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By Jean Gilmas, Jr . , John L. Crigler, . 
and F. Edward  McLean 

An .investigation has been made to   ascer ta in  the probable maximum 
efficiency  levels of single-rotating  propellers  operating a t  high- 
subsonic flight speeds  near Mach  number unity. Use m a  made of prelim- 
inary   a i r fo i l  data in  the  transonic Mach nuniber range  obtained from 
special  propeller  tests, augmented by calculations of a i r f o i l  data i n  
the  supersonic  range, t o  determine the compressibility  losses. The 
calculations of the propeller  efficiency  included both induced  and 
compreasibility  effects. The method of analysis  used was found t o  be 
very  useful  in studying propeller  efficiency  in the transonic flight 
speed  range. 

The resul ts  of the  study  indicate that beyond the flight Mach . 
number where the  compressibility loss can be delayed or  minimized by 
operation a t  high advance rat ios ,  the compressibility loss i s  niinimized 
by propeller  operation a t  lower values of the advance r a t i o  with the ' 

blade  sections  operating a t  supersonic  speeds a t  or  near  the optimum 
helix angles. Ccmpressibility losses  are greatly reduced by using  very 
thin  airfoil   sections  ( thiclmess  ratios of the order of 3 percent f o r  
the  outer radii). I n  the flight Mach  nzmiber region.from  about 0.9 t o  
unity, the maximum profile  efficiency of propellers of conventional 
thickness is  of the  order of 70 percent  but can be increased t o  the 
order of -80 percent by using thin blade  sections. 

Propeller  efficiencies  calculated wlth a i r f o i l  data f r o m  special 
propeller  tests  are  in  very good agreement with experimental  efficiencies. 

A brief performance analysis  indicates that a six-blade 16.7-foot- 
diameter propeller which operates at 76-percent  effici-ency i n  absorbing 
8000 horsepower at an al t i tude of  40,000 fee t  at 8 flight Mach number 
of 0.90 can be made to  operate with about  84-percent  efficiency a t  a 
cruising Mach nuniber of 0.75 a t  the aame altitude. 
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INTRODUCTION 

rt 

Tests have recently been  conducted in the Langley 8-foot  high-speed 
tunnel  (reference 1) t o  study the  effects of changes in  operating 
advance ratio,  blade  plan form, blade-section  thickness,  section camber, 
and other variables on the  propeller  charakteristics  in  the  transonic- 
speed  range. The resul ts  of these tests shdwed that propeller  effi-  
ciencies of the  order of 75 percent or greater  are  possible a t  very 
high-subsonic Bhch  numbers.  These tests  indicated, however, that af te r  
the c r i t i c a l  speed of the  blade  sections has been  reached  the  efficiency 
is  c r i t i ca l ly  dependent on the  blade-section-thickss r a t i o  and on the 
operating advance ra t io .  To cover  experFme&lly the complete  range of 
advance r a t io ,  thickness  ratio, and the  other  design  variables and t o  
determine the  exact magnitude of the  effect  of these  variables on the 
propeller  efficiency in the  transonic  region would require a prohibi- 
t ively long t e s t  prowam. 

An analytical method i s  needed, therefore, t o  a id   in   the  determina- 
' t ion of the  effects of the  various  design  variables on the  propeller 

characteristics in the  transonic-speed  range. The  method presented i n  
'reference 2, which evaluated  the  profile drag losses and the induced 
losses  separately, i s  followed i n   t h f s  paper. The  method as presented 

,offers  the  general  prediction of propeller performance,  and can be used 
t o  supplement- the  experimental data. 

In the  analysis of the  drag  losses,  airfoil data in the  transonic- 
speed range are  required. These data are  very  scarce a t  present  but 
are  currently  being made available  through  special  propeller  tests 
(reference 3 ) .  hximum l i f t - h g   r a t i o s  from pre lwnary   r e su l t s  of 
these  tests are used in the present  investigation t o  calculate  propeller 
profile  efficiencies a t  f l i gh t  Mach numbers  up t o  unity f o r  several 
values of advance ratio.  The calculations  are made for two series of 
propellers, one series having a blade-section-thickness distribution 
which may be considered as  representative of current  design  practice, 
and  another  series having much thinner  blade  sections. 

In  addition  to  the  profile  drag  losses,  the  determination of 
propeller  efficiency  requires  consideration of the induced losses. At 
low-subsonic velocities,  existing  vortex  theory  enables  the  determination 
of induced losses  with good accuracy. In the  pire  supersonic range, it 
appears that the propeller  efficiency  losses can be  determined by  methods 
analogous to  those by which are  determined the drag losses of wings of 
f in i te -aspec t  r a t i o  i n  supersonic flow. A t  f l i gh t  Mach numbers in the 
transonic'  range, however, flow of  both,  types may occur 6mtaneOUBly. 
A t  high forward speeds, below but near  sonic  velociby, the blade-section 
resul tant   veloci t ies   my be entirely  supersonic,  but  the flow f i e l d  of ' 
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the  propeller will not be represented by either  the  incompressible-flow 
case or  the  pure  supersonic  case. In the  present paper, f o r  lack of 
better  inforwtion,  the  conventional  vortex  theory is  assumed t o  apply 
rxp t o  sonic  flight  velocity  regardless of the  resultant Mach  number I 

variation  along  the  blades. 

The minFrmnn induced loss for  .a. given  ,operating  condition is 
obtained very readily f r o m  charts in references 2 and 4. The use of 
these  charts  requires that the speed, power, and  density be stated. In 
this paper,  the  induced losses are  evaluated  for e-les that may be 
considered as typical of design  requirements for   f l igh t  a t  transonic 
speeds. The induced  losses  are  then combined with the drag losses t o  
determine the  over-all  efficiency  as  a  f'unction of the a'dvance r a t i o .  

I 

Comparisons of calculated  results with experimental resul ts  from I 

reference 1 are. included  herein  and are found to  be in  very good 
agreement. 
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. SYMBOLS 

number of propeller  blades 

blade-section chord, f e e t  

section  drag  coefficfent 

section l i f t  coefficient 

propeller  diameter,  feet 

drag, paunds 

maximum thickness of blade  section,  feet 

advance r a t io  (V/nD) 

l i f t  , pounds 

f l i g h t  Mach number 

blade-section  resultant Mach  nuniber M 1 + - 
(. d T 7 )  

resu l tan t   t ip  Mach  nuniber 
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P 

R 

r 

T 

V 

W 

WO 

X 

propeller  rotational speed, revolutions  per second 

power absorbed by propeller, foot-pounds per second 

radiue t o  propeller  tip,  feet--- 

radius t o  propeller element, .feet- 

propeller thrust, pounds 

free-stream  velocity, feet-.per second 

true resultant  velocity,  feet  per second 

geoktr ic   resul tant   veloci ty ,   feet   per  second 

radius   ra t io  ( r / R )  

x0 radius r a t i o  a t  spinner duxictwe 

q propeller  efficiency rl q 

q ' .  
lli induced efficiency  (neglecting drag) 

q'1 

0) 

element efficiency 

element  induced efficiency 

90 profile  efficiency  (including drag loss only) 

P mass deneity of air ,  slugs per  cubic foot 

d section  solidity (Bb/2m) 

# aerodynamic helix  angle,  degrees 

@O geometric helix angle, degrees 

" H O D  

A study of propellers i s  considerably simplified through separation 
of the induced and' drag losses. The determination of induced losses of 
optimum propel-lers i s  conveniently  accomplished  .through  the  charts of 
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reference 2. These charts show the induced efficiency  plotted  against 
the power disk-loading coefficient  as  functions of J and  acz. 'This' 
power coefficient i s  readily  evaluated from the  desired speed, power, 
and  density  conditions. In evaluating  the power disk-loading  coeffi- 
cient,  the power l o s t  i n  propeller  profile drag i n  the t o r p  direction 
i s  deducted. 

The drag loss is  calculated in terms of profile  efficiency, w h i q h  
i s  the  efficiency  including  drag  effects  only. A method of calculating 
the profile  efficiency i e  derived in the appendix. The method i s  based 
upon propellers  having the optimum  bcZ bcz distribution  for  single- 
rotating  propellers. This distribution, which varies  with J. and, t o  
some extent,  with numbers of blades, i s  obtained  readily from charts 
in reference 5.  The calculations  herein  are made with  the  distribution 
f o r  four-blade  propellers;  results  obtained w i n g  otkier mufbers of 
blades, however, would not vary appreciably from the  results given. The 
spinner  radius  ratio' is 0.3. 

/ 0.m 

The over-all  propeller  efficiency i s  the product of the induced 
and profile  efficiencies.  

i 

AIRFOIL DATA 

- 
A h f o i l  data i n  the subsonic  region below a Mach nuniber of about 

0.8 are  readily  available for  a number of a i r fo i l s .  In the  supersonic 
region above a Mach  number of about 1.2, a i r f o i l  data can be calculated 
with good accuracy f o r  thin  airfoils  with  sharp  leading-edges. Two- 
dimensional data in  the  transonic  range  are  not  currently  available. 
Even i f  the data were available, it is' no t   ce rh in  that they w o u l d  
apply  without  corrections in  propeller  calculations. 

Tests  to  obtain  airfoil   characterist ics have recently been naade 
i n  the Langley 16-foot high-speed  tunnel,  during which the chordwise 
pressure  distribution was measured a t  resultant Mach nunibera up t o  1.2 
for  several  stations  along the blades of operating  propellers. The 
technique  and some of the  preliminary  results  are  described in 
reference 3. 

Figures 1 t o  3, which give  the  drag-lift r a t i o  (or tan 7) as a 
function of the l i f t  coefficient  with  section Mach  number as  parameter, 
show the prel-nary cross-faired  results of some of the  integrations 
of the  pressure  distributions. The radial   stations and a i r f o i l  sections 
are  designated  in  the  figures. The resul ts  shown, which were obtained 

sonic  corrections  for  obtaining  the angles of attack. A f r ic t ion  drag 
- from tes t s  of the NACA 10-(3)(08)-03 propeller,  include  the usual mb- 
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coefficient of 0.004 was arb i t ra r i ly  added t o  the pressure  drag  coeffi- 
c ient   to   obtain  the  total  drag. While this value m y  not be exact,  the 
f r ic t ion  drag is small as compared t o  the pressure drag i n  the transonic 
range, .and the resul ts  of reference 6 show that the  friction  drag  coeffi- 
cient i s  re la t ively independent of Mach  number. 

The data shown in figures 1 t o  3 should be particularly  applicable 
in  propeller  calculations  since most of the special  effects, such as t i p  

figures show that near-maxfmum lift=drag  ratios  are  obtainable f o r  a 
fa i r ly   l a rge  range of operating l i f t  coefficients  in the transonic  region. 
For example,'in figure 3, a t  Mx = 1.00 and 1.05, the  l if t-drag r a t i o  
varies  only  slightly from i t s  maximum value  through a range of l i f t  
coefficients from 0.35 t o  the highest  experimental  values  obtained i n  
the tests (about 0.50). The upper limit &,a no-kdefined  by the  tes ts  
due t o  power limitEttions, but no a m r e n t  tendency toward reductions i n  
the lift-drag rat ios   ie   evident  a t  the upper limits of these  tests. 

. relief, experienced by propeller blades are inherently  included. The 

A t  a given  value of J and w i t h  a given  blade-load  distribution, 
mxirmim profile  efficiency  occurs when a l l  sections  operate a t  their 
lnaximum L/D rat io .  Figure8 4 and 5 show the  variation of maximum L/D 

' (sham as (D/L)min for  convenience in  plotting)  with  section &kh number 
for various thickness  ratios. 

T& curves of figure 4 cover the thickness  range f o r  the series of 
propellers which have the  blade-thickness  distribution  considered as 
representative of current  design  (hereinafter termed the  "thick" 
propeller). The curves in figure 5 cover the  thickness range for  the 
series of "thin"  propellers. k t h  figures  designate the radial stat ion 
t o  which a particular  .value of h/b applies. 

In the  transonic and supersonic Mach nunher region,, the maximum 
l i f t -drag   ra t io  drops off very  rapidly  with  increasing  thickness  ratio, 
as k y  be  seen i n  figures 4 and 5.  In view of ,this rapid drop, it i s  
desirable from the aerodynamic standpoint'to keep the blade sections as ' 

thin as possible. 

RESULTS h D  DISCUSSION 

The results of this  investigation  are  arranged as follows: The 
variatfon with Mach  number of the profile  efficiency of optimum single- 
'rotating  progellers as calculated with the given a i r fo i l   charac te r i s t ics  
is shown. A discussion with example charts of the induced efficiency i s  
given, followed by a ccanparison of the'over-all  efficiency w T t h  wind- 
tunnel t e s t  results. A brief  analysis of propeller  size  and performance 
is  presented. 

. '  
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Propeller  Efficiency 

Profile  efficiency.- The variation of profile  efficiency with f l i g h t  
Mach number a t  various  values of the advance r a t i o  is shown for  the  thick 
and  thin  propellers in  figures 6 and 7, respectively. The effect  of 
increased advance r a t io  st constant  forward speed, of comse, is t o  
reduce the  blade-section Mach nunibers; Because of this effect,  increasing 
the advance rat io   increases   the  f l ight  Wch nuniber a t  w h i c h  the initial 
onset of the  adverse  caupressibility  effect  occurs, a i  shown by the 
figures. This profile-efficiency drop tends t o  become more abrupt as 
the   f l ight  Mach m e r  and advance ratio  increase.  At higher Mach 
IELmibers the  curves converge  and cross mer. Highest profile  efficiency 
is then  obtained a t  the lower  adaance rat ios .  This tendency for  the 
curves t o  cross over so that higher efficiency is obtained- a t  the lower 
values of J is borne  out  experimentally by the results of reference 7. 
The propellers  operating at the lower advance ratio8 a t  the higher sub" 
sonic Mach numbers are  essentially  supersonic  propellers  since the 
resultant  velocit ies over most of the  blade  elements are fu l ly  supersonic. 
Although. slightly higher L/D ra t ios  msy be attainable at higher 
advance ra t ios ,  higher  efficiency i s  obtained a t  low- advance ra t ios  
because the blade elements operate a t  helix  angles  nearer optimum values. 

The Mach mer a t  which the profile  efficiency  for the higkr 
advance r a t i o s  drops below that for  the lower  advance ra t ios  depends 
upon the blade-section  airfoil   characterist ics.  For example, the CTOSS- 

over region f o r  the  thick  propellers o c m s  a t  M - 0.88. For the 
thin propellers, this cross-mer  region is near M = 0.95. 

r 
In the f l igh t  bbch nuuiber region where compressibility  effects 

occur, the  profile ekf iciency of the th in  propellers is  Fn general xuch . I 

higher  than  that of the  thick  propellers. For example, in the flight 
Mach  ntmiber region from about 0.9 t o  unity, the mar.flmrm prof i le   e f f i -  L 

ciency of the  thick  propellers i s  of the order of 70 percent. In the 
88me Mach number region the ma- profile  efficiency of the thin 
propellers i s  i n  excess of 80 percent. 

I 
i 

I 
Inspection of the results in   f igures  6 and 7 shows that, below the I 

cross-over Mach nmiber region,  the  gain i n  profile  efficiency due t o  
operation a t  increased  values of J i s  less fo r  the  thin  propellers 
than for the  thick  propellers. I 

L 

Induced efficiency.-  Propeller induced efficiency is a function of 
the propeller  diameter, the advance . ra t io ,  the blade loading, and the 
number of blades. The relationship between these  quantit ies  for opt- 

! 
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induced efficiency i s  presented in  reference 2. The induced efficiency 
of propellers  for  high forward  speeds will be i l lustrated  for   three 
example s : 

(1)' 4000 horsepower a t  an  a l t i tude of 40,000 f e e t   a t  M = 0.7 

(2) 6000 horsepower a t  an  a l t i tude of k3,OOO f ee t  a t  M = 0.8 

(3)  8000 horsepower a t  an a l t i tude  of 40,000 f e e t   a t  M = 0.9 

Plots showing combinations of the  propeller  diameter,  blade  loading, 
and advance r a t i o  which wlll meet these three design  conditions  are 
given in   f igures  8 t o  10. These  plots, which show propeller diameter 
as a function of J with  blade loading ac2 as parameter, are 
readily  obtainable  for  other  than  these design conditions f rom the data 
in  reference 2. In  order t o  determine the induced efficiency it i s  
also-necessary t o  specify  the number of blades. For i l l u s t r a t ive  
purposes,  induced efficiencies  using  four blades are  given in   the  figures. 
A t  a given  loading  and  diameter,  the  efficiency of two-blade or  three- 
blade propellers would  be s l igh t ly  lower while the efficiency  with 
greater numbers  of blades would be hlgher  than  the values shown. 

0.m 

Figures 8 t o  10 indicate  the  large  variety of propellers which a re  
c a ~ b l e  of absorbing  the  given power a t - the   spec i f ied   a l t i tude  and 
airplane  velocity. For a given  loading,  the  diameter i s  required  to 
increase as J i s  increased  because of the reduqed resultant  velocit ies 
a t  the blade  sections. 

Although a l l  points on the- charts would sa t i s fy  the design  conditions, 
there are limitations which grea t ly   res t r ic t  the choice of the  variables. 
For example, uc must be chosen with  structural,  vibrational,  and 
weight considerations  in mind. The propeller diameter is  often  restricted 
by other  than aerodynamic considerations. A s  a matter of fact ,  where a 
large mount of power is  t o  be  absorbed, considerations such as those 
mentioned,wlll  sharply narrow the  designer' s choice of variables. 

20.p 

I l l u s t r a t ive  examples in  the  present paper are based on blade-load 
distributions  giving optimum induced efficiency,  but the actual  blade- 
load distribution  ,can  vary  considerably from the optimum distribution 
without undue penalty to   the induced efficiency. (See references 2 and 8.) 
Increases  in  the induced losses due t o  nonoptimm loadings  are i n  general 
small as compared t o  the much larger  cmpressibility  drag  losses a t  high- 
subsonic Mach numbers. 

Comparison of calculated  over-all  efficiencies  with  experimental 
values.- Very l i t t l e  experimental data ex i s t  for propellers  operating 

. .  

c 

near  sonic  forward  velocity  with blade sections  in  the  thickness  range 
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for which a i r f o i l  d ~ t a  are  currently  available. A few t e s t s  have 
recently been made, however, with  the NACA 4-(0)(03)-045 propeller  in 
the Langley 8-foot high-speed tunnel  (reference I). The thickness  ratio 
,of this propeller  varies from about 0.06 a t  the 0.45R t o  0.03 a t  the 0.m 
t o  0.02 a t  the 0.9F. Thus maximum L/D values  are  available f o r  the 
entire  blade. 

Figure ll gives a comparison of experfmental and calculated  effi- 
ciencies. The agreement i s  within 1 percent  except a t  M = 0.9 i n  
.spi te  of the  fact  that the  blade-load  distribution was nonoptirmun and 
that  maximum L/D all along the  blades as assumed f o r  the calculations 
was not  obtained i n  the  propeller  tests. Aa a i r f o i l  data in  the 
appropriate  lkch number range become available, it should be possible 
t o  realize  the  calculated  values  eqerimentally,  since it will then be 
possible t o  fncorporate the proper pitch  distribution for maximum L/D 
a l l  along the blade  for a given J and M. 

The good agreement  between experimental  and  calculated  efficiencies 
indicates  quite  strongly that the  l if t-drag  ratios  obtained from the 
'results of the  special propeller tests and  used i n  the  calculations.are 
of the  correct  order of Illagnitude. 

Propeller Size and  Over-All  Efficiency 

The  profile  efficiency  curves of the thin propellers show that 
through the Mach  number range from approximately 0.55 t o  0.95, the 
compressibility loss is reduced by operation st the  higher advance r a t io s .  
The dianeter and blade-loading  curves in figures 8 t o  10, however, show 
that larger propellers  are  required a t  the  higher advance ratio8 thah a t  
lower values. 

Figure 12 shows the variation in  propeller diameter requirements 
f o r  the  following design specifications  together w i t h  the  over-all 
propeller  efficiency: 

(I) 4000 horsepower a t  an  61titud.e of 40,000 f ee t  a t  M = 0.70 

(2) 8000 horsepower a t  an  a l t i tude of 40,000 f e e t   a t  M = 0.90 

The solidity  per  blade a t  0.m i s  0.04. T h e . 1 i f - t  coefficient a t  0.m i s  
taken t o  be 0.5, giving a loading per blade of 0.02.  Actually,- of course, 
the cz  for maximum L/D varieo w i t h  Mach nuniber; this  variation is 
not  considered i n  the  ppesent  analysis. 

The f l i gh t  Mach  numbers for  both emmples of f igure  12  are   in  the 
Mach  number region where increased  profile  efficiency i s  obtained a t  
high  values of J (f ig .  7 ) ;  With constant loading per  blade as assumed, 

- >. * 
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however, the induced efficiency  variation i s  such that a t  M = 0.7 mxi-  
mum over-all  efficiency  occurs a t  J W 3.0. At M = 0.9 mximum 
efficiency  occurs a t  J 2 4.0. In  both  cases the variation of diameter 
required .with J i s  very  large. For example, i n  figure 12(b) * (I4 = 0.9) 
operation a t  J = 6.0 w i t h  a four-blade  propeller  requires a 32.5-foot 
diameter. For the same conditions,  operation a t  J = 2.0 requires  only 
a 15-foot  diameter. The charts show that w i t h  M = 0.9 (fig.  12(b)) 
operation a t  J = 2.0 r e s u l t s   i n  a negligibly small reduction i n  the 
over-all  efficiency from its peak value a t  J .% 4.0. A t  M = 0.7 
( f ig .  =(a)) the loss in  efficiency a t  J = 2.0 from i t s  optimum value 
a t  J X 3.0 i s  of the order of 5 percent. 

Increasing  the number of blades a t  a given  loading per blade and 
constant J resu l t s  in substantial  reductions  in  diameter. The accom- 
panying decrease in   eff ic iency i s  relat ively small, but  increasing  the 
number of blades  increases  propeller weight  and  aggravates  other 
mechanical  problems. 

Figure 13 shows the  efficiency  variation with J where the  diameter 
i s  a rb i t ra r i ly  fixed a t  18 feet and crcz i s  the  variable. This ' 

example i s  for 8000 horsepower a t  an  a l t i tude of 40,000 feet   with M = 0.9. 
The propeller  efficiencies  are forsa six-blade  propeller.  In t h i s  
example increasing the value of J f'rom 2.0 t o  4.5 reauiree  an  increase 
in the element-load coefficient bcz from 0.06 t o  0.18. . For 
constant c~ thfs  w o u l d  require a threefold  increase  in  the blade width, 
assuming no change in   the  nmiber of ,blades.  Consideration of other 
numbers of blades would lead t o  some variation of the  efficiencies shown 
but there would be a negligible  effect  on the  element-lading parameter. 

0.m 

0.m 

In figure 13, the  efficiency  drops  about 5 percent on going from 
J = 2.0 to J = 4.5, even though the   f l igh t  Mach  number i s  i n  the range 
where q o  increases w i t h  increasing J. This  efficiency drop i s  due t o  
the increased  induced loss, as may be seen i n  figure 10. 

Propeller Perfohnance 

Propeller-performance a n a l y a i ~  includes  the determilvstion of the 
propeller  efficiency  for  operating  conditions  other  than  the  design 
condition. In the present  amlyeie, the efffciency i s  evaluated from ' 

optimum induced efficiency  charts  and  the  profile  efficiency  curves of 
f igme 7. Changes i n  load dlstribution due to  operation away from the 
design  condition  are assumed to  hire  only secondary effects.  The 
permissibility of this assumption is  partly borne aut by the comprison 
i n  figure 11 of the  experimental  efficiencies of R given  propeller wi th  
the  calculated  efficiencies of propellers  with opt'irmun dis t r ibut ion of 
blade  load and l i f t -drag   ra t ios .  
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A 16.7-foot six-blade  thin  propeller is selected for the  following 
design  high-speed  conditions : . .  

F l i g h t h c h  number . . . .  . . . . . . . . . . . . . . . . . . . . .  0.9 
Altitude . . . . . . . . . . . . . . . . . . . . . . . . .  &,OOO f e e t  
Power available . . . . . . . . . . . . . . . . . . .  8000 .horsepower 

The propeller has the  following  characteristics: 

Solidity  per  blade . . . . . . . . . . . . . . . . .  . . . . . .  0.04 
czo*?R . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.5 
11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.76 
J . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.0 
Propeller speed, r p n  . . . . . . . . . . . . . . . . . . . . . . .  1047 

The f l i gh t  bkch nxbnber for  the  cruising  condition i s  assumed to 
be.0.75. It i s  ?krther  assumed that  the  airplane  drag  coefficient a t  
M = 0.75 -is 90 percent of the drag coefficfent a t  M = 0.9. The 
required thrust lioraepower a t  M = 0.75 i s  therefore 3160 horsepower. 
As a first  approximation, the  efficfency is  aaaumed t o  be 85 percent 
and, therefore, 3720 horsepower must be absorbed by the  propeller. 

The following table ahows the  blade-element loading required t o  
absorb 3720 horsepower, the Induced  and profile  efficiency,  and  the 
over-all  efficiency  for various advance ratios which might be used a t  . ' 
the cruise  condition (W = 0.75): 

Because the  preceding table is intended fo r  i l lus t ra t ive  purposes,  the 
over-all  efficiencies  are  considered  sufficiently  close t o  the first 
approximation of 85 percent  to make further  approximations  unnecessary. 

The table shows thaf a B  J i s  increased,  the  induced  efficiency 
decreases. The profile  efficlency, on the other hand, increases with 
increasing J because of reduced compressibility  effects. The over-all 
efficiency f o r  the  cruise  condition  ranges from 0.831 a t  J = 2.5 
t o  0.810 a t  J = 4.0 with maximum efficiency, 0.640, occurring 
at J = 3.0. 
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A column is included i n  the table to show the  propeller speed (r-pm) 
corresponding t o  the-various  values of J. Increased J, of course, i s  
accomplished through decreased  propeller speed, and  since  the  resultant 
velocit ies along the  blade  are  thereby a l s o  reduced, increased blade 
loading i s  required at- the  higher  values of J. Had the drag  coefficient 
of the  airplane been aasumed constant,  the  element-load  coefficient bc2 
f o r  cruise a t  J = 3.0 would have been the a- as for  J = 3.0 a t  

-. high speed. With the assumption  of a smaller  drag  coefficient a t  cruise 
than a t  high speed, the  element-load  coefficient a t  cruise  for J = 3.0 
is  samewhat smaller  than  the  original high-speed value. The propeller 
operation  for best efficiency i s  thus seen t o  depend s o m e w h a t  on the 
airplane  characteristics. 

0.m 

The approximate values of the operating cz a t  0 . p  are   a lso 
included in  the  table.  This column shaws that operation in   cruise  a t  
J = 2.5 leads t o  rather low values of the operating l i f t  coefficient. 
Profile  efficienciea much lower than the valuea shown w i l l  be  obtained 
if the l i f t  coefficients'vary too widely from the  values fo r  maximum L/D. 

APPLICATION OF METHOD 

In view  of the  generally good agreement.  obtained between experimental 
and calculated  efficiencieB in the  present  paper, the amljrt ical  method 
presented  herein should be quite useful i n  making preliminary  evaluations 
of propeller  applications. It must be realized that i n  analyzing off- 
design  candltions,  varfationa of operating l i f t  coefficients must be in  
the  range  glving only small reductions i n  the l i f t -drag  ra t ios .  This 
range of operating l i f t  coefficients  appears t o  be reasonably  large, 
however, for airfoi ls   sui table   for   operat ion  in  the required Mach nuniber 
range. 

In the present-analysis  the  propeller thrust and  torque  coefficients 
have not been calculated, only the  over-all  efficiency  being  given. It 
should be possible  to determine the propeller  force  coefficients from 
s t r i p  theory  calcuhtions, however, when complete-airfoil data become, 
available. 

CONCLUSIONS 

The data presented f o r  an analytical investigation qf propeller 
efficiency  near Mach  number unity show that the method herein  afforded 
a useful meana of making preliminary  evaluations  of-propeller  efficiency 
i n  the  transonic  flight speed  range. The calculated and experimental 



efficiencies were in  very good agreement both as t o  magnitude  and trends 
in  the  propel.ler  efficiency with operating advance rat io .  This good 
agreement indicates that the l i f t -drag ratios obtained from the results 
of the  special  propeller  teats  are of the correct order of magnitude. 

The following  specific  conclusions were a l so  made: 

1. Beyond the  f l ight  Mach  number region where the  compressibility 
loss can  be  delayed or minimized by operation st high advance rat ios ,  
peak propeller  efficiency is  obtained a t  lower values of advance r a t i o .  
The  Mach  number region.where this change-over occurs depends on the air- 
f o i l  ch rac t e r i s t i c s .  

2. Compressibility losses can be reduced greatly by using  very thin 
blades. In the   f l ight  Mach nmiber region from about 0.9 t o  unfty,  the 
mxirmun profile  efficiency of a propeller of approxirmtely  conventional 
thiclmess (6 percent  thick a t  the 0.7 radius) is  of the  order of 70 per- 
cent. The lnaxirmrm profile  efficiency of a thin  propeller (3  percent 
thick a t  the 0.7 radius) in the same Mach m b e r  range is of the  order. 
of 80 percent. 

3.  A brief perfomnce  analysis  indicates that a six-blade  16.7-foot- 
diameter propeller which operates a t  76-percent  efficiency i n  absorb- 
8000 horsepower a t  an al t i tude of k0,OOO feet a t  a fl ight Mach  number 
of 0.90 can  be made t o  operate with about  84-percent  efficiency a t  a 
cruising Mach number of 0.75 st the same al t i tude.  

Langley Aeronautical  Laboratory 
National Advisory Conanittee f o r  Aeronautics 

... ,Langley A i r  Force Base, Va. 
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APPENDIX 

NACA RM LgLO5a 

METHOD OF CALCULATING EFFICIENCY 

The propeller element efficiency is 

where 

dT = -pW%b(cZ COB fi - cd s in  fi)dr 1 
2 

= B R ~ W  1 2  bcZ (1 - tan 7 tan @)cos* @ CIX 

and 

= 2rmBR2-$pW2bc2(1 + tan 7 cot' $)x s in  @ dx 

= 25m8R21pW2bc,(1 + tan 7 cot @)x tan j$ coa $ dx 
2 



I 

c 

Equation (1) can be made specific by considering  the  Goldstein 
condition. This special case i s  based upon the Betz minimum-energy- 
loss loaaing which is met approximately when the induced efficiency 
q ' is constant  along the blade. It can be s h m  that 

For the  Goldstein  condition, this equation m y  be transposed t o  

x tan @ = - = Constant J 
qt i  

For x tan fl = Constant,  the term i n  equation (1) may be removed from 
the integral sign giving the equation 

q = -  J 
A 
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which is ,  in   a l te rna t ive  form, 

= r l ivo (3 )  

By means of .the  Goldstein  conditions,  the terms bc2 and @ 
b C  

’0.7R 
have a specific radial distribution which depends on the advance ra t io ,  
the number of blades,  and  the power disk lcadfng as discussed in 
references 2 and 4. 

For l i g h t  loading, the quantity # approaches go and the 
quantity W anroaches W& in value. The condition of 8 l ight loading 
therefore permits the following  substltutions: 
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With these substitutions, the equation becomes 

where 

17 

I 

! 

I 

I 

i 

I 

I 



18 

REFERENCES 

NACk RM LgLO5a 

1. Delano, James B., and Carmel, Melvin M. : Investigation of 
WCA 4-(0) (03) -045 and NACA 4- (0) (08)-045 Two-Blade Bopellera a t  
Forward Uach  Numbera t o  0.925. WCA RM L9LO6a, 1950. 

2. Crigler, John L., and  Talkin,  Herbert W . :  Charts for  Determining 
Propeller  Efficiency. NACA ACR L4129, 1944. 

. 3.  Evans, Albert J., and  Liner, George: Preliminary  Investigation  to 
Determine Propeller  Section  Characteristics by Measuring the 

. Pressure  Distribution on an NACA 10- ( 3) (08) -03 Propeller under 
Operating  Conditions. nACA RM L8El1, 1948. 

4. Crigler, John L.: Application of Theodorsen's Theory to Propeller 
Design. NACA Rep. 924, 194-9. 

5.  Crigler, John L., and Talkin, Herbert W .  : Propeller  Selection f rom 
Aerodynamic Considerations. NACA ACR, July 1942 

. .  
6. Theodorsen, Theodore, and  Regier,  Arthur: Experiments on Drag of 

Revolving  Disks, Cylinders,  and  Streamline Rods a t  High Speeds. 
NACA Rep. 793, 1944. 

7. Delano, James B., and C a r m e l ,  Melvin M. : Investigation of the 
NACA 4-( 5 )  (08) -03 Two-Blade Propeller a t  Forward Mach  Numbers 
t o  0.925. NACA RM LgGO6a, 1949. 

8. Gilman, Jean, Jr. : Wind-Tunnel Tests and  Analysis of Three 
10-Foot-Diameter Three-Blade Tractor  Propellers  Differing  in 
Pitch  Distribution. NACA BRR ~ 6 ~ 2 2 ,  1946. 

" 



e 

Figure 1. - Variation of  D/L with cz f o r  x = 0.8 . s ta t ion  at given 
section Mach numbers. NACA 16- (2.95) 06.95 a i r f o i l  section. 
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. w e  2.- Vmiation of D/L with cz f o r  x = 0.9 station at given 
section Mach nunibers. NACA 16- (2.52) 05.77 airfoil eection. 

I 

. .  

. 



=t 

! 

L 
! 

I 

Figure 3. - Variation of D/L with cz for x = 0.93 stat ion at given 
section Mach nunibem. NACA 16-(2.03)04.76 a i r f o i l  section. 
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Seotion ldaah number, 

Figure 4.- MFnirmrm drag-lift ratio (tan 7)& against  section Mach number for varioue  thicknem 
ra t ios  with corresponding radial location  for  thick propeller. 
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Figwe 5.- Minimum drag-lit% ra t io  (+.an 7)min against  section Mach number for  VCLOUE thickness 
ratios with C O I T ~ E P O L I ~ ~ R ~  radial. location  for thin propeller. 
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Flight Haoh  number, M 

Figure 6.- Peak profile efficiency against flight Mach rimer for various advance rat ios .  
(Thick propeller. ) 
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Advauce ratlo, J 

Figure 8.- D i a m e t e r  requirements for  single rotating  prapellers.  Altituae 3: 40,oOO feei; M E 0.7; 
P = b o 0  horseparer. 
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Fllght k o h  number, H 

Figure 11. - Comparison of experimental and calculated efficiency. HACA 4-(0) (03) -045 pmpellsr. 
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A d v S a  ratio, J 

(a) Altitude = k0,OOO feet; P = 4000 horsepower; M = 0.7- 

F 

c 

Advarce ratio, J 

(b) Altitude = 40,000 feet; P = 8000 horsepower; M = 0.9. ’ 

Figure 12. - Over-all efficiency and diameter oT-four-blde, six-blade, 
m d  eight-blade propellers against ,advance ratio for various blade 
loadings. 
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Advanae ratio,  J 

Figure 13. -  Variation  with advance ratio of over-all  efficiency and 
loading at constant  diameter. A l t i t u d e  = b,WO feet; M = 0.9; 
P = 8000 horsepower; B = 6;  D = 18 feet.  
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