.,  v e r t i c a l  i n  the tunnel),  The o ther  blades 
experienced l ~ w e r  loads a s  shown i n  Figure VI-21. These da ta  were obtained 
by indexing the instrumented blade t o  the 120 degree and 240 degree azimuth 
posi t ions.  The influence of airspeed on the proprotor loads during folding 
is shown i n  Figure VI-22.  The increase is e s s e n t i a l l y  l i n e a r  with dynamic 
pressure r e f l ec t ing  high s t i f f n e s s  of the wing and proprotor. 

3. Correlat ion of Theory with Measured Loads 

Calculated loads a r e  compared w i t h  the measured loads i n  Figures VI-9 through 
VI-22. The cor re la t ion  is  considered acceptable f o r  design purposes. How- 
ever, there  a r e  several  a reas  where sere is a s i g n i f i c a n t  va r i a t ion  between 
the calculated and measured loads, 

The measured blade bending moments w i t h  the gimbal locked out,  were found t o  
be about 30 percent l e s s  sens i t ive  t o  angle of a t t a c k  than the p r e t e s t  ca l -  
cu la t ions  indicated. When the p r e t e s t  ca lcula t ions  were made, the gimbal 
lockout was assumed to  be ine las t i c .  Following the t e s t ,  t h i s  discrepancy . 
was i o v ~ s t i g a t t d .  Sy u s i r i  a hub flapping 19ckaut spring r a t e  as discussed 
i n  paragraph 2, much b e t t e r  co r re la t ion  was  achieved. The spring r a t e  (4500 
foot-poundjdegree of flapping) was used t o  generate the calculated loads 
shown i n  Figures V I - 1 1  through VI-15. 

A second discrepancy is i n  blade bermwise bending mments cal i t r la ted f o r  zero 
fold angle ( Y = OO). These a r e  considerably lower than the measured Foments. 
The cause of t h i s  i s  probably over predict ing the portion of the blade t h a t  
is s t a l l e d  the same a s  tha t  which caused the theory to  predic t  t3e wing beam 
bending m d e  damping too l cJw a t  y = OC. The calculztted blade l o a L  ar larg, 
fold angles are  a l s s  s l g n i f i c : ~ n t l y  lower tt,an the measured loads. This is  
believed tc, be causcd by l;lck of wingtip vc- tex representat ion i n  the thiory. 
Neither of these conditions i s  c r i t i c a l  from a des ig t  laads standpoint s ince  
maximum measured Loads a t  y = O0 t h r o ~ g h  90" a re  within ailowables. 
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F. W I N G  LOAD AND PYLON VIBRATION CHARACTERISTICS 

1. Test Procedures 

Data on pylon v ibra t ion  and wing loads were obtained concurrently with the 
acqu i s i t ion  2f proprotor loads data. The most s ign i f i can t  wing/pylon response 
during blade feathering o r  unfeathering i s  the v i b r a t i  an buildup which occurs 
a t  the wing fundamental beam, chord, and tors ion na tura l  frequencies. As the 
blades a r e  feathered t o  stop, peaks i n  the v ibra t ion  leve l  occur when the rpm 
is  sucn t h a t  the blade passage frequency i s  i n  resonance with a  given wing 
mode. (The forces  a t  the blade passage frequency a r i s e  from aerodynamic i n t e r -  
ference between the wing and proprotor. ) 

There a r e  a l s o  s ign i f i can t  t r ans ien t  responses r e su l t ing  from the sudden 
changes i n  proprotor aerodynazriic forces  duriilg stopping or s t a r i i a g .  The tiios t 
s ign i f i can t  of these i s  the wing chordwise bending resul t ing  from the th rus t  
per turbat ion during stopping or  s t a r t i n g .  The pylon dynamic response i s  espe- 
c i a l l y  s ign i f i can t  because i t  can be used to  predic t  crew s t a t i o n  and cabin 
v ib ra t ion  l eve l s  during feathering o r  unfeathering. During blaae folding, the 
v ib ra t ion  is negl igible ,  and the wing steady loads a re  the pr incipal  i n t e r e s t .  

Measured Wing Loads and Pylon Vibration 

Pylon blade passage frequency v ibra t ions  and wing o s c i l l a t o r y  loads did not  
change s ign i f i can t ly  when the gimbal w a s  locked out  (80 percent hover rpm). 
Wing o s c i l l a t o r y  loads were negl ig ib le  a t  80 percent hover rpm. 

The peaks i n  pylon v ibra t ion  during feathering o r  unfeathering a r e  s t rongly in- 
fluenced by the r a t e s  of feathering o r  unfeathering. Figures VI-23 and VI-24 
show the e f f e c t  of feathering and unfeathering r a t e  on the magnitude of the 
v ib ra t ion  peaks a t  the wing na tura l  frequencies. The zero r a t e  points  were 
obtained by slowly increasing rpm from zero to  80 percent of hover rpm to  de ter -  
mine each rpm a t  which blade passage exc i t a t ion  was i n  resonance with wing 
modes. A t  each resonance rpm, the system was allowed to reach the steady s t a t e  
amplitude. The Model 627 feather/unfeather r a t e  of about 25 to  30 degrees per 
second w a s  selected on the bas i s  of the optimum feathering r a t e  discussed i n  
Reference 11. As indicated by the trend of the da ta  points i n  Figures VI-23 
and VI-24, t h i s  r a t e  resul ted i n  a s ign i f i can t  reduction i n  the amplitude of 
pylon vibration during feathering and unfeathering over z slower r a t e .  

The e f f e c t  of angle of a t t a c k  on the pylon response a t  the wing-pylon na tura l  
frequencies is shown i n  Figures VI-25 and VI-26. The e f f e c t  on the wing 
tors ional  mode is s ign i f i can t ,  but is negl ig ib le  f o r  the beam and chord bend- 
ing modes. The va r i a t ion  with airspeed i n  v ibra t ion  a t  the wing na tura l  
frequencies i s  shown i n  Figure VI-27. 

Figures VI-28 and VI-29 show the e f f e c t  of r a t e  of feathering and unfeathering 
on the peak o s c i l l a t o r y  bending moments a t  the wing na tura l  frequencies and 
the t r ans ien t  chord bending moment. The e f f e c t  of angle of a t t a c k  on these 
loads i s  shown i n  Figures VI-30 and VI-31, respect ively.  The peak o s c i l l z t o r y  
loads on the wing were below the endurance l i m i t .  
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The wing root  steady bending moment and torque va r i a t ion  with blade fo ld  angle, 
angle of a t t ack ,  and airspeed a re  shown i n  Figures VI-32, VI-33, and VI-34, 
respectively.  It  should be noted t h a t  the wing loads f o r  the cant i lever  con- 
d i t i o n  i n  the wind tunnel may be s l i g h t l y  higher than those i n  f r ee  f l i g h t .  

3. Correlation o t  Theory with Measured Charac ter i s t ics  

Calculated v ibra t ion  l eve l s  and loads a re  compared to  the measured character-  
i s t i c s  i n  Figures VI-23 through VI-34. The cor re la t ion  i s  f a i r l y  good, both 
i n  magnitude and i n  the trend with fo ld  angle, angle of a t tack ,  and airspeed. 
I n  general ,  the theory under predic ts  v ibra t ion  f o r  the stopping cases and 
over-predicts the s t a r t i n g  cases. 

C, COMPARISON WITH RESULTS OF SHALL-SCALE MODEL TESTS 

Data from the t e s t  of the one-f i f th-scale  model of the 627 folding proprotor 
include dynamic s t a b i l i t y  cha rac te r i s t i c s ,  dynamic response during stopping 
and s t a r t i n g  a s  a function of angle of a t t a c k  and feathering ra t e ,  and prop- 
ro to r  and wing loads during blade folding. The airspeed and angle-of-attack 
ranges were s i m i l a r  t o  those of the f u l l - s c a l e  t e s t .  

The agreement between the small-scale and fu l l - sca le  dynamic da ta  i s  reason- 
ably good. Figures VI-35 and VI-37 compare the peak o s c i l l a t o r y  blade loads 
and peak pylon v ibra t ion  during feathering measured with the small-scale model 
and with those measured during the fu l l - sca le  t e s t .  The r e s u l t s  a r e  nearly 
iden t i ca l  except t h a t  f u l l - s c a l e  loads and v ibra t ion  a r e  l e s s  than one-f i f th  
sca le  and there is no cor re la t ion  of the wing tors ion loads. A time h i s to ry  
of a one-f i f th  scale continuous feather-fold sequence a t  150 knots and 3 
degrees mast angle of a t t a c k  is shown i n  Figure VI-37. When compared to  the 
fu l l - sca le  time h i s to ry  (Figure VI-1), i t  is  evident t h a t  the model has 
dynamic response c h a r a c t e r i s t i c s  very s imi lar  to  the f u l l - s c a l e  charac ter i s -  
t i c s .  

H. CALCULATED TIME HISTORY OF FEATHER-FOLD SEQUENCE 

Figures VI-38 and VI-39 a r e  computed time h i s t o r i e s  of continuous feather-  
fo ld  and unfold-unfeather sequences a t  150 knots. These computed time 
h i s t o r i e s  were assembled from three separate  runs f o r  each of the major events 
i n  the conversion sequence: gimbal lockout, fea  ther-s  top, mast ro ta t ion  lock- 
out,  and with the blade folded. 

Comparison of the computed h i s to ry  of the system dynamic response with the 
measured response (Figure VI-1) indica tes  tha t  the computer program effec-  
t ive ly  predic ts  the s i g n i f i c a n t  dynamic responses of the conversion sequence. 

I. ACTUAL FEATHER-FOLD SEQUENCE TIME HISTOkY AT 175 KNOTS 

Figures VI-40 through VI-50 a r e  ac tua l  reproductions of osci l lograph data  
taken a t  175 knots f o r  the f u l l  sequence. The iden t i f i ca t ion  of channels and 
the sca le  f ac to r s  a re  given on the f igures .  Figures VI-40 and VI-41 show the 
e f f e c t  of hub flapping lockout a t  an angle of a t t a c k  of one degree and four 
degrees, respect ively.  The most not iceable  e f f e c t  of hub lockout is  the in- 
crease i n  blade bending and mast bending loads a s  the angle of a t t a c k  i s  
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increased. Figure VI-42 shows the strong t r ans ien t  influence of the mast 
torque and wing bending. Blade folding and unfolding, a s  shown i n  Figures 
VI-44 through VI-47, a r e  again e a s i l y  accomplished a t  175 knots a s  shown i n  
Figure V I - 1  fo r  150 knots. 

J. CONCLUSIONS FROM THE DYNAMIC TEST PROGRAM 

1. S t a b i l i t y  

There w a s  no evidence of dynamic i n s t a b i l i t y  o r  f l u t t e r  s ince there was no 
condition of approaching neut ra l  s t a b i l i t y  a t  any time during the t e s t  up to  
the maximum wind-tunnel speed of 195 knots and a ro tor  speed from zero to  458 
rpm. The predicted s t a b i l i t y  c h a r a c t e r i s t i c s  a r e  shown i n  Figure VI-51. 

2. Loads 

The fo ld  hinge lug o s c i l l a t o r y  bending moment during the feather-stop and 
unfea ther -s ta r t  events was the c r i t i c a l  load during the conversion sequence 
and establ ished a L i m i t  on mast angle of a t tack .  During the t e s t ,  a number 
of s t o p / s t a r t  sequences were made, incurring a lug damage f rac t ion  of 0.00276. 
It should be noted t h a t  a t  and near zero mast angle of a t t ack  no damaging 
cycles  a r e  incurred. 

The lug allowables used during the t e s t  are believed t o  be conservatively 
estimated. I n  order t o  firmly e s t a b l i s h  mas t  angle of a t t ack  l i m i t s  f o r  
f l i g h t ,  a fa t igue  t e s t  of the lug is required. However, even i f  the wind- 
tunnel test allowable is used, the Model 627 proprctor has s u f f i c i e n t  
s t rength  f o r  a research f l i g h t - t e s t  program (assuming t h a t  the wind-tunnel 
and f l i g h t -  test m a s t  angle-of-attack spectrums a r e  s imilar) .  Figure VI-52 
shows the load fac to r  envelope as a function of airspeed, within which no 
fa t igue  damage would be incurred during a s t o p / s t a r t  sequence, and the load 
fac tor  above which s ign i f i can t  f a t igue  damage would be incurred. 

During blade folding the o s c i l l a t o r y  loads a r e  negligible.  Extrapolation of 
the steady loads during folding indica tes  tha t  l i ~ i t  loads a re  not  exceeded 
a t  the conversion sequence design load fac to r s  of -0.Og to  +2.0g a t  the l i m i t  
airspeed of 200 knots. 'the load leve l  of the t e s t  envelope i n  terms of angle 
of a t t a c k  is show1 i n  Figul-c 1-4. 

3. Dynamic Response 

The pylon vibratory response during stopping and s t a r t i n g  was within accept- 
ab le  v ibra t ion  l i m i t s  even a t  high angles of a t tack .  The maximum accelera- 
t ions on the pylon were Less than "g. Wing and pylon o s c i l l a t o r y  loads were 
always below the endurance l i m i t .  

Crew s t a t i o n  and cabin v ibra t ion  l e v e l s  during proprotor stopping and s t a r t -  
ing were estimated by using calculated mode shapes fo r  the f r ee - f ree  a i r c r a f t  
and the measured pylon accelerat ions.  For a 150-knot, zero degree mast angle- 
of -a t tack  sequence, the following v ibra t ion  l eve l s  were calculated: 
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Vert ical  a t  wing beam natura l  
frequency 

Axial a t  wing chord na tura l  
frequency 

Peak t r ans ien t  longitudinal 
acce lera t ion  

- Stopping 
- Sta r t ing  

Crew S ta t ion  Cabin (cg) 
(8)  (g)  

The v ibra t ion  occurring a t  the wing beam and chord na tura l  frequencies has 
a very s ign i f i can t  influence on subject ive comfort becausu, a t  the Low f re -  
quencies of these modes the subject ive discomfort threshold i s  q u i t e  low. 
As  noted i n  Reference 11, a c r i t e r i o n  f o r  an acceptable l e v d  of crew 
s t a t i o n  and cabin response i s  needed. Presently avai lab le  discomfort 
c r i t e r i a  (Reference 18) a r e  based on continuous, s inusoidal  v ibra t ion  ;JtTcress 
the response during feathering is  a damped t r ans ien t  of a few seconds duration. 

4. Optimum Fea ther,/Unfea ther  Time 

Hardware limits t ions  przvented eva l t~a t iou  of a range of feathering r a t e s  . The 
r a t e  tes ted  was  near the optimum suggested i n  Reference 11, 2.2 seconds. By 
using, a f a s t  feakhering rat:, the product of the magnitude trmes the duratioc 
of the osc i l . l a to~-y  losds and vibratory response is kept to  a minimum. A 
slower r a t e  of f ea the r i rg  would allow loads and v ibra t ion  to  build-up and 
p e r s i s t  a t  the kigher amplitudes. 

The principal  disadvanzage of the f ~ s t  r a t e  is the lorlgitudinal accelerat ion 
of the a i r c r a f t  which would be exyericnced i n  f l i g h t  due t o  th rus t  perturba- 
t ions.  For the cases shown i n  Figures V I - 1  and VI--2,  the average accelerat ion/  
aece lera t ion  of an a i r c r a f t  during the two-second ro tor  stopping/s t a r  t ing  1c-oti1c-l 
be approximately 0 .  !g with a momenthly peak cf approxima tef y 0.35g. 

5. Cmpu t e r  Program C c . ~ r t l a t i o n  --- 
Correlat ion between the computer program and the measured dycmic response 
i s  s u f f i c i e n t l y  accurate to  use the program f o r  fofding Froprotor gtidance. 
The progrtlm w i l l  handle ro tor  parameters of two through four blades: sny 
a i r f o i l ,  and any folc-hinge location. 

VI- 13 
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Figure VI-2. Time History of Full-Scale Test Unfold-Unfeather Sequence 
Dynamics, 150 Knots, aMST = 4'. 
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Figure VI-3. Method of Extracting Dynamic S t e b i l i t y  Characteris tics. 
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Figure 'TI-5. Wing Beam Bending Mode Frequency and Damping 
Versus RPM, Gimbal Locked Out. 
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Figure VI-6. Wing Beam and Chord Mode Frequency and Damping 
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Figure VI-7, Measured Wing Torsion Fre9:lency and Damping, and 
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Figure VI-8. Wing Beam and Chord Frequency and Damping Versus 
Airspeed for 30-Degree Blade Fold Angle. 
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Figure VI-10. Blade Flapping Versus Angle of Attack, G i m b a l  Free 
~ n d  Gimbal Locked Out. 
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Figure VI-12. Blade S teady-State Oscillatory Loads Versus Airspeed, 
425 RPIf, Gimbal Locked Out and Gimbal Free. 
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Figure VI-13. Peak Blade Oscillatory Loads During Proprotor Stop 
Sequence Versus Angle o: Attack, '175 Knots Airspeed, 
Gimbal Lc,ked Out. 
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Figure VI-15. Peak Blade Qacii latory Loads During Stop/Star t 
Sequence Versus Airspezd, Gimbal Locked Odt .  
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Figure VI-16. Steady Blade Bending Moments and Hast Torque Versus 
Blade Fold Angle, 150 Knots Airspeed. 
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Figure VI-17. Pitch Link Axial Load and Pitch Lockout Moment Versus 
Blade Fold Angle, 15C Knots Airspeed. 
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Figure V I - L 8 .  Blade Station 52.5 Steady Beam Bending Moment Versus 
Angle of Attack f o r  Several  Blade Fold Arlgles. 
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Figure V I - 2 1 .  Caparison of Blade Steady Loads Versus Angle of Attack 
For ?nree Azimth Positions. 
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Figure VI-23. Pylon Vibration a t  Blade Passage Frequency Versus 
Rate of Feathering. 

bse or d~sclosure of ddtd on Ihls p,je 15 

sulljecl to the res l r~c t~on  on I h r  t ~ t l e  ~ u j e  

0.2 0.5 1.0 

i 

MEASURED THEORY 

0 - WING BEAM 
A - - WING CHORD 
D ---- WING TORSION 

V = 150 KNOTS 
Q = 425 RPM 
a = -20 

I 

(AT = 5 SEC) @T = 2 SEC) (AT = 1 SEC) 
RATE OF FEATHERING - ~ / S E C  

I I 

J 

I 

1 

- 

- . 

BLADE PITCH 
FEATHERING RATE 

0 26 DEG/SEC 

-- 

J 
---I\ 

I 

\ + -- 
\ 

\- 

- 

- 
I -- 



BELL 
HEUCOPTER C O M ~ N V  

0.2 0 . 5  
(,AT = 5 SEC) (AT = 2 SEC) 

* 1 1 I I 1 f 

MEASURED THEDRY 

0 WING BEAM 
A -.- WING CHORD 

El - ---- WING TORSIW 

1 1 I I - 
V = 150 KNOTS 

%D = 425 RPM 
a = -2' - 

RATE OF UNFEATHERING - I/SEC 

1.0 
(AT = 1 SEC) 

I 

Figure VI-24. Pylon Vibration a t  Blade Passage Frequeqcy Versus 
Rate of Unfeathe-zing. 
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Figure VI-25. Pylon Vibration at Blade Pas: Ige Frequency Versus 
Mast Angle of Attack During Feathering. 
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Figure VI-26. Pylon Vibration at Blade Passage Frequency Versus 
Mas t Angle of A t  tack During Unfea thering. 
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Figure VI-27. Pylon Vibration a t  Blade Passage Frequency Versus 
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Figure VI-30. Wing Root Loads Versus Mast Angle of Attack 
During Feathering. 
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Figure VI-36. Comparison of Small-Scale and Full-Scale Measured Pylon 
Acceleration During Blade Feathering. 
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Figure VI -39 .  Calculated Time History of Unfeather Sequence, 150 Knots 
Airspeed, Four Degrees Mast Angle of Attack. 



Oscillograph 
Trace 

Scale Factor 

in- lb / in  367469 
*I83700 

Par- t e r  
Osc i 1 lograph 

OSCILLOGRAPH NO. 1 

No. 1 " -. 

1. Wing Root Beam 

2.  Wing Root Chord 

3, Wing Root 
Torsion 

4. Red Blade 
Sta. 52.5 

5. Red Blade Chord 
Sta .  52.5 

- 4 
7. Po, 

6. Red Blade Pi tch  
Link 

7. Fore and A f t  
Hub Flapping 

8. Latera l  Hub 
Flapping 

9. Mast Torque 

10. Mad 
Beq 

10. Red Blade Pi tch  
Lock Bendicg 

11. Rec 
Fea 
poi 

11. Red Blade 
Feathering 
Posi t ion 

1 2 .  Rec 
Po 5 

12. Red Blade Fold 
Posit ion 

13. C c i  
Ac t 
Po s 

13. Collective 
Ac tua to r  
Posi t ion 

Figure VI-40. Hub Flapping Lockout Time 
of Attack Minus One Degree 

FOLDOUT FRAME 1 



Parameter Oscillograph 
Osc i l lograph Trace 

No. 2 Scale Factor 

1. Acceleration g/in 3.14 
Ver t ica l  Fwd *1.57 

2. Acceleration &/in 3.19 
Horizontal F'wd a1.59 

OSCILLOGRAPH NO. 2 

- . . -  U 

1 SECOND 
._ 
- -  . . .. 0 .-- .. . 

3. Acceleration g/in 3.5 
Vert ical  A f t  k1.75 

4. Accelera t i o c  g/in 3.11 
Horizontal Aft *1.56 

5. Acceleration g/in 3.52 
Axial i1.76 

6. Flapping - deg/in 18.45 
Red Blade W . 2 2  

7. Pod Conversion lb/ in  17000 
Link 

8. Pod Yaw Link - - 

9. Conversion - - 
Spindle Yaw 

10. Mast Vcrt ical  in- lbf in 94300 
Bending 

11. Red Blade deg/in 50.5 
Feathering 
Posi t ion 

12.  Red Blede Fold dehi in 67.3 
Positiorz 

L3. Collect ive deg/in 50.2 
Actuator 
Posi t ion 

Lockout Time History, 175 Knots, Mast Angle 
u s  One Degree (Run 16.7). 

F m  FRAMF z 
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Parameter Oscillograph 
Oscillograph Trace 

No, 1 Scale Factor 

1. Wing Root Beam in-lb/in 367469 
*183700 

2. Wing Root Chord in-lb/in 296000 
*I48000 

3. Wing Root in-lb/in 219103 
Torsion *lo9550 

4. Red Blade in-lb/in 43200 
Sta. 52.5 21600 

5, Red Blade Chord in-lb/in 30700 
Sta. 52.5 * 15350 

6. Red Blade Pitch lb/in 879 
Link 

b 

7. Fore and Aft - - 
Hub Flapping 

8. L.atera1 Hub - - 
F l  h ~ p i I l g  

9, Mast Torque ic-Ibfin 74400 

LO. Red Blade Pitch - 1  35700 
Lock Bending 

OSCILLOGRAPH NO. 1 
\ &-- 

0 a m . . + - p  -b (E w -.. 

11. Red Blade deg/in 52 
Fea theh ing 
Position 

12, Red Blade Fold deg/in 70.1 
Position 

13. Collective deg/in 46.2 
kc tua tor 
Position 

Figure VI-41. Hub Flapping Lockout T k e  dis 
of ,4ttack Two Degrees (Run 16 

FOLDOUT FRAMF 1 



Parameter Osc il lograph 
Oscillograph Trace 

No. 2 Scale Factor 

1.  Acceleration g/in 3.14 
Vertical Fwd *1.57 

2. Acceleration g/in 3.19 
Horizontal Pwd di.59 

OSCIJ,LOGRAPH NO. 2 
J Q \ h  W ( O x  

3. Acceleration g/in 3.5 
Vertical Aft i1.75' 

4. Acceleration g/in 3.11 
Horizontal Aft *1. 56 

5. Acceleration g/in 3.52 
Axial *l .76 

6. FJ.apping - degiin 18.45 
Red Blade i9.22 

7. Pod Conversion lb/in 17000 
Link 

8. Pod Yaw Link .. - 

9. Conversion - - 
Spindle Yaw 

10. Mast Vertical in-lb/in 94300 
Bending 

11. Red Blade deg/in 50.5 
Fea the r ing 
Position 

12. Red Blade Fold deg/in 67.3 
Position 

13. Collective deg/ in 50.2 
Actuator 
Position 

Time History, 175 Knots, Mast Angle 
(Run 16.13). 

FOLDOUT FRAME 3, 



Parameter Oscillograph 
Oscillograph Trace 

No. 1 Scale Factor 
-- -- 

1. Wing Root Beam in-lb/in 363000 

2. Wing Root Chord in-lb/in 299000 ' 

3. Wing Root in-lb/in 219103 
Torsion 

4. Red Blade in- lb/in 43000 

5. Red Blade Chora in*lb/in 40700 
Sta. 52.5 

6. Red Blade Pitch lb/in 884.5 
Link 

7. Fore and Aft - - 
Flapping 

8. Lateral Hub - - 
Flapping 

9. Mast Torque in-lb/in 37200 

10. Red Blade Pitch in-lb/in 10150 
Lock Bending 

11. Red Blade deg/in 52.0 
Feathering 
Position 

12. Red Blade Fold deg!in 69.9 
Pesf iion 

13. Collective deg/in 45.7 
Ac tua tor 
Position 

... 

. . 2 SECONDS . 

Figure VI-42. Rotor Stopping and Mast Lockout 
Angle of Attack Minus Two Degrr 

FOLDOUT FRAME \ 
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Parane ter Oscillograph 
Osc illograph Trace 

No. 2 Scale Factor 

1. Acceleration g/in 3.18 
Vertical Fwd 

2. Acceleration g/in 3.17 
Horizontal Fwd 

3. Acceleration g/in 3.50 
Vertical Aft 

4. Acceleration g/in 3.11 
Horizontal Ait 

5. Acceleration g/in 3.52 
Axial 

10.9 6 .  Flapping - deg/in . . 
Red Blade " . 

7. Pod Conver - lb/in 17.3 
sion Link 1 .  . < . .- 4 

8. Pod Yaw Link - - 

9. Conversion - - 
Spindle Yaw 

10. Mast Vertical in-lb/in 92500 
Bending 

11. Red Blade deg/in 50 
Feathering 
Position 

12. Red .Blade Fold deg/in Sb 
Position 

13. Collective deg/in 50.2 
Actuator 
Position 

Figure VI-43. Rotor Stopping and Mast Lockout 
Mast Angle of Attack Minus Two I 

EOLDOUT FRAME I 
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Parameter Oscillograph 
Oscillograph Trace 

No. 1 Scale Factor 
-- 

1. Wing Root Beam in-lb/in 363000 

2. Wing Root Chord in-lb/in 299000 

3. Wing Root in-lb/in 219103 
Torsion 

4. Red Blade in-lb/in 43000 

5. Red Blade Chord in-lb/in 4 0 7 0 0  
Sta .  52.5 

6. Red Blade Pitch lb/ in 884.5 
Link 

7. Fore a d  Aft - - 
Flapping 

8.  Lateral Hub - - 
Flapping 

9. Mast Torque in-lb/in 37200 

10. Red Blade Pitch in-lb/in 10150 
Lock Bending 

' 11. Red Blade deg/in 52.0 
Feathering 

I Position 

I 12. Red Blade Fold deg/in 69.9 
, Position 
I 
1 13. Collective deg/in 55.7 

Ac tua tor  
Position 

16. RPM/Azimuth 

Figure VI-44. Blade Folding Time History, 175 1 
Minus Two Degrees (gun 29.2). 
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Parame ter Osc i 1 Lograph 
Oscillograph Trace 

No. 2 Scale Factor 

1, Acceleration g/in 3.18 
Vertical Fwd 

. . 

2 .  Acceleration g/in 3-17 
Horizontal Fwd 

3, Acceleration g/in 3.50 
Vertical Aft 

3.11 4. Acceleration g/in 
Horizontal Aft ! 

. 
I I 

5. Acceleration g/in 3.52 I 
I Axial i -.  

I 
deg/in 10.9 6, Flapping - 

Red Blade I 1 

I + I 
7. Pod Conver- lb/in 17.3 4 t 

I 

sion Link ! 1 i 
- - - 

8. Pod Yaw Link 

9. Conversion 
Spindle Yaw 

10. Mast Vertical in-lb/in 
Bending 

11. Red Blade deg/in 
Feathering 
Position 

12. Red .Blade .Fold deg/in 
Position 

13. Collective deg/in 
Actuator 
Position 

50 

.. . 

68 
. . 

. .. , .  I . i ! 
50.2 - - I -. < 

*I - - C .  - - 
- . 

.; ‘ .:- p b . .  .. r v  ?-• - - ,- -7 n - i  i.-J----.- .-- . 

Figure VI-45. Blade Folding Time History, 17 
Minus Two Degrees (Run 29.2). 
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Parameter 
Oscillograph 

No. 1 

Oscillograph 
Trace 

Scale Factor 

1. Wing Root Beam in-lb/in 363000 

2. Wing Root Chord in- lb/ in  299000 

3. Wing Root 
Torsion 

4. Red Blade in- lb/ in  43000 

5. Red Blade Chord in-lb/in 40700 
Sta. 52.5 

6 .  Red Blade Pi tch  lb / in  
Link 

7. Fore and Aft 
Flapping 

8. Lateral  Hub 
Flapping 

9. Mast Torque in-lb/in 37200 

10. Red Blade P i t ch  in-lb/in 10150 
Lock Bending 

11. Red Blade 
Feathering 
Posit ion 

12. Red Blade Fold deg/in 
Posit ion 

13. Collect ive 
Actuator 
Posit ion 

16 . RPM/Az imu th  

Figure VI-46. Blade Unfolding Time History, 1 
Minus Two Degrees (Run 29.3). 
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Parameter Oscillograph 
Osc il lograph Trace 

No. 2 Scale Factor 

1. Acceleration g/ in  3.18 
Vert ical  Fwd 

2 .  Acceleration g/ in  3.17 
Horizontal Fwd 

3. Acceleration g/ in  3.50 
Vert ical  Aft 

4. Accelera t im g/ in  3.11 
Horizontal Af t  

5. Acceleration g / in  3.52 
Axial 

6. Flapping - deg/in 10.9 
Red Blade 

7. Pod Conver- lb / in  17.3 
sion Link 

8. Pud Yaw Link - - 

9. Conversion - - 
Spindle Yaw 

10. Mast Vert ical  in- lb/ in  92500 
Bending 

11. Red Blade deg/in 50 
Feathering 
Posi t ion  

12 .  Red .Blade Fold deg/in 68 
Posi t ion 

13. Collect ive deg/in 50.2 
Ac t u a  tor  
posi t ion 

i 1 3 . ;  . 
i 

. I 

t i I .  

BLADE UNFOLD CHAN 
I 

Ii - i . . . . I 
* '  .: . 1 

k ,  

. . .  . . 
I I . 

t 
I - I  

I 

, 

Figure V I - 4 7 .  Blade Unfolding Time History, ' 
Minus Two Degrees (Run 29.3). 
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Parameter Oscillograph 
Oscillograph Trace 

No. 1 Scale Factor 

1. Wing Root Beam in- lb/ in  363000 

2. Wing Root Chord in- lb / in  299000 

3. Wing Root in- lb/ in  219103 
Torsion 

4. Red Blade in- lb/ in  43000 

5. Red Blade Chord in.-lb/in 40700 
Sta .  52.5 

6. Red Blade Pi tch  lb / in  884.5 
Link 

7.  Fore and Aft - - 
Flapping 

8. Lateral  Hub - - 
Flapping 

9. Mast Torque in- lb / in  37200 

10. Red Blade Pi tch  in- lb/ in  10150 
Lock Bending 

11. Red Blade deg/ i n  52.0 
Feathering 
Posit ion 

12. Red Blade Fold deg/in 69.9 
Posi t ion 

13. Collect ive deg/in 45.7 
Ac tua tor 

..... -- .- rr.- u.. - . - .  . - . . -  t- . . . -  e ;  
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Figure VI-48, Mast Unlock and Rotor S t a r t  Tim 

of Attack Minus Two Degrees (Ru 
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Parameter Oscillograph 
Oscillograph Trace 

No, 2 Scale Factor 

3.18 1. Acceleration g/in 
Vertical Fwd 

. .. . . . I : 

. . 

t 1 SECOND 
I 

I 
I 

I 

2. Acceleration g/in 3.17 
Horizontal Fwd 

3. Acceleration g/in 3.50 
Vertical Aft 

4. Acceleration g/in 
Horizontal Aft 

5 .  Accsleration g / in  

6. Flapping - deg/in 10.9 
Red Blade 

7. Pod Conver- 
sion Link 

8. Pod Yaw Link 

9. Conversion 
Spindle Yaw 

10. Mast Vertical in-lb/in 92500 
Bending 

11. Red Blade 
Feathering 
Position 

12. Red .Blade .Fold deg/in 
Position 

13. Collective 
Actuator 
Posit ion 

Figure VI-49. Mast Unlock and Rotor Start Time 1-1 
of Attack Minus Two Degrees (Run 2 
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Parameter Oscillograph OSCKLOGRMH Mi. 1 

Osc i l lograph 
No. 1 

Wing Root Beam 

- - 

Trace 
Scale Factoz 

in-lb/in 367469 
*1837aO 

Wing Root Chord 

Wing 3oot 
Torsion 

Red Blade 
S t a .  52.5 

Rod Slade Chord 
Sta. 52 .5  

in-f b/ic 30700 
15350 

Red Blade Pitch 
Link 

Fore and Aft 
Hub Flapping 

Mast Torque 

Red Blade Pitch 
Lock Bending 

Red Blade 
Feathering 
Posit ion 

Red Blade Fold 
Posi tion 

Collective 
AC tua tor 
Position 

Figure VI-50. Hub Flapping Unlock Time History, 
Minus One Degree (Run 16.8).  
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Parameter Oscillograph 
OSCILLOGRAPH NO. 2 

Osc illograph Trace 
No. 2 Scale Factor 

Acceleration g/in 3.14 
Vertical Fwd 21 .53  

Acceleration g/in 3.19 
Horizontal Fwd a1.59 

Acceleration g/in 3.5 
Vertical Aft *1.75 

Acceleration g/in 3.11 
Horizontal Aft *1.56 

Acceleration g/in 3.52 
Axial *1. 76 

Flapping - deg/in 18.45 
Red Blade 

17000 Pod Conversion lb/in 
Link 

. Pod Yaw Link - - 

Conversion 
Spindle Yaw 

Mast Vertical 
Bending 

Re4 83.ade 
Feathering 
Position 

Red Blade Fold 
Position 

Collective 
& tua tor 
Position 

,y, 175 Knots, Mast Angle of Attack 

FRAME 2 
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Figure VI-5 1. Mode 1 627 Predicted Proprotor S tabi l i  ty Boundaries with 
Gimbal Free/Gimbal Locked, Canti levered Wing. 
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Figure VI-52. Model 627 Folding Proprotor V-n Diagram, Based on the 
Allowable Test Load Limit a t  Blade Fold Hinge. 
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V I I .  FOLDING PROPROTOR CONVERSION CRITERIA CONSIDERATIONS 

A, SEQUENCE PROBLEMS INVESTIGATED 

1. Rotor Speed Programing 

Some events involved when t rans i t ioning  between proprotor mode and a i rp lane  
mode with the proprotors folded and stowed require  ro to r  speed t o  be held or  
brought t o  a spec i f i c  rpm quickly and precisely.  The events are: 

(a )  I n i t i a l  hub lockout 

(t) Mast index and lock 

(c)  'riub unlock 

(d )  Prop c r u i s e  

To a i d  i n  a t t a i n i n g  a given rpm condition quickly during the t e s t ,  an 
e lec t ronic  c i r c u i t  sensing rpm with a photoceli encoder was used to s top the 
c o l l e c t i v e  actuator  when the s p e c i f i c  rpm was reached. Because of the 
mechanical lag of the ac tua tor  and the overa l l  time required t o  actuate ,  
the sensor has to  "lead" the spec i f i c  rpm point by a considerable margin. 
This presented problems because the amount of "Lead" required depended on 
the pa r t i cu la r  co l l ec t ive  r a t e  and airspeed consiciered. The above method 
was sa t i s fac to ry  f o r  the purpose of the wind-tunnel t e s t  but would have to  
be ref ined f o r  use i n  an a i r c r a f t .  

2. Mast Index and Lock 

The mast index and lock sequence function of t h i s  t e s t  w a s  accomplished by 
a pos i t ive  mechanical de tent  s top  and lock device a s  discussed i n  Section V, 
paragraph A.8. This device produced sudden mast tors ional  peak loads a t  the 
ins tan t  of index and lock which would be undesirable f o r  an a i r c r a f t .  This 
is shown i n  Figure V I I - 1 .  The high peak t r ans ien t  loads a r e  caused by the 
uneven rpm of the ro to r  during the mast index phase of the sequence. The 
uneven rpn r e s u l t s  from the wing-rotor interference e f f e c t  which makes the 
ro to r  slow down a s  each blade passes the f r o n t  of the wing and then inmedi- 
a t e l y  speed up as the blade moves away from the wing a s  shown i n  Figure V I I - 2 .  
The azimuth f o r  index and lockout was programmed by the design con£ igura t ion  
requirements of the rotor-engine pod to  occur a t  e i t h e r  the 65, 185, o r  305 
d e g ~ e e  ro to r  azinuth posit ions.  These points occur near the peaks i n  the 
rpm var i a t ion  in  ro ta t iona l  speed near the stopped condition. The general  
way the ro tor  rpm responds to  the blade t i p  co l l ec t ive  s e t t i n g  l ~ e a r  fea ther  
i s  shown i n  Figure VII-3. 

It was a l s o  evident from the t e s t  t h a t  i f  index and iock occurred with 
hydraulic pressure below 2500 psig, o r  a t  a ro to r  speed above an average of 
8 rpm, the lock safe ty  device did not always become pos i t ive ly  engaged. 
This problem i s  fu r the r  discussed under recommended fu ture  work of Section 
V I I I ,  paragraph E.3. The method discussed above was sa t i s fac to ry  f o r  the 
purpose of the wind-tunnel t e s t ,  but would require refinement before being 
used i n  an a i r c r a f t .  
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B .  RESULTING CRITERIA FOR AIRCRAFT DESIGN 

The folding proprotor sequence f o r  a i ~ c r a f t  operation must be precise,  smooth, 
repeatable,  and highly r e l i a b i e .  It i s  a l s o  des i rable  f o r  the seqtience con- 
t r o l  to  be automatic on comnand due to  normal f ly ing  p i l o t  work load duzing 
the time period of the conversion sequer.ce. Most oZ the sequeEce investigated 
i n  t h i s  kest was accomplished i n  a manner which would rnect t h i s  c r i t e r i o n .  
For the most par t ,  the approach taken i n  the folding proprotor conversion 
sequence of t h i s  t e s t  i s  appl icable  to  an a i r c r a f t  since the s teps  were Per- 
formed i n  the appropriate order and within sllowable loads and were smooth 
and repeatable. However, problems mentioned above do indicate  a need fo r  
updating and improving the conkrol c r i t e r i a  i n  these areas  of the sequence. 
The per t inent  points  of design c r i t e r i a  f o r  an a i r c r a f t  a s  derived from t h i s  
t e s t  are a s  follows: 

I .  Rotor Speed Control 

The method employed to hold o r  bring rpn t o  a specif ied spec1 during the 
sequence idea l ly  wouid dr ive  the c o l l e c t i c e  p i tch  a t  a p i tch  change ra te  
proportional to  the rpm change required, L . ~ J  would a l s o  avoid sudden thrus t  
changes tha t  could produce uncomfortable accelerat ions,  This meacs col lec-  
t ive  p i tch  and rpm w i l l  change slowly i n i t i a l l y  when reducing from h 

high rpm t o  avoid la rge  changes i n  thrus t ,  then speed up f o r  the main por- 
t ion  of the rpm change and w i l l  again slow down a s  the specif ied rpm is 
approached to  prevent co l l ec t ive  pi tch overshoot a s  shown i n  Figure VII-4. 
For the case of changing from a lower to a higher rpm, the i n i t i a l  co l lec-  
t ive  change r a t e  is  not a s  c r i t i c a l  since ro to r  th rus t  is  proportional to  
the square of the t i p  speed; however, a slow dcwn is  again necessary as the 
higher rpm is approached f o r  the same reason a s  previously discussed. The 
system devised must a l s o  be s u f f i c i e n t l y  redundan;: so t h a t  i t  i s  extremely 
r e l i a b l e  and t h a t  rpm cont ro l  w i l l  always function. 

Mast Index artd Lock 

The function of indexing snd locking the mast must be ciccomplished a t  a 
steady ro tor  speed, and preferable  between two and three rpm so ttrat the 
ro ta t ional  energy is  low a t  lockout. The lock or  unlock safe ty  device 
must be posi t ive regardless  of hydraclic pressure o r  ro ta t iona l  speed a t  
lockout. An indexing motor which would engage the mast a t  index command t o  
r a t a t e  the ro to r  a t  a uniform r a t e  to  smooth out  the peaks and val leys would 
be desirable .  Aerodynamic ro to r  indexing based on ro tor  azimuth feedback 
a t  low rpm may provide the l i g h t e s t  solut ion.  

3. -- Rotor S t o p i s t a r t  Rate 

Small-scale model inves t iga t ions  of the folding prcjprotor were conducted by 
Bel l  Helic{;yter during 1970 and 1971 (see Section 11, paragraph C) .  During 
those t e s t s ,  the s top / s t a r t  r;te was varied over a wide range. These 
invest igat ions explored sto?ping and s ~ a r t i n g  a t  f u l l - s c a l e  values from l e s s  
than one second to over ten seconds. The 1970 and 1971 invest igat ions a re  
discussed i n  d e t a i l  i n  References 11 and 14. Prom those t e s t  programs, a 
range of f ea the r  r a t e s  was se lec ted  fo r  explorat ion with the fu l l - sca le  Model 
527 ro tor .  S top/s ta r t  times from 2.0 to  4.0 seconds were picked based on 
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pr io r  work. Most of the stopping end s t a r t i n g  during the t e s t  was done a t  
about 2.0 seconds. This r a t e  is considered to  be good from a dynamic stand- 
point based upon the very br ie f  number of high o s c i l l a t o r y  ro tor  and wing 
loads experienced and the very shor t  time v ibra t ions  from the pylon were 
transinitted to  the fuselage during the s top-s t a r t  cycles of the f u l l - s c a l e  
t e s t  . 
The s top / s t a r t  r a t e  c r i t e r i o n  discussion of Reference 11 i s  b r i e f l y  sumar-  
ized here a s  fu r the r  bas i s  of t h t s  s t o p - s t a r t  r a t e  range mentioned above. 
Figures VII-5 and VII-6 show the calculated vibratory response during blade 
feathering a t  the pylon conversion ax i s  and a t  the crew s ta t ion ,  respect ively,  
a s  a function of feathering ra te .  Also shown i n  Figure VII-6 is the longi- 
tuainal  accelerat ion caused by the t rans ient  th rus t  generaced by blade 
feathering. This, i n  combination with the vibratory response cha rac te r i s t i c s ,  
suggests tha t  a feathering time somewhere between 2.0 to  4.0 seconds i s  
desirable  a s  shown by the envelope l i n e s  selected fo r  the Model 627 range. 
Small-scale model t e s t s  showed a va l ley  i n  the wing chordwise moment a s  the 

t l  t *  only indicator  of an optimum feathering ra t e .  Based on the chordwise 
mment valley,  the optimum faa ther  t i m e  would be about 2.75 t o  3 seconds. 
Howzver, the crew s t a t i o n  response a t  the wing beam frequency indicates  a 
po ten t i a l  humar. f a c t o r s  problem. A t  the beaa? frequency, the accelerat ion 
leve l  i s  close t o  the l eve l  es tabl ished a s  b e i r i  alarming i n  Reference 18 
which indicates  the stopping time needs to  be sficr+. The t r ans ien t  nature 
may reduce the s ignif icance of t h i s  observation, but  a requirement for  a 
study of the crew acceptance of t h i s  type of response is  indicated.  

A second problem area  is the accep tab i l i ty  of the crew s t a t i o n  v ibra t ion  dur- 
ing blade feathering. The l a r g e s t  response occurs a t  a frequency of approx- 
imately 2.5 cycles  per second which is the wing beam bznding na tura l  frequency. 
A t  t h i s  frequency, +Ae peak acce lera t ions  may reach +0,6Qg, with higher angles 
of a t t a c k  which exceed the "alarming" subject ive discomfort leve l .  However, 
the reference subject  discomfort leve l  was establ ished f o r  sinusoidal v ibra t ion  
whereas the response du-ing feathering is  a damped t rans ient .  A requirement 
f o r  a human tolerance c r i t e r i o n  f o r  an acceptable leve l  of crew s t a t i o n  
rcsponse is evident. Based on response s tudies  f o r  25-, 38.5-, and 50-foot 
proprotors, an optimum feathering time may be approximated by 

where D is  the proprotor diameter i n  f e e t  

This optimum is not  extremely sens i t ive  and may be varied over a considerable 
range. For the 25-foot ro tor  of the fu l l - sca le  t e s t ,  t h i s  would indicate  a 
AT = 2.2  seconds. 

Later  information on s top / s t a r t  r a t e s  given i n  Reference 14 which i s  based 
on a one-f i f th-scale  model of the Model 627 rotor .  These da ta ,  as shown i n  
Figures I V - 1 2 ,  IV-13, and IV-14 of Reference 14, indica te  t h a t  2.5 to  4.0 
second s top/s ta r  t i s  optimum. 
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4. Hub Flapping Lockout 

Prior  to  the small-scale model work i t  was thought tha t  f lapping could be 
locked out during the feather/s top sequence a t  about 25-30 percent of the 
hover rpm. The e f f e c t  of feathering r a t e  on the dynamic flapping response 
and prac t ica l  considerations,  however, indicate  flapping should be locked 
out  a t  a higher rpm, o r  p r io r  to  feathering.  The large-scale  t e s t s  were run 
with flapping locked out a t  approximately 80 percent of hover rpm pr ior  to  
feathering. This ro to r  speed is  from 425 ta  458 rpm which i s  the normal 
prop mode rpm a t  the s t a r t  of the folding proprotor conversion sequence. 
Locking out f lapping a t  these ro to r  speeds was accomplished with no d i f f i -  
cu l  ty.  Hub flapping was reduced t o  near 0 i n  hbou t 2.6 seconds. (About 
0.25 degree flapping remained a f t e r  lockout due to  the s l i g h t  s t r u c t u r a l  
de f l ec t ion  i n  the lockout mechanism. ) 

The hub flapping lockout moment load c.an be c lose ly  approximated from f u l l -  
s c a l e  mast bending da ta  s ince the energy expended t o  lock the hub is d i r e c t l y  
applied to  the mast a s  a couple. This is shown i n  Figure V I I - 7  and appears 
t o  be f a i r l y  l i n e a r  over the angle-of-attack range of the t e s t .  The reduction 
i n  flapping caused by the hub lockout is  shown i n  Figure VII-8. 

Locking out  f lapping did no t  s ign i f i can t ly  influence the wing and pylon 
dynamic response. Both t e s t  data  and calculated pylon responses show the 
acce lera t ion  t o  be c lose  to  t h a t  with the flapping f ree .  

The pr inc ipa l  influence of locking out  f lapping freedom is a mast angle-of- 
a t t a c k  l i m i t  r e su l t ing  f r o z  blade loads, (Locking out  the flapping freedom 
increases  the one-per-rev out-of-plane loads s ince flapping a c t s  to  r e l i e v e  
the one-per-rev air1oads. j  Note t h a t  t h i s  l i m i t  would only apply during the 
feather/s top sequence. The angle-ot-attack l i m i t  with the gimbal f r ee  i s  
much higher. 

The most s ign i f i can t  conclusions a re  t h a t  f lappirlg freedom must be s u f f i -  
c i e n t l y  constrained pr ior  to  feathering the blades. During small-scale 
mod-1 t e s t s  with the gimbal flapping only l i g h t l y  res t ra ined ,  la rge  flapping 
amplitudes were encountered even near zero s h a f t  angle of a t tack .  A s  the 
blade feathering r a t e  was increased, the peak flapping excursion increased. 
A t  a model s h a f t  angle of a t t a c k  of 5.6 degrees, the blades contacted the 
mechanical flapping stops s e t  a t  1 2  degrees. Furthermore, a f lapping 
i n s t a b i l i t y  was encountered a t  low rpcc i n  the t r a n s i t i o n  mode airspeed 
range. When the gimbal flapping freedom was locked out during both the 
small-scale and large-scale  t e s t s ,  the blade t i p  def lec t ions  were observed 
to  be mall and the flapping i n s t a b i l i t y  eliminated. 

From a c r i t e r i a  standpoint,  a proprotor type which combines s t i f f  blades with 
the capabi l i ty  to  cons t r a i n  flapping freedom i s  desirable .  Highly f l e x i b l e ,  
f r e e l y  flapping, or  even blades l i g h t l y  restrained i n  flapping a re  suscept ible  
to  i n s t a b i l i t y  a t  lob- ro to r  speeds and can contr ibute  to  higher response 
l e v e l s  during feathering.  The fas t - ac t ing  mechanical hub lockout mechanism 
of the Mode! 627 ro to r  p e r f ~ m . e d  well and appears to  be a good design approach 
for  an a i r c r a f t  However, a s l i g h t l y  s o f t e r  hub lockout device of the Model 
627 design may be des i rable  to  reduce blade loads and allow s l i g h t l y  Inore 
flapping a f t e r  lockout. 
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5 ,  Angle of Attack 

Shaft  engle of a t t ack  has a s ign i f i can t  influence on the dynamic response, A 
time h is tory  of blade feathering a t  a sha f t  angle of a t t ack  of four degrees 
d i f f e r s  from the zero angle-of-attack h is tory  most markedly i n  the area of 
impulsive response a t  the wing beam natura l  frequency. This i s  shown i n  
Figure V I - 1  f o r  the wing beam data  channel a t  four degrees angle of a t t a c k  
which i s  g rea te r  response than shown i n  Figure VI-42 fo r  data  zhanliel No. 1 
a t  zero angle of a t tack.  This is the r e s u l t  of the sudden buildup i n  normal 
force a s  the proprotor stops since the normal force is  e s s e n t i a l l y  propor- 
t iona l  to  the inflow angle. The feather/s top sequence should be made with the 
s h a f t  angle of a t t a c k  near zero degrees fo r  lower wing response. 

The blade load buildup on the other  hand remains moderate during feathering 
even a t  the four- to  six-degree s h a f t  angle of a t t ack ,  During blade folding, 
mast angle. of a t t a c k  may be varied over a much la rger  rargs  than for  featner-  
ing s ince s t a t i c  l i m i t  loads a re  now the c r i t e r i o n  f o r  blade o r  wing loads. 
Airspeed has a major e f f e c t  on the allowable mast angle of a t t ack .  I t  can be 
seen from the t e s t  data  t h a t  an airspeed f o r  conversion a t  140 to  160 knots 
allows 50- to  60-percent more angle-of-attack f l i g h t  range than does f l i g h t  
a t  175 knots. 

6. Airspeed 

From the t e s t  da ta  i t  appears t h a t  the response amplitude increased essen- 
t i a l l y  l i n e a r l y  with airspeed f o r  a constant wing l i f t  coe f f i c i en t .  This i s  
logica l  s ince the system damping is  proportional to  veloci ty ,  whereas the 
a i r load  forcing function i s  proportional to  the ve loc i ty  squared. A t  
resonance, the response amplitude i s  proportional t o  the r a t i o  of the forcing 
function divided by the damping. Hence, the response would be expected to be 
proportional to  veloci ty .  A t  the lower wing l i f t  coe f f i c i en t s  zssocia ted 
with increased airspeeds,  the wing upwash i s  reduced and the net  e f f e c t  is  a 
negl igible  influence of airspeed on response. 

From the standpoint of loads and other dynamic response data ,  an airspeed of 
150 knots f o r  the stop/fold conversion appears preferable  s ince i t  provides 
the broadest maneuver envelope. 
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RPM AT LOCKOUT 

Figure VII-1. Mast Index and Lockout Loads. 



6 E U  Use or disclosure of ildtd on t h ~ ~  pqe  I S  

HEUCOFTER COMMNY subj~ct to the r e s l r ~ c l ~ o n  on the l ~ t l e  odqe 

" 
60 120 180 240 300 36 0 

AZIMUTH OF RED BLADE FROM WING - DEG 

Figure VII-2. Rotor RPM Variation Prior to Mast Index. 

ROTOR SPEED NEAR FEATHER L'SITION - RPM 

Figdre VII-3.  Rotor RPM Response to Collective N2ar Featner. 
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Figure 1'11-4. Cof lec tive Pitch - Fea tiler Schedule. 
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Figure VII-5. Peak Vibration a t  Pylon Conversion Axis Ouring 
Blade Feathering, Calculated. 

;/TIYE TO FEATHER - 1/SEC 

":gure VlZ-6. Peak Vibration a t  Crew Station During Blade Feathering, 
Calculated. 
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W T  MZLE OF ATTACK - DEGREES 

Figure  VII -7 .  Hub Flapping Lockout Moment 

MTA TAKEN FROM 
Rr,'NS 12 AND 16 

LOCKOUT AT 430 BPH 

MAST ANGLE OF ATTACK - DEG 

Figure  VII-8.  Flapping Reduction Caused by Hub Lockout Actuat ion .  
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A. GENERAL 

The Model 627 folding proprotor design embodied many new concepts which were 
i n i t i a l l y  evaluated during t h i s  wind- tunnel t e s t .  The majority of the sys terns 
performed well and appear d i r e c t l y  appl icable  to  a research vehicle.  ~ & n e  
systems have not  been adequately evaluated o r  have shown undesirable char- 
a c t e r i s t i c s  which need improvement f o r  f l i g h t .  These a r e  the systems which 
need fur ther  redesign work o r  fu r the r  tes t ing.  

It is  recomended t h a t  following the suggested addi t ional  t e s t s  and design 
improvements l i s t e d  i n  the following paragraphs, the next phase i n  the fu ture  
work be a p re f l igh t  ground t e s t  program. This program could be conducted 
with flightworthy ro to r s  i n s t a l l e d  on a research f l i g h t  vehicle,  o r  oc  a 
winged propulsion system f o r  wind-tunnel t e s t s  to  assure orderly progress 
i n t o  research f l i g h t .  

Be FULL-SCALE LIFT ANL DRAG INVESTIGATION 
- 

Since the Model 627 folding proprotor was designed f o r  a dynamic wind-tunnel 
invest igat ion,  minimum a t t en t io i l  was  paid t o  aerodynamic consideration<. 
For t h i s  reason, no blade :aot  c u f f s  were provided. 

It is recomnended t h a t  the Model 627 folding proprotor fo ld  hinge area and 
nace l le  pod he improved aerodynamically, and t h a t  l i f t  and drag wind-tunnel 
t e s t s  on the dynamic wing stand be conducted. The ro to r  blade roots  should 
incorporate a f l ight - type  cuff f a i r i n g  with afterbody s imi lar  to  the design 
depicted i n  Reference 2, Figure IV-70. This  would provide fu l l - sca le  da ta  
t o  predic t  more accurately the performance of a research a i r c r a f t .  

C, AUTOMATIC CONVERSION SEQUENCE CONTROL 

I n  Section I11 of t h i s  r epor t  the f u l l  conversion sequence of a folding prop- 
r o t o r  a i r c r a f t  is  described. Since the folding proprotor requires  many more 
sequence s t eps  thaa the proprotor, i t  is important t o  inves t iga te  an automatic 
sequence cont ro l  through design and manufacture of a prototype u n i t  which 
could be applied to  a m d e l  o r  a f u l l - s i z e  ro to r  such a s  the Model 627. 

D, ROTOR FATIGUE EVALUATION 

For the wind-tunnel evaluation of the Model 627 fo ld i% proprotor, the loads 
f o r  the fo ld  hinge lugs during stopping and s t a r t i n g  were l imited t o  the 3.0- 
hour f a t igce  l i f e  load. This L i m i t  was establ ished conservatively from con- 
t r a c t o r  and other  f a t i g ~ e  t e s t  da ta  of a standard Lug without clamp up o r  
a n t i - f r e t t i n g  protect ion and with a s t r e s s  concentration f a c t c r  equal to  2.5 
and a 25 percent reduction. For t h i s  t e s t  load condition, the o s c i l l a t o r y  
endurance l i m i t  i s  c r i t i c a l  ra ther  than s t a t i c  s t rength.  

I t  i s  recomended tha t  t h i s  t e s t  c r i t e r i o n  be evaluated by a fa t igue  t e s t  to  
describe an ac tua l  fa t igue  s t rength  S-N curve ~f the Model 627 hub and blade 
with complete fo ld  mechanism. This is ~ d v i s a b l e  to  e s t a b l i s h  a reasonable 
c r i t e r i o n  fo r  research f l i g h t  which is completely sa fe  and ye t  does not  
penalize the ro tor  with addi t ional  weight a t  the blade root.  This t is t  could 
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be accomplished i n  the following manner. The t e s t  specimen would be s e t  up 
within a lab t e s t  f i x t u r e  to  apply beam, chord, tors ion,  and cent r i fugal  
loads i n  d i rec t ions  t o  simulate design f l i g h t  loads with each of the three 
blades receiving a d i f f e r e n t  load leve l  to  f a i l u r e .  From the load- time da ta  
point f o r  each blade fold jo in t ,  an S-N curve could be described to determine 
a reasonable fat igue l i f e  f o r  the Model 627 blade and fold jo in t .  This 
recomnended fa t igue  t e s t  can probably be accomplished on the ex i s t ing  Model 
627 t e s t  hardware since the cycle count indicates  tha t  l e s s  than one percent 
of the fa t igue  l i f e  was expended during the wind-tunnel t e s t .  

Since a t e s t  of t h i s  type r e s u l t s  i n  s t r u c t u r a l  f a i l u r e ,  i t  is  reconmended 
t h i s  t e s t  be run a f t e r  a l l  other  possible programs with the ex i s t ing  Model 
527 hardware a r e  complete. 

E. DESIGN IMPROVEMENT OF FOLDIW PROPROTOR FOR FXIGHT 

1. Elimination of Hydraulics from Rotating System 

The Model 627 wind-tunnel t e s t  design c r i t e r i o n  required tha t  the Model 300 
cont ro l  system be retained f o r  c o s t  and engineering hour economy purposes, 
With t h i s  cont ro l  system, space did no t  e x i s t  to  bring mechanical power 
i n t o  the ro ta t ing  system f o r  folding and p i t ch  locking, Hydraulic power 
was employed through a hydraulic s l i p  r ing i n t o  the ro ta t ing  system of the 
ro to r  f o r  t h i s  purpose. 

The use of a hydraulic s l i p  r ing  and high pressure l i n e s  on the ro to r  hub 
i s  not  considered an optimum f l i g h t  service l i f e  design, During the 
wind-tunnel t e s t ,  the hydraulic s l i p  r ing  developsd a major leak a t  the 
r ea r  face s e a l  which required teardown and s e a i  izplacement. 

It is reconnended, therefore,  t h a t  che hydraulic system on the ro to r  be 
eliminated i n  favor of an a l l  -mechanical dr ive through the mast from a 
hydraulic power system i n  the ncnrotating pylon. A n  i n i t i a l  predesign lay- 
ou t  of t h i s  system indica tes  a mc~hanical system to be feas ib le  and des i rable  
f o r  a f l i g h t  ro tor .  An emergency fo ld  pawer system should a l s o  be inves t i -  
gated as p a r t  of t h i s  predesign w;.lch woul? r e s to re  the ro to r  t o  the prop- 
ro to r  mode i n  evefit of a i r c r a f t  hydraulic f a i l u r e ,  A n  a l t e r n a t e  to  t h i s  
could be a complete dual hydrauiic power system. The redesigned system 
should be evaluated during the r e c a m e ,  ed p re f l igh t  research ground-test 
program, 

2. Full-Collec t i v e  Pi tch aange 

I n  Section V, Paragraph A.3, the : . ~ d e l  627 f u l l  co l l ec t ive  p i tch  range 
mechanism f o r  f l i g h t  was discussed. This was a planetary gear system i n  
the root  of the blades and was evaluated during the contractor  whirl  t e s t  
and found t o  possess undesirable cha rac te r i s t i c s .  Since the basic  r o t o r  
cont ro l  sys tem without the planetary sys tern provided adequate cont ro l  range 
f o r  the wind- tunnel t e s t ,  t h i s  mechanism was locked out.  

It is reconmended tha t  a new mechanism or  coat ro l  system fo r  f l i g h t  co l l ec t ive  
p i tch  range be desigxied, mnufactured, and evalvated by a whirl  t e s t  pr ior  t o  
incorporating i n t o  the suggested p re f l igh t  research ground- t e s  t program. 
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This system, which i s  described i n  Section V, paragraph A . 3 ,  locked the 
mast without good low rpm control  s ince oniy co l l ec t ive  w a s  ~!sed to  control  
rpm. This resul ted i n  excessive ro ta t iona l  energy absorbed a t  the ins tan t  
of lockout which excited the f i r s t  wing beam natura i  frequen:~. Using 
co l l ec t ive  f o r  low rpm index control  was more d i f f i c u l t  th tn  arrticipated 
due to  the wing/rotor interference e f f e c t  causing .;he ro tor  to  slow dcwn 
and then speed up three times each revolution a t  each blade passrge. This 
i s  shown i n  Figure VII-2 frdm an ac tua l  low rpm t e s t  run, 
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It is  recommended t h a t  t h i s  system be improved to  incorporate ar_ index r p  
cont ro l  motor o r  a ro to r  az~muth-col lect ive feedback system which would con- 
t r o l  speed during indexing to  two t o  three rpm without f luc tua t ion ,  This 
would provide a smoother engagement of the lock without the mast tors ional  
j o l t  experienced during the wind-tunnel t e s t .  Also, a more posi t ive l o c i  
holding device is needed so inadvertent unlock i s  not possible regardless  of 
hydraulic pressure. The redesigned system shculd be evaluated during the 
p r e f l i g h t  research ground-test program reconmended previously. 

4. Rotor Weight Reduction 

Based on the loads ana oprra t ional  c h a r a c t e r i s t i c s  from the wind-tunnel t e s t  
yragram, a review of a l l  components of the ro tor ,  controls ,  and pylon should 
be made to  dei-.ermine ~ o s s i b l e  weight reductions for the f l i g h t  hardsare. 
This  is primarily i n  the area of the blade root  and g r ips ,  the hub spring 
and hub lockout actuator ,  and the fo ld  dr ive  system, 
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APPENDIX 

LIFT AND D U G  1NVEF'"IGATION 

A. GENERAL 

During the ccurse of the wind-tunnel t e s t ,  tunnel balance force data  were 
taken t o  determine the drag differences between the blades f u l l y  folded and 
the blades f u l l y  unfolded but feathered. The model was d e s i g ~ e d  fo r  dynamics 
invest igat ions and only minor consideration was given t o  the de ta i led  aero- 
dynamics of the pod or  ro tor  blade g r i p  area.  Of pa r t i cu la r  concern i n  
regard to  the ro to r  was the f a c t  tha t  no c u f f s  or  blade g r i p  f a i r i n g s  were 
provided f o r  t h i s  model. Also, the wing s t ruc tu re  is fa i r ed ,  but does not 
possess the co r rec t  a i r c r a f t  a i r f o i l .  In  view of these aerodynamic d i f f e r -  
ences between the model and f u l l  sca le ,  the l i f t  and drag differences 
between various configurations can be used, but the absolute values a re  not 
considered accurate. It has been recomnended i n  Section V I L I ,  paragraph B ,  
nowever, tha t  a fu ture  wind-tunnel force and moment inves t iga t ion  be per- 
formed to  properly assess  l i f t ,  drag, and pitching moment of the f u l l - s c a l e  
ro to r  model with f l i g h t  type g r i p  cu f f s  and fa i r ings .  

A f u l l  discussion of the performance gains expected i n  an operational fold- 
ing proprotor a i r c r a f t  based on the D272 configuration with convert ible  fan- 
s h a f t  engines is given i n  Reference 1 7 .  

B. LIFT - 
L i f t  of the semispan model was determined up to  wing s t a l l  a t  16-18 degrees 
of turntable  angle of a t tack.  It was determined ea r ly  i n  the wind-tunnel 
t e s t  tha t  the angle of a t t a c k  of the turntable  and wing, a,, tha t  resul ted 
i n  zero ro tor  flapping and minimum loads occurred a t  aw equal to  - 2  degrees. 
A t  t h i s  angle of a t t ack  the ro to r  t i p  path plane i s  approximately normal to 
the aast cen te r l ine  by v i r t u e  of the swashplate cont ro l  rigging. 

The data  of pa r t i cu la r  i n t e r e s t  from the t e s t  is tha t  a l i f t  increase occurs 
with the blades folded over a pod without blades. Figure 1 shows the l i f t  
coe f f i c i en t  ( c ~ )  of the model with respect to  angle of a t tack.  The l i f t  and 
drag t e s t  data  reduced and plot ted by NASA were based on a wing semispan 
reference area (SW) equal to  65.8 square f e e t .  (This i s  the same reference 
area used f o r  the Model 300 t e s t  program of Reference 3).  It  can be seen 
from Figure 1 t h a t  f o r  an angle of a t t a c k  of four degrees, the l i f t  co. . -  

f i c i e n t  f o r  blades folded i s  0.04 grea ter  than f o r  blades removed. An 
a i r c r a f t  f lying with blades folded a t  t h i s  angle of a t t a c k  and a t  150 knots 
t rue airspeed a t  sea leve l  would have a l i f t  increase of nearly 400 pounds 
over the same a i r c r a f t  without stowed blades based on the following 
expression: 



L i f t  increase = AcLsW 1 / 2  
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which with the following values: 
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yields:  

L i f t  increase = 400 l b  

Note: No consideration is given here t o  blade root  c u f f s  since 
cu f f s  a r e  not  expected to  a f f e c t  the l i f t  change. 

C. DRAG - 
Drag of the semispan model was determined over the same angle-of-attack 
range a s  f o r  l i f t .  For the purpose of t h i s  discussion, the drag difference 
between blades unfolded and blades folded is  examined a t  the point where the 
l i f t  coe f f i c i en t  is  equal to  zero. Figure 2 shows a p lo t  of l i f t  coe f f i c i en t  
versus drag coe f f i c i en t  (CD) f o r  var ious fold angles from blades f u l l y  
unfolded but  feathered to  blades f u l l y  folded. From Figure 2 i t  can be seen 
t h a t  a t  CL equal 0 the drag coe f f i c i en t  of the ro to r  and t e s t  stand with 
blades folded is  0.037 l e s s  than f o r  the blades f u l l y  unfolded; t h i s  repre- 
sen t s  a 35-percent reduction. The 15-degree increments of fo ld  angle show 
f a i r l y  equal increments of drag reduction except tha t  beyond 75 degrees of 
fold,  the drag reduction i s  very small. Figure 3 shows drag coe f f i c i en t  (CD) 
with respect  to  angle of a t tack ,  and i t  can be seen t h a t  f o r  a moderate range 
of angles of a t t ack  (-4 degrees to +4 degrees), the reduction i n  drag coe f f i -  
c i e n t  f o r  the model with blades folded as compared to  blades unfolded remains 
a t  about 0.037. The increase i n  drag coe f f i c i en t  f o r  the same angle of a t t a c k  
range f o r  blades folded over blades completely removed is  about 0.003. 

Based on the same analogy a s  given i n  the above paragraph on l i f t ,  an a i r c r a f t  
f ly ing  with blades folded a t  a 4-degree angle of a t t a c k  a t  a t rue airspeed of 
150 knots a t  sea l eve l  would have a drag decrease of about 370 pounds a s  com- 
pared to  the same a i r c r a f t  with blades unfolded and feathered based on the 
following expression: 
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Drag change = ACDSW 1 / 2  p ~ 2  

which with the following values: 

y ie lds :  
3rag change = -370 l b  

The assessment of drag reduct ion with folded blades  iri terms of square f e e t  
of f r o n t a l  a r ea  ( f )  can be shown a s  follows: Based on the  drag c o e f f i c i e n t  
(CD) change of 0.037, a s  shown i n  Figure 2 ,  and the  reference wing a rea  f o r  
the  semispan model of 65.8 square f e e t ,  the  reduct ion i n  f r o n t a l  a r ea  
Af = 0.037 x 65.8 = 2.44 x Zwings = 4.88 square f e e t  f o r  the a i r c r a f t .  
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Figure 1 .  Model 627 Folding Proprotor Lift  Coefficient Versus 
Angle of Attack. 
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TEST 399 

BLADE FOLD ANGLE 

A 0". RUN 24 

015O. RUN 24 

0 30'. RUN 24 

0 4 5 ' .  RUN 25 

Figure 2 ,  Model 627 Folding Proprotor Lit t Versus Drag Coefficient 
at  Various Fold Angles. 
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0 BLADES OFF RUN 32 

0 B W E S  FOLDED 90' RUN 39 

BUDES FOLDED 30' RUN 30 

0 BLADES ON, FEATHERED RUN 24 

0 BLADES ON 345 RPW RUN 30 

ANGLE OF ATTACK - DEGREES 

Figure 3 .  Model 627 Folding Proprotor Drag Suamary. 
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DRAWING LIST 

DRAUINGS 

300-018-014 Dynamic Wing Test Stand 

627-018-100 Rotor and Controls Installation 

627-010-101 Yoke Assembly 

627-018-102 Fold Mechanism 

627-015-103 Blade Assembly 
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