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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric English 

Symbol 

Unit Abbrevia- Unit Abbrevia-
tion tion 

Length __ ____ I meter __________________ m foot (or mile) __ _______ ft. (or mi.) 
T ime __ __ ___ l second ___ __ _____ _______ s second (or hour) _______ sec. (or h r .) 
Force ___ _____ F weight of 1 kilogram _____ kg weight of 1 pound _____ lb. 

Power __ ____ P horsepower (metric) ____ _ - -- horsepower ___ __ ____ hp. 
Speed ____ ___ l' {kilometers per hour ______ k.p.h. miles per hOUL _____ __ m.p.h. 

meters per second _ _ _ _ _ _ m.p.s. feet per second ________ f.p.s . 

2. GENERAL SYMBOLS 

Weight=mg 
Standard acceleration of gravity=9.80665 

m/s2 or 32.1740 ft./sec. 2 

ltV 
Mas8=-g 
Moment of inertia=mF (Indicate axis of 

radius of gyration k by proper subscript.) 
Coefficient of viscosity 

)/, Kinematic viscosity 
p, Density (mass per unit volume) 
Standard density of dry air, 0.12497 kg_m-4_s2 at 

15° C . and 760 rom; or 0.002378 Ib.-ft.-4 sec. 2 

Specific weight of "standard" air, 1.2255 kg/m3 or 
0.07651 lb. /cu. ft. 

3. AERODYNAMIC SYMBOLS 

Area 
Area of wing 
Gap 
Span 
Chord 

Aspect ratio 

True air speed 

Dynamic pressme=~p V2 

Lift, absolute coefficient GL=:S 
Drag, absolute coefficient GD = ~ 

Profile drag, absolute coefficient CDo= ~S 

Induced drag, absolute coefficient CDi= ~S 

Parasite drag, absolute coefficient CDP=~S 

Cross-wind fOTce, absolute coefficient Cc= q~ 

Q, 
n, 

Vl 
p-' 

)J. 

Angle of setting of wings (relative to thrust 
line) 

Angle of stabilizer setting (relative to thrust 
line) 

Resultant moment 
Resultant angular velocity 

Reynolds Number, where l is a linear dimension 
(e.g., for a model airfoil 3 ID. chord, 100 
m.p.h . normal pressme at 15° C., the cor­
responding number is 234,000; or for a model 
of 10 em chord, 40 m .p.s., the corresponding 
number is 274,000) 

Center-of-pressme coefficient (ratio of distance 
of c.p. from leading edge to chord length) 

Angle of attack 
Angle of do·wnwash 
Angle of attack, infinite a pect ratio 
Angle of attack, induced 
Angle of attack, absolute (measured from zero­

lift position) 
Fligh t-pa th angle 

R, Resultant force 
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THE EFFECT OF COMPRESSIBILITY ON EIGHT FULL-SCALE PROPELLERS 
OPERATING IN THE TAKE-OFF AND CLIMBING RANGE 

By D AVID BIERMANN and EDWIN P. HARTMAN 

SUMMARY 

Tests were made oj eight jull-scale propellers oj different 
shape at various tip speeds up to a,bout 1,000 j eet per 
second. The range oj bla,de-angle settings inve tigated was 
jrom 10° to 30° at the 0.75 mdius. 

The results indicate that a loss in propuls?'ve efficiency 
occurred at tip speed jrom 0.5 to 0.7 the velocity oj sound 
jor the take-off and climbing conditions. As the tip speed 
increased beyond these c?'itical values, the loss rapidly 
increased and amounted, in some instances, to more than 
;eo percent oj the thrust 2Jower jor tip-speed values oj 0.8 
the speed oj sound. I n general, a the blade-angle setting 
was increased, the loss started to occur at lower tip speeds. 
The maximum loss jor a given tip speed occurred (bt a 
blade-angle setting oj about 20° JOT the take-off and 25° for 
the climbing condition. 

Although the loss at the take-off condition due to com­
pressibility was greater jor the R . A. F. 6 section than jor 
the Clark Y, greater jor blades oj standard width than jor 
extremely wide ones, and greateTjO?' a thick propeller than 
jar a thin one, the actual efficiencies at high tip speeds were 
jound to be about the same because , in each case, the pTO­
pelle?' that had the gTeatest losses jrom incTeasing the tip 
speed had the highest effic?'ency at low tip speeds. 

The compressibility loss at the take-off j or controllable 
propellers was considerably reduced because oj decreased 
blade-angle operation necessitated by increased power 
coefficients, but the reverse was true jar fixed-pitch pro­
pellers inasmuch as the higher power coefficients resulted 
in reduced engine speeds. 

A simplified method jor correcting propellers jor the 
effect oj compressibility is given in an appendix. 

INTRODUCTION 

The fi rst effect of the compressibility of ail' to influ­
en ce th e flight of airplanes are felt by the tips of pro­
pell er blades, which u ually operate at speeds approach­
ing that of sound . The resul ts of experience and re­
search agree in showing that at sonic tip speed the 
effects of compre ibility are very unfavorable. The 
flying speeds of airplanes have only recently reached 
values where the effect of compressibility on parts of 
the airplane other than the propeller are of such magni­
tude as to warrant more than passing atten tion. The 
seriou effects of high tip speeds on the performance of 
propellers have, however , been of great practical in ter-

est for many year and con iderable research has been 
directed toward a better understanding of the phenom­
en a of compre sibility as affecting propeller operation. 
The principal methods of attacking the problem may be 
cla ified as: (a) airfoil tests, (b) model-propeller te t , 
and (c) full-scale-propeller tests. 

Airfoil test are particularly valuable in the study of 
compre ibility because many of the variables pre ent 
in propeller tests do not enter into airfoil tests and the 
important compressibility effects are therefore more 
easily isolated and revealed. Without them the com­
pres ibility phenomena detected in propeller tests would 
be difficult to understand or to explain. 

An examination of reference 1, 2, and 3 reveals a 
marked change in airfoil characteristics with increasing 
air speed. There appears to be a general tendency for 
the slope of the lift curves and of the profile drag in the 
usual propeller operating range to increase up to orne 
critical value of VIVc (ratio of air peed to th e speed of 
ound) corresponding to that at which the com pres i­

bility burble occurs and at which the lift drops sharply 
and the drag increases rapidly. The value of the speed 
at which the compre sibility burble occur is dependent 
on the angle of at tack and the thiclme s of the airfoil ; 
increasing either of th e e quantities causes the com­
pres ibility burble to occur a t lower speeds, sometimes 
as low as 0.4 or 0.5 the speed of ound. The com­
pressibility burble is attributed to the formation of a 
shock wave caused when the flow over the surface 
exceed the local velocity of sound. (See reference 4.) 
A large part of the kinetic energy in the flow is converted 
into heat when the par ticles of air pass through the 
shock region , which re ults in an increased drag of the 
airfoil. Also, the reduction in velocity and the con-
equent incr a e in pre ure behind the shock wave 

1'e ult in reduced lift. 
Th e influence of compressibility on the character­

istics of mod el propellers has been observed in many 
l3ritish te ts (reference 5). The re ults of propeller 
test agreed quali tatively with the resul ts of airfoil 
tests in that the power and the thrust increased with tip 
speed up to a critical value beyond which the thrust 
and the efficiency dropped. 

There is some reason to believe that the propeller 
ch aracteri tics should depend on R eynolds Number as 
well as on tip speed ; however , te ts of propeller of 

1 
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different blade wi lth (reference 6) how only a slight 
Reynolds Number effect, and British flight te t , which 
were made to check model te t (refer nce 7), indicate 
no eriou cale effect at the peak-efficiency condition. 

Wind-tw1.Ilcl te t haye been made by theN. A. C. A. 
a eries of fu ll- cale propeller havino- different thickn es 
ratio and differen t airfoil section (reference 8) . For 
the low bla 1 -angle etting inve tigated (6. 0, 9.6°, 
and 10°) there wa discovered little or no loss in effi­
ciency below a tip pee 1 of about 1,000 feet per second, 
e\-en in the 10 \\- l -jnD range. In yi w of the results 
from later test of the ame airfoil ection (reference 
2) , it would appear that compre ibility effects of 
appreciable magnitude should be noticed for higher 
blade angles in the low r jnD range corre ponding to 
t he take-off and climbing condition of fligh t. 

The tests reported herein were in tituted to deter­
mine the compre ibility cff ct on full- cale propeller 
operating at blade angles corre poneling to tho e u ed 
in pre ent-day aircraft when et for the take-off and 
climbing condition. The blade-angle sei til1.gs investi­
gated rano-ed from 10° to 30° in 5° increment. Owing 
to the limiting tunnel peed of about 115 mile per 
hour, the upper l -jnD range cou ld not be obtained for 
the higher tip- pced run; however , the V jnD range 
corresponding to the take-off and climbing condition 
of flight wa covered. The tip- peed range extended 
from about 600 feet per con 1 to more than 1,000 fee t. 
per second for one propeller. 

----- - - ----

Four of the propellers tested have 
tion and foUl' have R. A. F. 6 section 

lark Y blade sec­
Of the Clark Y 

propellers, three are of a serie having variation in 
thickne ra tlO. Among the R. A. F . 6 propeller there 
are variations in blade \\id th and plan form. 

The e compre ibility tests were rlln from time to 
time as a part of a propeller program invol\-ino- a 
number of subject. During tills pe l'iod of time, the 
body that coyered the engine wa chano-ed from a radiill 
engine nacelle to a liquid-cooled engine nacelle. evefal 
of the propellers were te ted in conjunction v\ith the 
radial engine nacelle and some with the liquid-cooled 
engin e na elle; a few propeller were tested in conjunc­
tion with both. 

The series of tests reported herein, although not 
complete nor entirely conclusive, covers a yery im­
portan t field. Research on the problem of com­
pressibility hould be con tinued to investigate further 
uch effect!;; a may be caused by changes in blade 
ection, thickness, and width and should be extended to 

higher value of tip speed, e pecially for the upper 
ranges of blade ano-Ies. 

APPARAT S AN D METHOD 

The te t \\-ere made in the propeller-research tunnel, 
a cle cription of which i given in reference 9. The 
power to operate the te t propellers was supplied by a 
600-horsepo\\"er llrtis onq II eror engine gearecl 7: 5. 

----- -- ------. -.---~----~--
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The engllle was boosted to 800 hoI' epower , when more 
po \\-el' was required, by a motor-driven R oots blower 
loca ted on the floor of the te t chamber. 

The dynamometer u ed for measuring torque is of 
the cradle type with the uxi of rotation on one ide of 
the engine. The torque reaction \\-as carri ed through 
a yertical compre ion po t to a mechanical balance on 
the floor of the test chamber. The engine co \ding was 
upported on the fixed portion of the supporting frame. 

The radial engine co \ding (fLO" . 1) used for the first 
eries of te ts is 52 inche in maximum diameter and 

126 inch.e in length. The liquid-cooled eno-ine nacelle 
(fLO" . 2) i oval in cro section , 43 inche in heio'h t , 
3 inche in width, and 126 inche in length. 

Eigb t propellers having a range of diameter from 
9 ~~ feet to 11 feet were tested. The distinguishing 
feature of the e propeller are shown in figure 3. 
Blade-form curve are given in figures 4, 5, and G. 
The ymbols u ed in tbe e figures nre defined a : 

- 68-9 
6 - RO 

4 77 
4 7 
4 79 

43il 

D, diameter. 
R, radiu to the tip . 
r, station radiu . 
b, section chord. 
h, section thickne 
p , geometric pitch. 

All the propeller have two blades . ection ordi-
nate are o-iven in figure 7. The principal dimen ions 
of the propellers are given in the following table. 

I Diam- I b h 
P ropeller elcr ection nat Ii at Ti p 

(f l. ) - shape 
(in.) 0.75 R 0.75 R 

5868- 9 ___ 10-0 C lark Y (new) 0.061 0. 090 Round. 
5868- R 6 ___ -_ 10-0 R . A . ~' . 6_ .06l .090 Do. 
48i7 _______ \1-6 Clark Y (olrt ). .053 . 06 Do . 
4 7. ___ 9-6 ____ <1 0 _____ .053 . 08 1)0 . 
4 79 _____ 9-6 __ do ____ .053 . 10 Do . 
437 1. ____ 11 - 0 R. _I . f fJ __ .053 .080 Do. 195 ______ 11- 0 _rIo_ .0iO . 067 Pui nl.(d . 
37-3647 __ 10-0 __ do _____ . O!lZ . 090 Roulld. 

195 37- 3547 

FIG UR E 3.- Propeller blades tested . 
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The method adopted in making the e tests consisted 
in setting the engine speed at a given value and in­
crea ing the tunnel air peed progre ively up to the 
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FIGURE 4.-Blade·form cu r\"cs for p ropellers 58 - R.6, 5868-9, and 37- 3647 . 
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FIGURE 5.-Blade·fon n curves for propellers 1 77,4 78, and 4879 . 

maximum value of about 115 miles per hour. The 
principal mefl. uremen ts record d includ : engine 
torque, propeller rotational peed, thrust of th e 

propeller minus the body and interference drag, and 
tunnel air speed . The drag of the body was measured 
in a eparate test with the propeller removed. 
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,R A.F. .:::6 ..... , _+--+......,,~ 
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20 30 40 50 60 70 80 90 100 

C'19rk Y (old ) Olark Y (new) 
R.A. F. 

:-- .2 

o 
!.O 

Station 6, Up· ·--~--I---~-
per U pper Lower Upper Lower 

1---------.----- --- ---
2.5 . .. . . ..•... . ..•. 0. 41 0.56 0. 13 0.55 0. 13 
5 • •• ••. _ • • ..•.••••• . 59 . 68 .0 .67 . 0 
10 . ......... . ...... . 79 .82 .04 .81 . 04 
20 . ...... . ......... .95 . 97 0 .96 . 01 
30 ...... . . . _ ....... 1. 00 1. 00 0 1. 00 0 
4U ..•••••••.••• • ••. .99 . 98 0 . 99 0 
50 . . .... . ...... .. •. .95 . 90 0 . 93 0 
flO ............ . . . .. 7 . 7 0 . 83 0 
70 ..•... . . . ......•. . 74 . 63 0 .69 0 
80 ....... ... .. _. _ .. .56 . 45 0 . 52 0 
90 ............. . . .. .35 .24 0 .34 0 
L . E . radius __ ___ __ . 10 O. 13 0. 15 
'1' . E. radius __ _____ . 077 . 005 I 0 .077 I 0 

FIG URE 7.- P ropeller section ord inates (in fract ion of max imwn ordina te) . 

RESULTS 

The measm ed values ha.ve been reduced to the u ua1 
coefficients of thrust, power, and propulsive efficiency, 

C _ effective thru t 
T- pn2D4 

and 

C 
engme power 

p pn3D5 
CT V 

1) = Cp n D 

where the effective thI'ust is the measured thru t plus 
the body drag with no propeller or, in other word , 
the propeller shaft tension minu the increment of 
body drag du e to the slipstrea.m. 

------ ----- - ---- --- -- --_ .. ---- -------
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D, propeller diameter, ft. 
n, propeller rotational speed, 1'. p. s. 
The foregoing coefficients were plotted against the 

coefficient V /nD and a smooth curve was drawn 
throuo-h the thru t and power point. The efficiency 
curve wa adj u ted to corre pond to the thrust and 
power curve as well a to the calculated efficiency 
points. typical plot i hown in figure 8. 

./0 

.08 

Cp 

.0 4 

.02 

o 

~ 

/ 
/ 

I 

." 

"" 
/" 

V r~ 
x7- "~ 

\ \ 
Cp 1\ ~ 

-......". 

I"----
q 

'0..., ~ 
'o~ 

~ 
~ ~ 

. 4 .6 .8 
V/ nD 

1.0 

.8 

.6 

." 

.4 

.2 

0 
/.0 

FIGURE .-Typical test resul ts bowing norm al scat ter of poi n ts. P ropeller - R6; 
diameter, 10 ft.; propeller set 15° at 0.75R ; propeller speed, 1,200 r. p. m. ; liquid· 
cooled engine nacelle. 

In order to show the effect of dift'erent tip speeds on 
thE' propeller characteristics for l)articular value of 
V /nD, plot are given of relative efficiency, relative 
thrust, and relative power against the ratio of the tip 
speed to the speed of ound, V' /V c. Only two types 
of such plots are o'iven: one represents the take-off 
condition of a landplane arbitrarily taken at a V /nD 
value of 0.30 times the V /nD for peak efficiency; and 
the other, the climbing condition taken at a V /nD 
value of 0.65 time the V /nD for peak efficiency. The 
re-feren e point used in computing the relative values 
of efficiency, tluust, and power wa V' /V c= 0.5. Thus 

'Y/ CT d Cp . 

'Y/( V' )' CT(p ) , an CP(I" )representthe ratlO 
v, -0.5 V; = 0.5 V, = 0.5 

of the propeller characteristics with re pect to tho e at a 
tip- peed ratio of V' /V c= 0.5. The tip-speed velocity 
V'is the tangential component of the actual tip peed 
and i defined by the relation V' = 7rnD. The forward 
component of the tip speed, which incr a e with 
V /nD, wa smaIl enough to be neglected in the present 
tests. 

The test results are given in three groups : The first 
group (fig. 9 to 35) covers the work done with the 

radial-engine cowled nacelle. The second group (figs. 
36 to 46) covers the result with the liquid-cooled 
engine nacelle. The third group (fig . 47 to 53) com­
pri es compari on and examples derived from the first 
two group. The test 1'e ult have been tabulated in 
ix tables and are a yaiIabIe on req ue t from the a tional 

AdYi ory Committee for Aeronautics. 
Ina much a the temperature of the air determines 

the velocity of sound, the following table of tempera­
ture is included. 

R ad ial engine nacelle 

Liquid·cooled engine Unsupercharged (in· 
nacelle eluding a ll propeller 

speeds, except tbose Supercharged 
noted under H uper· 
charged") 

T ern· Tern· Pro· T ern· Blade Blade Blade peller 
Propeller angle pera- P ropeller a ngle pcra· Propeller a ngle (l?eed 

pera-
ture ture ture (deg.) (OF .) (deg.) (O F .) (deg.) 

r. )' (OF.) 
ffi . 

-----------------------
68-R 6_ { 15 

9 ___ { 
15 66 

5 68-9. __ { 
20 I , i25 65 

20 89 6 
20 65 25 1, 500 71 

37-3647 _. { 15 93 25 64 25 1,600 71 
20 97 30 64 30 1,300 70 

4 77 . ____ 20 
Ro_ { 

15 53 

5868-R 6_ { 

15 1, 800 1 
20 54 20 1, 750 6 4 7 _____ 20 4 25 61 25 1,555 69 4 79 ____ _ 20 84 30 72 30 1,300 73 

4 79 _____ { 
15 66 

4371..--- 1 
15 1, 700 77 

20 59 20 1,550 69 
25 61 195 ______ 15 I , 00 75 
30 72 20 1,600 136 

4371.. ___ { 15 71 
20 1 

195 ______ { 15 7 
20 76 

The speed of sound in air is given by the following 
formulas: 

where 

V ,= 1,120,ITc/2 
= 1,120,ITF /51 .4 

Tc is absolute temperature, DC. 
TF , ab olute temperature, OF. 

DISCUSSION 

An examination of the re ult from airfoil test at 
high peeds, such as are given in reference 2, leads to the 
following conclu ions regarding what hould be expected 
from propeller tests: 

(a) The thrust and power coefficient should in­
crea e with tip peed in the range below the critical 
tip peed (compres ibility burble). 

(b) There hould be a loss of thrust and efficiency 
and an increa e in power after the tip sp ed exceed 
the critical valu e. 

(c) ince compre sibility losse occur at lower peed 
a the angle of attack of the airfoil is increased, it 
follows that, at low values of V /nD, losses should occur 
at fairly low tip peed. The critical tip peed for a 
given blade angle hould increa e as V /nD i increa ed. 
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F J.9 t"RES 9 to 12.- EfTect of compressibili ty on propeller characteristics. Propeller 5868-9; d iameter, 10 ft .; radial engine nacelle. 

TJ 

1.0 

.8 

.6 

.4 

.2 

0 

1. 0 

.8 

.6 

.4 

.c 

o 



L 

EFFECT OF COMPRESSIBILITY ON PROPELLERS IN TAKE-OFF A D CLIMBING RA GE 7 

(d) The blade-angle setting of the propeller should 
determine the V /nD range wherein compressibility 
10 e occur for any given tip peed, becan e the section 
angle of n ttnck is determined by both the V /nD and the 
blade-angle setting. For blade angle sufficiently low 
that talJing never occurs (approximately 20° and Ie ), 
the grea test 10 hould occur at a zero value of V /nD. 
For l1igher yalue of the blade angle, the normal tall 
might be expected to delay the compres ibility burble 
o tba t 10 se from this source might, in general, be con­

fined to the V jnD range below the stall. Under such 
condi tions the climbing condition of flight might suffer 
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FJG lJRE 13.- 0 banges in propeller characteristics due to com pressibil ity for the 
take-o f! condi tion . P ropeller 5868- 9; diameter, 10 ft. ; radial engine nacelle; 

V (1 ' ) -=030 -nD . nD p t(l k fl/!. 

more from compressibility than t he take-off condition. 
(e) The Clark Y section has a higher critical speed 

than th e R . A. F. 6 section and propellers of Clark Y 
section hould therefore be Ie s affected by compressi­
bility in the norma.l operating range; likewise, thin pro­
pellers should be less affected than thick ones. 

A gene!'nl urvey of the results reveal qualitative 
agreement between airfoil and full-scale-propeller re-
ult . There migh t be some question as to whether the 

effects noted are entirely due to compres ibili ty, ince 
blade deflection would re ul t in somewhat the arne 
displacement of the curves. Some deflection measure­
ment that were made by a light-beam method howed 
the blade torsional deflection to be negligible; it is there­
fore probable that the various effects noted are due to 
com pre sibili ty . 

078P-3!l-2 

EFFECTS A.T SPEEDS BELOW T H E CRITI C A.L 

The tendency for the thrust and power coefficient , 
at a given V /nD to increase with increasing tip speed 
for speeds below the critical may be noted for nearly 
all of the propellers. The increa e is greatest at low 
V /nD values and tends to diminish as F/nD is in­
creased. This effect is of some importance in the take­
off and climb of both fixed-pitch and controllable pro­
peller. In the case of the fixed-pitch propeller , the 
engine peed will be reduced by the higher power re­
quiremen ts of the propeller and engine power will be 
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F IGURE H.- Ohanges in propeJler characteristics due to compressibili t r for tbe 
climbing condition . Propeller - 68- 9; diameter, 10 ft .; rad ial engine naceJle; 

- = 0 65 -V ( 11' ) 
nD . nD p , ak t il. 

lost proportionately to the drop in rotational speed , 
The pitch of the controllable propeller must be reduced 
to offset the added power req uired with the re ult tha t 
the propulsive effi.ciency will be increa ed . 

EFFECT AT S P EEDS ABOVE T H E CRITI C AL 

At the tip speeds at which compre ibili ty 10 se 
occur at the tips, the tendency for the tl1Tust coefficient 
to continue to increase is reduced. After sufficient 
blade area at the tips is operating beyond the compre -
ibili ty stall , there is a tendency for the thrust coefficien t 

to decrease with increasing tip peed and for the po\\-er 
coefficient to rise disproportionately fast . A consistent 
reduction in efficiency may be noted for all the propel­
lers after the tip peed has reached orne cri tical value, 
The amount of red uction can be seen to depend upon 
a number of factor , such as tip speed, V /nD range, 
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EFFECT OF COMPRESSIBILITY ON PROPELLE RS IN TAKE-OFF AND CLIMBING RANGE 9 

blade-angle setting, blade sec tion, blade width, and 
blade thickne s. 

Tip speed.- Thc tip speed at which compressibili ty 
losses first appear varie quite widely, depending prin­
cipally on the V /nD range and the blade-angle etting, 
which , of course, defines th e angle of attack of the sec­
tion. In the take-off range of V/nD, it may be noted 
that compressibility losses fir t become evident at from 
0.5 to 0.7 the speed of sound for the different propellers. 
( ee figs . 13 , 20 , 26, 30, etc.) The blade-angle setting 
evidently has little effect in this range as no definite 
trends are evident excep t, perhaps, in the case of pro­
peller 5 68- R6 (6.0'.20), which show the re ults for a 
wider range of blade-angle ettings than thc other 
propellers. 
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In the climbing range of V /nD, compressibility 10 e 
first appear at tip- peed values of from 0.6 to 0.75 the 
speed of sound for most propellers. (See figs . 14, 21 , 
27 , 31, etc .) In general, as the pitch i increased, the 
10 e occur at lower tip peeds. (See, in particular, 
figs. 14 and 27. ) 

Blade -angle setting ,- The magnitude of the compres­
sibility loss is largely determined by the blade-angle 
setting for any given tip speed and V /nD range. In 
the take-off range, the indications are that the greatest 
10 s OCClli'S at bla Ie-angle ettings of about 20°. (See 

-------

figs. 13,20, and 26.) At tip speed of 0.8Ve, the maxi­
mum indicated 10 ses amount to from 10 to 25 percent 
of the till:u t power, depending upon the propeller. 
Extrapolation of some of the cW'ves to tip speeds of 
O.9Ve indicates that the maximum 10 might amount 
to as much as 40 percent. 

In the climbing range, the greatest 10 s evidently 
OCClli' at a blade-angle setting of about 25°. Since the 
engine power was limited, i t was not possible to reach 
very bigh tip speed for these ettings. The 9 }~-foot 
propeller (4 79 ) afforded the be t opportunity to study 
the effects. A tip speed of nearly 0.8Ve wa reached 
for the 25° setting and, from this test (fig. 27), the fore­
going statement is best substantiated, The maximum 
loss in efficiency for tbi condi tion appears to be of the 
order of 10 percent at tip speed of O. V e. 
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Blade section,- Of the eight propellers tested, four 
have Clark Y section and four have R. A. F . 6 section. 
Only two of these can be directly compared for the 
effect of section, however , because the rest al 0 differ 
in other respects. In figure 47 a comparison is made 
between the two propellers 5 6 - 9 and 5868- R6 on 
the basis of the relative take-off and climbing effi­
ciencies. It may be noted that, for any given tip speed, 
the losses for the Clark Y propeller are, in general, 
only about one-third to one-half as much as for the 
R. A. F. 6 propeller. The actual efficiencies in the 
take-off and climbing rano-e are, however, about equal 
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EFFECT OF COMPRE SIBILITY 0 PROPELLERS I TAKE-OFF A D CLIMBING RAN E 11 

a t high tip speeds, inasmuch as the efficiency at low 
tip peeds for the R. A. F. 6 propeller is greater than 
that for the Clark Y propell er in these range . (See 
figs. 9, 10, 16, and 17. ) 

A plausible explanation for the greater compre si­
bili ty effect on the R . A. F. 6 propeller seems to lie in 
the differences of the radii of curvature of the fron t 
upper surface of the sections. (ee fig. 7. ) The 
R. A. F . 6 ection has the les er radius of curvature, 
hence the induced velocities are probably greater. 
The compre ibility burble hould therefore oceur 
earlier £01' the R. A. F. 6 ~ection . 
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Blade shape .- In figure 4 is hown a compari on of 
three propellers having different blade shapes. The 
main difference is the tip shape, a can be seen from 
figure 3, aJ though there are also differences in thickness. 
With the exception of the take-off comparison at a 
blade-angle setting of 20°, the resul ts from the three 
propellers are almo t iden tical. 

Blade width .- Propeller 37- 3647 is 50 percent wider 
than propeller 586 - R 6, but othcrwi e the two propel­
lers are identical. ince the thi kness ratio i the arne, 
the actual thickness of propeller 37- 3647 is likewi. e 50 
percent greater than that of propell er 5 6 - R 6. The 

hank portion of the blade, howeyer, are nearly 
identical. A compari on of the result from these 
propellers (fig. 49) indicates that the compre sibility 
10 s for the wid er blade i only about half that for the 
one of standard width in the take-off range. The 
differences are more obscure for the climbing condition. 
The actual efficiencies become nearly equal at high 
tip peeds, however, since the standard-'width blade 
has a higher efficiency at low tip speeds. (ee figs . 36, 
37, 40, and 4l. ) 

Just why the differences in R eynolds N umber of the 
two et of te t hould account for the difference 
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noted i not clear. The wider blade produce a greater 
inflow velocity and, con equen tly, is working at a 
lower angle of attack than the standard-width one. 
The inflow angle could hardly be inc rea ed, however, 
by the amount n cessary to make the difference shown 
at the take-off condition, equivalen t to a 5° change in 
bla,de-angle etting, because the 15° curve of the 
standard-width blade coincides with the 20° curve of 
the wider blade. Computation ba eel. on the mo­
mentum theory, however, do indica te an inflow angle 
greater by 0.75°, owing to the increased blade width , 
for one condi tion 111ve tigated. 
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Blade thickness.-Propeller 4 77 , 4 7 , and 4 79 
con titute a erie differing only in thiclme ; they were 
built for the tip- peed experiments reported in re£e1'­
enc The te t reported herein were made at only 
ono blade-angle etting, 20°; the 1'e ults are given in 
figur 44, 45, and 46. Oompari on of the re ult from 
the three propeller are given in figmes 50 and 5l. 
Dmina the te t it was noticed that the thinnest pro­
peller (4 77) flu tte1'ed violently at low air peeds, pro­
du ina a very penetrating noi e imilar to that a oci­
ated with uper onic tip peeds. The re ults very 
distinctly show the effect of flu ter. In order to avoid 
confu ing flutter effects with compre ibility effect, 
the flu tter effect will later be discussed a a separate 
topic. 

If the re ult from propeller 4 77 be neglected for the 
take-off condition on account of flutter , it appears that 
the thicke t propeller (4 79 ) i affected more by com­
pI' ibility than the medium thick one; in fact, no loss 
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F,GUHE 54 .-Cross-faired thrust-coefficient cur v~s . Propeller 4 79; dia meter, 9).4 
ft.; radial engine nacelle; propeller speed, 1,200 r. p . m.; t ip speed, 597 r. p. s. 

is evident for propeller 4 7 . It happen that the low 
tip- pe d efficiency of the thick propeller (4 79) i higher 
than that for propeller 487 ., 0 their efficiencie at high 
tip peeds become nearly equal. (ee fig . 45 and 46.) 
The re ults for the climbing condition are nearly identi­
cal for all three propellers. 

Flutter.- The tudy of flutter does not com wi hin 
the cope of thi investigation. Flutter did exi t, 
however, in orne in tance and the resul t were con-
i lerably affected thereby . A previou ly mentioned, 

propeller 4 77 fluttered vi lently, hen operating at low 
air peeds. I t may be noted from figure 44 that the 
power and the thru t were both increased by perhap 
10 or 20 percent, judgina by the hape of the curve. 
There i no way of i olating compre ibili ty and flutter 
effect except by a uming that break hould not occur 
in the curve if flutter effect are absent. It i quite 
likely that mo t of thp 10 in efficiency observed in 
figure 50 i due to flutter, amounting to about 1 per­
c nt for tip peed of O. V c. 

An attempt wa made to mea ure the ampli tude of 
blade-tor ional vibration of thi propeller by the 
method of measuring blade deflection previously men­
tioned. The tests indicate that the blade at 0.75 
radius wa vibrating in tor ion through an ampli tude 
of between 1° and 2° when the propeller wa turn inO' at. 
1,600 r . p. m. The ampli tude of the tip- ection vibra­
tion wa probably much greater . 

EXAMPLES SHOWI NG THE EFFECT OF COMPR F.SSI BILITY ON TH E 
TAKE-O FF AND LI MBI G TH R UST OF CONTR O LLAB LE AND FIXED­
P IT CH PROPELLE RS 

,'-ere it not for the fact that compre ibilit.y influ­
ences both t.he power absorption and the efficiency 
charact ri ti of propeller , it would be fairly easy to 
correct take-off and climbing comp utation for difrer­
ence in tip speed between propeller-te t and airplane­
operating conditions. The increa ed power co fficient 
associated with high tip speeds will nece itate lower 
blade-angle operation for controllable propeller and 
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the efficiency will be thereby increased; where a , fot' the 
fixed-pitch propeller, the engine sp ed will be reduced 
for a given air peed, which affect. both the brake 
horsepower anel the propul ive efficiency . Specific 
examples have been worked out for both type of pro­
peller (fig. 52 and 53) u ing data from propeller 4 79 
(radial engine nacelle) . These elata, which are ero -
faired in figure 54 to 57 , were u eel becau e a great.er 
range of blade-angle sett.ings and tip peeds was 
covered than with any other propeller. 

Controllable propeller .- The example of the con­
trollable propeller ( ee fig. 52) i ba ed on a 690-
hor~epower engine turning a propeller at a speed of 
1,500 r . p. m. The airplane peed i 224 mile pel' hour. 
Thru t curve at the take-off and climbing condi tion 

------- ---- ---- -- ----- ----_.,-' 
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are computed from data for tip speed ' of 597 an 1 95 
feet per second. 

These computations show, for this example, a 10 of 
5 or 6 percent in take-off thru t due to high tip peeds 
and show a slight gain at the climbing condition. This 
10 s appear rather insignificant as compared with the 
12 or 13 percent 10 indicated in figure 26. Another 
factor, however , enters to explain the difference. The 
blade angle must be decreased about 2° on account of 
the higher power coefficients for the tip speed of 95 
feet per econd, with the result that the efficiency is 
increa ed and the over-all loss i thereby reduced. 

In order to eparate the actual loss clue to compre si­
bility from the effects du e to changing the blade angle, 
a fictitiou propeller was as umed that could have the 
blade width changed in order to maintain the power 
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coefficient constant at the same blad e angles a for the 
low tip- peed compu tation . The thru t is proportion­
ately corrected for the change in blade width. Thi 
compu tation indicates a 10 s due to compre ibiliLy of 
from 10 to 1 percent in the take-off range. The curve 
howing the gain due to operating at lower blade angles 

i taken a the difference between the loss lue to 
cornpre ibility and the net los. 

Fixed-pitch propeller .- The example of t he fix ed­
pitch propeller wa worked out for different condition 
from the previou example becau e a design blade-angle 
etting of 20° wa de ired . A 2 5-ho1' epower engine 

turning the propeller at 2,000 r . p . m. and a hiah peed 
of 166 miles per hour were assumed. 

A total 10 of about 13 percent i indicated (fig. 53) 
for the taJ,e-off condition and about 4 percent for the 
climb. A small part of this 10 is due to the lowered 
engine peed brolJO'ht abou t by the higher power 
coefficien ts of the cla ta for 95 feet per econd. A re­
(luction in engine pepd redu ce the brake horsepower , 

but the propul ive efficiency i in crea ed for a given 
air peed owinO' to the higher operatinO' V /nD. The 
net 10 s due to lowered engine speed is small for this 
example but would have been more had the lope of the 
take-off thl'u turves been teeper. 

Thi example doe not give a true picture of the com­
pre ibility effects for a particular case be a u e the tip 
peed was a sumed to remain con tant even though the 

propeller peed decreased. The example does give a 
true picture of the effec t of compressibility at any par­
ticular air speed if it is a sum ed that the tip speed i 
95 feet. per second. 

A METHOD OF CORR ECTI G P R O J'ELLE RS FOR THE EFFECT OF 
COMPR ESS I BILITY 

A simplified met.hod :for correcting propell l' for the 
etrect of compre sibility is given in the appendix of tIll 
repor t. The method is ba ed on generalized correction 
factors that were derived from data pre ented in the 
l' eport. The UEe of the correction factors make it 
possible to correc t, in a few minu tes, the thJ'ust of 
similar propellers for the efl'ect of compre sibility. 
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CONCL DING REMARKS 

The results of th e te t indicate the following con­
clu ion regarding the effect of tip peed : 

1. Losses in proplll i e efficiency due to compressi­
bility became evident at from 0.5 to 0.7 t he velocity of 
sound for the take-off and climbing conditions of £light , 
depending upon the propeller shape and the blade­
angle etting. As the tip peed increased beyond the e 
values the loss increased rapidly, amounting to more 
than 20 percent of the thrust power in ome in tance 
for tip-speed vulue of 0.8 the peed of ounel . I 

I 

I 
I 
I 
J 
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2. The loss for the take-off condition increa ed with 
blade-angle setting up to a value of about 20° for a 
given tip- peed value. At hiO'her blade anO'le the 10 
dimini heel. 

3. The 10 s for the climbing condition increa cd with 
blade-angle setting for a given tip peed up to a value 
of about 25°, beyond which it decrea ed. AI 0 , the 
10 e appeared at lower tip peeds a the blade angle 
wa increa ed. 

4. Compressibility affected the propeller of R. . F. 6 
ection to a greater extent than it did the propeller of 

Clark Y section; but, ince the R. A. F. 6 propeller ha 1 a 
higher take-off efficiency at low tip peed , the efficien­
cie nearly equalized at high tip peed. 

5. Compressibility affected standard-width blades to 
a greater extent than it did extremely wide blade for 
the take-off condition; but, since the standard-width 
blade had a higher efficiency at low tip peed , the 
efficiencies nearly equalized at high tip speed. The 
standard-width blades had an eyen higher efficiency at 
high tip peeds for the climbing condition. 

6. The los for the take-off condition due to com­
pre sibility wa greater for a thick propeller than for a 
thin one; but, since the thick propeller had a higher 
efficiency at low tip speeds, the efficiency nearly equal-

ized at high tip peed. The effect of thickness was 
neO'ligible for the climbing condition. 

7. There was a marked tendency for the thl'u t and 
power coefficient to increase with t ip speed, even before 
any 10 s in the efficiency was detected. 

. The 10 in efficiency for controllable propell r 
due to compressibility wa partly regained by the 1 ,,-er 
blade-angle operation necessitated by the higher power 
coefficients. 

9. T he 10 in efficiency for fLxed-pitch propeller due 
to compre ibility wa further increa ed by a 10 in 
engine peed and power caused by the higher power 
coefficients. 

10. Comparison of propellers having different blade 
sections, blade widths, and blade thiclmesse , made on 
the ba i of data for propellers operating at low tip 
speed, are likely to be mi leading, ina much as com­
pressibility effects appreciably modify and, ill many 
cases, tend to equalize any differences noted at the low 
V jnD range of operation. 

LANGLEY ~IEi\roRIAL A EROXAUTI CA L LABORATORY, 

NATION AL ADVISORY COllIMIT'l'EE FOR AERON AUTIC. , 

LANGLI;Y FIE LD, VA., lIday 18, 193 . 
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APPENDIX 

A METHOD OF CORRECTI G PROPELLER CH ARAC­
TERISTICS FOR THE EFFECT OF COMPRESSIBILITY 
AT TIP P EEDS BELOW 0.9 TH E SP EED OF OUND 

The material presented in the body of the present 
repor t i not in a form convenient to u e in correcting 
low-tip-speed propeller characteristic for compres i­
bility effect encolUltered when operating at high tip 
peeds. The data are given in a ba ic form and addi­

tional curves ar included to show certain trends. In 
order to make practical u e of the material, it i neces­
sary to devise a method whereby the characteri tic of 
any propeller can be readily corrected for com pre i­
bili ty effect with rea onable certainty. 

A number of factors a ociated with the problem 
mn ke i t extremely difficult, if not impossible, to de,i e 
any et of formula or urve by which the character­
i tics of any propeller may be corrected. Differences in 
blnde section, width, thickness, plan form, and pitch 
Ii tribution accoLUlt for difference in compr ibility 
effect, 0 it is considered advisable to confine the cor­
rection fac or to pecific propellers, at lea t for the 
pre ent. \Vben sufficient data are accumulated, it may 
be pos ible to formulate a more generalized method 
tha t can be applied to any propeller , regarclles of 
' hape. 

The pre ant method of orrecting propeller charac­
t ri tics for com pre sibility effects i ba ed on correction 
factor applied to the thru t and torque coefficients of 
ither :fi\:ed-pitch or controllable propellers. The cor­

rection factors are pre ented in cm ve form for everal 
propeller in figures 58 to 61. It is pointed out in the 
pre ent report and el ewhere that the angle of attack 
of a blade element, or the lift coefficient, is a major 
parameter determining the magnitude of compres i­
bility effects. N either the angle of attack nor the lift 
coefficient can be readily determined for propeller but, 
inasmueh as the thrust coefficient of the propeller is 
closely related to the lift coefficients of the ections, the 
thru t coefficient is considered to be a good ubsti­
tute. Through the use of the thru t coefficient as a 
correction parameter, the blade angle and V /nD are di -
pensed with so that the method i generalized to the 
extent that it can be applied to any blade-angle etting 
\\-ith rea on able accuracy. 

The u e of the thl'u t coefficient as a correction param­
et l' has other advantages. Propeller having different 

~.----

number of blade may be corrected without addi tional 
consideration becau e the thru t coefficient at th e stall 
is nearly proportional to the mlIDber of blades. 

The normal stall of a propeller i readily apparent; 
the thru t-coefficient curves break in much the ame 
manner as do lift-coefficient curves for airfoils. The 
flow over the airfoil sections changes; the peak of the 
negative pre mes i eliminated and the corre ponding 
induced veloci ties are materially reduc d with the 
re ult that the effect of compre ibility is greatly modi­
fied and uncertain. For thi rea on, the propeller cor­
rection factor used for the unstalled por tion of the oper­
ating range should not be used for the stalled portion. 
The use of the thTU t coefficient a a correction param­
eter draw attention to the operating range. 

The orrection factor given in figure 5 to 61 are in 
the form of ratio of CT, Cp , and TJ at higb tip speeds to 
those at low tip peeds (taken at approximately 0.5 the 
speed of ound). Individual curve are given for con­
stant values of CT/CT(" ."",. These correction curves 
were obtained by plotting the data given in the body of 
the report and cross-fairing the re ulting curves . It 
may be noted that the curves have been extrapolated 
from approximately 0.8 or O. 5 to 0.9 the speed of so und, 
in order to make the method more useful; consequently, 
the e portion of the curves may be subj ect to orne 
error. 

USE OF THE CO RR E CTl O FACTOR 

Controllable propellers.-The power coefficient for 
operation i determined by the air density, the engine 
power, the propeller diameter, and the rotational speed. 
In view of the fact that the power coefficient increa e 
wi th tip speed, it is necessary fir t to determine the 
value corre poneling to the low- peed data because 
from the e data the blade an a-Ie and the tlu-ust are 
determined. The e values are determined by clividing 
the desirn power coefficient by the ratios of the high­
tip- peed to low-t.ip-speed power coefficients correspond­
ing to the appropriate values of thrust coefficient and 
then by reading the blade angles and low-tip-speed 
thru t coefficients from the propeller curves. It is 
then nece sary only to correct the coefficient for the 
effect of compressibility by the use of the factors to 
establi h the operating value . 
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enral examples have been worked to illustrate the 
proce s and, at the same time, to how the magnitude 
of the compressibility effects for typical airplane instal­
lations. Example 1 is a check upon the method for 
controllable propellers presented in the body of the 
r€',port. The computation are given in table I (a) 
and the final curves are shown in figure 62. The fol­
lo wing eries of opera tions is completed after the propel­
ler has been designed or selected in the usual manner. 
(See table I (a) ,) 

l. In column 1, values of V /nD are as umed. 
2. The blade angle {31 is read from the power­

coefficient curve at low tip speeds (fig. 55) correspond­
ing to the design OPI of 0,0542. 

3. The thrust coefficient OTI i read from figure 54 
for different values of (31 ' 

4. OT) OT(at s tall ) i computed from the values given 
in column 3, The value of OT a t the stall is taken 
a .086, A high degree of accuracy is not neces­
ary becau e Lhe result are not u ed directly in the 

computation. 
5, Po\ver correction factor n,re read trom figure 60 

for values of OT1 / 0r (a L sta ll ) given in column 4 and for a 
n lu e of V /V c of 0.8. 

6. The de ign power coefficient, OPl = 0.0542, is 

eli yided by the 

5 in order to determine the corresponding power coeffi­
eie,nt Opz for the low-tip-speed data being used. 

7. The blade angle {3z corresponding to Opz i read 
from figu re 55. 

. The thrust coefficient OT2 corresponding to {32 
is read from figure 54. 

_,1,.t thi s tage of the correction the low-tip-speed data 
are fitted to the de ign requirements of the engine and 
propeller . It i now nece ary to correct the thrust 
data for the high er t ip speed of operation, namely 
0, Vc. 

9, The correction factor 
01' v 

(v, =0,5) 

OT 
3 is r ead 

OT 
2 

from figure 60 for value of 0 01'1 given in colUllill 
T (at sta II) 

4 and a va lue of V ( Vc of 0, . 
10 , The corrected thrust coefficient 01'3 is obtained 

by multiplying 01'2 by th e ratio OT) 01'2 given in column 
9. 

1l. The corrected thrust is obtained by multiplying 
OT3 by the constant pn2D4. 

12. The air speed in miles per hour is obtained by 

multiplying the V /nD given in column 1 by the constant 
N D/88, where N is the propeller rotational p ed in 
r. p. m. 

No computation is made for the correction of the 
low-speed power coefficient Opz because it is obvious 
that multiplying Opz by OpJOpz results in Op

I
, the design 

power coefficient. It may be noted that the computa­
tions were carried through for the stalled portion of the 
operating range even though the method strictly should 
not be applied there. The error in this case is probably 
small since there i no evidence from any of the data 
that a sudden change in the effects of compressibility 
occur at the s tall. 

From figure 62 it may be noted tha.t the curve for 
the thrust, corrected by mean of the charts, check the 
thrust curve computed from the 895-feet-per-second 
data only for the low- peed range. The di agreement 
at the climbing part of the range i attributed to the 
fact that the charts are derived by averaging all the 
available data for this propeller ; whereas the 895-feet­
per-second curve is determined e sentially by the one 
t est at 20° blade angle, which was extrapolated for 
V /nD values higher than 0.7. Since the thrust curve 
derived by the chart method is based on more test 
points, it i considered to be the more accurate of the 
two. 

In example 2, a 3-blade 586 - 9 propeller is selected 
from the data given in reference 10 for a radial engine 
n acelle, and the thrust is corrected b.v the present 
method. 

Given-
Engine ___________________ _ 1,000 horsepower. 
Engine peecl ______________ 2,375 r. p, m" ea-level operation. 
Air peecl ________________ __ 283 m. p , h . 

election of the propeller- D esign A: 

O 0,638 X m. p. h. 0.638 X 283 2.03 
s hp. 1/5X N 2/5 3.98 X 22.35 

From figure 13 of reference 10, 

V 
nD = l.3 

1) = 0, 6 

Then 

D _ 88 X m . p , h .= X 283 = 8 06 ft - N(~) 2,375 X 1.3 · . 
nD desiun 

Tip speed at zero forward speed is 1,000 f. p .. 
Sound peed for tandard condition i 1,120 f. p. s . 

(desiun) 

V 
V

c
= 0. 895 

hp. X B50 
pn3D5 0.1097 
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Computation of thrust and correction for compres i­
bility effects: 

Any errors incidental to this extrapolation will haye a 
negligible effect on the take-off nm, provided that cor­
rect thrust values are obtained over the lat ter par t of 
the take-off 1 un. 

T able I (b), identical in form to table I (a), is fill ed in, 
u ing data t aken from figure 10 of reference 10 and fig­
ure 58 of the present report. The corrected thrust and 
bls,de angles are plotted in figure 62, along with the 

It should be pointed out that the propeller of de ign A 
wa elected from a 0 . chart derived from low-tip-speed 
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F IGURE 64.-Example 3 showing tbe u ncorrected and corrected th rust and blade angles for an 
a irplane equipped with p ropeller 68- H6 (controllable) . 

F IGURE 65.- E xample 4 showing the uncorrected a nd corrected 
tbrust a nd tip-speed ratios for an airplane equ ipped with propel· 
ler 5868- 9 (fixed pitch). 

uncorrected values obtained directly from the low-tip-
peed data. It may be noted that the tbru t curve i 

extrapolated to zero air peed, a suming that the effec t 
of compressibility decrease as the angle of attack of 
the blade elements inereases beyond the normal tall , 

data; consequently , the design itself is sligh tly in error. 
In the u e of the O. chart mentioned, it is a umed that 
the propeller will absorb the pO'wer under certain peci­
fied conditions. Actually, the propeller 'will absorb 
more power at the tip speed of operation, 0 the blade 
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angle is reduced to make up for the difference. Tbis 
re ult means that de ign A i a "compromi e" design, 
becau e the diameter is lightly larger than it would 
be if there were no compl'e ibility effects. 1£ it were 
de ired to eliminate the compromise featme, the de ign 
engine power could be re luced to corre pon 1 to the 
low-tip-speed data and the propeller could be elected 
on that ba is. The following computation indicate 
the general procedure. 

election of propeller- De ign B: 

1.13 for high peed 
Op V \ 

(V,=O.5) 

1,000 
hP' (de.ton)=T.l3= 5 

0 .=2.0 

V 
nD= l.34 

D = 7. 3 feet 

Tip speed= 972 f. p. 

550 X l,000 
OP (de.ton) = (2,375)3 = 0.126 

pX 60 X (7. 3)5 

The computation of thru t and correction for com­
pre ibility effect are carried through in the ame 
maImer a for design A. No table is given but the 
results are plotted in figure 63. The thru t for design 
B i slightly less than for design A owing to the smaller 
diameter, even though the compre ibility correction 
i Ie s. 0 los in high-speed thru t i evident for the 
compromise de ign A. It appeal' from thi example 
that it is carcely worth while to select propeller on the 
ba is of corrected power unless the propeller diameter 
i too large on account of other considerations. 

In example 3, a 3-blade 5 68- R 6 propeller i selected 
for tbe same requirement as given in example 2. In 
order to maintain the same tip speed a for de ign A, the 
'ame diameter propeller wa a umed, although thi 
ize may not be the most efficient for high peed. Thl'u t 

computations are given in table I (c); the material i 
taken from figme 9 of reference 11 and figure 59 of this 
report. It happen that the test-body condition were 
different for the 586 - 9 and the 5 6 - R6 propeller but 
the body effects are mall as compared with the com­
pressibility effect. The results of the computation 
are given in figure 64. The loss in thru t due to com-

pre ibility for this example is quite startling, amounting 
to about one-third of the uncorrected thru t at low tip 
peeds. Example 2 and 3 illu trate the importance of 

compressibility when comparinO' propeller of different 
section. The R. A. F. 6 ection i uperior to the Clark 
Y section at low tip speeds but at high tip speeds the 
relative merits are reversed. 

Fixed-pitch propellers.- The method of correcting 
fixed-pitch propellers is lightly more involved than for 
controllable propeller becau e the tip- peed correction 
changes with rotational speed. nfortunately, each de­
pend upon the other 0, in order to obtain fairly exact 
result , a serie of approximation i nece ary. In the 
following example the number of appl'oArimation has 
been minimized as far a is consistent with the im­
portance of the correction involved. 

Example 4 illustrates the method of correcting fixed­
pitch l)rop llcr u ed with un upel'charg cl engines. 

Given: 
Engine ___________________ _ 600 hoI' epower. 
Engine speed __ _____________ 2,375 r. p. m., sea-level operation. 
Air peed __________________ 185 m. p. h. 

election or de ign of propeller 5 68- 9 having three 
blade to be u ed with a radial engine nacelle: 
D esign A: 

0.= l.47 

From figure 13 (reference 10), 

V 
7lD = 0. 5 

13 = 22.3 ° 

Then D = .07 ft. 

OPl = 0.0653 (de ign value for high speed). 

Tip peed= l,OOO f. p. 

V 
Vc =0. 95. 

0~' 1= 0.065 (design value for biO'h speed). 

OT(at 8tall)=0.140. 

OTl o =0.465. 
T(al s/all) 

o p = 1.115 (from fig . ,'j ) . 

P ( ~=O.5 ) 

This propeller will absorb 1.115 X 600 hp. or 670 hp. 
at hiO'h speed. Either the diameter or the blade anO'le 
mu t be reduced to absorb the pecified 600 hp . Fol­
lowing the method of reducing the diameter, a new design 

. d . 600 - h Thi t t' IS ma e usmg 1. 115 = 38 p. s compu a lOn re-

I 
I 
I 
I 
) 
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ul ts in the followin g characteristics: 

O s= 1.503 

17 
n D = 0.9 

D = 7.62 ft . 

17 
V e= O. 47 

Op 
l.0 5 

In view of the chano-e in the power correction fa ctor in­
cUlTed by th e reduced diameter and tip p ed , thi 
propeller \vill only ab orb 53 X 1.085= 5 5 hp. A third 
approximation using the average of the firs t and econ d 

yalue of 0 Op hould re ult in approxinlately the 

P (f=05) 
1.11 5+ 1.0 5 

correct an weI' ; - 2 = 1.100. The third ap-

proximation result III th e following characteri ti cs 
el f' ignatecl " el e ign B " : 

600 
hp ·= TI= 545 (for de ign purpose) . 

0 8 = l.497 

17 
nD = O. 7 

D = 7. ft . 

Tip peed = 97 f. p. s. 

17 
l7

e 
= 0. 73 

~-=l.1 (check) . 
p (~=0.5) 

In table II the thrust i computed for design B 
according to th e following procedure: 

l. I n column 1, valu e of l7/n D are a Ulned anel , in 
a Idi tion, the de ign valu e for high speed is included . 

2. From fig ure 10 (reference 10), the low- tip-spe i 
power coefficien t OP2 are read followin o- the line for a 
blade angle of 22.7 °. 

3. The corresponding tbru t coefficien t, OT., i al 0 

read from figure 10 of reference 10. -
4. The ra tio / max i computed from the relation 

~= .... / OP2 (at (t il speed) , a uming that the torqu e 
max V P 2 

_~ __ - _0 _____ _ 

remains con tant for mall changes in rota tional peed. 
This condition is ub tantially tru e for unsu percharged 
engmes. 

5. The ratio 17/17e is equal to _.,.. :V XO. 73. 
Lv max 

01'2 
6. The ratio ~- i computed using 

T (at s ta ll ) 

OT(at s tal l)= 0.140 . 

7. Op 
01' i read from fi gure 5 for different 

( :, -0.5) 
OT2 

value of 17/17e and 0-=-- :""-
T (at s tall ) 

-0 O~ i also read from fi gure 5 8. T 
( :, -0.5) 

9. Corrected value of power coefficient OP. are 

computed, OP2X
O 

Op OP3. 

P(;'-05) 
10. Corrected values of thrust coefficient O T3 are 

compu ted in a similar manner. 
11. Correc ted value of N/ max are compu ted 

u ing OP3 . 

12. Values of 17/ I7",ax are compu ted from the rela-

. 17 Crv)N 
tlOn 17 max =(~) 

nD N max 
max 

13 . The all' peed is computed from the relation 
17/17 max, knowing I7max. 

14. The thru t i compu ted from the relation 

T = OT OP3(a tct il 8P.ed) X K , where I<'= pn 2Dl. 
P3 

If the method of reducing the blade angle is follow ed, 
to off et the in rea e in power coefficient from low to 
high tip peed , de ign A i u ed directly but i t i nece ­
ary to determine the blade-angle reduction. The yul ue 

Op 
of OPt i divided by Op to determine the 

( \~ =05) 
01· 1 d 0.0653 

OP2 correspon ling to the ow-tlP- peec atu; Ul:5 = 

0.0585 . Unfortlmately , thi 
approximation because the I 
cient i likewise r dllCed , 

. OTI t 0.059, 04') 
O 0 0 14 0 1 . ~ . 

T (at stall) . 

vulue i only the fir t 
w-tip-speed thru t coeffi­
ch anging the value of 

O p 

The value of O p 

(I~ =0.5) 
then become l.105. The econd approximate value of 

power coeffi cien t become ~:~~~ = 0.0592. Thi O P2 de­

fine the blade angle 0 the OP2 and O T2 can be read from 
figure 10 (reference 10) for different value of l7/nD . 
The correc ted thrust i then computed in the manner 
ou tlined in table II . N o table is included for lcsign A 
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computations but the thru t is given in figure 65 to­
gether wi th those for design B and the U11corrected 
thr ust. 

I t may be noted from fig ure 65 that li ttle, if any, 
loss in thru t due to compressibility is evident for this 
example. The explanation lies in the fact that the tip 
peed h ops to about 0.7 the speed of sound in the take­

off range owing to the decrease in engine speed . It 
may be noted from figure 5 that a maximum of only 
4 percent in efficiency i lost for this tip speed. I t 
appears from this example that computations for cor­
recting the thru t of fixed-pitch propellers may not be 
wor th while in many instances. A preliminary e timate 
of the t ip speed in the take-off range together wi th a 
reference to the correction factors wo uld indicate the 
impor tance of further computations. It probably is 
de irable in any case to make allowances in the design 
of propeller for differences in the power coefficient for 
te t data from low and high tip peeds in oTdeT to 
determine the diameter and the blade angle. 
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2 3 

fI , lor 
Cp, =0.0542 Cr, lorfJ, 

(deg.) 

19.9 0.0 70 
20.2 .0860 
20.7 .0860 

20.7 .0 55 
20.6 .0822 
20. 6 .0755 
20.9 .0680 
21. 6 . 0620 
22.3 . 0550 
23.3 . 0480 
24.6 . 0450 

2 

IiI lor 
C P, =0.1097 Cr, lor fJ , 

(deg.) 

22.5 0.1420 
22.5 .1417 
23.0 .1410 
23.3 .1405 

23.5 .1395 
24.0 .1330 
24.5 . 1270 
25.3 .1180 
26. 1 .1090 
27.3 .1000 
28.0 . 0910 
29. 5 .0840 
30.5 .0780 
32.0 .0730 

2 3 

13, lor 
Cp,=0 .1097 Cr, lor fJ , 

(deg.) 

22.6 0.1 20 

22.6 . 1810 
22.8 . 1770 
22.9 .1680 
23.0 . 1550 
23. 3 . 1405 
23.6 . 1300 
24.6 .1190 
25.4 .1090 
26.4 .0990 
27.6 .0910 
28. .0840 
30.3 .0770 
31. 9 .0710 

T ABLE I (a) 

EXAMPLE 1, CO TROLLABLE PR OPELLER 

4 5 6 7 8 9 10 11 12 13 

----------

Cr, 
Cp Cp, 

fI' lor 
Cr CT, 

CPel ) ~Gp, Cr, lor 
Cre v Cr, Thrust Air 

Cp, C I " Cr, speed Remarks c:;:--
V;=0.5 (d~g.) fI, 

11,=0.5) 
(lb.) (m.p.h .) (/It ,tall) 

---
1.01 1.165 0.0465 1 .5 0. 0860 0.995 0.0855 2,100 0 

}Blactes stalled. 1.00 I. 165 .0465 1 .9 .0850 .995 .0845 2,075 19.3 
1.00 I. 165 .0465 19.0 .0845 .995 .040 2,060 .8 

--- ---
I. 00 1. 165 . 0'165 19.0 .0820 .995 .0 15 2,000 .2 
.96 1. 160 . 0467 18.7 .0760 1.000 .0760 1,870 77.5 
.88 1.150 .0471 19 0 .0695 1. 010 .0703 1,727 97. 0 
.79 1.120 .0483 19.6 . 0625 1.025 .0642 1, 575 116.5 Blades not stalled . .73 I. 120 .04 3 20. 3 .0555 1. 060 .0 9 1,445 135. 5 
.64 1.130 . 0479 21. 2 .0490 1. 120 .0550 1,350 155.5 
.56 J. 130 .0479 22.3 .0435 1. 130 .0493 I. 215 liS. 0 
. 53 1. 130 .0479 23.7 .0395 1.130 .0446 I. 095 194.0 

TABLE I (b) 

EXAMPLE 2, CONTROLLABLE PROPE LLER, DESIGN A 

1.00 I. 240 
.95 1. 230 
.91 1.220 
.84 1.200 
.78 1.185 
.71 I. 170 
.65 I. 157 
. 60 1.145 
.56 I. 138 
.53 1.130 

EXAMPLE 

4 5 

Cr, 
Cp Cp, 

Cp ~ Cp, 

.0 4 

.0892 

. 0900 

. 0914 

.0925 

. 0937 

. 094 

.0958 

. 0965 

. 0970 

P, lor Cp, 
(deg.) 

20. 
21. 3 
22.2 
23.0 
24.3 
25.5 
27.0 
28. 2 
29.6 
31. 0 

TABLE I 

9 

Cr Cr, 
Cr, lor P, 1-;;0',·--"-'----= Cr, 

e f,=0.5 ) 

.1280 .970 

.1100 1.000 

.1095 1.020 

.1010 1.060 

.0930 1. 090 

.0 70 1. 115 

.0800 1.135 

.0740 1. 150 

.0690 1.140 

.0640 1. 135 

(c) 

10 11 

------

Cr, Tbrust 
(lb.) 

-- -- - - -- ~- ---------
- --------- ------- --
---------- ------ --

0.1280 2,003 

.1240 1. 945 

. 1190 I, 65 

.11 15 1,750 

. 1070 1,67S 

.1012 1,588 

.0972 1,522 

.0909 1,425 

. OS52 1,335 

.07 6 1,231 

.0727 J,140 

3, CONTROLLABLE PROPELLER 

6 7 9 10 11 12 

------
fJ, lor Cr Cr, 

Cr, lor CT -cT; Air 
Cp, Cp, Cr, Thrust speed 

12 13 

Air 
speed R~marks (m.p. 

h.) 

0 
21. 8 }Blades 
43.6 stalled. 
65.3 

7. I 
108 . 
130.5 
152.5 Blades 174.0 not 196. 0 stalled . 218.0 
239. 0 
261. 0 
283. 0 

13 

Remarks 
CT (ahIQIl) e ;=0.5) (deg.) P, e 11 ' 11,=0.5 ) 

(lb.) (m.p.h.) 

---
1.00 1. 305 0.084 19.0 0. 1730 0.75 0.1298 2,035 0 Blades stal!ed. 

------
1.()() 1.305 .084 19. I .1640 .75 .1230 1,928 21. 8 

. 98 I. 305 .04 19.2 .1530 .76 .1160 I, 18 43.6 

.94 1. 305 .0 4 19.3 .1400 .79 .1105 1, 730 65.3 
6 1.305 .084 19. 5 .1290 .1135 1,780 87. 1 

: 79 I. 305 .084 20.1 .1170 .97 .1133 1,780 IOS.8 
.72 I. 330 . OS36 21. 0 .1050 1.05 .1103 1,730 130. 5 Blades Dot .66 1. 355 .0810 21. 5 . 0900 1.13 .1029 1,610 152.5 stalled . . 61 1.360 .0807 22.6 .0820 1.20 .0984 1,540 174.0 
.55 1.350 .0813 24.1 .0760 I. 22 . 0932 1,460 196.0 
.51 1. 330 . 0825 25. 2 .0700 I. 23 .0 62 1,350 218.0 
. 47 1. 310 . 0 ~~ 27.0 .0640 1.23 .0791 1,240 239.0 
. 43 1.290 .OS5O 28.3 .0590 1. 23 .0729 1,145 261. 0 
.40 1. 275 .0 61 30.0 .0550 1.24 .0682 1,070 283.0 

- - - - - - - - - ---- --- - - --- - - - - - -
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TABLE II 

EXAMPLE 4, FIXED-PITCH P R OPE LLER, DESIGN B 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

----------- ------------
11 

N 
11 CT2 

Cp CT N 11 Air 
Cp, CT'J lV mCJ % 

CP( 11 ) Cr( v ) CPa CT, ,l\T mo% speed Tbrust Remarks nD 
for CPt 

11, CTCa f . t(l11) V;~0.5 v,-0.5 for CP3 
17mel.Z: (m.p.b.) (lb.) 

----- ------ ---------------
0 0.1120 0.1420 0.780 O. 0 1.01 1.050 : 020 0. 1178 0.1448 0.796 0 0 1,314 

}Blades stalled. . 1 . 1105 .1420 .7 0 .680 1.01 1.050 1. 020 .1160 .1448 02 .092 17.1 1,330 
.:l . 1090 .1410 .790 .690 1.01 1.055 1 020 .1150 .1438 06 .185 34. 3 1,333 

-------- - -- ------------
.3 .1065 .1400 00 .69 1.00 1.060 1. (,:0 .1130 . 1427 .813 .277 51. 2 1,350 
. 4 .1040 .1350 09 .705 .96 1. 060 1.025 .1100 .1385 25 .379 70.1 1,343 
.5 . 1000 .1280 24 .719 .91 I. 060 1.030 . 1060 .1318 39 .482 90.3 1,325 

j""'M ""' .6 .0940 .1130 .850 .742 .81 1. 052 1. 040 .0990 .1175 69 .599 Il l. 0 1,270 stalled. . 7 .0 60 .0970 .890 .777 .69 1.065 1. 050 . 0918 .1020 .902 .725 134.0 1,185 
.0760 .07 0 .945 .825 .56 1.0 5 1.080 .0825 .0 42 .952 .875 162.0 1, 090 

7 .0680 . 0 60 1.000 . 873 .48 1.100 1.100 .0747 . 0726 1.000 1.000 1 5.0 1, 038 
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Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis Moment about axis 

I 
Angle Velocities 

Designation Sym-
bol 

LOllgitudioaL ____ X 
LateraL ____ _____ J -
NormaL __ __ _____ Z 

Absolute coefficie.G.ts of moment 
L M 

0 1= qbS Om= qcS 
(rolling) (pitching) 

Force 
(paraUel 
to axis) 
symbol 

X 
Y 
Z 

Drsignation 

Rolling __ ___ 
Pitching ____ 
yawing ____ 

N 
On=qbS 
(yawing) 

Linear 
Sym- Positive I Designa- Sym- (compo- Angular bol 

L 
M 
N 

direction tiOli bol nent along 
axis) 

I --
Y --)Z RoIL __ __ 

'" 
1.1 P 

I 
Z __ X Pitch ____ f) v q 
X ·~ Y yaw ___ __ .p w r 

Angle of set of control surface (relative to neutral 
position), o. (Indicate surface by proper subscript.) 

-D, 

4. PROPELLER SYMBOLS 

p, 
p/D, 
V', 
Vs, 

T, 

Q, 

Diameter 
Geometric pitch 
Pitch ratio 
Inflow yelocity 
Slipstream velocity 

T 
Thrust, absolute coefficient OT= 2D4 

pn 

Torque, absolute coefficient CQ = 9n., 
pn JI 

P, 

OS) 

'T/, 

n, 

Power, absolute coefficient CP = ~Tl5 
pn.lI 

Speed-power coefficient= .v ~~: 
Efficiency 
Revolutions per second, r.p.s. 

Effective helix angle=tan-{2~n) 

5. NUMERICAL RELATIONS 

1 hp.=76.04 kg-m/s=550 ft-lb./sec. 
1 metric horsepower = 1.0132 hp. 
1 m.p.h.=0.4470 m.p .s. 
1 m.p.s.=2.2369 m .p .h. 

1 Ib.=0.4536 kg. 
1 kg=2.2046 lb . 
1 mi.=1,609.35 m=5,280 ft. 
I m=3.2808 ft. 
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