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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTF, D-818 

METHOD FOR CALCULATING INDUCED VELOCITIES AT THE BLADES 

OF A SLIGHTLY INCLINED PROPELLER 

WITH CONSTANT CIRCULATION 

By H a r r y  H. Heyson 

A method f o r  calculating the  induced veloci t ies  a t  t he  blades of an 
incl ined propeller is  presented. 
assumed wake  consisting of one skewed he l i ca l  vortex per blade. 
blade circulat ion i s  assumed constant with respect t o  both r a d i a l  and 
azimuth posit ions.  The r e s t r i c t i o n  of uniform radial c i rculat ion can be 
removed by superposition; however, t he  assumption of constant azimuth- 
w i s e  c i rculat ion r e s t r i c t s  t he  analysis t o  s m a l l  propeller incl inat ions.  
Numerical values have been obtained f o r  one wake skew angle. 
indicate large e f f ec t s  due t o  wake vortex spacing and t o  the  number of 
blades.  

The calculations are based upon an 
The 

These values 

INTRODUCTION 

The theory of propellers i n  axial f l i g h t  has been t rea ted  i n  great  
d e t a i l  and t he  r e s u l t s  are widely available i n  the  l i t e r a t u r e .  
ref. 1 f o r  a unif ied summary.) 
f l i g h t  is ,  however, only crudely developed and rests essent ia l ly  on 
approximate treatments of the propeller wake ( r e f s .  2 t o  5 ) .  The loss  
of symmetry i n  inclined f l i g h t  increases the complexity of calculation 
t o  a grea t  degree, but t he  fundamental d i f f i c u l t y  l ies i n  the  lack of a 
f u l l  knowledge of the induced interference a t  the blades. 

(See 
The theory o f  propellers i n  inclined 

The purpose of t he  present paper i s  t o  provide an indication of t he  
magnitude and d is t r ibu t ion  of t h a t  p a r t  of the induced flow which r e s u l t s  
from the  propel ler  incl inat ion.  The analysis proceeds t o  obtain an 
induced veloci ty  at  the  blades by assuming a wake  which i s  skewed with 
respect t o  the  propeller ax i s  by an a rb i t r a ry  angle. 
of the wake then form a skewed hel ix  of f i n i t e  p i t c h  within t h i s  wake. 
The induced veloci ty  a t  t he  blades i s  then found by integrat ing the  
induced veloci ty  contribution of each e lement  of the  wake. 
c i rcu la t ion  i s  assumed constant with respect t o  both r a d i a l  and azimuth 

The vortex filaments 

The blade 
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positions. 
by means of addi t ional  calculations and superposition; however, t h e  
assumption of constant azimuthwise c i rcu la t ion  e f fec t ive ly  r e s t r i c t s  the 
analysis t o  s m a l l  angles of incl inat ion.  

The r e s t r i c t i o n  of uniform r a d i a l  c i rculat ion could be removed 

Numerical values of the interference ve loc i t ies  due t o  inc l ina t ion  
have been obtained f o r  a wake skew angle of loo and f o r  a wide range of 
both number of blades and hel ix  pi tch.  
i n  char ts  and tables ,  should be useful  i n  computing vibratory bending 
moments as w e l l  as the induced contribution t o  t h e  overa l l  propeller 
forces and moments. 

These values, presented herein 

SYMBOLS 

The symbols f o r  a propeller are, of course, primarily set up i n  
terms of axial f l i g h t .  I n  the case of inclined f l i g h t ,  where the wake 
may be  skewed with respect t o  the  propeller axis,  a large mul t ip l ic i ty  
of addi t ional  symbols are required t o  describe t h e  physical phenomena. 
Actually, t he  present problem i s  very closely re la ted  t o  hel icopter  
theory. Consequently, t he  symbols used herein w i l l  be found t o  follow 
helicopter notation more closely than the  usual propeller notation. 
i s  believed t h a t  conversion between these quant i t ies  and standard pro- 
pe l l e r  notation should cause l i t t l e  d i f f i c u l t y .  

It 

- 
a vector distance from point i n  space t o  vortex element 

( f i g .  l), ft 

B number of blades 

vector length of vortex element, f t  
- - -  
i J , k  unit  direct ion vectors along X-, Y-, and Z-axes, respectively 

2 hel ix  lead distance, measured along edge of wake, f t  

2 '  nondimensional he l ix  lead distance, 2/R 

L distance along w a k e  measured from plane of propeller,  f t  

n J , P  integers 

vector induced veloci ty  at a point i n  space, f t / s ec  

r r a d i a l  distance along blade, f t  

R blade radius, f t  
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P 

X 

vector distance from center of propeller t o  s p i r a l  wake, f t  

forward velocity of propeller, f t / sec  

induced velocity normal t o  plane of propeller,  f t / s ec  

actuator disk value of the normal component of induced 
velocity i n  the plane of the propeller,  f t / sec  

difference i n  normal induced velocity between the inclined 
and ax ia l  states o f  t he  propeller, f t / sec  

CartesiaE coordisates of a point i n  space, f t  

Cartesian coordinates of a point i n  space, normalized with 
respect t o  propeller radius 

transformed Caxtesian coordinates f o r  far wake,  
x" = x' - NZ' s i n  X; y" = y'; 2'' = z '  + NZ' cos x 

Cartesian coordinate system centered i n  plane of propeller 
with or igin at  center o f  propeller, X posi t ive toward 
rearmost edge of propeller disk, Y posi t ive t o  side, 
and 2 posi t ive forward 

propeller angle of attack, angle between plane of propel ler  

circulation, &/,e c 

and a plane normal t o  f l i gh t  path, deg 

v cos a + wo 
propeller .inflow ra t io ,  

m 

V s i n  a 
m propeller cross-flow ra t io ,  

wake skew angle, angle between t h r u s t  axis  and axis of 

wake, tan-1 ' deg 5;' 

wake parameter, measured fromX-axis i n  the  opposite direc- 
t i o n  from propeller rotation, radians 

blade azimuth posi t ion measured i n  direct ion of ro ta t ion  
from X-axis, radians unless otherwise s ta ted  (note tha t ,  
for  posi t ive pi tch,  
the propeller disk)  

$0 = 0 i s  at the r e m o s t  pa r t  of 
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q r '  = JI + Jr,, radians 

R propel ler  ro t a t iona l  speed, radians/sec 

THEORY 

Propeller Wake 

The propel ler  wake assumed f o r  the  purpose of t he  present calcula- 
t ion i s  i l l u s t r a t e d  i n  f igure  1. It i s  assumed t h a t  t he  blade circula-  
t i o n  i s  constant with both azimuth and r a d i a l  posit ions;  consequently, 
free vor t ices  are shed only a t  t h e  center of ro ta t ion  and at  the blade 
t i p s  ( f i g .  l ( a ) ) .  
ignored i n  the analysis  as t h e i r  e f f ec t  on the  ve loc i t i e s  normal t o  the  
plane of the propel ler  a t  t he  blade can be shown t o  be s m a l l .  
vortices a re  carr ied off from the  propel ler  with the  resu l tan t  ve loc i ty  
through the  propel ler .  This resu l tan t  ve loc i ty  i s  herein considered t o  
be represented with suf f ic ien t  accuracy by the  component hQR perpen- 
dicular t o  the  plane of the  propel ler  and the component pszR across 
the plane of the  propel ler  ( f i g .  l ( b )  ) . 

The cent ra l  vortex and the bound c i rcu la t ion  a re  

The t i p  

Under these assumptions, t h e  wake of each blade takes the  form of 
a single h e l i c a l  vortex wound around an ax i s  d i f fe r ing  from the  propel ler  

axis by the  wake skew angle X ( = tan' 1 3. For a propel ler  of more than 

one blade, there  w i l l  be one such s p i r a l  f o r  each blade.  

This simple p ic ture  of a propel ler  wake d i f f e r s  subs tan t ia l ly  from 
the usually assumed wake i n  which there  i s  a continuous d i s t r ibu t ion  of 
such vort ices  along the  blade radius .  The 
present assumption i s  adopted purely f o r  convenience of numerical cal-  
culation. It w i l l  be noted tha t ,  i f  the external  as well  as the  in t e rna l  
f i e l d  of the s p i r a l  w e r e  computed, it would be possible t o  obtain the  
f i e l d  f o r  any r a d i a l  d i s t r ibu t ion  of c i rcu la t ion  by superposition (such 
as i n  ref.  6 ) .  On the  other  hand, there  i s  no proof f o r  t he  optimum 
radia l  d i s t r ibu t ion  of blade c i rcu la t ion  when the  propel ler  i s  inclined, 
nor are the  e f f e c t s  of t he  inevi table  f luc tua t ions  i n  azimuthwise circu- 
la t ion  d i s t r ibu t ion  considered. Thus, it would appear t h a t  fu r the r  
refinement i n  the  present calculat ion may not be j u s t i f i e d  a t  t h i s  time. 

(See, f o r  example, r e f .  1.) 

In  consideration of t he  crude form of wake used i n  the calculat ion,  
the r e su l t s  are presented i n  terms of the  induced veloci ty  change caused 
by skewing the  wake. It i s  suggested t h a t  standard propel ler  analyses 
be used t o  obtain the  propel ler  performance f o r  the symmetrical s t a t e .  
Then the  incremental induced ve loc i t i e s  presented herein, o r  superposi- 
t ions thereof,  can be used t o  modify t h e  induced veloci ty  obtained from 
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t he  axial-state 
contribution t o  

calculat ion i n  order t o  obtain the  t o t a l  l oca l  induced 
the  l o c a l  angle of a t tack  a t  any point on the  propel ler .  

The change i n  l o c a l  angle of a t tack  which i s  due purely t o  t i l t i n g  the  
propel ler  must a l so  be considered. This geometric change can be 
obtained from reference 5 .  

Induced Velocity f o r  One-Blade Propeller 

The induced veloci ty  f o r  a one-blade propel ler  i s  found by in te -  
grat ing the  equation involved i n  the  Biot-Savart l a w  over t he  e n t i r e  
wake .  Thus, 

where (from f i g .  1) 

+ T(-R s i n  q )  + E 
Jr + $0 

and 

+ ?(-R s i n  ~r - y)  
Jr + $0 

23t 

9 + E(- Jr + $0 2 cos x - 
23t 
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Equations (8) and (10) may be used t o  compute the normal component 
of induced veloci ty  a t  any point i n  space near a propel ler  with one 
blade. For the  present purpose, only the induced ve loc i t i e s  along the 
blade are required. 
points  are selected: 

Thus, i n  equations (8) and (lo), only the  following 

r 
R 

r 
R 

2 '  = 0 

x' = - cos qo 

y' = - s i n  qo 

Induced Velocity f o r  Multiblade Propellers 

If the  propel ler  has more than one blade, it i s  necessary t o  com- 
pute the e f f ec t  of each blade on t h e  axis of the  others.  
can be obtained by computing the  induced ve loc i t ies  a t  the  following 
points  i n  addition t o  those given by equations (11): 

This e f f e c t  

J z '  = 0 

where p i s  each integer,  In  turn,  between 1 and B - 1. These induced 
ve loc i t i e s  must then be added t o  those computed f o r  t he  reference blade 

when the  reference blade is at the  azimuth angle \Ira + - p. It w i l l  be 

observed t h a t  t h i s  procedure mult ipl ies  the vortex density along the  edge 
of the  wake,.and, consequently, t he  reference veloci ty  by the number 
of blades B. In  order t o  r e t a i n  the  meaning of wo as the momentum- 
theory induced ve loc i ty  fo r  the  e n t i r e  propeller,  it i s  thus necessary 
t o  divide the  resu l t ing  sums by B. 

a 
B 

wo 

It is remarked a t  t h i s  point t ha t ,  except f o r  form and the  treat- 
ment of t he  furthermost portions of the  wake, t h e  foregoing equations 
are es sen t i a l ly  iden t i ca l  t o  those developed i n  reference 9 .  
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Relation Between Wake and Propeller Parameters 

All of the computed r e s u l t s  are presented i n  terms of the vortex 
spacing 2 '  and the wake skew angle X which are the parameters of 
the calculation. It i s  desirable,  however, t o  r e l a t e  these parameters 
t o  t h e  operating conditions of the propeller.  
obtained as follows: 

This re la t ionship can be 

The wake vortex spacing 2 '  i s  the distance i n  r a d i i  t h a t  the 
wake i s  carried off i n  one revolution of the propeller.  Thus, since 

Then 

2 '  = 2 4 -  

However, i n  consequence of the def in i t ion  

t a n X = E  
h 

Substi tution of equation (15) i n to  equation (14) yields  

(16) 2 '  
2fi 

h = - cos x 

Substi tuting the def in i t ion  of h in to  equation (16) yields,  a f t e r  
some rearrangement of terms 

Equation (17) may be used t o  f ind  the value of a corresponding 
t o  any combination of wo and V f o r  specified values of 2 '  and X. 

It w i l l  be observed t h a t  when the propeller i s  i n  a high-speed con- 
di t ion wo i s  much l e s s  than V and 2' /2f i  approaches V/CiR, thus, 
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a approaches X. For a l l  other f l i g h t  conditions with posi t ive propel ler  
th rus t ,  the  angle of a t tack w i l l  be greater than the w a k e  skew angle as 
indicated i n  f igure 1. 

NUMERICAL CALCULATIONS 

The numerical values of induced velocity r a t i o  presented herein 

The 
fo r  equation (8) w a s  chosen as 8, and the  reminder  was 

were obtained by the numerical integration of equations (8) and (10) on 
a d i g i t a l  computer ( I B M  704 electronic  data processing system). 
value of N 
calculated by the numerical integrat ion of equation (10). This value 
of N was  selected as the  result of several t r i a l s  with a systematic 
var ia t ion  of N which indicated t h a t  N = 8 should be adequate t o  
obtain accuracies of the order of 0.1 percent. The in tegra ls  were i n  
a l l  cases obtained by evaluating ordinates a t  increments of 3' i n  
and then integrat ing by Simpson's rule. For one point on the  axis  of 
one blade, the  induced veloci ty  r a t io s  for 12 values of 
puted simultaneously i n  approximately 45 seconds. 
f o r  propellers of more than one blade were obtained by the  manual addi- 
t i o n  of induced ve loc i t ies  calculated at the point f o r  each of the 
several  blades. 

Jr 

qo were com- 
The induced ve loc i t ies  

Only one value of X w a s  used throughout the  calculations.  As 
pointed out elsewhere i n  t h i s  paper, this l imi ta t ion  means t h a t  f o r  a 
par t icu lar  propeller and f l i g h t  condition, the  r e s u l t s  can only be 
applied t o  one angle of a t tack.  This one angle, however, should be 
a&eq~zte +uc s5tain sme iridication or' the  e f f ec t s  f o r  angles near the 
ax ia l  s t a t e .  

Note t h a t  the value of X has been chosen unduly large f o r  high 
forward speeds. 
numerical accuracy problems i n  the calculations. 

This large angle was  chosen merely i n  order t o  simplify 

RESULTS AND DISCUSSION 

Calculated Induced Velocity Ratios 

Contour charts of the induced velocity r a t i o s  due t o  w a k e  incl ina-  
t i o n  Aw/wo 
i n  figures 2, 3 ,  4, and 5 ,  respectively. 
a r e  given i n  tab les  I t o  IV. 
about the  presentation of f igures  2 t o  5 and tab les  I t o  IV: 
induced veloci ty  r a t i o s  are only those due t o  incl ining the wake - t h a t  

f o r  four-, three-, two-, and one-blade propel lers  are given 
Numerical values of the r a t i o s  

first,  the  
It i s  necessary t o  point out two f a c t s  
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is, the  corresponding induced ve loc i ty  r a t i o s  f o r  
been subtracted from those calculated f o r  
contours do not represent the induced ve loc i t i e s  ex is t ing  over the e n t i r e  
disk at  one ins tan t  of time, but  rather, at each azimuth posi t ion,  t he  
contours represent the  induced ve loc i t i e s  along the blade when it i s  at 
that  azimuth posi t ion.  The values of W/WO f o r  X = Oo are given i n  
f i g u r e  6 and table V. 

X = Oo have already 
X = loo - and second, the 

The Case 2 '  = 0 

The l imi t ing  case of 2 '  = 0 i s  independent of the number of blades,  
and is repeated i n  each figure f o r  completeness. It w i l l  be observed 
that  t he  induced ve loc i t ies  due t o  inc l ina t ion  are antisymmetric about 
the  Y-axis ($0 = 90° and 270°) and t h a t  they are uniformly zero along 
the Y-axis i t se l f .  Proofs of these symmetries, f o r  a l l  skew angles, are 
given in  Par t  I1 of reference 6. (Note tha t  herein only the  difference 
between X = Oo and 10' 
the  t o t a l  induced ve loc i t i e s .  The corresponding r e s u l t s  f o r  comparison 
with the  present paper may be obtained by noting t h a t  f o r  
induced veloci ty  r a t i o  i s  uniform and equal t o  1.0 over the  e n t i r e  disk.)  

is  dea l t  with, whereas reference 6 deals with 

X = Oo, t he  

An approximate d i s t r ibu t ion  of induced ve loc i ty  f o r  the case 2 '  = 0 
may be  obtained from the  slope of t he  induced ve loc i ty  d i s t r ibu t ion  a t  t he  
propeller center.  This slope i s  found i n  reference 10 as 

If it i s  then assumed t h a t  the  induced ve loc i ty  r a t i o  var ies  over 
the e n t i r e  disk according t o  equation (18), t he  d i s t r ibu t ion  shown i n  
figure 7 i s  obtained. 
improved agreement between calculated and measured pi tching moments 
over a wide range of skew angle by including precisely t h i s  induced 
velocity d is t r ibu t ion .  

It might be noted t h a t  reference 11 obtains 

Effect  of 2 '  

The symmetrical d i s t r ibu t ion  f o r  2 '  = 0 i s  progressively d i s -  
tor ted by increasing values of 2 '  ( f i g s .  2 t o  5 ) .  This d is tor t ion ,  
a t  least i n i t i a l l y ,  might be l ikened t o  a r a d i a l l y  nonuniform ro ta t ion  
of t he  f low ' f i e ld .  The e f f ec t  of 2 '  i s  g rea t e s t  near the blade t i p s .  



This r e s u l t  would, of course, be expected since that par t  of the blade 
closest  t o  the  s p i r a l  vortex should show the greatest  changes as a r e s u l t  
of changes i n  the vortex configuration. A t  low values of 2 '  it can be 
seen that the  interference over the rearward blades is increased w h i l e  
that over the  forward blades i s  decreased. A t  high values of 2 ' ,  t h i s  
t rend i s  grea t ly  a l tered,  and f o r  some of the cases t rea ted  herein, i s  
completely reversed. 
due t o  the longitudinal d i s t r ibu t ion  o f  induced velocity,  might s imilar ly  
reverse i n  direct ion i f  2 '  i s  suff ic ient ly  increased. 

The propeller pitching moment, which is  largely 

Effect of Number of Blades 

Examination of f igures  2 t o  5 indicates that  the  major e f f ec t  of 
an increased number of blades i s  t o  greatly reduce the d is tor t ion  of t he  
induced f i e l d  at a given value of 2 ' .  This  r e s u l t  might be expected 
since the vort ices  a r e  more closely spaced f o r  an increased number of 
blades (by a fac tor  equal t o  the  number of blades). The e f fec t ive  spacing 
i n  the  wake, however, does not provide the  complete e f f ec t  as may be seen 
by comparing the calculated r e su l t s  f o r  cases where 2 '  and the number 
of blades combine t o  produce the same spacing between vort ices .  Two such 
obvious s e t s  a r e  those of figures 2(e) ,  3 ( d ) ,  4(c),  and 5(b), and those 
of f igures  2(h) ,  3 (g ) ,  &(e ) ,  and 5 ( c ) .  The differences between the con- 
tours  i n  each s e t  represent the e f f ec t  of considering the  wake t o  be com- 
posed of several  loosely wound intertwined sp i r a l s  ra ther  than a single,  
more tightly wound sp i r a l .  

CONCLUDING REMARK5 

A method f o r  computing the induced ve loc i t ies  at the blades of an 
inclined propel ler  has been presented. 
blade c i rcu la t ion  which i s  constant with respect t o  both radial and 
azimuth posi t ions.  
be removed by means of superposition; however, the assumption of constant 
azimuthwise c i rcu la t ion  e f fec t ive ly  restricts the  analysis t o  s m a l l  
angles of incl inat ion.  

The equations a re  i n  terms of a 

"he r e s t r i c t ion  t o  uniform radial ci rculat ion could 

Numerical values of the incremental induced ve loc i t ies  at the blades 

These computed values of induced velocity ra t io  indicate that  
due t o  propel ler  incl inat ion have been obtained f o r  a wake skew angle 
of loo. 
the interference becomes increasingly nonuniform as the p i t ch  of the 
hel ix  increases and as the number of blades decreases. The computed 
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induced ve loc i t i e s  should be usefu l  f o r  calculat ions of blade vibratory 
bending moments as w e l l  as f o r  calculat ions of t h e  overa l l  forces  and 
moments act ing on an incl ined propel ler .  

Langley Research Center, 
National Aeronautic6 and Space Administration, 

Langley Field,  Va. ,  February 21, 1961. 
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TABLE V.- INDUCED VELOCITY RATIO AT THE BLADE 

4 5 6 8 

OF A PROPELLER WITH UNIFORM CIRCULATION 

0.20 
.60 
.80 
.95 

1.000 1.001 
1.000 1.001 
1.000 1.008 
1.000 1.356 

1.005 
1.180 
1.728 
4.796 

Four-blade propeller 

1.006 
1.219 
1.843 
5.355 

Three- blade propeller 

0.20 1.000 1.001 1.004 1.013 1.022 1.028 1.032 

.95 1.000 2.083 3.497 4.705 5.663 6.397 6.962 

.60 1.000 1.009 1.094 1.210 1.303 1.375 1.419 

.80 1.000 1.099 1.419 1 . 7 9  1.985 2.174 2.311 

0.20 1.000 1.001 1.000 1.001 1.003 1.004 

.80 i.000 1.026 1.180 1.363 1.518 1.639 

.95 1.000 1.589 2.502 3.296 3.930 4.419 

.60 1 1.000 11.002 11.023 11.070 1 1.117 1.155 

1.037 

7.799 

1.482 
2.484 

One-blade propeller 

1 - 
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9 0" 

180" 

(a) 2 '  = 0 .  

Figure 2. - Isoclinal lines of incremental induced velocity ratio Aw/wo 
that a blade experiences in steady rotation. Four blades; X = 10'. 
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qIo = 0" 

90" - 

180" 

(b) 2 '  = 1. 

Figure 2. - Continued. 

- 270" 
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$0 = 0" 
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180° 

( c )  2 '  = 2. 

Figure 2. - Continued. 
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(d) 2 '  = 3 .  

Figure 2.- Continued. 
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( e )  2 '  = 4. 

Figure 2.- Continued. 
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180" 

(f) 2 '  = 5 .  

Figure 2.- Continued. 
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( g )  2 '  = 6 .  

Figure 2 .  - Continued. 
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180" 

(h) 2 '  = 8 .  

Figure 2.-  Concluded. 
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180" 

(a) 2 '  = 0 .  

Figure 3. - Isoclinal lines of incremental induced velocity ratio Aw/w( 
Three blades; X = 10'. that a blade experiences in steady rotation. 
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180" 

' 270" 

(b) 2 '  = 1. 

Figure 3.- Continued. 
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270" 

( c )  2 '  = 2 .  

Figure 3. - Continued. 
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Jlo = 0" 
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180" 

(d) 2 '  = 3 .  

Figure 3.- Continued. 
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( e )  2 '  = 4. 

Figure 3.- Continued. 



36 

qfo = 0" 

90" 270" 

180" 
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Figure 3.- Continued. 
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Figure 3 .  - Continued. 
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90" 

180" 

(h) 1'  = 8 .  

Figure 3 .  - Concluded. 
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270" 90" 

180" 

(a) 2 '  = 0.  

Figure 4. - Isoclinal lines of incremental induced velocity ratio AW/WO 
that a blade experiences in steady rotation. Two blades; X = 10'. 
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(b) 2 '  = 1. 

Figure 4.- Continued. 
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( c )  2 '  = 2. 

Figure 4. - Continued. 
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(d) 2 '  = 3. 

Figure 4.- Continued. 
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( e )  2 '  = 4. 

Figure 4. - Continued. 
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(f) 2 '  = 5 .  

Figure 4. - Continued. 
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Figure 4.- Continued. 
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- 270" 

180" 

(h) 2 '  = 8.  

Figure 4.- Concluded. 
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270" 

180" 

(a) 2 '  = 0.  

Figure 5. - Isoclinal lines of incremental induced velocity ratio AW/WO 
that a blade experiences in steady rotation. One blade; X = 10'. 
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9 0" 270" 

180" 

(b) 2 '  = 1. 

Figure 3 . -  Continued. 
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180" 

( c )  2 '  = 2.  

Figure 5 .  - Continued. 
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(d) 1' = 3 .  

Figure 5.- Continued. 
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(e )  2 '  = 4. 

Figure 5 .  - Continued. 
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(f) 2 '  = 5 .  

Figure 5.- Continued. 
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( g )  2 '  = 6 .  

Figure 5.- Continued. 

270" 



54 

9 0" - 270" 

180" 

(h) 2 '  = 8. 

Figure 5. - Concluded. 



0 .2 .4 .6 .8 I .  0 

r/ R 

(a )  Four-blade propeller. 

Figure 6.- Induced veloci ty  r a t i o  w/wg on blades i n  axial forward 
f l i g h t  (x = O o ) .  
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(b) Three-blade propeller. 

Figure 6.- Continued. 
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( c) Two-blade propel ler .  

Figure 6.- Continued. 
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(d) One-blade propeller. 

Figure 6.- Concluded. 
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90" 270" 

Figure 7.- Approximate values of incremental induced veloci ty  r a t i o  
Aw/wo a t  2 '  = 0 as obtained from' slope at  center.  X = loo. 

NASA - Langley Field, Va. L-1392 


