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ANALYTICAL INVESTIGATION  OF THE EFFECTS  OF 
BLADE FLEXIBILITY, UNSTEADY  AERODYNAMICS, AND VARIABU INFLOW 

ON HELICOPTER ROTOR STALL  CHARACTERISTICS 

E .  D .  Bel l inger  
United Aircraft  Corporation  Research  Laboratories 

SUMMARY 

An ana ly t ica l   s tudy  was conducted to   i nves t iga t e   sys t ema t i ca l ly   t he  
r e l a t i v e  importance of 'trlade f l ex ib i l i t y ,   uns t eady  aerodynamics, and var iable  
inflow  (with and without wake dis tor t ions)   in   determining  predicted  hel icopter  
r o t o r   s t a l l   c h a r a c t e r i s t i c s .  The theo re t i ca l   r e su1 . t~  of t h i s   s tudy  were 
compared with  corresponding f u l l  sca le  wind tunne l   r e su l t s   fo r   t he  H-34 ro tor  
system.  Various l eve l s  of r o t o r   s t a l l  were i n v e s t i g a t e d   a t  forward  speeds of 
117 knots and 194 knots.  The c lass ica l   theory   ( r ig id   b lades ,   s teady   aero-  
dynamics,  and constant  inflow) produced good correlat ion  a t   nominal ly   unstal led 
operating  conditions.  However, r o t o r   l i f t s   s i g n i f i c a n t l y  lower  than  the  tes t  
values were predicted a t  high  blade  angles  of  at tack. The use  of  unsteady 
a i r f o i l   d a t a  provided  the most s ign i f i can t  improvement i n   c o r r e l a t i o n  by 
allowing  higher  section lift c o e f f i c i e n t s   t o  be  reached due t o   t h e  "s ta l l  
delay' '  phenomenon associated  with  unsteady  operating  conditions.  

The primary  effect  of b l a d e   f l e x i b i l i t y  was due t o   b l a d e   t o r s i o n a l  
de f l ec t ions ,  which, as with  blade  pitch  changes, had a d i r e c t   e f f e c t  on per- 
formance. It was found tha t   t he   de f l ec t ions ,  and therefore  performance, were 
s e n s i t i v e   t o   t h e  chordwise  location of the  mass ax is ,   ind ica t ing   the  need fo r  
accurately  defining  this  parameter.   Variable  inflow,  although  producing 
s ign i f i can t  changes in   the  angle   of   a t tack  dis t r ibut ion  over   the  disc ,   d id   not  
appreciably  affect   rotor  performance. 

INTRODUCTION 

Unt i l   recent ly ,   the   p red ic t ion  of he l icopter   ro tor  performance  charac- 
t e r i s t i c s  had general ly  employed  methods  which assume r ig id   b l ades ,  two- 
dimensi.ona1 s teady  a i r foi l   aefndynamics,  and constant  inflow  (Ref. 1). Under 
moderate f l i gh t   cond i t ions  th-.ne methods  have  demonstrated %heir r e l i a b i l i t y  
and ease of appl ica t ion ;  however,  under conditions where rotor   blade  sect ion 
angles   of   a t tack  are   predicted  to   exceed  s teady-state   values ,   the   theories  
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have  invariably  predicted  conservative s t a l l  charac te r i s t ics   ( i . e . ,   the   p re-  
d i c t ed  lift and propuls ive   force   for  a given power a r e   s i g n i f i c a n t l y  less 
than measured values).   This phenomenon has  been  observed  by many inves t iga to r s  
( s e e ,   f o r  example , Refs. 2 through 6) and i s  i l l u s t r a t e d   i n   F i g .  1 where 
predicted l i f t  and torque  are  compared wi th  those  obtained  in   ful l -scale  wind 
tunnel   t es t s   (Ref .  7).  The f a l l - o f f   i n   t h e o r e t i c a l  l i f t  i s  c h a r a c t e r i s t i c  of 
f ixed  wing s t a l l ,  where the  l i f t  depar t s   f rom  l inear i ty  and i s  accompanied  by 
a sharp   increase   in   d rag  or ,  in  thTs  case,   torque. The experimental l i f t  da t a  
appear  unstalled and while  the  torque  does  exhibit  some evidence  of s t a l l ,  the 
s t a l l   a p p e a r s   t o  be less   severe   than  predicted.  It  i s  these  discrepancies  
between t e s t  and theo ry   t ha t  have  prompted the   inves t iga t ion   repor ted   here in .  
The purpose  of the study was t o  examine systematical ly   cer ta in   assumptions  in  
t he   c l a s s i ca l   t heo r i e s   t o   de t e rmine   t he i r   e f f ec t s  on the  observed  discrepancies. 
The assumptions t h a t  were  considered most se r ious  and  which  could  be  evaluated 
with our  current  analyses were nonflexible  blades , steady  aerodynamics, and 
constant  inflow. 

It i s  recognized  that  even the most sophis t icated  vers ion of the   ana lys i s  
employed i n   t h i s   s t u d y  s t i l l  contains  assumptions  which may eventually  prove 
c r i t i c a l   t o   t h e   p r e d i c t i o n   o f   r o t o r  s t a l l  cha rac t e r i s t i c s .  For example,  span- 
wise flow e f f e c t s  due to   cen t r i fuga l   fo rces ,  spanwise  pressure  gradients, o r  
blade sweep have  been  neglected.  In  addition,  the  blades  are  represented  by 
l i f t i n g   l i n e s  rather than by l i f t i n g   s u r r a c e s .  Work i n   t h e s e  areas i s  pro- 
ceeding  (see,   for example,  Refs. 8 through 11) b u t  i s  genera l ly   on ly   in  i t s  
i n i t i a l  development s tage .   In   cont ras t ,   s ign i f icant   p rogress   has  been made 
r e c e n t l y   i n   t h e  development  of  variable  inflow  (including wake d i s t o r t i o n s )  
and f lexible   blade  analyt ical   techniques  (e .g . ,   Refs .  12 through 15) .  Also, 
considerable   data  on the  unsteady  aerodynamic  characteristics of a i r f o i l s  
o s c i l l a t i n g   s i n u s o i d a l l y   i n t o   s t a l l  have  been acquired  (Refs. 16 and l7), 
although  there  remain  significant  questions on  how best   to   apply  such  data   in  
a rotor  blade  environment.  In view of the  progress  made i n   t h e   l a t t e r   a r e a s ,  
I t  appeared  timely  to  conduct a sys temat ic   s tudy   to   eva lua te   the   re la t ive  
importance  of  these  analytical  refinements and t o  provide  guidance  for  future 
research   e f for t s .  
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LIST OF SYMBOLS 

B I S  

B i S  

l l f t - cu rve  slope 

angular  velocity  parameter 2u C& 

scaling  dimensions as def ined  in   Fig.  7 

longi tudina l   f lapping   coef f ic ien t   for   the  -cos$ term i n  Fourier 
series  expansion of b lade   f lap   angle   wi th   respec t   to   the   ro tor  
sha f t   a t   t he   f l app ing   h inge ,  deg 

longi tudina l   cyc l ic   p i tch   coef f ic ien t   for   the  -cos$ term i n  
Fourier  series  expansion of the   ro tor   b lade   cyc l ic   p i tch ,  deg 

experimental   longi tudinal   cycl ic   pi tch  required  to  trim to   zero  
f i r s t  harmonic of f lapping  given  in   Ref .  7, deg 

experimental   longi tudinal   cycl ic   pi tch  required  to  trim t o   z e r o  
f i r s t  harmonic  of f lapping  for   zero  col lect ive  pi tch,  twist and 
shaft   angle  given i n  Ref. 7, deg 

scaling  dimensions  as  defined  in  Fig. 6 

scaling  dimensions  as  defined  in  Fig.  6 

number of blades 

angular  acceleration  parameter(&) 
2 

l a t e r a l   f l a p p i n g   c o e f f i c i e n t ,   c o e f f i c i e n t  of -sind/  term i n  
Fourier  series  expansion  of  blade  f lap  angle  with  respect  to  the 
sha f t  a t  the  flapping  hinge,  deg 

iongi tudina l   cyc l ic   p i tch   coef f ic ien t   for   the   sin^ term i n  
Fourier  series  expansion  of  the  rotor  blade  cyclic  pitch,  deg 

exper imenta l   l a te ra l   cyc l ic   p i tch   requi red   to  trim t o   z e r o   f i r s t  
harmonic  of f lapping  given  in   Ref .  7, deg 

expe r imen ta l   l a t e ra l   cyc l i c   p i t ch   r equ i r ed   t o  trim t o   z e r o  f i r s t  
harmonic  of  flapping f o r  zero   co l lec t ive   p i tch ,  twist ,  and sha f t  
angle  in  Ref.  7, deg 
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blade  chord, f t  

local   sect ion  drag  coeff ic ient ,   sect>ion  drag  force/(3ipU 2 c) 

sect ion  drag  coeff ic ie :? t  -- no s ta l l  

s teady-state   sect ion drag c o e f f i c i e c t  

sect ion normal force  coefficier:  t , sect ion normal  force/(;, pu2c ) 

ro to r   p ropu l s ive   fo rce   coe f f i c i en t   t o   so l id i ty   r a t io ,   ro to r  
propulsive  forcelp,  R ~ ( Q R ) ~ O  

ro to r   t o rque   coe f f i c i en t   t o   so l id i ty   r a t io ,  r G t O r  torque/p,R3(flR)', 

f lapping  hinge  offset  from the hub center ,  f t  

acce lera t ion   of   g rav i ty ,   f t / sec  2 

loca l   d i s t r ibu ted   loading ,   lb / in .  

ro to r  l i f t  fo rce ,   ve r t i ca l  component of ro tor   resu l tan t   force  
(normal t o   f l i g h t   v e l o c i t y ) ,   l b  

Mach number 

limit. mach numbers t o  which scaled  unsteady  aerodynamic  data 
a r e  used f o r  a ' s  above and below steady-state  s t a l l  (see  Fig.  4) 

advancing t i p  Mach number 

ro to r  rad ius ,  f t  

resultall l ;   blade  section  velocity,   f t /sec 

component of U normal t o  both UT and the   l oca l  span ax is  of blade,  
upflow i s  pos i t ive ,   f t / sec  
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UT 

X 

Y 

z 

ff 

f f C  

ffmax, L 

amax , u 

‘YOL 

ffs YffS 

rn 

% t 

component  of U p a r a l l e l   t o   p l a n e  of ro t a t ion  and normal t o   l o c a l  
span axis of b lade ,   f t / sec  

fyee-stream  velocity,   knots 

b l ade   r ad ia l   s t a t ion  measured  from the hub center  divided byR 

longi tudinal   nonrotat ing hub c o o r d i n a t e   p a r a l l e l   t o   t h e   t i p  
path  plane,  f t  

l a t e ra l   nonro ta t ing  hub coord ina te   pa ra l l e l   t o   t he   t i p   pa th  
plane , f t  

v e r t i c a l  hub coordinate   perpendicular   to   the  t ip   path  plane,  f t  

sect ion  angle  of attack,  deg 

rotor   control   angle  of a t t ack ,  deg 

angle of a t t ack  where t h e   s e c t i o n   l i f t  i s  a maximum, deg 

maximum unsteady  angle of a t t ack ,  deg 

section  angle of a t t ack  f o r  zero l i f t ,  deg 

ro tor   shaf t   angle  from plane  perpendicular  to  the  free-stream 
ve loc i ty ,   pos i t i ve  when sha f t  t i l t s  downstream,  prime denotes 
wind tunnel measurement,  deg 

wind tunnel  shaft   angle  correction  increment due t o  wind tunnel 
wal l   in te r fe rence ,  deg 

s teady-s ta te   s ta l l   angle   for   p i tch ing  moment coe f f i c i en t ,  deg 
(see  Fig.  4) 

s t e a d y - s t a t e   s t a l l   a n g l e   f o r  normal force   coef f ic ien t ,  deg 
(see  Fig.  4 )  

ang le   a t  which s teady-s ta te   d rag   coef f ic ien t   in i t ia l ly   equa ls  
c , s ina ,  deg (see  Fig. 7 )  

local   b lade  f lap  angle   including  contr ibut ions due t o  bending,  deg 

5 



O75 
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52 

pi tch-f lap  coupl ing 

loca l   b l ade   e l a s t i c  twist angle   about   the   e las t ic   ax is ,  
positive  nose  up,  deg 

l i n e a r   b u i l t - i n  twist r a t e ,   p o s i t i v e  when t i p   p i t c h   g r e a t e r   t h a n  
roo t   p i t ch ,  deg 

b lade   co l lec t ive   p i tch   as  measured a t  t he  0.75 R spanwise 
s ta t ion ,   deg  

advanced r a t i o ,  V c o s c y ~ f i  

air  dens i ty ,   s lugs / f t3  

r o t o r   s o l i d i t y ,  bc/nR 

r o t o r  azimuth angle measured  from downwind p o s i t i o n   i n   d i r e c t i o n  
of ro t a t ion ,  deg 

frequency,  rad/sec 

frequency  of f i r s t  flapwise  bending mode divided by52 

frequency  of f i rs t  edgewise  bending mode d iv ided   by9  

frequency  of f i r s t  t o r s iona l  mode divided b y 0  

rotor   angular   veloci ty ,   rad/sec 

f i rs t  der ivat ive with respec t   to   t ime 

second der ivat ive  with  respect   to   t ime 
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ROTOR CHARACTERISTICS AND WIND TUNNEL DATA 

H-34 Rotor Data 

The experimental   resul ts  used i n  t h i s   i n v e s t i g a t i o n  were obtained f’rom 
wind tunnel  tes ts  of a H-34 he l i cop te r   ro to r .  This i s  a f u l l y   a r t i c u l a t e d ,  
4-bladed  rotor  producing a t h r u s t  of  approximately 13,000 lb a t   des ign   gross  
weicht. The blade  dimensional and s t ruc tu ra l   da t a  were  obtained from  Ref. 19 
and a summary of  the  pertinent  information i s  presented below. 

H-34 Rotor  Characterist ics 

Rotor  radius, R ,  f t  28 

Blade  chord,  c, f t  1.367 

Cutout  radius 0.16 R 

Rotor s o l i d i t y ,  bc /nR  0.062 

Reference  area, bcR , f t 2  153.1 

Bl.ade moment of iner t ia   about  
f lapping  hinge,   f t - lb-sec2 1264 

Blade  weight moment about 
f lapping   h inge ,   lb - f t  2265 

Flapping  hinge  offset 0.036 R 

Number of b lades ,b  4 

Airfoil sec t ion  NACA 0012 

Blade t a p e r   r a t i o  1.0 

Lag damper, f t - lb/rad/sec 2 730 

Pi tch-f lap  coupl ing,63 0 

Nondimensional  frequency  of 
f i r s t  flapwise  bending mode, iGWl 2.68 

Nondi.mensiona1 frequency of 
f i r s t  edgewise  bending mode, 3 3 933 v1 
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Nondime.nsiona1 frequency  of 
f i rs t  to r s iona l  mode 

9 Gel 7-29 

Blade  chordwise  center  of 
grav i ty   loca t ion  0 2 3 8  c 

Blade  chordwise e l a s t i c  
axis loca t ion  0.238 c 

Wind Tunnel  Test  Conditions 

The wind tunne l   t e s t   cond i t ions  were se lec ted  so  that  various l eve l s  of 
r o t o r   s t a l l  could be analyzed as wel l  as unstal led  condi t ions.   In   addi t ion,  
it was des i r ab le   t o   s e l ec t .   cond i t ions  which would provide   var ia t ions   in   b lade  
twist ana r o t o r  advance rat io .   Increased  blade twist i s  predicted by c l a s s i c a l  
t h e o r y   t o   d e l a y  s t a l l  onset  while it was expected  that  unsteady  aerodynamic 
e f f e c t s  would increase   s ign i f icant ly   wi th   advance   ra t io .  A summary of  the 
nominal tes t   condi t ions   inves t iga ted  i s  given  below: 

Wind Tunnel Test Conditions 

Forward 
Velocity 
(knots) 

117 
116 
194 

Blade  Collective  Shaft A i r  
Advance Twist Pi tch  Angle Demity 

Ratio (deg 1 (deg 1 (deg 1 ( s lugs / f t3)  

0.3 -8 8 -5 , 0, 5, 10 0.002203 
0.3 0 8 -5 , 0 ,  5, 10 0.002213 
0-5  0 8 - 5 ,  -3, 2, 5 o .002036 

Wind Tunnel Corrections 

Two tunnel   interference  correct ions  are   appl icable   to   the  experimental  
data   presented  in   Ref .  7. The f i rs t  i s  a small co r rec t ion   t o   ro to r   ang le  of 
a t t a c k   t o  account   for   the   res t ra in ing   e f fec t   o f  the tunnel  walls on the  average 
rotor  inflow. The second i s  a cyc l ic   p i tch   cor rec t ion   to   account   for   the  
unsymmetrical  flow  produced  by  the  rotor  support module. 

The formula  used f o r   t h e  a.ngle  of a t tack   cor rec t ion  i s  given below  and 
was determined  from  Ref. 20, assuming t h e   r o t o r  behaves  as a c i rcu lar   f ixed  
wing. 
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where 

The coe f f i c i en t  0.54 i s  a funct ion of t h e   r a t i o   o f   t h e   d i s c   a r e a   t o   t h e  
tunnel   cross-sect ional  area and of  the  shape and type of t h e   t e s t   s e c t i o n .  
The maximum correct ion  angle   for   the  condi t ions  invest igated was calculated 
t o  be 0.7 deg. A fu r the r  check on the   gene ra l   va l id i ty  of th is  cor rec t ion  
f o r   t h e  most  extreme  condition  considered was made by computing has according 
t o   t h e   t h e o r y   o f  Ref. 21. A comparison  of t h e   r e s u l t s   i n d i c a t e d   t h a t   t h e  
d i f fe rence  between the   f ixed  wing theory of  Ref. 20 and the  theory  of  Ref.  21 
was negl ig ib le .  The theory of  Ref. 21 a l so   p red ic t s   the   ex is tence  of a 
forward ve loc i ty   cor rec t ion   fac tor   a t   h igh   va lues   o f  CL /op ; however, for   the  
condi t ions  considered  this   veloci ty   correct ion proved negl ig ib le .  

2 

Cyclic   pi tch  correct ion  angles  were included t o  account  for  the 
unsymmetrical  flow  conditions  by  the hub and support module in te r fe rence .  
This dissymmetry i n   t h e  flow was evidenced by the  nonzero  cyclic  pitch  inputs 
requi red   dur ing   the   t es t   to   e l imina te   the  f irst  harmonic  of  blade  flapping 
under conditions  of  zero l i f t  (i .e. , zero blade twist, zero  shaf t   angle  , and 
ze ro   co l l ec t ive   p i t ch ) .  If the   ro to r  were opera t ing   in   undis turbed   a i r ,  no 
such  inputs would be required.  The correct ions were  applied  according t o   t h e  
following  formulas: 

where the  prime quant i t ies   are   the  recorded  input   cycl ic   pi tch  angles   a t   each 
t e s t   cond i t ion .  The de l ta   va lues  were obtained from the  zero lift conditions 
measured for  the  zero twist ro to r  a t  various  tunnel  speeds. These quan t i t i e s  
are   presented  in  Ref. 7 and a r e  summarized on Fig.  2. Average correct ion 
angles   for   the two forward  speed  conditions  investigated are given  by  the  solid 
curves   in   Fig.  2. Table I contains a summary of the  corrected  control   angles  
fo r  use in   t he  Blade  Response Program as wel l  as the  corresponding  experimental 
ro to r  performance  data.  In  the  experimental  data,  the  shaft  angles, as , of 
Table I are   equiva len t   to   the   recorded   t ip   pa th   p lane   angles ,  cyYTPP, s i n c e   a t  
each t e s t   p o i n t   t h e  f i rs t  harmonic of blade  f lapping was reduced t o   z e r o  
through  cyclic  pitch  inputs.  
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Additional  f low  interference may be  caused by the   i n t e rac t ion  between 
t h e   r o t o r  induced ve loc i ty  and the flow  around the  hub  and fuselage  during 
l i f t i n g   c o n d i t i o n s .  An attempt  has  been made t o  account  for  such  inteference 
by   present ing   the   resu l t s   in   t e rms   of   ro tor   t ip   pa th   p lane   angle   ra ther   than  
shaf t   angle   o f   a t tack .  The former  should  be a measure  of t he  mean angle of 
a t t a c k  of the   ro tor   whi le   the  l a t t e r  i s  a r a t h e r   a r b i t r a r y   q u a n t i t y  which i n  
no way r e f l e c t s   t h e  amount of i n t e r f e rence   t ha t  may be present.  This  procedure 
i s  equ iva len t   t o  assuming that   the   incremental   f lapping due t o  aerodynamic 
interference  could  be  predicted  given  an  accurate model of such  interference.  
Table I1 contains   the  shaf t   angles ,   b lade  f lapping  angles ,  and r o t o r   t i p   p a t h  
plane  angles of attack  obtained from the  computer ou tput   for  a l l  conditions 
inves t iga ted .   Di f fe rences   in   the   input  shaft angles  of  Table I and the  output  
shaf t   angles  of  Table I1 a re  due to a f i n i t e  convergence  tolerance  used  in  the 
ca lcu la t ions .  The t ip   pa th   p lane   angle  was computed by the  following  equation 

cyTPP= as + a 
l h  

Here, t o  be c o n s i s t e n t   w i t h   t h e   t e s t   r e s u l t s , a l h  i s  the  longi tudinal   f lapping 
coe f f i c i en t  measured a t  the flapping  Ilinge. 

ANALYTICAL METHODS 

The problem  of predicting  rotor  aerodynamics  in  forward  f l ight i s  not a 
simple task. Even i f  the  flow f i e l d  induced  by  the  rotor  wake's  vortex  system 
i s  assumed t o  be known, one i s  s t i l l  faced with p red ic t ing   t he   cha rac t e r i s t i c s  
of l i f t i n g  elements  operating  in  compressible  flow and executing complex 
unsteady  motions  into  s ta l l .  Unsteady e f f ec t s   a r i s e   no t   on ly  from  angle of 
a t t ack   va r i a t ions  b u t  a l s o  from va r i a t ions   i n   b l ade  sweep angle and l o c a l  
veloci ty .  No closed form so lu t ion  i s  cur ren t ly   poss ib le  and any ana lys i s  must 
involve  assumptions which s t r i k e  a reasonable  balance  between  accuracy and 
p r a c t i c a l i t y .  The UAC Rotor  Analysis used i n   t h i s   s t u d y  and shown in   b lock  
diagram  from i n   F i g .  3 i s  no  exception i n   t h i s   r e g a r d .  The ana lys i s  i s  under 
cont inual  development with  recent  emphasis  being  placed on the  modeling  of 
unsteady  aerodynamic and r o t o r  wake d i s t o r t i o n   e f f e c t s .  It i s  beyond the  
scope of t h i s  r epor t   t o   p rov ide  a complete  documentation  of a l l   f a c e t s  of the 
ana lys i s .  Such documentation i s ,  however, ava i l ab le   i n   t he   gene ra l   l i t e r a tu re  
(Refs.  12  through 14,  and 18). New features  of  the  analysis used i n  t h i s  study 
a r e   f u l l y  documented herein.  Also, t o  provide some framework i n  which t o  
evaluate the resu l t s   p resented ,  a summary of the  basic  assumptions  of  the 
a l a l y s i s  i s  given below and i s  followed  by a l imited  discussion of some of  the 
more important   technical   features   of   the   analysis .  
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Assumptions 

1. The r o t o r   r o t a t i o n a l   v e l o c i t y  i s  constant.  

2. Two-dimensional unsteady  normal  force and pi tching moment da t a  
obtained  for  an air foi l   execut ing  forced  constant   ampli tude  s inusoidal   pi tch 
o s c i l l a t i o n s  under constant  velocity 'conditions  can be applied under r o t o r  
blade  operat ing  condi t ions  hvolving  veloci ty   var ia t ions and multi-harmonic 
angle of a t t ack   va r i a t ions .  It i s  assumed t h a t   t h i s   a p p l i c a t i o n  can  be 
accomplished  by  generalizing  the  basic  data  to  functions  of  section  angle  of 
a t tack,   angular   veloci ty ,  and angular  acceleration. 

3. The effects   of   compressibi l i ty  on unsteady a i r f o i l   c h a r a c t e r i s t i c s  
can be approximated  by  scaling  the  generalized  incompressible  unsteady  data 
using  scaling  procedures  which  generally  predict   the  effect   of  compressibil i ty 
on s t e a d y - s t a t e   a i r f o i l   c h a r a c t e r i s t i c s .  

4 .  Quasi-steady,  two-dimensional  aerodynamic  theory i s  applicable for  
those  blade  sections  operating a t  conditions of high Mach number and high 
angle of a t t ack  or  in  reversed  f low. 

5 .  Unsteady  drag coe f f i c i en t s  can be synthesized from steady-state  
values   using  correct ions  proport ional   to   the  differences between steady, 
unsteady, and potent ia l   f low lift cha rac t e r i s t i c s   ( s ee   t ex t   fo r   fu r the r  
d i scuss ion) .  

6. The veloci t ies   induced  a t   the   rotor  by the  vortex  system  representing 
the   ro tor  wake can be computed using a l i f t i ng - l ine   t ype  of ana lys i s .  The 
posi t ion  of   vortex  f i laments   t ra i led from the  blade  sections  inboard  of  the 
t i p   a r e  assumed t o  be nondistorted ( i .e . ,  vortex  elements  are  convected a t  a 
ve loc i ty   equa l   t o   t he   vec to r  sum of the   loca l   f ree   s t ream  ve loc i ty  and the  
momentum inf low  veloci ty) .  The vortex a t  t he   b l ade   t i p  on the  other hand i s  
allowed t o   d i s t o r t   ( i . e . ,  i s  f r e e   t o  convect a t  a ve loc i ty   equa l   t o   t he  
vector sum of   the  local   f ree   s t ream  veloci ty  and the  velocity  induced  by  the 
various  elements of t h e   t i p   v o r t i c e s .  

7. The blade  has an e l a s t i c   a x i s  so that   b lade  def lect ions  can be 
considered as the  superposit ion of two or thogonal   t ranslat ions of t h i s  axis 
and a rotat ion  about  it. 

8. P r inc ipa l   b l ade   f l ex ib i l i t y   e f f ec t s   can  be  accounted f o r  by 
considering  only one to r s iona l ,   t h ree  flapwise, and  two edgewise v ibra tory  
modes. 
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9. Blade f l a p  and lag  hinges are co inc iden t   fo r   a r t i cu la t ed   ro to r s .  

10. The loca l   cen ter   o f   g rav i ty  i s  assumed t o  l i e  on t h e  major p r inc ipa l  
axis of   the  sect ion.  

11. The following  quantit ies  can  be assumed t o  be small i n  comparison 
t o   u n i t y :  

a. 

b .  

C .  

d.  

e .  

f .  

g *  

12. On 

Flap and lead  angles   ( in   radians)  and the i r   de r iva t ives  

Ratios of e l a s t i c   d e f l e c t i o n s   t o   r o t o r   r a d i u s  and the i r   de r iva -  
t ive s 

Ratios of chordwise  distances  ( i .e. ,   chord,   center-of-gravity 
o f f s e t ,   e t c . )   t o   r o t o r   r a d i u s  

Bui l t - in  twist ( i n   r a d i a n s )  

Ratio of flap-lag  hinge rad ia l  d i s tance  from center   of   rotat ion 
t o   r o t o r  radius  

Froude number (g /$R) 

Ratios  of  blade  thickness  dimensions t o  chord 

the   bas i s   o f  Assumption 11, the  following  types  of  terms  in  the 
equations  noted  can  be  neglected  as  higher  order: 

a.  Flapwise  and  edgewise  bending  equations : 

(1) Second order   procducts   involving  e las t ic   coordinates ,  
d i s t a r c e  between b l ade   e l a s t i c   ax i s  and center   of   gravi ty  
axis 

(2)  Third  order  products  involving  elastic  coordinates,  chord- 
wise   d i s tances ,   f lap   angle ,   l ead   angle ,   bu i l t - in  twist ,  
and f lap- lag  hinge  offset  

b.  Torsional  equation : 

(1) Third  order  products  involving  elastic  coordinates,  and 
dis tance between b l ade   e l a s t i c  axis and center   of   gravi ty  

( 2 )  Fourth  order  products  involving  elastic  coordinates,  chord- 
wise d?s tances ,   f lap   angle ,   l ead   angle ,   bu i l t - in  twist, 
and flap-lag  hinge  off  set 
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c. Flap  angle and lead  angle  equations -- second  order  terms 
involving  products of e las t ic  coordinates,  chordwise  distances, 
and b u i l t - i n  twist. 

d.   Sect ion  veloci ty   equat ions : 

(1) Second order  products  of  elastic  coordinates 

(2)  Third  order   products   involving  the  e las t ic   coordinates ,  
chordwise  dis tances ,   f lap  angle ,   lead  angle ,   bui l t - in  twist 
twist, and f lap- lag  hinge  offset  as f ac to r s  

e .  All equations -- the  spanwise component of accelerat ion due t o  
grav i ty .  

Blade  Response Program 

This program determines  the  fully-coupled  response of  a f l ex ib l e   ro tp t ing  
blade,   g iven  the  dis t r ibut ion of induced v e l o c i t i e s  over t he   d i sc  and the   ro tor  
control   angles .  The blade  def lect ion i s  expanded i n  terms  of i t s  uncoupled 
na tu ra l   v ib ra to ry  modes (normal  modes). The normal mode technique i s  widely 
used to   so lve   ae roe la s t i c  problems (see,  f o r  example,  Ref.  22,  p.  125) and 
f a c i l i t a t e s   t h e  numerical  integration  of  the  blade  equations of  motion  through 
elimination  of dynamic coupling terms. In   th i s   inves t iga t ion ,   the   b lade   res -  
ponse i s  assumed t o  be composed  of a r i g i d  body f lapping mode, t h r e e   e l a s t i c  
flapwise modes, a r i g i d  body lagging mode, two e l a s t i c  edgewise modes, and one 
e l a s t i c   t o r s i o n a l  mode.  The bas ic   d i f fe ren t ia l   equa t ions  of motion  governing 
the  response of each of the  blade modes are  given  in  Ref. 12 .  

The aer0dynami.c model described  in  the  analysis of  Ref.  12 was based on 
the  use of steady-state,  two-dimensional  airfoil  data.  In  accordance  with 
quasi-steady  theory  (Ref.  22, p.  279) ,  (1) the   local   sect ion  angle  of a t tack  
was defined by the   ve loc i ty  components a t  i t s  three-quarter chord point and 
( 2 )  the   theore t ica l  damping moment i n   p i t c h  was included.  In  defining  the 
local   angle   of   a t tack  for   condi t ions  with  var iable   inf low,   the  inf low  a t   the  
r o t o r  induced  by  the  vortex  system  representing  the  rotor wake  was computed 
using an ana lys i s  similar t o   t h a t  of  Ref. 14. Wake d i s t o r t i o n   e f f e c t s   a r e  
a lso  included as described  in Ref. 13. Recent  modifications to   t he   ae ro -  
dynamic model have  been made (Ref. 18) i n  an at tempt   to   incorporate  a b e t t e r  
representat ion of t h e   e f f e c t s  of t h e  shed wake v o r t i c i t y  (wake v o r t i c i t y  
a r i s i n g  from time-wise  variation of blade bound v o r t i c i t y )   a t   a l l   a n g l e s   o f  
a t t ack  and, i n  par t icu lar ,   those  above s t e a d y - s t a t e   s t a l l .  To accomplish 
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t h i s ,   s t e a d y - s t a t e   a i r f o i l   d a t a   h a s  been  replaced,  where  possible , by  unsteady 
da ta .  The l a t t e r  we:.s derived from ava i l ab le   da t a   fo r  a tw.a-dimensiona1 air- 
foi l   execut ing  forced,   pure   s inusoidal   pi tching  motion.   Typical   rotor   blade 
operat ing  condi t ions  involve  var ia t ions  in   the  local   reduced  f requency cw/2uT 
with  time as well as the  presence  of  several   harmonics  in  the  local  angle  of 
a t t ack   va r i a t ions .  A r igorous method for   applying  s inusoidal   data   in   such 
circumstances  has   not   yet   been  es tabl ished.   In   this   invest igat ion,  it has 
been  hypothesized  that   the  sinusoidal  data  could  be  generalized,  through 
c r o s s   p l o t s ,   t o   f u n c t i o n s  of  section  instantaneous  angle  of  at tack (a), 
angular   veloci ty  ( A )  , angular   accelerat ion ( B ) ,  and Mach number ( M ) .  Given 
the   loca l   va lues  of these  parameters  for  each  section, i t s  unsteady lift and 
moment can be  computed. 

A s  envisioned,  unsteady  normal  force and moment da t a  from Refs. 16 and 
17 fo r   t he  NACA 0012 a i r f o i l  were t o  be general ized  to   funct ions  of   the 
parameters  noted  above,  with  the Mach number range  covered  extending up t o  
0.6. However , because of the  limited  scope of t he  data from  Ref. 17, it was 
not   poss ib le   to   recas t   tha t   da ta   ( th rough  c ross   p lo ts )   in   the  form desired.  
Therefore, an at.tempt was made to   scale   the  incompressible   data  of Ref. 16 t o  
account   approximately  for   compressibi l i ty   effects .  A scaling  procedure  based 
on the  s teady-state  s t a l l  angle was postulated.  The s teady-state  normal force  
and p i tch ing  moment cha rac t e r i s t i c s  of t he  NACA 0012 a i r f o i l ,  normalized i n  
terms of s t a l l   a n g l e ,  were  used t o  evolve  separate   scal ing laws f o r  normal 
force and moment. These s teady-state   scal ing laws  were then assumed t o  apply 
to   the   uns teady   b lade   charac te r i s t ics   as   wel l .   Deta i l s  of the  techniques  are 
described  in  Ref.  18. Conventional,  steady-state l i f t  arld  moment da ta   for   the  
NACA 0012 a i r f o i l   s e c t i o n  were  used for  those  combinations of angle of a t t ack ,  
a, and Mach number, M y  f o r  which either  unsteady  data were not   avai lable  or  
the  scaling  procedures were believed  suspect.  Figure 4, obtained  from  Ref. 18, 
ind ica tes   the  a, M regions where steady and unsteady  data were  used as   wel l   as  
t rans i t ion   reg ions  where normal force and p i tch ing  moment coe f f i c i en t s  were 
obtained by in te rpola t ing  between the  steady and unsteady  data. 

A sample p lo t  showing the  form  of the  generalized  unsteady  data i s  given 
in   F ig .  5 .  Normal force and pi tching moment coef f ic ien ts   a re   p resented   for  
one Mach number and angular  acceleration  parameter  for  both  posit ive and 
negat ive  angular   veloci t ies .  The r e su l t s   i nd ica t e   t ha t   s ign i f i can t   depa r tu re s  
from steady-state  values  can  occur dependir?g on the  operating  environment 
(a, M y  A ,  B )  of t h e   a i r f o i l .  A complete tabulation  of  the  generalized  data i s  
given  in  Ref. 18. 

14 



A s  noted  above,  unsteady  experimental  results were avai lable   only  for  
normal force and p i tch ing  moment. Unsteady  drag  characterist ics were  approx- 
imated  from consideration  of  the  occurrence  and  severity of s t a l l  as indicated 
by  departures   of   the  l i f t  force  from po ten t i a l  flow  values. The unsteady 
drag   coef f ic ien t  was computed by taking  the  steady-state  value and adding t o  
it an  increment  based on a scal ing  ra t io   determined from the  steady,  unsteady, 
and potent ia l   f low l i f t  da ta .  The r a t i o  used  depends on whether  the  particular 
operating  condition (a, M, A ,  and B)  produces a l i f t  force which l i e s  i n  a 
region bounded by the   po ten t i a l  flow and s teady-state  l i f t  curves or i n  a 
region bounded by  the  s teady-state  and so-ca l led   fu l ly-s ta l led  lift curves. 
The a i r f o i l  i s  defined as be ing   fu l ly-s ta l led  when the   d rag   coef f ic ien t  i s  
given  by  cnsina. The fu l ly-s ta l led   va lues  of  cn  were taken  as  being  propor- 
t i o n a l   t o   t h e   s t e a d y   s t a t e  Cn va lues   i n   s t a l l .  The constant   of   porport ional i ty  
used was 0.5 and was estimated by surveying  the  unsteady Cn tab les  of  Ref. 18 
and notS.ng that   values  of cn as  low as  approximately 50 percent of the  s teady 
values  could  result  under adverse  combinations  of  angular  velocity and angular 
acce lera t ion .  The equations used to   es t imate   the   d rag   coef f ic ien t   for   the  two 
regions  of  operation  are  given below and a typical  unsteady  drag  hysteresis 
loop computed by this   procedure,  showing the  various  proportioning  quantit ies,  
i s  given  in   Fig.  6 

- A' 
B' for A' 2 0 

where the  prime and double  prime quant i t ies   are   def ined  in   Fig.  6. The steady 
s ta te   loops  shown in   F ig .  6 r e f l e c t   t h e  changes in   s ec t ion   cha rac t e r i s t i c s  
due t o  Mach number var ia t ions  around the  azimuth. The type of  approach 
involved i s  i l l u s t r a t e d  by the  following  simple example in  which the  drag for 
steady-state   operat ion i s  computed. Referr ing  to   Fig.  7 the  unsteady  drag  for 
t h e   u n s t a l l e d   a i r f o i l  i s  approximated  by  the  steady  value  while  that  for  the 
f u l l y - s c a l e d   a i r f o i l  i s  simply  given  by  the component of the normal force   in  
the  streamwise  direction  ( i .e. ,  cdfull-stall = cns ina) .  For t he   pa r t i a l ly -  
s t a l l e d   a i r f o i l ,   t h e   d r a g  i s  assumed t o  be l i n e a r l y   r e l a t e d   t o   t h e   d e p a r t u r e s  
of t he   ac tua l  normal force  values from po ten t i a l  flow  values. The formula f o r  
drag   coef f ic ien t   in   th iz   t rans i t ion   reg ion  i s  given  in  Fig.  7. Figure 8 
presents  a comparison  of  measured s teady-state   drag  resul ts   wi th  those computed 
by t h i s  approach f o r  an NACA 0012 a i r f o i l  a t  th ree  Mach numbers and good agree- 
ment i s  indicated.  
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While  no guarantee  can  be made as t o  the  accuracy of the  unsteady  drag 
generated by this   procedure,  it should.be  noted  that  the  procedure, as evolved, 
y i e lds  what  would appear t o  be qua l i ta t ive ly   cor rec t   d rag  results f o r   t h e  
l imit ing  cases   of   very  high and very low frequency  osci l la t ions where the lift 
force  approaches  potential  flow and s teady-state   values ,   respect ively.  

Circulat ion Program 

The funct ion of t h i s  program i s  t o  compute the   c i r cu la t ion   d i s t r ibu t ion  
over  the  rotor,  given the dis t r ibut ions  of   sect ion  angle  of a t t ack ,  a, angular 
velocity  parameter,  A ,  and angular  acceleration  parameter,  B, over  the  blade 
as wel l  as a specif ied geometry of' t he   ro to r  hake. I n i t i a l l y ,   t h e  wake i s  
approximated  by t h e   c l a s s i c a l  skewed hel icoid  def ined where the  vortex  elements 
generated  by  the  blade  are  convected downstream r e l a t i v e   t o   t h e   b l a d e   a t  a 
r e su l t an t   ve loc i ty   equa l   t o   t he   vec to r  sum of   the   b lade   ro ta t iona l   ve loc i ty ,  
ro to r  forward  velocity,  and  average momentum veloci ty   through  the  disc .  Gnce 
the   c i r cu la t ion   d i s t r ibu t ion  i s  known, the  inflow  velocities  induced a t  the 
blade  by  the bound and wake v o r t i c i t y  of  the  rotor  can be computed. An 
i t e r a t i o n  between the  Circulat ion and Blade  Response  Programs i s  then used t o  
assure   compat ibi l i ty  of the  inflow  velocit ies and the  blade aerodynamic and 
dynamic boundary conditions.  The i terat ion  procedure i s  fur ther   ou t l ined  
following  the  Distorted Wake Geometry Program sect ion.  

The technical  approach used in   the   Ci rcu la t ion  Program i s  bas i ca l ly  
s imi l a r   t o   t ha t   desc r ibed   i n  Ref. 14 and general ly   represents  a rotary-wing 
equi.valent  of  the  classical   l if t ing-line  approach used successfu l ly   for   f ixed  
wings.  There a re ,  however, some differences between the  UAC Circulat ion 
Program and that  described  in  Ref.  14. These are  discussed below. 

The f i rs t  of these  differences i s  the  elimination  of a l l  shed v o r t i c i t y  
elements  (elements  arising from va r i a t ions  of blade bound vor t i c i ty   w i th   t ime)  
i n   t h e  wake model -- a modification  which  contributed  substantially  to 
reducing computing  t ime  without  significantly  altering computed c i r cu la t ions  
and associated  inf low  veloci t ies .  Thus, the  only  vortex  e lements   re ta ined  in  
the  wake are   t ra i l ing   e lements ;   i . e . ,   those   a r i s ing  from  spanwise var ia t ions  
i n  bound c i rcu la t ion .  As i n  Ref. 14, the   s t rength of the   t ra i l ing   e lements  i s  
permit ted  to   vary from poin t   to   po in t   in   the .  wake t o   r e f l e c t   t h e   v a r i a t i o n  
i n  bound c i rcu la t ion   tha t   occurs  as the   b lade   ro ta tes .  It i s  bel ieved  that  a 
more accurate   representat ion of shed v o r t i c i t y   e f f e c t s  i s  obtained  by the 
previously mentioned use of w s t e a d y   a i r f o i l   d a t a   i n   t h e  Blade  Response Program. 
The use of two-dimensional,  unsteady  data  basically  implies  that  the  primary 
e f f e c t s  of  the shed v o r t i c i t y   i n  a h e l i c a l   r o t o r  wake a r e  due t o   t h e  wake 
region  near  the  blade and thus can be approximated  by  those i n  a fixed-wing 
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type  of wake as indicated  schematically i n  Fig.  9. Miller  (Ref. 15) shows t h a t  
this approximation i s  reasonable a t  t h e   r o t o r  advance r a t i o s  of i n t e r e s t   t o  
th i s   s tudy ,  It should  also  be  mentioned  that   this  type of  approach g rea t ly  
fac i l i t a tes   the   inc lus ion   of   nonl inear   uns teady  aerodynamic e f f e c t s  due t o  
s ta l l .  

Another s ign i f i can t   d i f f e rence  between the  UAC Circulat ion Program and 
t h a t  of  Ref. 14 l i e s   i n   t h e   t r e a t m e n t  of  unsteady  effects on l i f t  curve slope, 
a ,  angle   for   zero l i f t , a O L ,  and s ta l l  angle,  CYmax,~. I n  R e f .  14, steady- 
s t a t e   va lues  were  used for   these   quant i t ies .   In   the   p resent   s tudy ,  a,  CUOL, 
a rnaX,~ were considered t o  be  functions  of  the  section  angular  velocity and 
angular  acceleration  parameters as wel l  as Mach number. A s  i n  Ref. 14, t he  
l o c a l  bound c i r cu la t ion  i s  assumed proport ional   to   sect ion  angle   of   a t tack 
(measured  from the   zero  l i f t  angle)   un t i la rnax ,L i s  reaches,  following which 
no fu r the r   i nc rease   i n   c i r cu la t ion  i s  permitted. The func t iona l   re la t ionships  
involved and the  scal ing  procedures   to   s imulate   compressibi l i ty   effects   are  
given i n  Ref. 18. 

Distorted Wake Geometry Program 

A s  mentioned previously,   the   Circulat ion Program requi red   tha t   the   ro tor  
wake geometry  be  specif ied  in   order   for   c i rculat ion and induced v e l o c i t i e s   t o  
be  determined.  In  l ieu of more precise  information,  the  assumption  has 
usually  been made t h a t   t h e  wake i s  a classical   nondis tor ted  hel icoid  def ined 
from momentum cons idera t ions .   In i t ia l   eva lua t ion   s tud ies   conducted   a t   the  
Research  Laboratories  indicated  that   this  assumption  could compromise the 
quantitative  accuracy  of  any  induced  velocity  analysis. To e l iminate   the 
necess i ty   fo r  assuming the wake geometry, an ana ly t i ca l  method (Distor ted 
Wake Geometry  Program) fo r  computing more r e a l i s t i c  wake geometries  has  been 
developed  by  the  Research  Laboratories. The basic  approach used i s  s t r a igh t -  
forward and involves  the  following: F i r s t ,  addi t iona l  wake geometry i s  
assumed along  with  the  dis t r ibut ion of c i rculat ion  s t rengths   of   the   var ious 
vortex  elements  comprising  the wake. The classical   Biot-Savart  Law i s  then 
applied  to  determine  the  velocit ies  induced by each  vortex wake element a t  
numerous po in t s   i n   t he  wake.  These d is tor t ing   ve loc i t ies   a re   then   numer ica l ly  
integrated  over a small  time  increment t o   o b t a i n '  new wake element  positions. 
The process of a l t e r n a t e l y  computing new v e l m i t i e s  and posi t ions i s  continued 
u n t i l  a converged,  periodic  distorted wake geometry i s  reached. By dividing 
the  'wake in to   near  and far wake elements,  an  approximate  analysis  which 
eliminates  the  potentially  massive computing cost  requirements  has  been 
developed,  without  significantly compromising the  accuracy of the   t echnica l  
results.  In  applying  the program t o   t h i s   i n v e s t i g a t i o n ,   o n l y   t h e   t i p   v o r t i c e s  
were  allowed t o   d i s t o r t .  The inboard  filaments assumed a c l a s s i c a l  

17 



nondistorted geometry  based on  momentum ve loc i ty .   In  view  of the  secondary 
r o l e  of the  inboard  vortex  filaments,  computation times r e q u i r e d   t o  compute 
t h e i r   d i s t o r t i o n s  were considered t o  be prohib i t ive ,   espec ia l ly  when one 
cons iders   tha t  the c i r cu la t ion   s t r eng ths  of the  individual   inboard  vortex 
f i laments   are   an  order   of  magnitude l e s s   t han   t ha t   o f   t he   t i p   vo r t ex .   Fu r the r  
d e t a i l s  of the  procedures used t o  compute wake geometries  are  given  in  Ref. 13. 

I t e r a t i o n  Procedure 

The procedure  used i n   i t e r a t i n g  between the  var ious programs of  the UAC 
Rotor  Analysis i s  depicted  schematically  in  the  block  diagram  of  Fig.  3. 
Brief ly   the  fol lowing  s teps   are   taken:  

1. Using a cons tan t   induced   ve loc i ty   d i s t r ibu t ion ,   the   spec i f ied   f l igh t  
condition  control  angles and t h e   d e s i r e d   a i r f o i l   d a t a ,   t h e  Blade  Response 
Program i s  used t o  compute the  blade  response  compatible wi th  the   sec t ion  
operating  conditions,  a, A ,  B, and M. The ca lcu la t ions  were  performed  using 
15 blade   rad ia l  segments and an  azimuth integrat ion  increment   suff ic ient ly  
small  to  insure  convergence of the  blade  motions  (generally 2.5 t o  5.0 deg) .  

2. If variable  inflow i s  - not  desired,   pertinent  blade  response and 
performance  information i s  provided and no further  calculations  are  performed. 

3. If variable  inflow i s  desired,   the   sect ion  operat ing  condi t ions  are  
used as   input   to   the   Ci rcu la t ion  Program as   we l l   a s   t he   d i s t r ibu t ions  of a,  
CYOL, am ax,^. In   add i t ion ,  a nondis tor ted   c lass ica l  wake geometry i s  assumed 
using  nine  blade  radial   s ta t ions and 30 deg azimuthal  increments t o  develop 
the   b l ade   t r a i l i ng  and bound wake pa t te rns .  

- 

4. If wake d is tor t ions   a re   no t   des i red ,   the   var iab le  induced ve loc i t i e s  
obtained from the  Circulat ion Program are   subst i tuted  for   the  constant   induced 
ve loc i t i e s  and en tered   in   the  Blade  Response  Program. The sect ion  operat ing 
condi t ions  are  recomputed,  passed into  the  Circ-ulat ion Program  and the  pro- 
cedure  repeated  until  convergence i s  achieved. 

5 .  If wake d is tor t ions   a re   des i red ,   the   c i rcu la t ions   ob ta ined  from the  
Circulat ion Program are  used as input t o  the  Distor ted Wake Program t o  
determine  the new  wake geometry. 

6. The  new wake geometry charac te r i s t ics   a re   then  used i n   t h e  
Circulat ion Program to  recanpute  induced  velocit ies.  

7. The induced v e l o c i t i e s   a r e   r e t u r n e d   t o   t h e  Blade  Response Program 
and the  procedure  repeated until convergence i s  achieved. 



Normally, one cycle  through  the  three programs i s  s u f f i c i e n t .  For t h i s  
investigation  the  accuracy  of a s i n g l e   i t e r a t i o n  was verified  by  completing 
two cyc le s   fo r  one f l igh t   condi t ion  and comparing the   ro to r  performance 
r e s u l t s  after each  cycle. The procedure was performed f o r   t h e  -8 deg twist 
r o t o r  a t  an  advance r a t i o  of 0.3 and a shaf t   angle  of -5 deg.  Flexible  blades 
and steady  aerodynamics were assumed and the performance  differences  between 
the  two cycles  amounted t o   l e s s   t h a n  1 percent i n  l i f t  and torque and l e s s  
than  2 percent   in   propuls ive  force.  

SENTA T I  ON OF  RESULTS 

The UAC Rotor  Analysis,  as  diagramed  in  Fig. 3, was employed t o  compute 
blade  responses m d  the  l i f t ,  torque, and propulsive  force of t he  rotor. 
Calculations were i n i t i a l l y  made assuming r ig id   b l ades   ( i . e . ,   f l ap  and lag  
motions  only) , steady  aerodynamics, and constant  inflow. Such r e s u l t s   a r e  
termed  Classical Theory Results and a re   equ iva len t   t o   t he   r e su l t s  of Ref. 1 
with the  exception of smal l   e f fec ts  due t o   r i g i d   b l a d e   l a g  motion  which was 
not  included  in  the computer  program  used i n  Ref. 1. Addit ional   calculat ions 
were then performed i n  which the   e f f ec t s  of blade  f lexibi l i ty ,   unsteady  aero-  
dynamics, and variable  inflow (with and without wake d i s t o r t i o n )  were  system- 
a t i c a l l y  added. A l l  r esu l t s   a re   p resented   in   F igs .  10 through 25 i n  terms of 
r o t o r  l i f t ,  propuls ive  force,  and torque   as   func t ions   o f   ro tor   t ip   pa th   p lane  
angle  of  at tack. Computed flapping  motions and rotor   shaf t   angles   are   given 
i n  Table 11. A s  noted  previously, the range  of  conditions  considered encom- 
passes   both  s ta l led and unstal led  operat ion and ext.ends s ign i f i can t ly  beyond 
the lower  blade s t a l l  limit as defined  in  Ref. 1 (see  Fig.  1). This has 
allowed a comparison t o  be made between  theory and experiment a t   va r ious   l eve l s  
of   b lade   s ta l l .   Corre la t ions  of t heo re t i ca l  and exper imenta l   resu l t s   a t  
d i f f e r e n t  advance r a t i o s  (0.3 and 0.5) were made t o  demonstrate  the  magnitude 
of unsteady  aerodynamic  effects,   since  these  are  expected  to  increase  signifi-  
can t ly   wi th  advance ra t io .   Addi t iona l ly ,  two blade twist values ( 0  deg and 
-8 deg)  were  considered t o  provide an ind ica t ion  of the  accuracy of the 
ana lys i s  when appl ied   to   ro tor   conf igura t ions   having   d i f fe ren t   angle   o f   a t tack  
d i s t r ibu t ions  a t  s ta l l .  

The resu l t s   a re   p resented   in   four   genera l   g roupings   to  allow a thorough 
assessment of the   ind iv idua l   e f fec ts  under inves t iga t ion .  The groupings  are: 
( a )   t h e   e f f e c t s  of b l ade   f l ex ib i l i t y ,   F igs .  10 through 13, (b )   t he   e f f ec t s  of 
unsteady  aerodynamics,  Figs. 14 through 17, ( c )  the e f f e c t s  of variable  inflow 
without wake d i s to r t ions ,   F igs .  18 and 19, and (d )   t he   e f f ec t s  of  variable 
inflow  with wake d is tor t ions ,   F igs .  20 through 25. Each f igure  shows r e s u l t s  
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for  three  combinations  of  rotor advance r a t i o  and blade twist: (a)  0.3 advance 
r a t i o  and -8 deg twist, (b)  0.3 advance r a t i o  and 0 deg twist, and ( e )  0.5 
advance r a t i o  and 0 deg twist. The ind iv idua l   e f f ec t s  of  each  refinement 
( f l ex ib i l i t y ,   uns t eady  aerodynamics, e t c . )  have  been  evaluated  starting  with 
various  base or reference  condi t ions  to   determine the influence  of  such 
conditions on the  effect   of   pr imary  ref inement   being examined. For example, 
t he   . e f f ec t s  of   blade  f lexibi l i ty   are   presented  in   Fig.  10 where results a r e  
given  with and wi thout   b lade   f lex ib i l i ty  assuming constant  inflow and steady 
aerodynamics.  Similar  results  are  presented i n  Figs.  11, 12,  and 13 which 
show the   e f f ec t s  of introducing  unsteady  aerodynamics,  variable  inflow  with- 
out wake d i s t o r t i o n s ,  and variable  inflow  with wake d i s t o r t i o n s   t o  form new 
base or reference  conditions.  The order   in  which the  various  refinements 
were added i s  summarized i n  Table 11. In  addi t ion,  a de ta i led   c ross   re fe rence  
between the  various  refinements and corresponding  f igure i s  given  in  Table 111. 

DISCUSSION  OF  RESULTS 

The bbject ive of t h i s   s e c t i o n  i s  t o  examine the  individual   effects   pro-  
duced  by the  addition  of  blade  f lexibil i ty,   unsteady  aerodynamics,  and var i -  
able  inflow. The mechanisms by  which these  refinements  influence  the  response 
and performance of t he   ro to r  w i l l  a l s o  be d iscussed   in  some de ta i l .  Results 
r e l a t ive   t o   t he   b l ade   s ec t ion  aerodynamics,  flapping  angles,  bending and 
tors ional   responses ,  and loading  t ime  histories  are  presented where necessary 
to   a id   in   the   unders tanding  of the  various  observed  trends. 

Blade F l e x i b i l i t y  

The e f f e c t  of in t roducing   b lade   f lex ib i l i ty   in to   the   ana ly t ica l  model 
a r e  shown in  Figs .  10 through 13. In   genera l ,  it was found tha t   t he   p r inc i -  
p a l   e f f e c t  of f l e x i b i l i t y  was t o  reduce  rotor  torque a t  the  higher   rotor  lift 
coe f f i c i en t s  where the   ro to r  i s  suscep t ib l e   t o  s t a l l .  The reduct ion  in   torque 
i s  in   t he   d i r ec t ion   r equ i r ed   fo r  improved correlation  with  experiment;  however , 
when combined with unsteady  aerodynamic e f f e c t s ,   t h e   t o t a l   r e d u c t i o n  i s  l a rge r  
than   tha t   requi red   for   cor re la t ion   (e .g . ,   F ig .  11). Rotor lift was a f fec ted  
t o  a considerably  less   extent   with  small   reduct ions  in  lift being  noted  for 
unstalled  conditions where the  blade  sect ions  are   operat ing  pr imari ly  on the  
l inear   por t ion  of the  l i f t  curve.   Final ly ,   basic   rotor   propuls ive  force 
cha rac t e r i s t i c s  remained e s s e n t i a l l y  unchanged when b l a d e   f l e x i b i l i t y  was 
introduced. The causes  of  the  observed  trends are discussed below. 
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The e l a s t i c   d e f l e c t i o n  modes used t o  simulate b l ade   f l ex ib i l i t y   cons i s t ed  
of  three flapwise and two edgewise  bending modes as well as one to r s iona l  ' 

mode.  The primary modes which a f f e c t   t h e  aerodynamics are the   to rs iona l  mode 
and t h e  first flapwise bending mode. O f  these,   only  the  tors ional   response,  
which  has a d i rec t   in f luence  on the  blade  angle   of   a t tack  dis t r ibut ion,   has  
an  important  effect  on the   in tegra ted   forces  and moments generated  by  the 
ro to r .  The f i rs t  flapwise mode response,   which  a l ters   the  local   inf low  angle  
due t o  bending  displacements and ve loc i t i e s ,  had a s igni f icant   e f fec t   on ly  on 
the  cycl ic   blade  loading.  

The influence  of  the  blade  torsional  response on rotor   torque w i l l  now 
be  discussed. A t  t he  low t ip   pa th   p l ane   ang le s ,  below ro to r  s t a l l ,  the  
d i f fe rences  between t h e   r i g i d  and f lexible   blade results a re   genera l ly  small 
and the   co r re l a t ion   w i th  the experimental   resul ts  i s  consis tent   with t ha t  of 
the  l i f t .  However, a t   the   high  angles   of   a t tack,  a large  reduct ion  in   torque 
i s  computed using  f lexible   blades.  The reduction i s  r e l a t e d   t o  a la rge  
decrease   in   re t rea t ing   b lade   angles   o f   a t tack .   This ,   in   tu rn ,   has  a maJcjr 
influence on sec t ion   drag   coef f ic ien ts   s ince  acd/dar i s  high a t  these  angles.  
The b lade   to rs iona l   def lec t ion  a t  t h e  75 percent radial  s t a t i o n   f o r   t h e  m a x i -  
mum rotor   angle   of   a t tack  condi t ion i s  shown in   F ig .  26 and ind ica tes   the  
la rge   (up   to  -3 deg)  nose down def lec t ions  computed. The resul t ing  angle   of  
attack  variation,  including  the  induced  inflow  angles  caused  by  subsequent 
blade  f lapping and bending, i s  shmn  in   F ig .  27. The difference between the  
r i g i d  and f lexible   blade  angle   of   a t tack  consis ts   of   the   tors ional   def lect ion,  
Fig.  26 and change in   the  inf low  angle  due t o   f l a p p i n g  and bending,  Fig. 28. 
F ina l ly ,  the reduct ion   in   d rag   coef f ic ien t   resu l t ing  from the lower  blade 
angles   of   a t tack i s  shown in   F ig .  29. (This   f igure also shows the   e f f ec t  of 
unsteady  aerodynamics  which w i l l  be   discussed  la ter) .   Further   invest igat ion 
ind ica ted   tha t   the   l a rge   to rs iona l   def lec t ions  shown in   F ig .  26 resu l ted  from 
the   l a rge  aerodynamic pi tching moments predicted  a t   the   high  blade  angles .  
The p i tch ing  moment e f f e c t s  were  examined by  s imply  set t ing  the  a i r foi l  
pi tching moment c o e f f i c i e n t s   t o   z e r o   i n   t h e  Blade  Response  Program. The 
r e su l t i ng   t o r s iona l   de f l ec t ions   a r e  shown i n   F i g .  30 where it i s  ev ident   tha t  
a large  port ion  of   the  def lect ion  has   been  e l iminated.   This   resul ts   in  a 
higher  section  angle of a t t ack  over   the  re t reat ing  s ide and  produces a 
60 percent   increase  in   torque.  

A s  noted  previously,   the   introduct ion  of   blade  f lexibi l i ty  also caused a 
r educ t ion   i n   ro to r  l i f t  when t h e   r o t o r  was uns ta l led   ( see ,   for  example,  Fig. 
loa, a t  the lower aTpp's) .   This was a l so   t r aced   t o   t he   t o r s iona l   r e sponse  of 
the  blade,  an example  of  which i s  shown i n   F i g .  31. An average  nose down 
def lec t ion  i s  evident  and, as might  be  expected, this produces an e f f e c t  
similar t o  a r educ t ion   i n   co l l ec t ive   p i t ch ,  namely t o  reduce  the  effective 
blade  angles  (Fig. 3 2 )  and hence ro to r  l i f t .  The cause  of t h i s  nose down 
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def l ec t ion  was found t o  be the  forward  posit ion of the  blade  center  of g rav i ty  
ax is .  For t h e  performance results presented   in  Figs. 10 through 2 5 ,  the  mass 
and e l a s t i c  axes were located a t  0.238 c.  This meant t h a t  a steady  nose down 
p i tch ing  moment was produced  by the  couple formed  by the  blade l i f t  and t h e  
cent r i fuga l   force  component normal to   the   b lade   span .  The s e n s i t i v i t y  of  the 
r o t o r  lift, propulsive  force and t o r q u e   t o  placement  of  the  center  of  gravity 
ax i s  i s  shown i n   F i g .  33. The higher  values  noted  with a rearward movement 
of   the  axis   are   in   the  direct ion  of  improved cor re la t ion .  It j.s i n t e r e s t i n g  
t o   n o t e   t h a t  a one percent   e r ror   in   the   b lade  mass ax is   loca t ion  i s  approxi- 
mately  equivalent   to  a 0.2 deg e r r o r   i n   c o l l e c t i v e   p i t c h   a t   t h i s  advance r a t i o .  
The p r inc ipa l   e f f ec t  of t he   e l a s t i c   ax i s   l oca t ion  i s  to   va ry   t he   cyc l i c  
t o r s iona l  moment due t o   t h e   v a r i a t i o n s   i n  lift. A neg l ig ib l e   e f f ec t  on steady 
ro tor   forces  and moments  was noted when t h e   e l a s t i c   a x i s  was moved rearward 
1.2 percent   to   the  quarter   chord.  

The importance and s e n s i t i v i t y  of  the  torsional  response  of  the  blade i s  
not   surpr is ing.   Typical   rotor   blades have l a rge   a spec t   r a t io s  ( -20) and 
t h e i r   s t r u c t u r a l   s t i f f n e s s  i s  much smaller  than  that   of a f ixed wing designed 
t o   c a r r y   t h e  same lift. Flapwise  deflections  of  the  blade  are  kept  in hand In  
t h i s   s i t u a t i o n  by the  powerful   effect ive  s t i f fness  produced  by  the  centrifugal 
forces   ac t ing  on the  rotat ing  blade.  The cen t r i fuga l   fo rces ,  however, provide 
l i t t l e   a d d i t i o n a l   s t i f f e n i n g   t o   t h e   t o r s i o n a l   r e s p o n s e   o f   t h e   b l a d e .  A s  a 
r e s u l t ,   t h e   p o t e n t i a l l y   l a r g e   t o r s i o n a l  moments due t o   e i t h e r  aerodynamic or  
dynamic forces  must be  very  carefully  balanced i f  l a rge   t o r s iona l   de f l ec t ions  
a r e   t o  be avoided.  This  rather  extreme  sensit ivity  of  the  blade  in  torsion 
places more stringent  accuracy  requirements on those  facets  of the   ana lys i s  
which influence  the  torsional  response  since what would normally  be  considered 
small e r ro r s   cou ld ,   i n  t h i s  case ,   r e su l t   i n   r e l a t ive ly   l a rge   r e sponse .  

Unsteady  Aerodynamics 

The e f f e c t s  of introducing  unsteady  aerodynamics  into  the  calculation  of 
t he   ro to r   cha rac t e r i s t i c s   a r e  summarized in   F igs .  14 through 17. Here r e s u l t s  
based on steady and unsteady  aerodynamics are p lo t ted   for   d i f fe ren t   re fe rence  
conditions (i .e. , with and wi thou t   b l ade   f l ex ib i l i t y ,   e t c .  ) . The p r inc ipa l  
e f f e c t s  of using  unsteady  aerodynamics  are to   i nc rease   ro to r  l i f t  and t o  
reduce  propulsive  force and torque under condi t ions  a t   h igh  angles   of   a t tack 
where r o t o r  s ta l l  would normally  be  predicted. To gain some i n s i g h t   i n t o   t h e  
cause of the  observed  trends,  the  aerodynamic  characteristics of a represen- 
t a t ive   b l ade   s t a t ion  were exarrlined. This was done a t  an advance r a t i o  of 0.3 
f o r  the maximum rotor   angle  of a t tack  condi t ion with and without  blade 
f l e x i b i l i t y .  The effects  of  unsteady aerodynamic on performance  were s imi la r  
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for   bo th   cases ;  however, the  occurrence of t r ans i en t  s t a l l  f l u t t e r   f o r   t h e  
f lexible   blade  case  did  not   enable  a st raightforward  analysis  and f o r  t h i s  
reason   on ly   the   r ig id   b lade   resu l t s  w i l l  be  discussed a t   t h i s  time. A shor t  
s ec t ion   desc r ib ing   t he   s t a l l   f l u t t e r   r e sponse  i s  presented   la te r  i n  t h i s  
r epor t .  

L i f t  Charac te r i s t ics  - Comparing.the  results i n  Figs.  14 through 17 
indica tes   the   p red ic ted  s t a l l  using  the  c lass ical   theory  has   been  e l iminated 
with  the  use of unsteady  aerodynamics and tha t   the   p red ic ted  slopes of t h e  
l i f t  curves a t  each   ro tor   angle   o f   a t tack   agree   wel l   wi th   the   t es t   resu l t s .  
The c l o s e s t  agreement  between  theory and experiment was obtained  using 
unsteady  aerodynamics  with  rigid  blades and constant  inflow  (Fig. 1 4 ) .  A t  
constant  input  controls and shaf t   angle  of a t t ack ,   t he re   a r e  two pDenomena 
which  occurred  as a r e s u l t  of t h e  use  of  unsteady a i r f o i l   d a t a :  (1) an 
increase   in   the  maximum acheivable  section l i f t  coe f f i c i en t s  above steady- 
s t a t e   s t a l l   v a l u e s  on the   re t rea t ing   b lade ,  and ( 2 )  a change i n   l o c a l  inflow 
angles  caused by the  self-adjustments   in   f lapping  resul t ing from changes i n  
the   re t rea t ing   b lade  l i f t  coe f f i c i en t s .  The v a r i a t i o n   i n   s e c t i o n  l i f t  
c o e f f i c i e n t   a t   t h e  75 pe rcen t   r ad ia l   s t a t ion   fo r   t he  0.3  advance r a t i o ,  -8 deg 
twist condi t ion,  i s  presented  in   Fig.  34 as a function  of  section  angle  of 
a t t ack  and in   F ig .  35 as  a function of blade  azimuth  position. The va r i a t ion  
with  angle  of  at tack  (Fig.  34) i l l u s t r a t e s   t h e   f a m i l i a r   c h a r a c t e r i s t i c s  of 
both  steady and uns t eady   a i r fo i l  lift da ta .  The resul ts   us ing  s teady  data  
demonstrate   the  typical   s teady-state   var ia t ion  with a maximum c1  of 1.18 
occurr ing   a t  an angle  of  at tack of 13 deg. The unsteady  data  curve  indicates 
a s l igh t ly   nonl inear  lift curve  slope  (due t o  M va r i a t ions )  up t o  an  angle  of 
a t t ack  of 18 deg ( c p  = 1.68) beyond which l i f t  i s  reduced a s  a r e s u l t  of a 
reduction  in  the  angular  velocity  parameter , A .  The f ina l   c lo su re  of the  cp 
loop  resembles  conventional  unsteady  loops  as  depicted  in  Ref. 4 .  Figure 35 
c l ea r ly   i nd ica t e s   t he   i nc rease   i n  lift coe f f i c i en t  over t he   r e t r ea t ing   s ide  
of the   ro tor   as   wel l   as   smal l   increases   in  lift coe f f i c i en t  on the  advancing 
side.  This  advancing  side  increase i s  a r e s u l t  of the  change in   angle  of a t tack  
caused  by  readjustment of the  blade  f lapping motion i n i t i a t e d  by the  increase i n  
r e t r e a t i n g   b l a d e   l i f t .  The change in   blade  f lapping,   Fig.  36, produces an  
increase  in  local  inflow  angle  (and,  hence,   angle of a t t a c k )  on the  advancing 
s ide  and a reduction on the   r e t r ea t ing   s ide .  The var ia t ion   in   in f low  angle  i s  
shown i n  Fig.  37. This  increases  the  angle  of  at tack and r e su l t s   i n   t he  
loading  increase on the  advancing  side. On the   re t rea t ing   s ide ,   reduct ions  of 
up t o  4 deg in  angle  occurred; however,  because  of the  nature of the  unsteady 
data  (Fig.  34) s ign i f icant ly   h igher  l i f t  coe f f i c i en t s  were  obtained  even a t  
the  lower  angles. The d i s t r i b u t i o n  of  loading  around  the  azimuth for the  
75 pe rcen t   s t a t ion  i s  given  in  Fig.  38 and indicates  the  higher  average 
loading  predicted  using  unsteady  aerodynamics. It  should be  emphasized t h a t  
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th i s   increased   loading  i s  caused  not  only  by  the  increased l i f t  coe f f i c i en t s  
of t he   r e t r ea t ing   b l ade   bu t   a l so  by the  associated  increased  angles   of   a t tack 
on the  advancing  blade. The t r ends   i n   t he  l i f t  results using  unsteady  data 
a re  similar f o r  a l l  f l igh t   condi t ions  and for   each  reference  condi t ion used 
in   t he   ana lys i s .  

Propulsive  Force  Characterist ics ~ . " - As i nd ica t ed   i n   F igs .  14 through 17, 
s i g n i f i c a n t l y  improved  agreement in   the   p ropuls ive   force   da ta  i s  obtained when 
unsteady  aerodynamics are included.  This improvement i s  not   surpr i s ing  
consider ing  the improvement i n  l i f t  noted e a r l i e r  and t h e   f a c t   t h a t  the r o t o r  
t h r u s t  ( - l i f t )  a t   h igh   angles  of a t t a c k   c o n t r i b u t e s   s i g n i f i c a n t l y   t o   t h e  
propulsive  force.  Furthermore, t.he agreement  near  zerocrTpp i s  noteworthy 
s ince it impl ies   tha t   the   theory   p red ic t s   the   ro tor   force  normal t o   s h a f t   w i t h  
good accuracy. Also, it should  be  noted  that   the  decrease  in  propulsive  force 
noted  with  the  addition of unsteady  aerodynamics i s  due t o   t h e  a f t  tilt of  the 
th rus t   vec to r   fo r   t he   pa r t i cu la r   s t a l l   cond i t ions   i nves t iga t ed .  For  forward 
tilt of   the lift vector  j:n s t a l l ,  increases   in   propuls ive  force would be 
expected. 

Torque Charac te r i s t ics  - The ro tor   to rque   resu l t s   exhib i t  similar 
c h a r a c t e r i s t i c s   i n   a l l   t h e  comparisons made i n   F i g s .  14 through 17. Generally, 
reasonable  agreement i s  indicated between the  s teady and unsteady  aerodynamic 
r e s u l t s  and the   exper imenta l   resu l t s   a t   the  low angles  of  at tack; however, the 
use  of  unsteady  data  causes a s ign i f icant   reduct ion   in   p red ic ted   to rque  a t  
high  angles  of  attack.  For tile condi t ions   inc luding   b lade   f lex ib i l i ty ,   the  
torque  results  using  unsteady  d&ta f a l l  we l l  below the   exper imenta l   resu l t s  a t  
the maximum angle  of  at tack  (e.g. ,   Fig.  15 ) .  The e f f e c t s  of f l e x i b i l i t y  have 
been shown previously  to   cause a reduct ion  in   angle   of   a t tack on t h e   r e t r e a t i n g  
s ide  which  produced a measurable  reduction in   s ec t ion   d rag   coe f f i c i en t  and, 
hence,  rotor  torque. The e f f e c t  of unsteady  aerodymmics  produced a similar 
e f fec t .   This  i s  shown in   F igs .  39 and 29  where sec t ion   d rag   coe f f i c i en t   fo r  
the 75 percent   s ta t ion i s  presented as a function  of  angle  of  at tack and 
azimuth posi t ion,   respect ively.  As a r e s u l t  of t he  absence  of s t a l l  and the 
lower maximum section  angles  predicted  for  the  unsteady  case  (see  Fig.  2 9 )  , 
the   drag  coeff ic ient   levels   are  lower than   those   for   the   s ta l led ,   s teady  
case. It can  be  seen from Figs. 39 and 29 tha t   the   d i f fe rence  i s  almost 
e n t i r e l y  over  the  azimuth  region from 210 deg t o  360 deg. Also, as shown i n  
Fig. 39, addi t iona l   reduct ions   in   d rag   coef f ic ien t   a re   p red ic ted  by the 

msteady  drag  analytical.mode1 when the  angular  velocity  parameter,  
A ,  i s  pos i t ive  ( a increas ing) .  This reduction i s  not compensated  by increases  
in   d rag   coe f f i c i en t  when A i s  negative.   In a l l  the  cases   invest igated,   the  
references made t o   t h e  unsteady  aerodynamics  includes  the  effect of the 
synthesized  unsteady  drag  data;  however, an est imate  of the   ind iv idua l   e f fec t  
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of  unsteady  drag  can  be  obtained  by  comparing  the  following results f o r   r i g i d  
blades,   constant  inflow, and unsteady  aerodynamics  with and without  unsteady 
drag : 

With  Synthesized With  Steady 
Unsteady Drag S ta t e  Drag 

9 94 9.3 

The most s ign i f i can t   d i f f e rence   i n   t he  above  comparison i s  noted in   the   to rque  
coe f f i c i en t  where a reduction  of  approximately 15 percent  occurs when unsteady 
drag  data  are  used. 

The torque  discrepancy  described above was noted even when the  most 
sophis t icated  analyt ical   s imulat ion was attempted  (Fig. 17) and represents  
the  pr incipal   d iscrepancy  observed  in   this   invest igat ion.  Improvements i n  
correlation  should be expected a t   t h e  low angle of a t tack  condi t ions i f  l i f t  
cor re la t ion  were achieved, due to   the  corresponding  increase  in   blade  prof i le  
and induced  drag. The e f f e c t s  of l i f t  co r re l a t ion  on torque a t   t he   h ighe r  
angles of a t t ack   a r e  more d i f f i cu l t   t o   a s ses s   s ince   au to ro ta t ive   cond i t ions  
may be approached  depending on the method used to   i nc rease  l i f t .  Probably  the 
most l ike ly   po ten t ia l   cause  of the  torque  discrepancy  l ies   in   the use  of 
synthesized  unsteady  drag  data.  Experimentally  obtained  unsteady  drag  data 
would obviously be extremely  desirable.  

S t a l l   F l u t t e r  - While not a primary  objective  of  this  study, i t  should be 
noted  that  an important  characterist ic  of  unsteady  aerodynamic,   f lexible  blade 
analyses i s  the  large  amplitude,   high  frequency  blade  torsional  responses  that  
are often  predicted a t  high  angles of attack.  This i s  a s t a l l  f l u t t e r  
phenomenon which can  occur under certain  combinations  of  unsteady  aerodynamic 
parameters. The type  of   tors ional   def lect ions  encountered  are   i l lustrated on 
Fig. 40  where they   a re  compared with  the  tors ional   def lect ions assuming 
steady  aerodynamics. The curves   i l lus t ra te   genera l ly   s imi la r   charac te r i s t ics  
i f  the  high  frequency component of  the  torsional  displacement i s  eliminated 
for  the  unsteady aerodynamic  case. The high  frequency  response had no 
impor tan t   d i rec t   e f fec t  on performance. 
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Variable  Inflow 

The r e s u l t s  shown on Figs.  18 through 25 ind ica te  a r e l a t i v e l y  small 
e f f e c t  of  variable  inflow on the  integrated  rotor  performance. The most 
no tab le   e f fec t  i s  shown on Fig.  18a, where t h e   c l a s s i c a l   r o t o r  lift curve, 
ind ica t ing  s t a l l ,  was replaced by a r e l a t i v e l y  smooth curve  which  continued 
t o   i n c r e a s e  i.n l i f t ,  a l though  not   l inear ly ,  up t o   t h e  maximum shaft   angle  
of a t t ack .  The change in   character   of   the  l i f t  curve  can be a t t r i b u t e d   t o  
a genera l ly  lower  average  angle of a t t ack  of the  outboard  sections,   there- 
by lessening   the   sever i ty  of s t a l l  on the   re t rea t ing   s ide .   This  i s  caused 
by the  higher downwash veloci t ies   over   the  outer   port ion of the  blade as a 
r e s u l t  of t he   s t rong   t i p   vo r t ex  produced  by  the  high l i f t   c o e f f i c i e n t s   i n  
t h i s   r eg ion .  Local  induced ve loc i t i e s   a r e   ca l cu la t ed   t o  be as   high  as  
eight  t imes  the  constant  inflow momentum value.  A sample induced ve loc i ty  
d i s t r i b u t i o n  i s  shown  on Fig. 41. (Note that   these  are   veloci t ies   observed 
a t   t he   b l ade .  ) The induced ve loc i t i e s   a r e   r e l a t ive ly   h igh  on the   r e t r ea t ing  
s ide   (h igh   t i p   l oad ing  and s t r o n g   t i p   v o r t e x )  compared t o   t h o s e  on t h e  
advancing  side where t h e   t i p   l o a d i n g  i s  general ly  low, producing a r e l a t i v e l y  
weaker t i p   v o r t e x .  It i s  a l so   i n t e re s t ing   t o   no te   i n   F ig .  41 the  r idge  of 
upwash produced i n   t h e  two forward  quadrants.  This i s  caused  by  the t i p  
vortices  generated by the  passage  of  previous  blades  passing  slightly below 
and downstream of th i s   r eg ion .  A comparison i s  made in   Fig.  42 of the  angle 
var ia t ions  a t  the 87 percent   s ta t ion  for   the  var iable   inf low and constant 
inflow  conditions. The genera l   reduct ion   in   sec t ion   angle  of a t t ack  due t o  
variable  inflow  over a major  portion of t he  azimuth i s  indicated.  

The geometry  of t h e   d i s t o r t e d   t i p   v o r t e x  and the  undistorted lower 
strength  inboard  vortex  f i laments which  produced the  induced ve loc i ty   pa t te rns  
of Fig.  4 1  a re  shown i n   t o p  view i n   F i g .  43 for one blade and ro tor   pos i t ion .  
Presented  in  Figs.  44 and 45 a re   r ea r  and s ide  views  of t h e   t i p   v o r t e x   f o r  
the  same condition for one and three-quarter   revolut ions.  Both t h e   c l a s s i c a l  
h e l i c a l  wake and the   d i s to r t ed  wake are  shown. Distinguishing  features  of 
the   d i s tor ted  wake a re   t he   t i p   vo r t ex   ro l l -up ,  which  occurs on the   s ides  of 
the  wake similar t o   t h a t  of a f ixed wing  wake, and the  contraction  of  the  fore 
and a f t  wake boundaries  caused by presence of the  semi- inf ini te  wake. While 
t h e  wake d i s t o r t i o n s   c a n   a l t e r   t h e   d i s t r i b u t i o n  of  loading  over  the  disc  (see 
Fig.  46) and thus  should be important from a b lade   s t ress  and ro tor   v ibra t ion  
s tandpoin t ,   the   d i s tor t ions  have l i t t l e   i n f l u e n c e  on the  rotor  performance  as 
evidenced  by  the  results shown  on Figs.  20 and 21. The major influence of 
variable  inflow on ro to r  performance or ig ina tes  from the downwash produced 
on the  outboard  sections of the  blade  by  that   portion  of i t s  t r a i l i ng   vo r t ex  
immediately a f t  of the  blade.  The pos i t ion ,  and hence the  influence , of t h i s  
region of t he   t i p   vo r t ex  i s  no t   s ign i f i can t ly   a l t e r ed  if the  vortex i s  allowed 
t o   d i s t o r t .  
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For a l l  condi t iom  invest igated  the  addi t ion of variable  inflow  generally 
produced a small   reduction i n  ro to r  l i f t  ( for   reasons   d i scussed   ear l ie r )  and 
a neg l ig ib l e   e f f ec t  on propulsive  force and torque .   Rela t ive   to   the   exper i -  
mental   resul ts ,   var iable   inf low produced  no general  improvement i n   c o r r e l a t i o n ;  
however, ne i ther  was the  improved correlat ion  noted  with  the  introduct ion  of  
unsteady  aerodynamics  altered. 

CONCLUSIONS 

1. The use  of  incompressible,  two-dimensional  unsteady l i f t - a n d  moment 
data ,   general ized  in   terms of section  angle of a t t ack  and i t s  f i rs t  two time 
der iva t ives  and s c a l e d   t o  approximate  compressibil i ty  effects,   significantly 
increases   predicted  rotor  lift a t  nominal ly   s ta l led  rotor   operat ing  condi t ions.  
Predicted  rotor  torque and propuls ive  force  are  , on the  other  hand,  reduced. 

2 .  Addi t iona l   reduct ions   in   p red ic ted   to rque   resu l t  when synthesized 
unsteady  drag  data  are employed and/or when the 'blade tors ional   response i s  
considered  in   the  analysis .  

3. The introduction  of  the  blade  f lapwise and edgewise  bending 
responses   in   the  analysis  had a negl ig ib le   e f fec t  on p red ic t ed   ro to r   s t a l l  
c t la rac te r i s t ics .  

4. The introduct ion of var iab le   in f low,   e i ther   wi th  or without wake 
d i s to r t ions ,   gene ra l ly  had a secondary  effect on r o t o r   s t a l l   c h a r a c t e r i s t i c s .  

5 .  The increase  in  lift and decrease  in  propulsive  force  predicted when 
unsteady  aerodynamics  are used s ign i f i can t ly  improve correlat ion  with  experi-  
mental   resul ts   over   that   achieved  with  c lass ical   analyses .  

6.  The reduct ion  in   torque due t o   t h e  use of unsteady  aerodynamics i s  
in   t he   d i r ec t ion   des i r ed   fo r  improved cor re la t ion .  However, when t h i s  
reduction i s  combined wi th   t ha t  caused  by  blade  torsional  f lexibil i ty,   pre- 
d ic ted   to rques   resu l t  which a re   s ign i f icant ly   l ess   than   those  measured. 

7. The increase  in   predicted l i f t  noted when unsteady  aerodynamics  are 
used in   t he   ana lys i s   r e su l t s  from the  higher  values of maximum l i f t  coe f f i c i en t  
achievable  under  unsteady  conditions.  This  has two e f f e c t s  : ( a )   t h e  l i f t  
capabi l i ty   o f   the   re t rea t ing   b lades  i s  increased and (b )  as a r e s u l t  of the 
izcreased  re t reat ing  blade  capabi l i ty ,   h igher  l i f t s  are  permitted on the 
advancing  blade. 
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8. Rotor  blades,   because  of  their   high  aspect  ratio and low t o r s i o n a l  
cen t r i fuga l   s t i f f en ing ,  are typ ica l ly   qu i t e   f l ex ib l e  i n  to r s ion .  Inasmuch a s  
the  torsional  response  strongly  influences  the  blade  aerodynamics,   careful 
a t t e n t i o n   t o  i t s  predict ion i s  necessary i f  s a t i s f a c t o r y   c o r r e l a t i o n  of r o t o r  
s t a l l  cha rac t e r i s t i c s  i s  t o  be  achieved. 

FLECOMMENDATIONS 

The r e s u l t s  of t h i s   s t u d y  have  demonstrated  the  importance  of  unsteady 
normal force   da ta   in   s imula t ing   the  aerodynamic  environment of rotor   blades 
and con t r ibu t ing   t o  a more r e l i a b l e  performance  analysis.  There i s ,  however, 
a d e f i n i t e  need for   addi t ional   experiments   to   provide a more d i rec t   subs tan-  
t i a t i o n  of the  assumptions  forming  the  basis  for  the  unsteady  aerodynamic model 
used i n   t h i s   s t u d y .  It i s  recommended, therefore ,   that   experiments  be  under- 
t a k e n   t o  (1) ver i fy   the  commonly  made assumption  that   unsteady  a i r foi l   data  
from s inuso ida l   o sc i l l a t ions   can ,   i n   f ac t ,   be  used to   p red ic t   t he   cha rac t e r -  
i s t ics   assoc ia ted   wi th   o ther   types  of motion i n t o   s t a l l ,  ( 2 )  define  unsteady 
drag   charac te r i s t ics ,  and (3)  determine  the  influence  of yawed flow on 
unsteady s t a l l  cha rac t e r i s t i c s .  Because of  the  potential   complexity of such 
experiments, complementary analyses  should  also be  pursued t o  provide  both 
the  guidance  for  efficient  experimental  programs and t l ie  basis  for a longer 
term  solution  to  the  rotor  unsteady  aerodynamics  problem. For example, the 
use  of  advanced  boundary layer   techniques  to   predick  the  point  of i nc ip i en t  
s t a l l   f o r  an a i r fo i l   execu t ing   a rb i t r a ry  motions  appears t o  be f eas ib l e .  The 
r e s u l t s  of  such  an analysis  obviously form t he   l og ica l   s th r t ing   po in t   fo r  
fur ther   s tudy of the  complete dynamic s t a l l  phenomenon. 

In  addition  to  the  fundamental ,   long  term  studies recommended above, it 
i s  a l so  recommended that   the   blade  s t ress   data   obtained  during  the f u l l  sca le  
t e s t s  be reduced and compared wi th   the   theore t ica l   s t ress   resu l t s   ob ta ined   in  
the performance  of this  investigation.  Preliminary  comparisons of the 
vibratory  s t resses   predicted by theory  ref inements   indicate   s ignif icant  
d i f fe rences .  These differences must necessar i ly  be  resolved  before a r e l i a b l e  
b lade   s t ress   ana lys i s  can be developed. The requirement  for  such an ana lys i s  
i s  becoming more c r i t i c a l  a t  higher  forward  speeds where blade  s t ress   Plays a 
more important  role  in  determining maximum speed  performance. 
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TABLE I - C O m C T E D  H-34 WIND TUNNEL TEST DATA 

Velo- Collective Shaft Lift 
city, Pitch, Twist, Angle, Coefficient 

de g  Solidity Knots deg 

116 8 
116 8 
116 8 
116 8 

194 8 
194 8 
194 8 
194 8 

deg 

-8 
-8 
-8 
-8 

0 
0 
0 
0 

0 
0 
0 
0 

(a) 
-4.54 
0.58 
5.65 
10.71 

-4.56 
0.57 
5 .40 
10.68 

-4.92 
-2.90 

5.18 
2.15 

0.0780 
0.1020 
0.1106 
0.1204 

0.0752 
0.0977 
0.1094 
0.1169 

0.0351 
0.0461 
0.0736 
0.0862 

Prop. Force 
Coefficient 

Solidity 

0.00596 
0.000004 
-0.00704 
-0.01849 

0.00604 
0.00024 
-0.00778 
-0.01870 

o.00080 
o.00005 
-0.00383 
-0.00751 

Torque 
Coefficient 

Solidity 

0.00424 

0.00402 
0.00442 

0.00388 

0.00388 
0.00387 
0.00398 
0.00422 

Velocity 
Tip Speed, 

P 

0.301 

0.302 
0 -307 

0 *299 

0.304 
0.304 
0 -303 
0.300 

0.500 

0.510 
0 -507 

0 -507 

Longitudinal 
Cyclic  Angle , 

A I s ,  deg 

-1.5 

-2.3 
-3.1 

-2.1 

-2 e6 
-3.3 
-3 -8 
-4.2 

-2.7 
-2.8 
-3.3 
-4.6 

Lateral 
Cyclic Angle, 

B l s ,  deg 

5.4 
6.8 
8.6 
9.7 

5.4 
6.7 
8.3 
9.8 

6.2 
7.1 
9.4 
10.7 

a as= ff TPP 



TABLF I1 - BLADE FLAPPING  ANGLFS  OBTAINED WITH 
THEORETICAL  CALCULATIONS AT 875 = 8 DEG 

Assumptions Advance 
Made i n   t h e  Rat io ,  
Calculat ions c1 

Rigid  blades,   steady 0.3 
aerodynamics and constant  0.3 
inflow(Classica1  Theory) 0.3 

0.3 

Flexible   blades,   s teady 0.3 
aerodynamics and constant 0.3 
i n f  1 ow 0.3 

0.3 

Rigid  blades,  unsteady 0.3 
aerodynamics  and  constant 0.3 
inflow 0-3  

0.5 
0.5 
0.5 

Flapping,  Flapping,  Tip  Path 
Shaft  1st Cosine 1st Sine  Plane Angle 

Twist, Angle,  Harmonic,  Harmonic, of a t t a c k ,  
81, a s ,  a lh ’ b h. ’ a 

deg  deg  deg  deg 
TPP’ 

deg 

-8 -4.6 -0.5 0.9 -5.1 
-8 0.5 -0.8 0 -9 -0 -3 
-8 5.6 -0.3 2-7 5.3 
-8 10.7 0.4 3.4 11.1 

0 -4.7 -0.5 0.3 -5.2 
0 0.5 -0.2 1.0 0.3 
o 5.6 0.0 2.6 5.6 
0 10.7 -0.2 3.7 10.5 

0 -5.0 -0.1 -0.6 -5.1 
0 -2.9 -0.3 -0.2 -3.2 
0 2.1 -0.1 1 *5 2 .o 
0 5.2 -0.3 1.5 4.9 

-8 -4.6 -0.5 -0.7 -5.1 
-8 0.5 -1.2 -1.1 -0.7 
-8 5.6 -1.4 -1.3 4.2 
-8 10.7 0.2 -1.3 10.9 

O -4.6 -0.5 -0.7 -5.1 
0 0.5 -0.8 -1.1 -0.3 
o 5.6 -0.2 -0.9 5.4 
0 10.7 0.7 -0.3 11.3 

0 -4.9 -0.4 -0.9 -5.3 
o -2.9 -0.6 -0.8 -3.5 
0 2.1 0.2 -0.3 2.3 
0 5 -2  0.8 1 .o 6 .o 

-8 -4.6 -0.4 0.9 -5 .o 
-8 0.6 -0.7 1.1 -0.1 
-8 10.7 -1.3 3.3 9.4 

0 -4.7 -0.4 -0.2 -5.1 
0 0.5 -0.5 0.2 0.1 
0 10.7 -1.5 2.5 9.2 

0 -5.0 -0 .o -0.7 -5 .o 
0 2.1 -0.7 1.5 1.4 
0 5.2 -1.0 1.4  4.2 
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TABLE I1 (Continued) 

Flapping , Flapping , Tip  Path 

Assumptions Advance 
Made i n   t h e  
Calculations 

Flexible  blades,   unsteady 
aerodynamics  and constant 
inflow 

Rigid  blades , steady 
aerodynamics and var iable  
inflow  without wake 
d i s to r t ions  

Flexible  blades,  unsteady 
aerodynamics and var iable  
inflow  without wake 
d i s to r t ions  

misty 

deg 

-8 
-8 
-8 
-8 

0 
0 
0 
0 

01 Y 

0 
0 
0 
0 

-8 
-8 
-8 

0 
0 
0 

0 
0 
0 

-8 
-8 
-8 
-8 

0 
0 
0 
0 

0 
0 
0 
0 

Shaft 1st Cosine 1st Sine 
Angle Harmonic 
as 7 

deg 

-4.6 
0.5 
5 -6 

10.7 

-4.6 
0.5 
5.6 

10.7 

-4.9 
-2.9 
2.1 
5 -2  

-4.6 
0.5 

10.7 

-4.7 
0.5 

10.7 

-5 .o 
2.1  
5 - 2  

-4.6 
0.5 
5 -6 

10.7 

-4.6 
0.5 
5 -6  

10.7 

-4.9 
-2.9 
2.1 
5 -2  

?h ’ 
deg 

-0.6 
-1.1 
-1.6 
-1 -4 

-0.6 
-0.8 
-1.1 
-1.1 

-0.4 
-0.6 
-0.8 
-0.8 

-0.6 
-1.2 
0.1 

-0.8 
-0.8 
-0.3 

-0.2 
-0.2 
-0.4 

-0.5 
-1 .o 
-1.3 
-1 .o 

-0..6 
-1.1 
-1.1 
-1.0 

-0.4 
-0.6 
-0.6 
-0.5 

Harmonic , 
% l 7  
deg 

-0.5 
-0.9 
-0.6 
-1 .o 

-0.6 
-0.9 
-0.8 
-0.5 

-0.8 
-0.6 
-0.4 
-1.1 

1.4 
1.4 
3.9 

0.2 
0.5 
3.3 

-0.7 
1 -5  
1 .4  

0 .o 
-0.1 
0.2 
0 .o 

-0.3 
-0.5 
-0.2 
0.1 

-1 .o 
-0.8 
-0.8 
-2 .o 

Plane Angle 
of a t tack ,  

deg 

-5.2 

a TPP, 

-0.6 
4.0 
9.3 

-5 -2  
-0.3 
4.5 
9.6 

-5.3 
-3.5 
1 - 3  
4.4 

-5.2 

10.8 

-5.5 
-0.3 
10.4 

-0.7 

-5.2 
1.9 
4.8 

-5.1 

4.3 
9.7 

-0.5 

-5.2 
-0.6 
4.5 
9.7 

-5.3 
-3.5 
1.5 
4.7 
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TABU I1 (Continued) 

Flapping,  Flapping,  Tip  Path 
Shaft 1st Cosine 1st Sine  Plane Angle 

Assumptions Advance Twist, Angle, Harmonic Harmonic of a t tack ,  
Made in  the  Ratio,  el, as, a lh ’ blh 

a 
Calculations P deg  deg  deg  deg deg 

TPP, 

Rigid  blades,  steady  0.3 -8 -4.6  -0.6 1.5 -5.2 
aerodynamics  and variable  0.3 -8 0.5 -1.3 1-7 -0.8 
inflow  with wake 0.3 -8 10.7 0.0 3.9 10.7 
dis tor t ions  

0.3 0 -4.7 -0.7 0.3 -5.4 
0.3 0 0.5 -1.2 0.5 -0.7 
0.3 0 10.7 -0.3 3 - 2  10.4 

0.5 0 -5.0 -0.2 -0.7 -5.2 
0.5 0 2.1 -0.2 1.4 1.9 
0.5 0 5 -2 -0.4 1.4 4.8 

Rigid  blades , unsteady 0.3 -3 -4.6  -0.4 1.5 -5 .o 
aerodynamics and variable C.3 -8 0.6 -0.7 1.9 -0.1 
inflow  with wake 0.3 -8 10.7 -1.2 3.8 9.5 
d is tor t ions  

0.3 0 -4.7 -0.5 0.2 -5.2 
0.3 0 0.5 -1.2 0.6 -0.7 
0.3 0 10.7 -1.4 2.8 9.3 

0.5 0 -5.0 -0.1 -0.6 -5.1 
0.5 0 2.1 -0.5 1.4 1.6 
0.5 0 5 -1 -0.9 1.3 4.2 

Flexible  blades , steady 0.3 -8 -4.6 -0.5 -0.1 -5.1 
aerodynamics and var iable  0.3 -8 0.5 -1.3 -0.5 -0.8 
inflow  with wake 0.3 -8  10.7 -1.2 -1.8 9.5 
d i s t o r t i o n s  

0.3 O -4.6  -0.6 -0.4 -5.2 
0.3 0 0.5 -1.2 -0.8 -0.7 
0.3 0 10.7 0.4 -0.2 11.1 

0.5 0 -4.9 -0.5 -1.1 -5.4 
0.5 0 2.1 -0.2 -0.8 1.9 
0.5 0 5 -2  0.3 -1.4 5.5 
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TABLE I1 (Concluded) 

Flapping,  Flapping, T i p  Path 
Shaft  1st Cosine 1st Sine  Plane Angle 

Assumptions Advance Twist, Angle, Harmonic Harmonic of a t tack ,  
Made in  the  Ratio,  el, as,  b 

/J Calculations  deg deg  deg  deg 
lh' a T € T ,  

Flexible  blades,  unsteady 0.3 -8 -4.6 -0.5 0 .o -5.1 
aerdddynamics and var iable  0.3 -8 0.5 -1.7 0.0 -1.2 
inflow  with wake 0.3 -8 5.6 -1.5 0.1 4.1 
d i s to r t ions  0.3 -8 10.7 -1.2 -0.3 9.5 

0.3 O -4.6 -0.6 -0.2 -5.2 
0.3 0 0.5 -1.1 -0.4 -0.6 
0.3 0 5.6 -1.1 -0.3 4.5 
0.3 0 10.7 -1.1 0.0 9.6 

0.5 0 -4.9 -0.4 -0.9 -5.3 
0.5 0 -2.9 -0.7 -0.7 -3.6 
0 -5 0 2.1 -0.7 -0.5 1.4 
0.5 0 5 -2  -0.7 -1.7 4.5 
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TABLE 111 - LIFT, PROPULSIVE  FORCE AM) TORQUE COEFFICIENT  FIGURE NUMBER INDEX 

CONTAINED I N  
COMPARISON OF THE EFFECT OF: 

Blade F l e x i b i l i t y  

Unsteady  Aerodynamics 

Variable  inflow  without 
wake d i s to r t ions  

Wake Dis tor t ions  

Variable  Inflow  with 
wake Dis tor t ions  

UNDER THE ASSUMFTIONS OF: 

Steady  aerodynamics and constant  inflow 
Unsteady  aerodynamics and c onstant  inflow 
Steady  aerodynamics and variable  inflow  without wake d i s t o r t i o n s  
Unsteady  aerodynamics and var iable   inf low  with wake d i s t o r t i o n s  

Rigid  blades and constant  inflow 
Flexible   blades and constant  inflow 
Rigid  blades and var iable   inf low  with wake d i s t o r t i o n s  
Flexible   blades and variable  inflow w i t h  wake d i s t o r t i o n s  

Rigid  blades and steady  aerodynamics 
Flexible   blades and unsteady  aerodynamics 

Rigid  blades and steady  aerodynamics 
Flexible   blades and unsteady  aerodynamics 

Rigid  blades and steady  aerodynamics 
Flexible   blades and steady  aerodynamics 
Rigid  blades and unstecdy  aerodynamics 
Flexible  blades and unsteady  aerodynamics 

FIG. NO.: 

10 
11 
12 
13 

14 
1 5  
16 
17 

18 
19 

20 
21 

22 
23 
24 
25 
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Figure 1.-Comparison of typical  theoretical and experimental 
performance characteristics. 
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- Figure 2.-Experimental cyclic  pitch inputs to  eliminate  first 
harmonic flapping  at zero lift.  
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Figure 9.- Schematic blade wake geometry approximation. 
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Figure  10.-Effect of blade  flexibility on rotor performance with  steady aerodynamics 
and constant inflow. 
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Figure 38.+Effect of unsteady aerodynamics on the blade loading distribution with  rigid  blades and 
constant inflow at 0.3 advance ratio . 
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