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Here to fo re  i t  has been t a c i t l y  und 
b l ade  of t h e  a u t o g i r o  i s  e s s e n t i a l l y  a 
pose of t h i s  r e p o r t  i s  Bo ow that only p a r  
t e n  o f  r o t a t i n g  b l a d e s  r e  y i s  i n  the Itwin 
e r a t i n g  a t t i t u d e "  when t h e  p r o f i l e  drag  i s  s 
lorn,  This  p a r t i c u l a r  p a r t  r e c e i v e s  more t o r q u e  f r o m  the 
a i r  l o a d - s  tham can be  absorbed by t h e  p r o f i l e , d r a g ,  As a 
r e s u l t  t h e r e o f  t he  r o t a t i n g  a u t o g i r o  % l a d e ,  when i t s  

PO, i s  i n  p a r t  a p r o p e l l e r  which f u n c t i o n s  i n  t tude ,  fl 

Within t h i s  a t t i t u d e  and i n  t h o  bo rde r ing  p a r t  of  
Itwindmill d e c u l e s a t i n g  a t t i t u c ? o f t  t h e  vo r tox  t h e o r y  o f  p r  
p o l l e r s  i s  i n a p p l i c a b l e ,  Bat Glauort** and L o c k  *** hav 
d o f i n e d  t h e  c h a r a c t e r i s t i c  czirve i n  s o l a t i o n  t o  t w o  non- 
dlmonsional  paramotors  f and F f r o m  t h o  d a t a  of pro- 
p e l l e r  experiments  i n  t h e  range wharo tho  v o r t o x  theory  
i s  no longor  t enab le .  
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b e f o r e  and behi  
so lved  by the SI 
suming t h e  r o t a t i o n  3x1 
z e r o ) ,  and by t h e  raean ax 1 v e l o c i t y  component V a  r e l -  
a t i v e  t o  t h e  p l e  t h rough  t h e  r e s p e c t f v e  e i r -  
c u l m  surf ~ a e .  ima t ion  i s  f u l f i l l e d  
c l o s e l y ,  excep d i z t e  v i c i n i t y  o f  t h e  
These q u a , n t i t i e s  l i k e w i s e  reveal. . th& e s u l t a n t  fo-rces  on 
t h e  win;; e lements ,  and f o r  t h a t  r e  i t  i s  arso poss i -  
b l e  t o  corsl-pute t h e  l i f t i n g  f o r c e  and t h e  ‘ torque dll, 
expressed  i n  w and V a  f r o m  t h e + w i n d  tunne l  d a t a  f o r  a 
b l ade  s e c t i o n  w i t h  r e s p e c t  t o  i n f i n i t e  a s p e c t  r a t i o  f o r  
each b l ade  element of radius r. 

I n  o r a e r  t o  e x p r e s s  t h e  p r o c e s s  on a p r o p e l l e r  math- 
e m a t i c a l l y  i t  i s  n e c e s s a r y  t o  e s t a b l i s h  a r e l a t i o n s h i p  be- 
tmoen q u a n t i t y  v, a t  d i f f e r e n t  r a d i i  and forward speed 
v o f  t h e  p r o p e l l e r ,  a r e l a t i o n  n a t u r a l l y  s t r i c t & y  v a l i d  
i n  t h e  e n t i r ’ e  v e l o c i t y  f i e l d  around t h e  p r o p e l l e r .  Ac-  
cord ing  bo t h e  theo ry  o f  t he  v o r t e x  f i e l d s ,  t h e  annular  
p a r t i c l e s  c o n s i s t i n g  o f  a i r  p a r t i c l e s  which have passed  
t h e  p r o p e l l e r  c i r c l e  between r and r 4- d r ,  remain t h e  
same even a f t e r  j e t  c o n t r a c t i o n  i n  t h e  eddy zone, where 
t h e  j e t  Becomes c y l i n d r i c a l  again, and t h e  p r e s s u r e  d rops  
t o  t h a t ’ o f  t h e  f r e e  a i r .  Consequently,  V a / V  depends 
s o l e l y  on t h e  l i f t  c o e f f i c i e n t  F r e l a t i v e  t o  va: 

F = (dH/dr) / ( 4  IT P Vaz r ) .  

Conformsb3.y t o  t h e  t h e o r y  on v o r t e x  f i e l d s  t h e  r e l a t i o n  
between V a / T  and. F assumes the simple f o r m  of 

Y V,/V zz 1 - F. 
This  r e l a t i o n  r e t a i n s  i t s  v a l i d i t y  s o  l o n g  as  a nor- 

m a l  j e t  deve ment i s  p o s s i b l e .  I t  i s :  shown t o  be in -  
v a l i d  f o r  su c i e n t l y  l o w  va ( p o s i t i v e  o r  n e g a t i v e ) ,  
?But in t h i s  range t h e  r e l a t i o n  f o r  t h e  axial inf low (ac- 
cord ing  t o  t h e  theo ry  of  v o r t e x  f i e l d s )  i s  r e e s t a b l i s h e d  
by an empir ic ism,  o b t a i n e d  by mathemat ica l ly  expres s ing  

t ‘ d a t a  on model p r o p e l l e r s .  (See Lock and G l a u o r t  - 
age 1.) Thi s  errlpirical  r e l a t i o n ,  shown i n  
t e r c o n o e c t s  t h e  v a r f a b l e s  1 / F  and l/f, 

ependeat v a r i a b l e  f i s  d e f i n e d  as 

f = (dH/dr:)J(4 TI P va. r) = (vaa/.02) F; 
. .I . , *  
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111. NOTATION 

vo ,  speed o f  descei i t  of au tog i ro .  

w ,  iiiduced v e l o c i t y  o element o f  
l e i g t h .  hr .  -. . , :  " .  . _. 

r r  rad-ius o f  bI.ade element .- 
R ,  radius of blade t i p s .  . .  

n ,  aumb;.er ,'of bla'ds's'. . 

t ,  chord o f  %.lab, assumed constan% 'flcom 
r o o t  t o  tip.. 

blase ai lgle ,  also assumed i o n s t a  
counted f r o m  zero l i f t  s e t t i n g .  

angle  o f  a t t a c k  pf a b l a d e  element 
counted f r o m  zero l i f t  s e t t i n g ,  

" .  

. -  

% # 

a0 
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P,  air  0.1 or kg s2/n?l"l.). 

C a s  l i f t  c o e f f i c i e n t ,  w i t h  a view t o  t h e  two-dimen- 
a1 % l o w  at a 

CW 3 . 
%?ill 9 n v a l u e  for CW between a. = 0 * and a. = 

a, 
s$a , l led ,  f o e r ! ,  about 90 os 0,16 r a d i a n  f o r  
Gott ingen wing s e o t i o n  No.  429) .  

l i f t i n g  f o r c e  a1o;ng axis of r o t o r  = t o t a l  
weight of a u t o g i r o  by constai i t  speed o f  de- 
scent .  

(aq m a X  = a n g i e  at  which the blaCTe i s  

If , 

d H ,  l i f t i n g  f o r c e ,  due t o  t h e  n blade e l e n e n t s  
o f  radius  r .  

did, to rque  se t  up by t h e  n b1ad.e e lements  of 
radius r e  

P and f are d e f i n e d  by 
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g r .  IV. THE TYPICAL CURVE 

G l a u e r t t s  data f o r  t h e  e m p i r i c a l  p a r t  a r e :  

1 / F  0 0.25 0.5 0075 1.0 

le08 Om80 Q.60 Oe50 
2,87  3.17 3.41 3063 

The ensuing  cu rve  i s  in '  f ' a i r l y  c l o s e  accort!  w i t h  t h e  
expe r imen ta l  v a l u e s ,  when making al lowance f o r  t h e  wind- 
tunne l  e f f e c t .  

The a m b i t  i n  which the  a u t o g i r o  b;ade f u n c t i o n s  i n  
v e r t i c a l  d e s c e n i  i s :  1 / F  .= 1. 'The r e l a t i o n  betireen f 
and 2 i s  now expres sed  3~ a s imple  f o r m u l a .  One satis- 
f a c t o r y  approximation t o  C laue r t  ? s  cur.ve i s :  

(1 2 f ) 2  = 3 f " / F ,  

but f o r  t h e  purpose at; hand 

(1 - 2f )2  = ' 3  ( f /F )2  (3) 

i s  a c c u r a t e  enoughr The s t r a i g h t s  ob ta ined  by t h i s  
(3) a r e  shotvn i n  F i g u r e  1. 

D i s r e g a r d i n g  t h e  t a n g e n t i a l  component o f  t h e  i n t e r -  
f e r e n c e  f l o w ,  t h e  mind v e l o c i t y  r e l a t i v e  t o  t h e  b3ade el- 
ement has t h e  compoaents: 

I,, w r  p e r p e n d i c u l a r  t o  t h e  a x i s  of r o t a t i o n  and 
t o  t h e  b lade  element d r .  

I f .  (vo - m) p e r p e n d i c u l a r  t o  t h e  of r o t a t i o n .  

The v e l o c i t y  components and t h e  dis n of l i f t  and 
drag ,  i n  F i g u r e  2 , & a r e  f o r  p o s i t i v e  8 ,  tha t  i s ,  when t h e  
r e s u l t a n t  a x i a l  f l o  th rough t h e  b l a d e  c i r c l e  i s  upward. 
If 6 i s  sliza1,1, t h  
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I n  t h e  f o l l o w i n g  c a l c u l a - t i o n  the  .s ta l l  o f  t h e  b l a d e  
t o v a r d  t h e  r o o t  was d i s r e g a r d e d  as p k a c t i c e d  by Glauerto,  
s o  that t h e  l i f t  and drag c o e f f i c i e n t s  can be obthfned  
f r o n  

. Ca = 2 3 e 1  . (5) 

Cw = Cwm (6)  

The l i f t i n g  f o r c e  and t 6 e  t o r q u e  of a b l a d e  element 
a r c  g i v e n  by 

dH = n t P W" r2 Ca d r / 2  (7) 

dl>! = a . t  P 42 r? (C, - 6 Ca) d r / 2  (8) 
. 

V I ,  D I S T R I B J T I O N  OF , I N D 7 C E D  VELOCITY ALOEU'G THE BLADE . .  

Equa t ions  (1) and ( 2 )  y i e l d :  

f / F  = (vo - w ) 2 / v o 2  

and e q u a t i o n  (3) 

2f = 1 - \h--(vO - Ppy /To2,  

when vo  > 8 ,  t h a t  i s ,  nhen t h e  b l n d e  f n n c t i o n s  i n  t h e  
tti~7icdr;lilf.  d e c e l e r a t i n g  a t t i t u d e ,  and . 

2 
2f = 1 +\,Ci-* (m - va)  /vo3, 

when p0 .= w ,  tha t  i s ,  when t h e  b l a d e  element  f u n c t i o n s  
i n  t h e  " a n n u l a r  v o r t e x  a t t i t u d e . "  

Insort ted i n  (2 ) ,  t h i s  a t t a i n s  t o  

aH/ar = 2 TT r P (voz - 4 1.3 (-r0 .- w)'=") ( 9 )  
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x1 = (Y",/w R ) " / f Z G S )  and x '= r / R ,  we have: 

F rom (12) and (13) f o l l o w :  

1 p o s i t i v e ,  vo > w' dw/dx = -8- -_IC---- 

2 Y Y (vo - w) 3.1 

dm/dx = JL" 
2 Y Y (w - vg) -t: 1 i 

--- = p o s i t i v e ,  vo < w 1 

That i s ,  w i n c r e a s e s  and (bo - w) and 6 d e c r e a s e  as 
x i n c r e a s e s  along t h e  b l ade  l e n g t h .  

i" 
Fron '(12j and (13) follow: 

y (Yo - w) = - 1 +J11 p I X l  - x ) ,  vo > w * -  

vo < w 

(1 5 )  

0 6) 
-- 

..-- 
Y 
The p r e f i x  o$ t h e  roots i n  b o t h  e q u a t i o n s  w a s  s o  cho- 

The b l a d e  element functions in the l l w i a d r n i l l  deceies- 

(w - vo) = - 1 +Ji + $ (x - Xl), 
sei1 that  (14) i s  complied with.  

a t i n g  a t t i t u d e "  when x < xl; if x > xl the  "annular  
v o r t e x  s t a t e "  i s  reached.  Then vo = W ,  t h e n  xi = x. 

I n  t h e  case  o f  x1 < 1 the, s tsearnl ine p a t t e r n  i s  as 



8 W.A.C.Bn Technica l  XsmQr'andum No. 673 

i n  F i  3. ' 4 h e ' a i r  p a r t i c l e s  re 
and d i b e  a c losed  p a t h  a b o u t  t 
be as d t h e r e f o r e  (-see 
t h e  zone outs 
bulence  and t 
T o l l n i e n  j e t  
iIat'siemati1;E: uil 
monentum t r a n  
l a r "  p a r t i c l e  
tkat  p a r t  o f  t h e  s t r e a m l i n e  having  
c l e  w i l l  r e t u r n .  

VIIn ZERO CORDITION FOR TXE TORQUE 

By unfform motion t h e  to rque  mus.t become zero .  TLus 
( 8 )  @ e l d s  

6 Ca) d r /2  (17) 
R 1 n t P w2 r3 (c, - 

0 

In t h e  c a s e  o f  x1 1, th i s  equat ion  changes be- 
ca'ase of t h e  i n s e r t i o n  o f  t he  v a l u e s  f o r  Cw, C, and 8 
f r o m  ( 4 ) ,  (53, and ( 6 ) ,  t o  

I ,  

i t u t i n g  (12) aiid (15). f o r  (vo - w) and (vo - 
owed by i n t e g r a t i o n ,  a f f o r d s  

' 5 / 2  
-I-,fl X1) (6 - /3 XI) c = 105 p 3  

-8(1 - /3 -f- 

If x i  < I, e q u a t i o n  (17) a t t a i n s  t o  
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VIII. LIFTITJG FORCE. 

' F o r  x1 > 1, the integration of (9), together 
*, ~ 3 i  

(15) or (12) substituted for ( V O  - w:) . and (vg - w 
concedes the lifting f o r c e .  Thus, $ 1 -  , 

. I  

5 / 2  J F H  r: = 
2 n P R 2  

3 ,  x1 '1 ( 2 2 )  

~0.r  x1 < I,~' .equations ('9) and (10) f 

*I 
. %  

.'. c - 

- . .  
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t h e  r e s u l t s  
more compre 

i t y  can be com- 

l e s  I ,  11, and.111 s e f f e c t  of t h e  change 
e s s ,  p r o f i l e  d rag  an e angle ,  The r e s u l t s  

a r e  graphcd i n  F i g u r e s  4 ,  5, and 6*. 

The above c a l c u l a t i o n  aff exp lana t ion  f o r  t h e  
g r e a t  p a r a c h u t e  a c t i o n  o f  t he  0, which means t h e  

i c i e n t  ( re f  o b lade  d i s k  a rea :  
o t h e  drag c o e f f i c i e n t  o f  t h e  imperme- 
. If t h i s  r a t i o  became g r e a t e r  than  1, 
d i f f i c u l t i e s  up t o  now. I n  f a c t ,  a 
p r o p e l l e r s  w i t h  l o w  p i t c h *  drew the  

d rag  o f  8 .  prope l l ' e r  which r o t a t e d  
n o t  exceed t h e  d r a g  of an impermeable 

conc lus ion ,  however, was subsequent- 
r5mentrtl t e s t s .  (R. & M e  &To, 1014 

The d r a g  c o e f f i c i e n t  o f  an imperrnea- 
n f r e e  a i r  i s  approximately 1.2 and, 
t (Re 4% M, 30 ,  1111 - f o o t n o t e ,  page 
e of an a u t o g i r o  i s  2.0. The l a t t e r  

f i g u r e  r e s t s  on t h e  assumption that  t h e  rnem v a l u e  of f 

*Lock, C ,  IT, B o ,  and Batenan, S i :  Some Experiments on 
Airscrews a t  Zero Torque, w i t h  A p p l i c a t i o n s  t o  a Helicop- 

Windmills. R. & ?.io Bo. 885, B r i t i s h  A,B,C.,  1923,  
d i n g  w i t h  Engine ' l O E f l l  and t o  the Desfgn of 
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over  t h e  en  
I ) ,  i .e . ,  t 
must 'be upward. 

It i s  r e a d i l y  a p p a r e n t  that t h e  m e  
t h e  d i s k  i s  mostly z e r o  arld t 
vo2) = 2.0) i s  p r a c t i c a l l y  
e v a l u a t i o n  of s e c t i o n  IX r ev  
between 1,72 and 1 .98 ;  f o r  cz = 0.0'7, 
0 , O l  i t  becomes 1,86. Because of t h e  
a c t e r  o f  t h i s  assumption,  upon which the p r e s e n t  t beo ry  
was b u i l t , u p ,  i t  does n o t  p r e c l u d e  s t i l l  higher  pa rachu te  
a c t i o n s ,  but r a t h e r  t h a t  the  l i m i t  l i e s  a t  around 1,7 (i .e. ,  
2 H / ( r r  R2 P v o 2 )  = 2,O) 
t a i n a b l e  at  tile p r e s e n t  t ime, 

conformably t o  the  t e s t  data ob- 

I. 

I t  i s  perhaps  supe r f luous  t o  add ' tha t  t h e  s teady  l i m -  
i t i n g  speed i n  v e r t i c a l  descent  l i e s  above the  minimum at 
'which an ob l ique  l a n d i n g  w i t h  s topped  engine can  b 
f e c t e d .  The theory  o f  t h i s  k i n d  o f  l\gmding f o r m s  
j e c t  o f  a f u r t h e r  i n v e s t i g a t i o n ,  

The w r i t e r  e x p r e s s e s  h i s  a p p r e c i a t i o n  t o  Senor de la 
.Cierva  and t o  P r o f e s s o r  P r a n d t l  f o r  t b e i r  suppor t  i n  t h e  
d r a f t i n g  o f  t h i s  a r t i c l e .  

1)g T r a n s l a t i o n  by J, Vanier ,  
W a t i o n a l  Advisory Committee 
f o r  Aeronaut ics .  
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TABLE I. 

TA13LE: 11. IH3LUEBCE OF P R O F I L E  DRAG 

ag = 4' 2 0,,07; cs = 0,07 
...-..--I- ---- 

_Jr_---- T-c,, = 0.01 Cam = 0.02 

4.6'2 

I See Table '!I 
I 

4.62 I 
I 0,69  

8 ,86  
I 102 

I 
125 
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TABLE 111, INSLUEU'CE OF BLADE ANGLE 

Cwm = 0.01; 0 = 0.07 
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6 -  

5 -  

4- 

3 -  

1 - 

1 2 3 4 5  
1/F 

1 

\"-I 
gigs. 1,2,3 

!Choosy of  vortex 
f = a / (1  + Y ) 2  

(1 - 2 f ) Z  = 3 ( f /B ' )2  

Glauert (er-ipirical) 

Theory of vortex f i e lds ,  
Î  = F/(l - 1)2 

B i g .  3 



(3 .2 .4 .6 
x = r / R  

-I* uig. 4 Influence of fineness 

= 40 u = 0.07 ag 

b, 6 % 3.5' g ,  6 = 60 
c, 6 =. 40 h, a = 6.5" 
d, 6 = 4.50 i, 6 = 80 
e, 6 =. 50 j, 6 = 9' 

a, 6 ..,do f, 6 f 5.50 

k., cy,, = 0 
1, c,, = 0.01 
m, C,, = 0.02 

Stalled par t  of blade - - - - 
& < g o - -  

C 

0 
Fig. 5 Influelice o f  prof i le  

drag 

0- = 0.07 c,, = 0.01 

a, 6 = 2.5' e, 6 k 5.5O 
b, 6 = 3.30 f ,  6 = 6 O  
e ,  6 k 4' Q ,  6 k 8 O  

d, S = 50 


