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SUMMARY 

Theoretically derived charts showing the  profile-drag-thrust r a t i o  
a re  presented f o r  a helicopter rotor  operating i n  forward f l i g h t  and 
having hinged rectangular blades with a l inear  twist  of -8'. The charts,  
showing the profile-drag character is t ics  of the  rotor  f o r  various com- 
binations of p i tch  angle, r a t i o  of thrus t  coefficient t o  so l id i ty ,  and a 
parameter representing shaft  power input, a r e  presented f o r  tip-speed 
r a t ios  ranging from 0.05 t o  0.50. In  addition, the r a t i o  of thrus t  coef- 
f i c i en t  t o  solid.ity as  a function of inflow r a t i o  and blade pitch angle 
i s  presented i n  chart form. 

The charts of t h i s  paper d i f f e r  from the rotor performance papers 
previously published by the National Advisory Committee f o r  Aeronautics 
i n  t h a t  the theory on which the charts are  based includes an approximate 
allowance fo r  s t a l l  i n  the reversed-flow region and contains no small- 
angle assumptions regarding blade-section inflow angles and veloci t ies .  
The charts of t h i s  paper a re  therefore considered more accurate than 
previous ones f o r  f l i g h t  conditions involving high inflow veloc i t ies  
and large regions of reversed veloci ty  tha t  may be encountered by high- 
performance helicopters. The assumption i s  made, however, t ha t  outside 
of the  reversed-velocity region, the  section angles of a t tack  are  small; 
thus the angles can be replaced by t h e i r  sine. I n  addition, other than 
including an approximate allowance f o r  s t a l l  i n  the  reversed-velocity 
region, the charts do not include s t a l l  and compressibility e f fec ts .  

The charts may be used t o  study the e f fec ts  of design changes on 
ro tor  performance and t o  indicate optimum performance conditions, as 
well a s  t o  estimate quickly rotor  performance i n  forward f l i g h t .  They 
are  a l so  useful i n  obtaining inflow-ratio and pitch-angle values f o r  use 
i n  calculating flapping coefficients and spanwise loadings. The method 
of applying the  charts t o  performance estimation i s  i l l u s t r a t ed  through 
sample calculation of a typ ica l  rotor-performance problem. 
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Equations were presented i n  reference 1 from which t he  t h r u s t ,  t h e  
accelera t ing and decelera t ing torque, and t he  profi le-drag power of a 
hinged ro to r  operating at high tip-speed r a t i o s  and inflow angles could 
be calculated.  Because t he  equations do not place any l im i t a t i on  on t h e  
magnitude of t h e  inflow angle o r  on t he  ro to r  angle of a t tack,  they a re  
considered more accurate than previous analyses when app15ed t o  high- 
speed hel icopters  and t o  ce r t a in  types of convert ible a i r c r a f t .  This 
paper i s  an extension of reference 1 i n  t h a t  t h e  equations of t h a t  re fe r -  
ence a r e  used a s  t h e  bas i s  of a method f o r  calcula t ing t he  performance of 
l i f t i n g  ro tors  over a wide range of operating conditions. 

Because t h e  basic  equations a r e  lengthy, t h e  appl icat ion of t h e  
method i s  considerably simplif ied by presenting t he  more lengthy equa- 
t i ons  i n  t h e  form of char t s  from which ro tor  performance can be quickly 
estimated. The char t s  cover operation at any ro to r  angle of a t t a ck  a t  
t ip-speed r a t i o s  varying from 0.05 t o  0.50 f o r  blades t h a t  a r e  twis ted 
-8' (blade p i t ch  angles a t  t h e  t i p  8 O  lower than at  t h e  roo t ) .  With t h e  

1 

exception of an approximate allowance f o r  s ta l l  i n  t he  reversed-velocity 
region, t he  char t s  do not include s t a l l  and compressibil i ty e f f e c t s .  

Limit l i n e s  showing conditions f o r  which blade angles of a t t a ck  
exceed specif ied values a t  given r a d i a l  s t a t i ons  a r e  included i n  t h e  
char t s .  These l i m i t  l i n e s  a r e  use fu l  i n  determining operating conditions 
at  which s t a l l i n g  begins and f o r  determining t h e  l imi t ing  operating 
conditions. 

SYMBOLS 

slope of curve of sect ion l i f t  coef f ic ien t  against  sect ion 
angle of a t tack,  per  radian (assumed equal herein  t o  5 -73) 

number of blades per  r o to r  

r o to r  l i f t  coeff ic ient ,  L 
1 2 2  -pV IIR 
2 

rotor-shaf t  power coef f ic ien t ,  P 

s R 2 p  (RR)  

r o to r  t h r u s t  coef f ic ien t ,  T 

nR2p  (GR) 



c blade sect ion chord, f t  

equivalent blade chord (weighted on t h ru s t  ba s i s ) ,  'e 9 ft 

sect ion prof i le-drag coeff ic ient  

sec t  ion l i f t  coeff ic ient  

hel icopter  paras i t e  drag, l b  

ro to r  p r o f i l e  d rag- l i f t  r a t i o  

parasi te-drag area ,  5, s q  f t  
$v2 

mass moment of i n e r t i a  of blade about f lapping hinge, s lug-f t  2 

ro to r  l i f t ,  l b  

rotor-shaft  power, f t - lb / sec  

shaft-power parameter, where P ( i n  t h i s  r a t i o  only) i s  equal 
t o  rotor-shaft  power divided by ve loc i ty  along f l i g h t  path 
and i s  therefore  a l s o  equal t o  drag force  t h a t  could be 
overcome by shaf t  power a t  f l i g h t  ve loc i ty  

blade radius measured from center of rota t ion,  f t  

r a d i a l  distance from center  of ro ta t ion  t o  blade element, f t  

ro to r  t h r u s t ,  l b  

t r u e  airspeed of hel icopter  along f l i g h t  path, f p s  

induced ve loc i ty  at  ro to r  (always pos i t ive ) ,  fps  

hel icopter  gross weight, l b  

r a t i o  of blade-element radius  t o  rotor-blade radius,  r / R  
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a ro to r  angle of a t tack;  angle between ax i s  of no feather ing 
( t ha t  is,  ax i s  about which there  i s  no cycl ic-pi tch change) 
and plane perpendicular t o  f l i g h t  path, pos i t ive  when ax i s  
i s  incl ined rearward, deg 

ar blade-element angle of a t tack,  measured from l i n e  of zero l i f t ,  
deg (when used i n  three-term drag polar  i n  f i g .  l ( b ) ,  a, i s  
expressed i n  radians) 

blade-element angle of a t t a ck  at any r a d i a l  pos i t ion  x and a t  
a(x) (') any blade azimuth angle t, deg; f o r  example, "(1.0) (270') 

i s  blade-element angle af a t t ack  a t  t i p  of r e t r ea t i ng  blade 
a t  270° azimuth pos i t ion  

a (uT=oe4),(270~) blade-element angle of a t t a ck  at radius at which 
tangent ia l  ve loc i ty  equals 0.4 t i p  speed and a t  
270° azimuth posi t ion,  deg 

Y f l igh t -pa th  angle (pos i t ive  i n  climb, negative i n  g l i de ) ,  deg 

8 blade-section p i tch  angle at  0.75 radius;  angle between l i n e  
75 of zero l i f t  of blade sect ion and plane perpendicular t o  

ax i s  of no feathering,  deg 

di f ference between blade root and blade-t ip p i t ch  angles, posi- 
t i v e  when t i p  angle i s  la rger ,  deg 

inflow r a t i o ,  V s i n  a - v 
OR 

t ip-speed r a t i o  , v cos a 
RR 

P mass densi ty  of air,  slugs/cu f t  

a ro to r  so l i d i t y ,  bce/fiR 

9 blade azimuth angle measured from downwind pos i t ion  i n  di rec-  
t i o n  of ro ta t ion ,  deg 

R r o to r  angular veloci ty ,  radianslsec 

Subscripts : 

c climb 

i induced 
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o p r o f i l e  

P paras it e 

v v e r t i c a l  component 

MrnHOD OF ANALYSIS 

The performance method presented herein u t i l i z e s  t he  equations 
developed i n  reference 1 f o r  blade-flapping coeff ic ients ,  r o to r  t h ru s t ,  
torque, and profi le-drag power and a l so ,  with some modifications, t he  
energy performance analysis  described i n  reference 2. Inasmuch a s  t h e  
performance method described herein  i s  based on t he  equations developed 
i n  reference 1, t h e  assumptions and l imi ta t ions  incorporated i n  t h e  
reference equations a l so  apply t o  t h e  performance calcula t ions .  re he 
e f f e c t s  of t h e  primary assumptions and l imi ta t ions  a r e  discussed sub- 
sequently i n  t h e  sect ion e n t i t l e d  " ~ a n g e  of Application of Charts.") 

I n  u t i l i z i n g  t h e  equations of reference 1 t o  compute ro to r  perform- 
ance, numerical subs t i tu t ions  regarding sect ion l i f t  and drag character- 
i s t i c s  were made by using t h e  values shown i n  f igure  1. The values of 
c z  and 

Cdo 
below the  s ta l l  given i n  t he  f igure  a r e  representative of 

"semismooth" blades and a r e  t h e  same values used i n  t h e  construction of 
t he  char t s  of reference 2. The values of cz and cd above t h e  s t a l l  

0 
a r e  based t o  some extent on wind-tunnel data  presented i n  reference 3, 
and a r e  presented i n  f igure  1 on t h e  concept of a 360' angle-of-attack 
range. This concept i s  useful  i n  t h e  analysis  because t h e  angle of a t t a ck  
i n  t h e  reversed-velocity region can exceed 180°. 

By following t he  procedure of reference 1, it was assumed t h a t  t he  
t h ru s t ,  torque, and power contributions of t h e  reversed-velocity region 
could be approximated by using constant l i f t  and drag coef f ic ien t s  cor- 
responding t o  a s ingle  representative sect ion angle of a t t ack .  For each 
f l i g h t  condition, t h e  representative angle was computed at  a r a d i a l  s t a -  
t i o n  about one-third of t h e  distance from the  center of r o t a t i on  t o  t he  
outboard edge of t he  reversed-velocity region and a t  an aximuth angle of 
270°. The forces  a t  t h i s  r a d i a l  s t a t i o n  were found t o  represent approxi- 
mately t he  average of t he  forces  i n  t h e  reversed-velocity region from 
p lo t s  of t h e  r a d i a l  d i s t r i bu t i on  of t he  forces  determined from step-by- 
s tep  calcula t ions  f o r  several  sample cases. The values of c2 and cd 

0 
corresponding t o  t h e  representative angle of a t t a ck  were obtained from 
f igure  1. Although some uncertainty a s  t o  t h e  maximum value of 

Cdo 
i n  

t he  90' angle-of-attack region e x i s t s ,  it was found t h a t  t h e  use of a 
maximum value of 2.0, f o r  example, instead of 1.6 had a negl igible  e f f ec t  
on t h e  chart  values over t he  range of app l i cab i l i t y  of t h e  char ts .  
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Fundamental Performance Equation 

The power supplied a t  t h e  ro to r  shaf t  of a hel icopter  i s  expended 
i n  overcoming t h e  ro to r  profi le-drag losses ,  t h e  induced drag losses ,  
and t h e  parasi te-drag losses  and i n  changing t h e  po t en t i a l  energy of t he  
a i r c r a f t  i n  climb. The divis ion of shaf t  power between t h e  various 
sources can be wri t ten  i n  coef f ic ien t  form a s  

I n  presenting t h e  re la t ionship  between Cp and Cp f o r  various f l i g h t  
0 

conditions i n  chart  form, t h e  resu l t ing  p lo t s  a r e  g r ea t l y  c l a r i f i e d  i f  
t he  power-coeff i c i en t  r a t i o s  a r e  divided by t h e  t h ru s t  coeff ic ient .  Thus, 

Each r a t i o  of power coeff ic ient  t o  t h r u s t  coeff ic ient  i n  equation (2) may v 

be considered a l t e rna t e ly  a s  e i t h e r  an equivalent drag-thrust r a t i o  
(wherein t h e  equivalent drag i s  equal t o  t h e  drag force  t h a t  would absorb 
the  power a t  a ve loc i ty  equal t o  R R )  o r  a s  an eff ic iency f a c t o r  repre- 
senting power per  un i t  t h ru s t  at a given t i p  speed. 

Almost any problem i n  hel icopter  performance, whether it be t o  deter-  
mine t h e  shaf t  power required t o  maintain a steady-fl ight  condition, t h e  
r a t e  of climb at  a given power condition, o r  t h e  t op  speed of a given 
hel icopter  can be solved by means of t h e  fundamental power r e l a t i on  
expressed by equation (2 ) .  It w i l l  be noted t h a t  t he  fami l ia r  P/L, 
(D/L),, . . . notation used i n  previous NACA hel icopter  performance papers 
i s  replaced herein by cp/cT, cp0/cT, . . . . The power coef f ic ien t s  a re  

based on t he  r e l a t i v e l y  constant QR ins tead of on V; thus,  t he  nota- 
t i o n  used herein  avoids having t h e  equivalent drag approach i n f i n i t y  a s  
t h e  forward speed approaches zero. For t h e  same reason, r o to r  l i f t  L - 
based on CL, which i s  dependent on forward speed - i s  replaced by t h e  

ro tor  t h ru s t  T inasmuch a s  CT i s  independent of forward speed. The 

conversion of one form of r a t i o  t o  another i s  simply: 

-I 
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Relations Required i n  Performance Ca~culations 

Formulas tha t  a re  necessary f o r  evaluating helicopter performance by 
means of equation (2) are  l i s t e d  as  follows: 

T cos(a + 7) = w + Dp s i n  y (4) 

Cpc - =  
2 cos a ( 9 )  

CT 

h tan  a = - + cr 
P 2 r  l q 1 / 2  2P 1 + (A P) 

These equations, with the exception of equation ( g ) ,  are similar t o  those 
derived i n  chapter 9 of reference 4 except f o r  the factor i.~/cos a. Equa- 
t i o n  (9)  includes a drag term and i s  derived from a corresponding equation 
presented i n  the appendix of reference 5 by using a multiplying factor  of 
p/cos a. 
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The calcula t ion of t he  various Cp/Q r a t i o s  i n  equations (5) t o  (9) 
can be g rea t ly  simplif ied by means of char ts  t h a t  r e l a t e  t h e  more lengthy 
r a t i o s  t o  t h e  fundamental var iables  A, 8 .75, and p and t o  each other .  

Such char ts  a r e  presented i n  f igures  2 t o  4, and t h e i r  use i s  demonstrated 
i n  succeeding sections of t h i s  paper. 

Each chart  of f igure  2 gives 2cT/oa a s  a function of A and 8.75 
f o r  f ixed  values of p ranging from 0.05 t o  0.50. I n  f igure  3, Cpo/CT 

i s  shown a s  a function of Cp/CT, 2 C ~ / r ~ a ,  and 8 75 f o r  f ixed  values of 

p ranging from 0.05 t o  0.50. Also, s t a l l  l i m i t  l i n e s ,  t h e  significance 
of which is  discussed i n  references 2 and 6, a r e  shown i n  these  p lo t s .  
Figure 4 i s  a graphical  presentation of equation (9)  from which t h e  climb 

'OS a may be determined from t h e  climb angle 7 and t h e  parameter - - 
C1 

Cpp cos a 2 

parasite-drag parameter - -. 
'% p 

OUTLINE OF PERFORMANCE METHOD UTILIZING CHARTS 

The problem of computing hel icopter  performance may be thought of 
a s  f inding t h e  value of one var iable  f o r  given values of o ther  per t inent  
var iables ,  t h e  var iables  being r e l a t ed  by a number of bas ic  equations. 
The problem, i n  essence, thus becomes t h e  solut ion of a number of simul- 
taneous equations. The procedure can be g rea t ly  simplif ied by u t i l i z i n g  
t h e  performance char t s  presented i n  f igures  2 t o  4. The s teps  required 
i n  two typ i ca l  types of performance calcula t ions  w i l l  be outl ined and 
demonst ra ted  by a sample calcula t ion.  

Calculation of Rate-of-Climb Curves 

I f  t he  r a t e  of climb (o r  descent) i s  required, t h e  calcula t ing pro- 
cedure would be a s  follows ( f o r  a given p) f o r  t h e  known parameters P, 
W, , f ,  OR, and p: 

(1) Assume T = W and calcula te  CT . 
(2) Compute cp/cT from equation (5 ) .  

(3) ~ i n d  cpo/cT and 75 from f igure  3. 

(4 )  Find A from f igure  2. 
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(3)  Calculate a from equation (10).  

(6) Compute ~ ~ ~ 1 %  amd c ~ ~ / c ~  from equations (7) and (8) . 
(7) Compute cpc/cT from equation (2 ) .  

(8)  Find 7 from f igure  4. 

( 9 )  Compute Vv from t h e  re la t ionsh ip  Vv = V s i n  y .  

(10) I f  both 7 and Dp a r e  very l a rge ,  a new CT can be computed 

by means of equation (4)  and t h e  process repeated t o  f i nd  a new value of 

vv . 

Calculation of Power-Required Curves 

A common performance calcula t ion i s  t o  f i n d  t h e  power required by 
a hel icopter  f ly ing  a t  a given airspeed and at  a given r a t e  of climb (or  
climb angle).  The procedure would be a s  follows f o r  t h e  known param- 
e t e r s  W, a, f ,  7, fiR, p, and V: 

2 
(1) Assume t h a t  a = 0' and t h a t  ( A / ~ )  << 1; then, ca lcu la te  T 

(and CT) from equation (4 ) .  

( 2 )  Calculate p from i t s  de f in i t ion .  

(3) Calculate cpi/CT, cpp/%, and cpc/cT from equations (7) ,  

(8), and (9) , respectively.  For convenience of appl icat ion equation (9) 
has been used t o  construct  f igure  4, from which can be obtained, f o r  
example, values of cpc/cT f o r  given values of y and Cpp/CT 

(4) On the  appropriate char t  of f igure  3, l a y  off  t h e  sum of cpiFT, 
cpp/CT, and cpC/cT along t he  cp/cT ax is .  Then, with t h a t  point a s  a 

base, construct a l i n e  having a slope of uni ty .  ( ~ f  cp0/cT and cp/cT 
were drawn t o  t h e  same sca le  i n  f igure  3, t h e  construction l i n e  would be 
drawn at a 45' angle. For t h e  ac tua l  scales  of f igure  3, t h e  l i n e  i s  
constructed at  an angle which has a tangent of 2.) The in te r sec t ion  of 
t h i s  l i n e  with t he  proper 2$/oa l i n e  w i l l  y ie ld  values f o r  cpo/CT, 
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cP/CT, and €3 .75. This procedure i s  i l l u s t r a t e d  f o r  a constant tip-speed 

r a t i o  by t h e  following sketch: 

I n  order t o  avoid in te rpo la t ion  between t ip-speed-ratio char ts ,  t h e  
value of V can be chosen so  t h a t  p i s  an even multiple of 0.05; 
otherwise, t h e  answer can be l i n e a r l y  in terpola ted between two successive 
char t s  . 

(5) Since 2CT oa, 8e75, / and p a r e  now known, h can be found 

from f igu re  2. 

(6) Compute a from equation (10) and recompute p from the  equa- 

t i o n  p = V cos a 
m 

(7) Recompute CT, cpi/cT, Cpp/C.p, and cpC/cT and f i n d  new values 

of cp/cT and Cpo/CT. I f  these  values d i f f e r  from t h e  i n i t i a l l y  com- 

puted ones by more than a few percent, repeat t h e  process. Normally one 
i t e r a t i o n  i s  su f f i c i en t .  However, when a i s  within t h e  range of f20° 
and P 0-50, t h e  i n i t i a l  assumptions t h a t  cos a = 1 and (h/p12 << 1 
are  adequate and no i t e r a t i ons  a r e  needed. 
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Sample Performance Calculation 

The performance calculations outlined i n  the  preceding section w i l l  
be i l l u s t r a t ed  by a sample problem: Calculate the power required by a 
helicopter t ravel ing a t  180 fee t  per second and climbing a t  a r a t e  of 
300 fee t  per minute. The following additional data a re  known: 
W = 4,287 pounds, a = 0.08, I;);R = 600 fee t  per second, p = 0.00238 slugs 
per cubic foot,  R = 20 fee t ,  81 = - 8 O ,  and f = 12 square f e e t .  

(1) Assume t h a t  a = 0' and (h/p)2 << 1. Also, 
f pv2 7 = sin-1 3 = sin-' 2 = 1 and % = - = 463 pounds. Then, from v 180 2 

equation (4) , T = 4,300 pounds, and CT = 0.0040. 

(2) Then, p = 1801600 = 0.30. 

( ~ a )  From equation (7) ,  cpi/CT = 0.0067. 

( 3b ) From equat ion (8) , cpp/CT = 0.0 322. 

CP cos a c ~ c  
(3c) Then, 2 = 0.107. From figure 4, - - = 0.028. 

CI. CT CT 

Thus, 3 = 0.0084. 

(4b) For p = 0.30 and 2cT/oa = 0.018, figure 3(e)  gives: 

( 5 )  For 8 = go and 2C ua = 0.018, figure 2(e)  gives 
75 

h = -0.080. 
T I  
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(6) The rotor angle of a t tack a can now be computed from equa- 
t i o n  (10) as  follows: 

-0.080 + 

t an  a = 
0.004 = -0.245 

0.30 
0.18(1 + 0.0712) 1 /2 

(7a) Recomputing the  power coefficients with the above values f o r  a 
and A resu l t s  i n  changes tha t  are  within the  accuracy of the  computa- 
t ions; therefore,  the or iginal ly  computed values are  suff ic ient  . 
(n) The power required i s  then calculated as  

CP 2 
Power = - CTaR p ( ~ 2 ~ )  3 

CT 

= ( 0 . 0 ~ ~ )  (0.004)n ( ~ o ) ~ ( o .  00238) ( 6 0 0 ) ~  

= 204,000 f t - lb/sec 

= 371 hp 

(7c) The rotor profile-drag power i s  

Oeo3' x 204,000 Profi le  power = - 
0.079 

RANGE OF APPLICATION OF CHARTS 

In  the preparation of the charts,  it was necessary t o  make some 
assumptions regarding the rotor  physical parameters t o  be used with the 
theory. Some of the more pertinent e f fec ts  of these assumptions as  well 
as  the e f fec ts  of the r e s t r i c t ive  assumptions of the theory are  discussed 
i n  the succeeding sections. 



Blade Character is t ics  

The sample ro to r  f o r  which t h e  char t s  presented herein were prepared 
was assumed t o  have hinged rectangular blades with a mass f ac to r  p c ~ 4 / ~ 1  
equal t o  15 and a l i n e a r  t w i s t  of -8'. However, according t o  the  e r r o r  
analysis  made i n  reference 6, it would appear t h a t  t he  char ts  would be 
applicable t o  ro tors  having values of mass f ac to r s  ranging from 0 t o  23. 
Thus, although blade-flapping motion i s  sens i t ive  t o  mass f ac to r ,  average 
ro to r  forces  a r e  r e l a t i v e l y  insens i t ive  t o  moderate changes i n  t he  f lapping 
mot ion. 

Although t h e  char t s  were calcula ted f o r  ro to rs  having uniform-chord 
blades, previous experience has shown t h a t ,  i n  general, t he  forward-flight 
performance of ro to rs  with blades having a s  much a s  3 : l t a p e r  r a t i o  can be 
predicted with good accuracy by equations derived f o r  uniform-chord blades, 
provided t h a t  t h e  ro to r  s o l i d i t y  i s  based on t h e  equivalent weighted 
chord ce. 

I n  order t o  invest igate  t h e  app l i cab i l i t y  of t h e  char t s  t o  ro tors  
with blades having values of twis t  o ther  than - 8 O ,  t h e  t heo re t i c a l  values 

of Cpo/% f o r  values of twis t  equal t o  00, -8O,  and -16' were compared 

a t  several  uns ta l l ed  f l i g h t  conditions. From the  comparison, it appeared 
t h a t  f o r  forward speeds ranging from t h e  speed f o r  minimum power t o  t h e  
maximum speeds of present-day hel icopters  ( t ha t  i s ,  f o r  values of t i p -  
speed r a t i o  between approximately 0.05 and 0.30) t he  e f f ec t s  of t w i s t  on 
t he  p r o f i l e  power a r e  small, pa r t i cu l a r l y  when considered a s  a percentage 
of t h e  t o t a l  power required. The importance of twis t ,  however, i s  not 
primarily i t s  e f f ec t  on p r o f i l e  power but i n  t h e  delay of s t a l l .  The 
e f f ec t  of t w i s t  on s ta l l  limits i s  discussed i n  a l a t e r  sect ion of t h i s  
paper. 

A i r f o i l  Section Character is t ics  

The three-term drag polar  used i n  t h e  preparation of t h e  char t s  (see 
sec t  ion e n t i t l e d  " ~ e t h o d  of Analysis") i s  considered as representative of 
p r a c t i c a l  construction blades of conventional a i r f o i l  sect ion having 
f a i r l y  accurate leading-edge p r o f i l e s  and r i g i d  surfaces.  The char t s  may 
be applied, however, t o  rough o r  poorly b u i l t  blades of conventional sec- 
t i o n  by multiplying t h e  prof ile-drag-thrust r a t i o  obtained from t h e  
char t s  by a constant "roughness" f ac to r  equal t o  t he  r a t i o  of t he  average 
of t h e  ordinates of t h e  drag curve of t h e  ac tua l  blade t o  t h e  average of 
t h e  ordinates of t h e  drag curve used i n  t h e  char ts .  I f  t he  drag curves 
do not have s imilar  shapes, t h e  determination of t h i s  f ac to r  should take 
i n to  account t he  r e l a t i ve  importance of d i f fe ren t  angles of at tack;  a 
bas i s  f o r  doing t h i s  by a method of "weighting" curves i s  discussed i n  
reference 7. The angle of a t t a ck  a t  which s t a l l  occurs w i l l  a l so  be 
affected by t h e  roughness of t h e  blade surface, and consideration should 
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be given t o  t h e  surface condition when estimating t he  l i m i t s  of v a l i d i t y  
of t h e  theory. 

S t a l l  Limits 

Sat is factory l i m i t s  t o  t h e  use of a theory i n  which s ta l l  i s  not 
, considered a re ,  f o r  powered f l i g h t ,  t h e  conditions at  which t h e  t i p  of 

t he  r e t r ea t i ng  blade reaches i t s  s t a l l i n g  angle of a t tack,  as shown i n  
references 2 and 6. For t h e  autorota t ive  case, l i m i t s  t o  t h e  theory a r e  
shown t o  consis t  of t h e  conditions a t  which t h e  ve loc i ty  of t h e  blade 
elements of t he  s t a l l e d  inboard sect ions  reach high enough values so  t h a t  
t h e  contributions of these  elements t o  t h e  t o t a l  t h ru s t  and torque of t h e  
ro tor  become s ign i f ican t .  Therefore, following t he  procedure of previous 
NACA ro to r  papers (such a s  r e f .  2 ) ,  the re  a re  included on t h e  char t s  of 
t h i s  paper two s e t s  of l i m i t  l i ne s .  One s e t  corresponds t o  conditions at 
which a blade element a t  an aximuth angle of 270' with a r e l a t i ve  veloci ty  
equal t o  0.4 of t h e  t i p  speed reaches angles of a t t a ck  of 12' and 1 6 O ,  
whereas t h e  other  s e t  corresponds t o  conditions a t  which t h e  blade t i p  
a t  an  azimuth angle of 270' reaches angles of a t t ack  of 12O and 1 6 O .  
These l i m i t  l i n e s  a r e  designated by t he  symbols a (3 = 0.4)(270°) 

and cr 0 , respectively.  The 12' and 16' l i n e s  represent a range 
(1.0)(270 ) 

of angles of a t t a ck  i n  which conventional blade a i r f o i l s  would be expected 
t o  s t a l l .  Also, s ince  vibrat ion and control  l imi ta t ions  brought on by 
blade s t a l l  occur, i n  general,  when t h e  calculated s t a l l  angle i s  exceeded 
by about 4 O ,  t h e  difference between t he  12O and 1 6 O  l i n e s  should a l so  be 
useful  i n  estimating t he  l im i t s  t o  p r ac t i c a l  operating conditions of a 
ro tor .  Moderate amounts of s t a l l  can be approximately accounted f o r  by 
empirical corrections t o  t h e  p r o f i l e  power when the  l i m i t  l i n e s  on t h e  
char t s  a r e  exceeded. The bas i s  on which these  corrections may be made i s  
discussed i n  reference 8 and t h e  procedure i s  summarized i n  reference 4 

Theory indicates ,  and f l i g h t  measurements have shown, t h a t  blade 
twis t  i s  e f fec t ive  i n  delaying s t a l l .  Twisting t he  blade so  a s  t o  lower 
t he  p i t ch  a t  t he  t i p  with respect t o  t he  p i tch  a t  t he  root  tends t o  d i s -  
t r i b u t e  t he  l i f t  more evenly along t h e  blades and therefore  minimizes t he  
high angles of a t t a ck  i n  t he  t i p  region. Combinations of Cp/CT 
and 2cT/aa f o r  which blade angles of a t t a ck  at t he  specif ied s t a t i o n  
reach 12O and 1 6 O  f o r  00, - 8 O ,  and -16' twis t  a r e  p lo t ted  i n  f igure  5 .  
As would be expected, these  p lo t s  show t h a t  higher values of Cy/o can 
be a t t a ined  with negative twis t  before r e t r ea t i ng  blade s t a l l  i s  encoun- 
t e red .  Conversely, t he  greater  t h e  negative tw i s t ,  t h e  higher t h e  t i p -  
speed r a t i o  t h a t  can be reached at a given CT/o before t h e  onset of 
s t a l l .  
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It should be noted t h a t  negative values of twis t  tend t o  decrease 
t h e  angle of a t t a ck  a t  t he  t i p  of t h e  advancing blade. The advancing- 
blade-t ip angle of a t t a ck  i s  shown i n  f igure  6 a s  a function of 2CT/oa 

and p at several  power conditions ( a s  represented by t h e  p i tch  values) 
f o r  tw i s t s  of -8' and -16'. Although the  l a rge  negative angles of a t t a ck  
a t  t h e  advancing-blade t i p  w i l l  adversely a f f ec t  t he  performance, t h i s  
e f f ec t  i s  believed t o  be of l e s s  importance than t he  benef i t s  achieved 
by t h e  delay i n  r e t r ea t i ng  blade s t a l l .  There i s  t h e  pos s ib i l i t y ,  how- 
ever, t h a t  high negative advancing-blade-tip angles of a t t a ck  would r e su l t  
i n  a contribution t o  blade s t r e s se s  which should be considered f o r  indi-  
v idual  designs. It should be noted, however, t h a t  these  t i p  angles were 
calculated on t h e  ba s i s  of uniform inflow velocity,  and t he  l o c a l  upwash 
which tends t o  occur a t  t he  advancing t i p  should r e su l t  i n  l e s s  negative 
values . 

Compressibility Limits 

The sect ion l i f t  and drag coef f ic ien t s  used i n  t he  preparation of 
t h e  char t s  of t h i s  paper do not vary with Mach number. It i s  e a e c t e d  
t h a t  t he  primary e f f ec t  of such var ia t ion  would be an increase i n  t h e  
profi le-drag power i f  t h e  drag-divergence Mach number were approached 
o r  exceeded. Therefore, t h e  char t s  underestimate t he  power required f o r  
a ro to r  operating within t h e  range where compressibility e f f ec t s  a r e  
encountered. It i s  hoped t h a t  power losses  due t o  compressibil i ty may 
be taken i n t o  account by adding corrections t o  t h e  char ts  i n  a manner 
s imi la r  t o  t h a t  done f o r  t h e  e f f e c t s  of s t a l l .  The correct  ions probably 
could be based on r e s u l t s  of s t r i p  analyses o r  on experimental data.  The 
operational  l i m i t s  imposed by Mach number, however, a r e  yet t o  be 
determined. 

CONCLUDING RFSIARKS 

Charts based on ro tor  theory have been presented from which t h e  
profi le-drag-thrust  r a t i o  of a r o t o r  can be determined f o r  various com- 
binations of p i t ch  angle, r a t i o  of t h ru s t  coeff ic ient  t o  so l i d i t y ,  t i p -  
speed r a t i o ,  and power input.  The equations on which t he  char t s  a r e  based 
have taken i n to  account blade s ta l l  i n  t h e  reversed-velocity region and 
a r e  not l imi ted by small-angle assumptions f o r  blade p i tch  and inflow 
angles. For these  reasons t h e  method i s  believed t o  be more accurate 
than previous methods f o r  cases wherein t he  ro to r  inflow ve loc i ty  i s  
r e l a t i v e l y  large ,  f o r  ro to rs  operating a t  s teep r a t e s  of climb o r  descent, 
f o r  f l i g h t  at high tip-speed r a t i o s ,  o r  f o r  convertiplane t r a n s i t i o n  
a t t i t u d e s .  
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I n  addition t o  providing a convenient means f o r  quickly estimating 
rotor performance, the  charts should be useful a s  a means f o r  estimating 
the e f fec ts  of changes i n  design variables and as  a base t o  which correc- 
t ions may be applied fo r  the e f fec ts  of s t a l l  and compressibility. L i m i t  
l ines  which indicate the s t a l l  condition of the rotor and which serve t o  
indicate the limits t o  prac t ica l  ro tor  operating conditions a re  shown i n  
the charts . 

The method of using the charts f o r  performance estimation i s  outlined 
and i l l u s t r a t ed  through computation of a sample problem. 

Langle y Aeronautical Laboratory, 
National Advisory Committee f o r  Aeronautics, 

Langley Field, Va., October 1, 1954. 
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( d )  p = 0.20. 

Figure 2. -  Continued. 
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(a) p = 0.05. 

Figure 3 . -  Profile-drag-thrust r a t i o  f o r  blades having -8' t w i s t .  
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cos a 
Figure 4.- Climb parameter - - as a function of fl ight-path angle 

CT 
and parasite-drag parameter. 
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Figure 4.- Concluded. 
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(a) el = -a0. 

(b) B1 = -16'. 

Figure 6.- Plots for estimating advancing-tip angle of attack. 


