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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

CALCULATION OF AERODYNAMIC FORCES ON A 

PROPELLER ID PITCH OR YAW 

By John L. Crigler and Jean G i U ,  Jr. 

An analysis has been made t o  determine the applicabili ty of existing 
propeller theory and the theory of osci l la t ing a i r f o i l s  t o  the problem 
of determining the magnitude of the forces on propellers i n  pitch 
or  yaw. S t r ip  calculations including the Goldstein correction factors  
and using cornpressible a i r f o i l  characterist ics were f i r s t  made a8 though 
steady-state conditions existed successively a t  several blade positions 
of the propeller blades during one revolution. A theory of osci l la t ing 
a i r f o i l s  i n  pulsating incompressible l inearized potential  flow was then 
considered from which it w a s  possible t o  determine factors  which would 
modify the forces a8 calculated under the assumption of steady-state 
compressible flow. 

Comparisons of the steady-state calculatians with experimental 
results show tha t  the magnitude of the force changes experienced by the 
blades can be predicted with satisfactory accuracy. Results of calcula- 
tions made by the osci l la t ing theory indicate that  the actual forces on 
the blade may be sonewhat lower than the values calculated by, the steady- 
s t a t e  method. It was not possible t o  establish th i s  conclusion definitely’ 
because of the lack of suff ic ient  experimental data f o r  comparison. 

The turning moment on the shaf t  of a two-blade propeller f luctuates 
between approximately zero &a i ts  maximum value twice per revolution. 
For the operating condition investigated the turning moment on the shaft  
of a three-blade propeller remains nearly constant a t  about 75 percent 
of the m a x i m  value attained w i t h  the two-blade propeller. 

INTRODUCTION 

Large-diameter propellers incorporating thin blade sections are 
becoming a necessity f o r  certain a i r c r a f t  instal la t ions using large u n i t  
power plants a t  high al t i tude and high speed. 
tions, the osci l la t ing a i r  forces due t o  yaw or pitch of the propeller 
axis may cause dangerous vibratory stresses with a frequency of once per 

On such propeller instal la-  
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revolution. 
that  vary with the position of the blade around the periphery. 
air forces on the propeller blade section i n  f l i g h t  must be related t o  
the proper Mach number, advance rat io ,  blade-section l i f t  Coefficient, 
inclination of the propeller shaf t  axis to  its forward motion, and the 
wave length of the oscil lation. 
blade section as a function of the propeller operating conditions is  
needed i n  a study of the problem. 
the operating condition of a pitched or yawed propeller. 

The a i r f o i l  blade section experiences osci l la t ing air forces 
These 

A knowledge of the air  forces on the 

N o  existing theory completely describes 

I n  th i s  report the a i r  forces on the propeller blade8 are calculated 
first under the assumption tha t  the existing propeller theory may be used 
i n  conjunction with the instantaneous angles of attack and resultant 
velocit ies along the blades of the pitched propeller a t  successive blade 
positions around the periphery. This method, herein termed the "steady- 
state" method, permits the use of the usual steady-state compressible air- 
f o i l  characterist ics with the Goldstein correction factors  f o r  a f i n i t e  
number of blades. ?men several aspects of the nature of the forces developed 
by an osci l la t ing a i r f o i l  are considered. Expressions based on linearized 
theory f o r  calculating the air  forces on a two-dimensional thin f la t -p la te  
a i r f o i l  osci l la t ing i n  angle of attack i n  a steady stream i n  a nonviscous 
incompressible f l u i d  were developed i n  reference 1. Some modifications to  
this theory were presented i n  reference 2 t o  permit calculations when tb 
stream velocity as well as the angle of attack varied with time. The 
expressions of reference 2 are used t o  estimate the changes of the a i r f o i l  
characteristics$ i n  a compressible osci l la t ing flow f i e ld .  

There are very l i t t l e  experimental data with which to  compare the 
resul ts  of these calculations. The steady-state compressible character- 
i s t i c s  are  computed f o r  the propeller tested i n  reference 3, however, and 
are compared with the experimental data given therein. The calculations are 
made f o r  two-blade and three-blade single-rotating propellers and satis- 
factory agreement with the available experimental data is  obtained. 

a 

B 

C 

Cd 

cz 

C(k) = F + i G  

distance t o  center of rotation from midchord of a i r fo i l ,  
f ee t  (fig. 2) 

number of blades 

chord, f e e t  

profile drag coefficient 

two-dimensional l i f t  coefficient 

c function (reference 1) 
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(A) thrust coefficient 

(5%) element thrust coefficient 

propeller diameter, f e e t  

h 

J advance r a t i o  (v/nD) 
ver t ica l  deflection (fhpping)  of a i r f o i l ,  f e e t  (fig. 2) 

l oca l  advance ra t io ,  steaa pa r t  (J cos 9) 
1 Jut, 

) 
.Jrx cos a”r 

instantaneous loca l  advance r a t i o  (F + s i n  @*sin w t  

parameter used i n  determining th8 function F -t- i G  

L 

LC 

m 

mc 

M 

n 

r 

R 

t 

T 

V 

l i f t ,  poxnds 

l i f t  coefficisnt of osc i l la t ing  a i r f o i l  

turning moment, foot-pounds 

moment coefficient 

Mach nmber 

propeller rotat ional  speed, revolutions per second 

radius t o  blade section, f e e t  

t i p  radius 

time, seconds 

thrust ,  pounds 

forward velocity of airplane, f e e t  per second 
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geometric resul tant  velocity, steady part, f e e t  per 
second (fig. 1) *O 

**t instantaneous geometric resultant velocity, f e e t  per second 

X f ract ional  radius t o  propeller blade section 

U angle of attack, degrees 

i U 

u*o 

"r 

angle of i n f l o w ,  degrees 

amplitude i n  osci l la t ion of angle <f attack, radian5 or 
degrees ( f ig .  1) 

instantaneous incremental. angle of attack of blade section, 
radians or  degrees 

angle of inclination of propeller thrust  axis, degrees 
(fig. 1) 

P blade-angle se t t ing  a t  0.75 radius, degrees 

Cd 

2 
7 = tan-1- 

C 

(wT - 1) E f ract ional  aJnrplitude of stream pulsation 

K Goldstein correction factor  f o r  f i n i t e  number of bladea 

mass density of air, slugs per cubic foot  

section so l id i ty  (E) 
do loca l  geometric helix m@e, steady part ,  degrees 

( - - l $  cos 9 
Put in8tantaneoua geometric helix angle, degrees 

aerodynamic helix angle, degrees (equation (4)) 
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u angular velocity of propeller, radians per second 
( 2 d  

A dot over a quantity denotes the f i r s t  derivative of the quantity 
w i t h  respect t o  tim; two dots, the second derivative with respect t o  
t i m e  0 

FORCES ON AN I N C m  PROPELLER 

The Velocity D i a g r a m  

Figure l(a) shows a aide view of a propeller disk the thrust  axis 
of which i s  inclined a t  an m g l a  q t o  the forward velocity V. This 
forward velocity V i s  shown resolved in to  a component V COB 9 
perpendicular t o  the plane of rotation and a component V sin 9 
t o  the plane of rotation. Figure l ( t l ) ,  a vlew perpsndicular t o  the plam 
of rotation along the thrust  axis, shows the velocity cornponent V s in  9 
at, a section of a propeller blade which i s  located a t  a position cot 
the propeller disk. ut, which defines 
the poaidion of the blade, i s  considered t o  be zero when the blade i s  
i n i t i a l l y  ver t ica l  upward with the propeller axis in positive pitch and 
is  measured i n  the direction of rotation (these axes may be rs ta ted t o  
comply with propeller a t t i tudes other than pi tch) .  
the vector V s in  % may be resolved into a conponent V s in  %sin cot 
i n  the direction o f a t h e  a g e n t i a l  velocity CUT and a conponent 
V sin %cos cot  i n  a rad ia l  direction along the blade. In  the treatmnt 
tha t  follows it is assumed t h a t  the radial component of the flow 
(V s in  +cos ut)  has a negligible effect  on the a i r f o i l  characteristics. 

W i t l i  t h i s  assumption, it remains t o  determine the ef fec t  of the periodic 
change in  the rotational velocity 
CoIsponent velocity V cos % on t'ne propeller characteristice. 

para l le l  

on 
I n  th i s  paper the time variable 

With t h i s  convention 

s 

(m IR + V sin a~sin cot)  and the 

The vector diagram.for a section of an inclined propsller i s  shown 
in figure l ( c ) .  In th i s  f igure the induced effects  are not included. 
It should be realized, however, t ha t  the aerodynamic helix angles will be 
somewhat different from the geometric helix angles shown. 
the geometric helix angle f o r  any position of the propeller blade is  
given by 

From figure l ( c )  
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The resul tant  velocity i s  given by 

Using the relationship i n  equation (l), the loca l  advance r a t i o  i s  given 
by 

Trx cos a, 
I - - 

9 + s in  -sin at J 

From (3) it i s  seen that  the local  advance r a t i o  varies depending on the 
position of tha blade. 

Method of Analysis 

In  calculating the forces on an inclined prop6ller it must be 
realized that not only do the blade sections operate i n  a variable flow 
f i e l d  but tha t  the f l o w  is  a compressible one w i t h  the possibi l i ty  of 
high section Mach numbers along the propeller blades. 
reference 2 f o r  dealing with the osci l la t ing effects  applies t o  incom- 
pressible flow where-the slope of the l i f t  curve is  approximately 2x, 
while i n  the compressible case, the slope may be considerably higher. 
Since the wave length i n  osc i l la t iag  flow is usually several blade chord 
lengths (10 or more), it appears logical  as a f i r s t  approximation t o  
consider the osc i l la t ing  effects  t o  be negligible as compared with the 
change of slope of the l i f t  curve w i t h  change i n  Mach number. 
Goldstein correction factors f o r  a f i n i t e  number of blades have been found 
to  apply reasonably well when applied t o  the calculation of forces on 
nonoptimum propellers (reference 4) . 
to  extend the i r  use t o  the present case. 

6- 

The method of 

Also, the 

Therefore, it appears reasonable 

Steady state.-  In steady-state calculations of the forcea and 
moments on the blade of a pitched propeller, a change i n  time (blade 
position) i s  treated simply as a change in  the operating V/nD of the 
propeller i n  accordance with equation ( 3 ) .  
assumed t o  operate successively a t  rlifferent blade positions under the 
instantaneous conditions a t  each particular pogition. 

The complete propeller i s  

The thrust  per 
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blade a t  each position i s  determined from 

where 

Equation ( 5 ) ,  except f o r  the 

from Eeference 4- me quantities 

s i n  %sin (ot>2, is  

9 and ai are determined by the same 
method as In reference 4 using the q-titf Jut (equation (3) )  i n  place 

of J.. m e  additional fac tor  2 i n  equation ( 5 )  

t e rn  of pn2~4 is needed t o  put the element thrust  graiiient 

rather than in terms of the appamntu  varying n i n  J,t (equation (3) ) .  
dx 

The turning moment (yawing m m n t  of a pitched propeller on the 
propeller shaf t  is  the difference i n  bending moments from the hi- 
loaded side t o  the l i gh t ly  loaded side of the inclined -propeller. 
steady-force calculations this bending moment reaches a maximum on the 
two-blade propeller when the blades are  in the horizontal plane. 
maximum turning moment from the steady-flow calculations is  found by 
graphically integrating 

For the 

The 

(6 1 

from the spinner surface t o  t%e propeller t ip .  
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Osc i l l a t iw  flow.- The expression for the t o t a l  l i f t  of an inf in i te ly  
thin a i r f o i l  of i n f in i t e  aspect r a t i o  osci l la t ing i n  an incompressible 
pulsating stream (see f ig .  2) is  givan i n  reference 2 aa 

2 P  1 L = -ap + Wwt< + WUt(a t- ap) - a g u  

where 

wwt - w, = w E 8  iLot 
0 

h = hoeiwt 

i c o t  ap = $0” 

C(k) = F + i G  (from reference 1) 

In  the above expressions, E 
perturbation pa r t  of the stream pulsations, ho 
ver t ica l  displacement (flapping), an& a .the amplitude of the incre- 

mental angle of attack due t o  the rotation of the a i r f o i l  about the axis 
- x = 2.  
describe these quantities as pure sinusoidal variations; it thus becomes 
necessary t o  ascertain the applicabili ty of these definit ions t o  the 
inclined propeller case. 

denotes the fractional. w l i t u d e  of the 
the w l i t u d e  of the 

PO 

The equations defining the quantities (WUt -wo>, h, and ap 
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From figure 1 it caa be 3een that the maximum increment i n  the geo- 
metric angle of attack occurs when the quantity sin cut = 1 (ut = 90') 
and a t  s i n  c u t  = -1 (cut = 270°). Tlie amplitude '\ of the geom-cric 

angle of a t tack a t  cut  = 90° i s  

and the amplitude a t  c u t  = 270' i s  

J 
J(X 

These values have been calculated f o r  several values of - w i t i n  the 

angle a as parameter, and the resu l t s  are shown plotted i n  figure 3. 
Ln figure 4 are shown resu l t s  of s i m i l a r  calculations made t o  determine 
the value of E a t  c u t  = 90° and c u t  = 270°. Figures 3 and 4 show that 
i n  the propeller case the dmiat ion from sinusoifial variations i n  the 
resul tant  velocity and angle of attack i s  small at thrust-axis angles less  

than about 6' and values of l e s s  than approximately 2. 
fix 

T 

The flapping motion h i s  a function of the blade s t i f fness  and w i l l  
not be considered here. Calculations show tha t  the e f fec t  of t h i s  motion 
on the maximum force i s . i n  general smal l  but tha t  the l a g  i n  the position 
of the maximum force m y  become large depending on the frequency of the 
oscil lations.  

Dropping the h terms, equation (7) reduces t o  
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For the type of motion being 
t o  assign the following values t o  

"p= 

h =  

W r u t  = 

E =  

C(k) = 

I n  the above expressions 

considered here it w i l l  be convenient 
the parameters apgearing i n  equation (8): 

0 

wo(l - ipBiUt) 

k-1 
WO 

F + i G  

parameter CG is taken as the ssnpli- 
PO 

tude of the aerodyna.mic angle of a t tack as estimated by stearly-state 
calculations i n  potent ia l  flow. The function C(k) i s  a cornplsx function 
of the parameter k (reference 1) and i s  given by 

C(k) = F(k) + iG(k) 

where F and 0 are obtained f r o m  standard Bassel functions of the f i rs t  
and second kinds with argument k. The variation of the functions F 
and G with the parasll3ter $ is given i n  f igure 4 and table  I1 of reference 1. 

.LL 

In  the preaent case the functions 
f o r  k'a defined as follows: 

k 
?I? 

kWwt + ""p 

and G are eval-uatea as i n  reference 2 
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For the case being considered it is  assumed that Therefore 
c u t  = % = 

Accordingly the functions c kwUt 0 = k  and k + $ = k l = 2 k .  
k.wwt = k9 Wcut 

are equal and are denoted by C(k) = F + i G  w h i l e  the 
and 
func%ion C ( k  + k.) is  denoted by F1 + i5. 

multiplied by the C(k) functions. These r e a l  terms can be interpreted 
as giving the t o t a l  force on the a i r f o i l  and the imginary tern9 the Force 
due to  perturbation veloci t ies  00. 

It should be noted that  some of the r e a l  terms i n  eqiaticm (8) a re  not 

Taking the r ea l  par t  of equation (8 ) ,  the resul t ing t o t a l  force 
coefficient is  given by 

+ F ~ + E = - -  - Lc = L -e i (  ;o) 

PW02 
- c  *%Po 2 - 

F 

r 

s i n  2 c u t  - 3 c u t  
9 0  

1 
+ 1-t + F + e-$-) + G t  + EC)] cos Cot 

- € F  [( 1 +E- go)+ + F1 cos aWt  - C % ~ C O S  wt I 
The l i f t - fo rce  coefficient Lc for propeller blade computations 

applies t o  only one blade elenent. I f  the curves from a l l  blades are 
plotted and integrated and the ordinates summed, the curves thm obtained 
may be used t o  determine the turning moment on the propeller shaft  as a 
function of t ime .  
pitched propeller) f o r  any position i s  found by p lo t t ing  the l i f t  force 
a t  each blade element times its moment arm and integrating graphically. 

The turning moment on the shaf t  (yawing moment f o r  

C-TION OF FORCES AND DISCUSSION OF RESULTS 

Steady state.-  The calculations were made for g 4-foot-diameter 
p o p e l l e r  having an NPLCA 4- (3.9) (07)-0345-B blade design of NACA 16-aeries 



12 NACA RM No. L&26 

sections. A description of the propeller and blade-form curves is  given 
in  reference 3 .  The calculations made, assuming steady flow, were f o r  a 
two-blade propeller f o r  blade angles of 26' and 53' measured a t  the 0.75 
radius, f o r  a free-stream Wch number of 0.30, and fcr the propeller thrust  
axis inclined a t  an angle of 4'. 
pel ler  there i s  a variation of Mach number along the blade which must be 
taken into account. 
since the highest Mach number covered i n  the report was 0.7, extrapolation 
of the a i r f o i l  data t o  Mach numbers as high as 0.9 was necessary. 
l i f t  characterist ics f o r  a Mach number of 0.6 were used t o  extrapolate to 
higher Mach numbers. 
zero l i f t  obtained a t  
l i f t  curve by the Prandtl-Glauert relationship 

For each operating condition of the pm- 

The a i r f o i l  data used were taken from reference 5 but, 

The 

The extrapolation was made by holding the angle of 
M = 0.6 constant and changing the slope of the 

Figure 5 gives a comparison of the variation of the calculated and 
the wake-survey thrust  coefficients with respect t o  the blade position 

a t  J = 1.2 f o r  a blade-angle se t t ing  of 26' and a thrust-axis angle 5 
of 40. 
and % = 4O, and figure 7 a t  J = 3.1 f o r  p = 530 and 9 = 40. The 
maximum and minimum calculated instantaneous thrust  coefficients d i f f e r  
s l igh t ly  from the measured values i n  a l l  cases. There is  a l so  a rather 
large phase difference i n  the position of the maxim calculated and 
measured thrust  coefficient a t  the value J = 1.2. The position of the 
survey rake f o r  the experimental data of reference 3 was changed t o  get 
each individual point rather than making simultaneous measurements of a 
number of points f o r  each par t icular  operating condition. 

ut 

Figure 6 gives a similar comparison a t  J = 2.8, P = 5 3 O ,  

A t  the same time tha t  the experimental rake survey data were taken 
force-test  thrust  coefficients were measured. A study of these data 
revealed tha t  the force- tes t  thrust  coefficients (CT) at  the operating 

V / ~ D  
t o  CT = 0.0170 depending on the position of the survey rake. The force- 

t e s t  thrust  coefficient f o r  the condit'ion of V/nD 
angle se t t ing  of 53O varied from 0.0725 t o  0.0800. 
coefficient with rake position suggests that  there i s  a blocking ef fec t  
which changes with rake position. 
velocity i n  the plane of the propeller and thus the operating V/nD of 
the propeller. Therefore comparisons made a t  the same V/nTl with theoret- 
i c a l  calculations based on free-air  conditions would not be expected t o  

of 1.2 f o r  the 26* blade-angle se t t ing  varied from cT = 0.0125 

of 2.8 and the blade- 

This change i n  thrust 

This blocking effectively changes the 
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be i n  exact agreement. With th i s  consideration in mind the agreement 
between experiment and theory is  good. 

The s h i f t  i n  the position of the maximum force between the experi- 
mental and calculated data noted particularly on figure 5 i s  due t o  
several factors.  
18 inches (0.377 propeller diameter) behind the center line. of the 
propeller. Calculations showed that,  i n  t h i s  distance, the twist of the 
propeller slipstream accounted f o r  approximately 12' s h i f t  of the maximum 
force f o r  the operating condition of - = 1 . 2  and p = 26O but was' 

negligible f o r  the operating condition of = 3.1 and p = 53'. Second, 

the unsteady flow on the blade sections causes a l ag  i n  the forces (about 5') 
which means tha t  the maximum force does not occur on the horizontal as 
would be indicated f r o m  steady-flow calculations. This l a g  i n  the posit ion of 
the maximum force i s  a function of the frequency of the osci l la t ion and 
decreases w i t h  the propeller rotational speed, which means tha t  it would 
decrease as the V/nD i s  increased f o r  constant forward speed. Third, 
the inclusion of the flapping of the blade section i n  the calculations 
causes an additional l ag  i n  the position of the maximum force (about 16O) . 

Firs t ,  the survey rake f o r  the experimental data was 

v 
nD 

ID 

Figure 8 shows calculated d i f fe ren t ia l  thrust-coefficient curves of 
a two-blade propeller for three blade positions f o r  t:ie 26O blade-angIe 
se t t ing  operating a t  a V/'zi; 
4' t o  the a i r  stream. 
30' lag i n  phase angle are shown f o r  comparison. 
of thrust  coefficient with radius i s  i n  good agreement with the experimental 
distribution. 

of 1 .2  and with the thrust  ax is  inclined 
The experimental curves f o r  two positions f o r  a 

The calculated dis t r ibut ion 

Forces computed by osc i l la t ing-a i r fo i1 theory . -  Figures 9 t o  12, 
inclusive,show the resu l t s  of some of the calculations made f o r  an osci l la t ing 
a i r f o i l  i n  a pulsating flow f i e l d  i n  incompressible f l o w .  
f o r  a l l  the curves i n  these figures apply to  any part icular  blade secticn 
The t o t a l  force on the propeller blade f o r  any blade posit ion i s  found by 
summing up the forces along the blade. 

The results 

The variation of L with ut i s  shown i n  figure 9 a t  E = 0.10 
C 

f o r  several values of k w i t h  the steady par t  of the angle of attack a 
equal t o  zero. In  any particular case, the quantity k i s  fixed by the 
operating conditions of the propeller and by the blade, chord. 
physically, the quantity l / k  i s  a measure of the wave length between 
successive waves i n  the vortex wake i n  terms of the half-chord length; in 
the steady-state calculations th i s  wave length i s  a rb i t r a r i l y  assumed t o  
be very large with respect t o  the chord. Thus, i n  figure 9 the curve of 

In te rprekd  
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Lc against ut at k = 0 shows the results obtained for assumed steady- 
state conditions in potential flow. 
of k show that the effect of the oscillations is to modify the forces as 
obtained from the assumption of steady-state conditiofis. 

i similar effect would occur in a compressible flow. 

The curves in figure 9 for other values 

Presumably, a 

The asymmetry of the Lc curves in figure 9 is caused primarily by 
the variation in the dynamic preasure $pWWt 

asymmetry may be a180 seen in figure 10, which shows the variation at 
k = 0.10 of Lc with ut with as paramter for several. values of 

The curves for 
corresponds to Theodorsen's case of an airfoil oscillating in a steady flow 
(reference 1). 
lift variation tends to increase as e increases and also that this 
amplitude increase is further accentuated by increasing the initial 'load 
at cut = O ( a / c p 0  increasing). Figure ll. shows the variation of the 

force coefficients for cut = 90' and for ut = 270' for several values 

during the cycle. This 

E = 0 

It can be seen from figure 10 that the amplitude of the 

are the most nearly symmetrical; this condition 

of c for = 0. On the same figure axe values of 
%O 

which are a measure of the maximum bending moment on the shaft axis of 
a two-blade propeller (divided by 2 for convenience of plotting). The 
absolute magnitude of the maxim force coefficients varies greatly as 
the value of 6 is increased, but the variation of the difference the 
forces from the heavily loaded side to the lightly loaded side which 
gives the bending moment is t - r m a l l .  

Figure 12 shows the variation of Lc at goo and !2!70° with k at 
several values of akpo with 
that the magnitude of the loading increases as u/cpo 

E = 0. In this special case it is seen 
is increased but 

that the bending load factor -0 is independent of initial 
2 

loading on the blade section. 
pulsating flow field ae may be seen In figure 13, which shows the 

variation of the bending load factor "9' - Lc270 with k at several 

values of E -. 

This independence does not hold in a 

2 
U 

9 0  

Figure 14 shows the variation in the turning-moment coefficient 
on the inclined propeller ahaft (yawing moment for pitched propeller) of a .  

the NACA 4- (3.9) (07)-0$+5-B propeller. These coefficients were calculated 
by the oscillating-flow theory and are considerably lower than the momenta 
calculated by assuming steady-state conditions at each phase angle and 
using compressible airfoil characteristics. The curves are only useful 
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in ehowing the variation of the moments with the time variable Lot 
not the absolute magnitude. 
ficient with time for a two-blade propeller operating at a V/nD of 1.2, 
9 = bo, and is shown by the solid curve and for a three-blade 
propeller by the dashed curve. It is seen that the moment coefficient for . 
a two-blade propeller varies from approxiaately zero when the blades are 
in the vertical position to a maximum of 0.0021 when the blades are 
approximately on the horizontal (twice per revolution). 
operating condition for the three-blade propeller the moment coefficient 
remains very nearly constant at approximately 0.0016 (varying between O.OO~> 

and 
The variation of the turning-moment coef- 

f3 = 26O 

For the same 

and 0.0017). 

Combined steady and oscillating forces.- Fromthe standpoint of 
theory a combination of the steady-state and the oscillating-airfoil theories 
approaches the actual operating conditions of the pitched or  yawed propeller. 
The forces o r  moments are conrputed by the steady-state methods including 
compressibility and downwash. 
to modify these forces. 
ference(LgO - L270> at each section as computed from steady-state calcu- 
lations with compressible airfoil characteristics would be reduced by a 

k 
Lc270) 

factor which is the ratio of L - 
to its value at k = 0 (from fig. 13). From figure 13 it w i l l  be noticed 
that, properly, the operating value of E: 

into account; within the 1hits given in the figure, however, the ratio 

The oscillating-airfoil theory is then used 
For a two-blade propeller, the maximum force dif- 

at the operating values of ( c90 
should also be taken 

9 0  

- 
Lc270), (I$O 

changes only slightly with B a. 
0 cp 

Figure 15 shows the calculated distribution of the moment coefficient 
along the radius for the two -blade NACA 4- (3.9) (07) -0345 -B propeller with 
the blades in the horizontal position, with the thrust axis inclined at 
bo, with the propeller blade angle set at 26O at the 0.75 radius, and 
operating at a V / ~ D  of 1.2. The moment coefficients are computed for 
steady-state conditions in compressible f l o w  and. for an oscillating 
airfoil by the oscillating-airfoil theory. 
gives the total turning moment on the propeller shaft.. 
each radius as obtained from figure 13 has been applied to the steady-state 
calculations. 
because of the differences in the airfoil characteristics used. 

An integration of these curves 
The correction for 

This correction does not bring the curves into agrement 
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CONCLUSIONS 
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Methods have been developed to determine the air forces acting 
on yawed or pitched propellers. 
extensive experimental data precludes conclusive verification of the 
theoretical considerations presented in this report, particularly in 
regard to the applicability of the combined steady- state CoMpressible 
and oscillating incompressible theory. The comparisons and calcula- 
tions made, however, indicate the following conclusions: 

At the present time the lack of 

lo The steady-state method for calculating the propeller 
forces gives satisfactorily accurate results. 

2. The results from the oscillating-flow theory indicate that 
the actual forces on the blade are somewhat lower than the values 
calculated by the steady-state method, particularly at low advance 
ratios. 

3. The turning moment on the shaft of a two-blade propeller 
fluctuates between approximately zero and its maximum value twice 
per revolution. 

4. For the operating condition investigated the turning moment 
on the shaft of the three-blade propeller remains nearly constant 
at about 75 percent of the maximum value attained with the two-blade 
propeller, 

Langley Aeronautical Laboratory 

Langley Air Force Base, Va. 
National Advisory Conrmittee for Aeronautics 



NACA FN No. ~ 8 ~ 2 6  17 

1. Theodorsen, Theodore: General Theory of Aerodynamic Ins t ab i l i t y  
and the  Mechanism of Flut ter .  NACA Rep. No. 496, 1935. 

2. Greenberg, J. Mayo: Airfo i l  i n  Sinusoidal Motion i n  a Pulsating 
Stream. NACA TN No. 1326, 1947. 

3. Pendley, Robert E.: ETfect of Propeller-Axis Angle of Attack 
on Thrust Mstr ibut ion over the Propeller Msk i n  Relation 
t o  Wake-Survey Measurement of Thrust. NACA ARR No. L5JO2b, 1943. 

4. Crigler, John L. :  Comparison of Calculated and Experimental 
Propeller Characteristics f o r  Four-, Six-, and Eight-Blade 
Single-Rotating Propellers. NACA ACR No. 4B04, 1944. 

5 .  Stack, John: T e s t s  of Airfoi ls  Designed t o  Delay the Coxpressibilitjj 
Burble. NACA Rep. No.  763, 1943. 



18 NACA RM No. ~ 8 ~ 2 6  

Figure l .-Veliclty diagram of inclined propeller. 
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Figure 3.- Variation i n  amplitude of geometric angle of attack. ' 
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Figure 4.- Variation i n  f ract ional  amplitude of resultant. velocity. 
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Figure 10.- Variation of force coefficient w i t h  blade position. k,O.l. 
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a Figure ll.- Variation of force coefficient with k. - = 0. 
*o 
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Figure 12.-Variation of force coefficient w i t h  k. E = 0. 
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U Figure 13.- Variation of force coefficient w i t h  k and with E-. 
aPO 

(E < 0.1). 
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