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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric E nglish 

Symbol 
C" . 

Unit Abbrevia- Un it Abbrevia-
tion tion 

Length ___ ___ l meter _________ . ________ m foot (or mile) ___ ______ ft. (or mi.) Time ________ t second __ ______________ _ s second (or hour) _______ sec. (or hr.) 
Force ________ F weight of 1 kilogram _____ kg weight of 1 pound __ ___ lb. 

Power _______ P horsepower (metric) _____ ---------..- horsepower ___________ hp. 
Speed ___ ____ V {kilometers per hour ______ k.p.h . miles per hour ________ 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 

W Mass=-g 
Moment of inertia=mP. (Indicate axis of 

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

v, Kinematic viscosity 
p, Density (mass per unit volume) 
Standard density of dry air, 0.12497 kg-m"-sl at 

15° C. and 760 mm; or 0.002378 lb.-ft.-' 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 ra tio 

True air speed 

Dynamic pressure=4p V2 

Lift, ab~olute coefficient GL=:S 

Drag, absolute coefficient GD=~ 

Profile drag, absolute coefficient GDO=~S 

Induced drag, absolute coefficient GDI= ~s 

Parasite drag, absolute coefficient GDP=~S 

Cross-wind force, absolute coefficient Gc = q~ 

Q, 
12, 

Vl p-;;, 

Angle of setting of wmgs (relative to thrust 
line) 

Angle of stabilizer setting (relative to thrust 
line) 

Resultant moment 
Resultant; a.ngular velocit;y 

Reynolds Number, where l is a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure 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-pressure coefficient; (ratio of distance 
of c.p. from leading edge to chord length) 

Angle of attack 
Angle of downwash 
Angle of attack, in.fmite aspect ratio 
Angle of attack, induced 
Angle of attack, il bsolute (measured from zero­

lift position) 
Flight-path angle 

R, Resul tant force 
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REPORT No. 658 

TESTS OF TWO FULL-SCALE PROPELLERS WITH DIFFERENT PITCH DISTRIBUTIONS, 
AT BLADE ANGLES UP TO 60 0 

By D AVID BIERMANN and EDWIN P. H ARTMAN 

SUMMARY 

Two 3-blade 10joot pTopelleTs weTe opemted in fTont 
oj a liquid-cooled engin nacelle. The pTopelleTs di:tfeT d 
only in pitch di tribution; one had nm'mal distribution 
(new'ly constant pitch for a blade angle of 15° at 0.75 
mdius) , and the other had the pitch oj the tip sections 
decreased with Tespect to that f07' the shank section (blade 
angle oj 35° for nearly constant pitch distribution). PTO­
pelleT blade angles at 0.75R jrom 15° to 60°, cOTresponding 
to design speeds U1J to 500 miles per hour, were inv sti­
gated . 

The Tesults indicated that the pTopul ive efficiency at a 
blade angl oj 60° was about 9 percent le than the maxi­
mum value oj 86 peTcent, which occurred at a blade angle 
of about 30° , The efficiency at a blade angle oj 60° was 
increased about 7 percent by correcting jor the effect oj a 
pinneT and, at a blade angle oj 30°, about 3 percent. 

The peak efficiencies jor the pTopeller having the washed­
out pitch di t1'ibution were slightly less than JOT the normal 
1)roJ) ller but th take-oil efficiency was genem lly hi gher. 

I TRODUCTION 

T ests of full- cale propellcr m ade at the . A. C. A. 
have previou ly been confined to blade anglc at O.75B 
of 41::0 and less, which correspond to airplane peeds 
below 400 miles per hour lor tip speed of 1,000 feet 
P CI' second . If lower t ip speeds were employed to 
red uce com pre sibiJity los e for the take-off, the cor­
responding air speeds would be even lower. In view 
of the trend toward greater airplane peed, it is obviously 
desirable to have available propeller data covering all 
contemplated de ign condition for a period of everal 
year. The pre nt investigation extends the blade­
angle range to 60°, which corresponds to a design air 
speed of about 500 miles per hour for a tip speed of 
1,000 feet per second or to 400 mile per hour for a t ip 
speed of 00 feet per second. (ee fig. 1.) 

One of the pI' peller investigated wu s designed with 
a nearl y uniform pitch distribu tion for a blade-angle 
setting of about ] 5° at the 0.75 radius. When the 
blades are et at higher angles, the pitch increases with 
the radius. T e ts of mod el propell er (reference 1) 
have shown tba t, fol' a tnlCtor propeller, a radial in­
crease in pitch ncar the hub i ben efi cial but th at it 

further radial increase in pitch near the t ip is harmful. 

As the present investigation was to cover a wiele range 
of blad e angle , i t wa believed that tbe pitch di tribu­
tion of the te t bl ades would not bo entirely ati factory 
fol' all blade angle . The program wa thorefore laid 
out to include tests wi th the pitch m aintained con-
tant over tIl e ou te}' halve of the blade for blade angle 

of 15°, 25°, and 35° and also to includ e te ts showing 
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FIGU RE I.- Design conditioos lor max imum efllcieocy. Propeller [>868-9 with 
spinner. 

t he effects of a radial engine Racelle and of a liquid­
cooled engine nacelle. Unfortunately , orne of the l'e-
ult were in error owing to breakage in the balance 

system ; only the result fo r the two extreme pitch dis­
tributions with the liqu id-cooled engine nflcc li c a rc 
therefore r eported. 

In , iew of the fact that propeller pinnel's are very 
benen ial for high-speed airplanes equipped wi th 
liqu icl-cooled engine nacelles, the results of the tests 
of the propeller with the tandard pitch di tributioll 
at a blade a.ngle of 15° aro also given for the pIllner 
condition. 

1 



2 RE PORT O. 65 -NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

APPARATUS A D METHODS 

The propeller-re earch tunnel ha been modified 
ince the de cription of r eference 2 wa written to the 

extent of installing an electric motor to h'ive the tunnel 
propeller and of replacing the balance with a more 
modern one capable of simul taneously recording all the 
force. 

FIGUIlE 2. 'rhe propeller test set-up with liquid-cooled engine nacelle. 

A 600-hol' ep we]' uJ'tiss onqueJ'or engine (GIV-
1570) was used to drive the test propellers. The engine 
was moullted in a cradl e dynamometer free to rotate 
abou t an axis parallel to the propeller axi and located 
at one id e f the engin e. Th e torque reaction wa 
transmitted from the other side of the engine to record-

J'IGU KE 3.-Liquid-coo leu engine nacelle with sp inner. 

ing cales located on the floor of the te t chamber. T he 
propeller peed wa mea ured by a calibrated electric 
tachometer. 

The liqui l-c oled engine na celle, shown in figure 2, 
i oval in cros s ction, 43 inche in height, 3 inches 
in width, and 126 inches in length . A detailed drawing 
of the liquid-cooled and the r adia l engine nacelle is 

given in figure 1 of reference 3. 
liq uid-cooled engine nacelle and 
with the spinner. 

Figure 3 hows the 
the propeller fitted 

The two propeller te ted in this inve tigation are 
3-blade lO-foot-diameter propeller of Clark Y section 
and are identical except for pitch di tl'ibu tion. Propel­
ler 5 6 - 9 i a avy Bureau of Aeronautics design 
having a fairly uniform pitch di tribution over the 
outer half of the blades when set 15° at O.75R. The 
5 6 - X2 propeller has a uniform pitch eli tribution over 
the outer half of the blade when et 35°. The plan 
form and the blade-form curves are given in figure 4 
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and a comparison of the pitch distributions is given in 
figure 5. 

The method of testing in the propeller-research tun­
nel con i ts in maintaining the propeller speed con tant 
and increa ing the tunnel peed in steps up to the 
maximum value of 115 mile per how'. Higher value 
of YlnD are obtained by reducing the engine peed 
until zero thru t is reached. The tests were run at tip 
speed of 525 feet pel' secon 1 and less to avoid com­
plications arising from compres ibility. The standard 
initial te ting propeller speed of 1,000 l' . p. m. could 
not be maintained for the higher blade-angle settings 

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



TWO FULL- ALE PROPELLER WITH DIFFERENT PITCH DI TRIB TIONS 3 

owing to the limitn tion o[ engine power. Th folIow­
ina chedule was adher ed to: 

P ropeller speeds for tunnel s ]Jeeds below 116 miles per hOllr 

BLade angle i nitial propeller speed Blade arlule Initia/wopeller speed 
(deg.) (r .p. m.) (deg.) (T. p.m.) 

15 1, 000 40 700 
20 1, 000 45 700 
25 00 50 650 
30 00 55 600 
35 ROO 60 560 

For V/nD yalues higher than can be obtained from 
the foregoing sched ule, the approximate te t propeller 

K 
speed may be computed from the1'e1ation r. p. m. = V/nD 

where K = l ,OOO [or V = 11 5 mile per hour and D = lO 
feet. 

An analy i of re ult from tests wi th the spinner for 
propeller bln,de angle of] 5°,25°, and 35° indicated that 
the effect of the pinner could be translated into a drag 
value ind ependent of the blade anale (5.5 pO llnd at 
]00 miles per hour). The result without the pmner 
were conseq uently CO LT eted [or the effcct of th pll1ner 
by the formula 

f)" Or= 0.001075 (V /nD )2 

in tead of mflking nclclitional te ts with the spinner . 
Anyerror j I1cidental to this process are consici ere 1 to be 
within the experim en tal error. This formula applie 
only to the conditions o[ the presen t test. 

The spinner wa regard cd a a part o[ the bod y; the 
reduction in drag of 5.5 pound at 100 mile per hour 
wn therefore primarily due to enclosing the hub 
portion of the propeller. 

RESU LTS AN D DISCUSSION 

The re ults are redu ced to the usual coeffi cients of 
thru t , power , and propulsive efficieney defined as 

where 

effective thru st 
pn2D~ 

o _ engine power 
p - pn31Y 

T, ten ion in propeller shaft , pounds. 
f)"D , change in body drag du e to slip tream, pounds. 

p, mass density of the air , slug per cubic foot . 
n, propeller sp ed, r. p. . 
D , pr01 eller diameter, feet. 
V, a.ir speed, feet per condo 

harts for selecting or de igning propellers a.re gIVen 
in the form of O. again t 1/ and V jnD , 

Line of constant thru t coefficient have been super­
po d on the power-eoeffici n t curve to facilitate 
thru t compu tations at all air speed for fixed-pitch and 
controll nble propeller . For an outline of the methods, 
see reference 3. 

The test resuiLs are gi \ren in Lhe form of cllar ts in 
fi g ure 6 to 17. These results have al 0 heen tablilated 
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in three ta ble that are issued as a upplement to tiu s 
report. 

Propeller 5868- 9.- There is no thing lll1U ual about 
the characteris tic of propell er 586 - 9 without the 
pinner for the b lade angles above 45° , that i , for the 

extended range of the te ts. The efficiency envelope 
reaches a maximum efficiency val ue of about 6 percent 
a(; a blade-angle setting of about 30°. (ee fig. 1 .) 
For higher angles, the efficiency drops progressively to 
77 percent for the 60° etting. 

The take-off criterion for a controllable prop ller, 
taken a the efficiency at 25 percent of the de ign peed , 
reache a maximum value at a de ign Os of 2.4 , which 
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TWO F LL-S ALE PROPELLERS WITH DIFFERENT PITCH DI TRIB TIO TS 11 
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ElGURE l7.-Design cbart for propeller 5868-9 witb spinner. 

corresponds to a blae! -angle setting of 35° for the high­
peed condition. It may be noted Lhat the take-ofl' 
etting is about 23°, a condition at which the blades are 

on the verge of talling. Tho take-off efficiency drops 
with increasing de ign s chieHy because of the high r 
drag coeffi ien ts of the blaJe sections associated with 
angles of attack beyond tll stall. An obvious method 
of l' ducing the take-o fT blade angle and yet absorbing 
the power is to increase the diameter, termed a 
"compromise" design hecaus the high- peed efficiency 
uffers slightly. 

A pinner is ver} ben eficial for propeller-bony com­
binations with liquid-cooled engine nacelles, parti ,u­
larly for condition of high sp ed 01' high blade a ngl . 
A gain of about percent in propulsive efficiency for fI 

Cs value of 3. (approx.imately 60 0 blad angle) iF­
obtained with the spinner n,ncl a lesser amount for lower 
blade angles (fig. ]8). The use of the spinner raises 
the optimum de ign blade angle slightly and flatten s 
the envelope of the efficien cy curves to (;he extent that 
the efficiency remains relati\~ely high for all angles up 
to 60°. pinner are more ad, antageous for high speed 
becau e the drag of the hub portions of the blades 
(5.5 pounds at 100 mil es per hour) is a higher percentage 
of the thrust than for low peecls. 

Propeller 5868- X2.- When the blade of adju tabl 
or controll able propellers are set at angles above that 
for nearly constant pitch distribu tion (150 for propeller 
5 6 - 9), the geometric pitch of tho tip sections incrca, 
a(; a more rapid rate thun for the shank sections up to 

----- ---------

ome blade angle, dependinO' upon the amount of twi t 
in the blade. Beyond this angle the pitch of the 
han1.:: sections increase a t a more rapid rate, a may 

be seen from the relation 

r 
p= D7r R tan {3 

where {3 is the blad angle for any sec Lion . As the 
\'a l ue of {3 for the tip c Lion i alway malleI' than tha t 
for a hank section by the amollnt of blade twist present, 
the difference in th tangent of the two ano'les becomes 
grea ter in proportion to the differences in radii as the 
blade angle at 0.75R is increa ed. For propeller 5 6 - 9, 
the rate of increa e in pitch of the O.2-radius ection 
exceeds the rate for the tip section at blade angles, at 
O.75R, greater than 50°. (See fig. 5.) 

Although pitch eli tl'ibu tion has only a mall effect 
on propeller characteristics, i t would appear that some 
improvement is po sible, particularly for high blade 
angles. The pre ent attempt to improve the propul­
ive efficiency through difrerent I itch distribu tions has 

tIm hr been unsuc e srul, chicH b cause the 1'e uits 
for only one propeller (5 6 - X 2) are available. 

The envelope of the efficiency curves for propellers 
5 6 - 9 and 5 6 - X2 are shown in figure 1. The small 
loss in efficiency of propeller 586 -X2 as compared with 
that for propeller 586 - 9 thr ugbout the range inve ti­
gated is attributed to tho difference in pitch distribu­
tion. The optimum blade angle for nearly con tant 
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- -- Pr opeller 5868-9(P / ]) cons l on f Jor blade 
I- angle o f 15· of 0. 75R ) -
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.4 ./V """i$.4o.' 

"' /0.. Blade angle of a.75R 

.3 Ta~e-~ff condifion 
'~r 

.2 

a /2 

(I] at 0.25 0.."". for contr ol/able propellers) 

1.6 2. 0. 24 28 3.2 3.8 
Design C. 

4.D 

FWURE 1 .- Comparison of propellers bav ing difl'orcnt pitch distrihutions und thc 
efl'ect of a spinnor on the high·speed eflicicncy of the propeller. 

pi tch is evidently Ie s than 35° for the conditions 
investigated. orne model te ts made at Wrigh t Field 
(refer nce 4) in which no body wa men tioned indicated 
that the blade angle for constan t pi tch should lie be­
tween 22° and 34°. 

The efficiency f r the take-oir condi tions shows a 
gain for propeller 5868- X 2 over that for propeller 
5 68- 9 for de ign a. value up to abou t 3.0 i b yond thi 
value there is a mall loss. The reason for this condi­
tion are apparent in figures 19 and 20 , wherein a com­
pari on is made of the propeller characteristic for tlU'ec 

ffective pitch-diamet r ratios lor zero thru t. It may 
be no ted that propeller 5868- X 2 does no t tall so soon 
with increa ing angle of attack (decrea ing V /nD ) as 
doe propeller 5868- 9, which accoun ts for the gain in 
efficiency. The efficiency computed for the take-off 
cri terion is taken at a valLl c of V /nD of one-fomth that 
for high speed. Propeller 5 6 - X 2 consequently has a 
higher take-off efficiency for ondition where the 
V/nD for tall coinci Ie wi th the take-off criterion 
VjnD and ha a lower efficiency when the values do not 
coin ide. The delayed and abrup t s talling character-

i tic no ted for propeller 5 6 - X 2 is eviden tl y dll e to 
the fact that more of the blade clemen ts stall at the 
same time than [or propeller 5 6 - 9. 

Limitations and application of the test data.- In view 
f the fact that the present test were run at relatively 

low tip and tunnel speeds, the effect of compre sibility, 
which enters the problem at higher speed , should not 
be forgotten . It is pointed Ollt in reference 5 that 
corrections to the propeller characteristic for the take­
off condition should be made for tip speeds above about 
0.5 the speed of sound . 

Earlier test (reference 6) hacl indica ted tha t no 
appreciable 10 s in efficiency was evident at tip speeds 
below about 0. 9 the peed of sOllnd for th e high-speed 
condi tion. Later evidence shows that this value applies 
only to forward spee Is up to 200 or 300 miles per hour. 
Figure 21 i a plot of the true spee Is of each propeller 
ection for a true tip peed of 1,000 fee t per cond 

(approximately 0.9 the speed of sound at sea level) and 
for differen t fligh t speed . The curve of the section 
peeds corresponding to the compres ibility s tall was 

computed from airfoil data given in references 7 and 
and from otber high-speed airfoil data no t published. 
An arbitrary correction for three-dimensiona.l flow was 
made fo r the tip sections to bring the airfoil and tbe 
propeller data into a.greement a t the tip . Such a 
correction is justifiable on the grounds tha t ind uceel 
veloci ties are reduced for three-dimensional flow. 

Figure 21 indicate that , for air peeds above 300 
miles pel' hour, sections at both th e hub and the tip 
wiJl be operating beyond the compressibility stall, 
ass uming that tb e airfoil data as plotted a,pply to pro­
pellers, and that, at 500 miles per hour , all bu t a small 
par t of the propeller will be operating beyond tbe critical 
peed . Los es at the tips may be avoided by reducing 

the tip speed, and los es a t the hub sections may be 
a. voided either by using a large pinner or by enclosing 
the blade shank in cuffs of grea tel' fineness m tio than 
the shanks themselve . The hub section of a propeller 
operating in fron t of a radia l engine arc shielded by the 
cowling, an arrangement that produ ces abou t the same 
effect as a spinner. For very high-speed airplanes, i t 
probably would be fl dvisable to design the blade hank 
to meet the conditions imposed by compre ibili ty and 
to use airfoil sections having a higher cri tical speed than 
the Clark Y sec tion, such as the N. A. C. A. 2400- 34 
sen e . 

Another factor limiting the tip speed is the diminish­
ing speed of so und wi th temperature a t increased alti­
tude. From figul' 22, the l robabl upp r limits in the 
application of the presen t data, may be estimated for 
differen t al ti tud es . AJthough 500 mile per hour seems 
to be abou t the upper limit a t ea Ie el, neglecting tip 
and hank effects, that limit is reduced to abou t 425 
miles per hoUl' n,t 3.5,000 feet. 

~~----------~-----------------~---------------------------------------~------
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FIGU "" 21.-Cm\·es showing tru e speeds of prop lIer eLioas for a tip speed of 1,000 
r. p. s. and (litTereDL fli ght speeds; a lso computed s clion speeds aL the "ompressi· 
bility stll ll. 

CONCLUSIONS 

The propulsive efficiency at a bladc angle of GO° was 
about 9 percent less than the maximum value of 86 
percent, which occurred at a blade angle of about 30°. 
The efficiency at a blade angle of 60° was increased 
about 7 percent by cOl'l'ecting for the effect of a spinner 
and at a blade angle of 30°, about 3 percent. 

An attempt to in1prove the propulsive efficiency of 
propellers set at high blade angles by reducing the 
geometric pitch of the tip sections with respect to the 
shank sections (namely, increasing the blade angle for 
nearly constant pitch distribution from 15° to 35°) 
resulted in a small los in the high-speed efficiency and a 
gain in the take-oft efficiency for low blade angle . 

The blade-angle range covered in this report is 
applicable to flight conditions up to about 500 miles 
pel' hour at sea level and about 425 miles pel' hour at 
35,000 feet, provided that compressibility effects at the 
blade tips and shank do not become critical. 

L ANGLEY MEMORIAL AERONAUTICAL L AB ORATORY, 

NATIO AL ADVISORY COMMITTEE FOR AERO AUTICS, 

LANGLEY FIELD, VA.) April1J,., 1938. 
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Positive directions of axes and angles (forces and moments) are shown by a.rrows 

Axis Moment about axis Angle Velocities 

Designation Sym-
bol 

LongitudinaL ____ X 
LateraL ____ ___ __ y 
NormaL ____ _____ Z 

Absolute coefficierrts of moment 
L M 

G'=qbS G""=qcS 
(rolling) (pitching) 

Force 
(parallel 
to axis) Designation symbol 

X 
y 
Z 

Rolling ____ _ 
Puching ____ 
yawing ___ _ 

N 
G"=,)bS 
(yaWIng) 

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

L 
M 
N 

direction tion bol nentalong 
axis) 

Y ----;Z RoIL __ __ 4> u P 
Z----; X Pitch ___ _ (J v q 
X ----- Y yaw ____ _ 

'" 
w r 

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

4. PROPELLER SYMBOLS 

D, 
p, 
plD, 
V', 
V., 

T, 

Q, 

Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

Thrust, absolute coefficient Gr = '!. 1).1 
pn-LF 

Torque, absolute coefficient CQ = 9n.~ 
pn LF 

P, 

G., 

1), 

n, 

Power, absolute coefficient CP = pn~aj 
5/ V5 

Speed-power coefficient = " Pn! 
Efficiency 
Revolutions per second, f.p.S. 

Effective helix angle=tan-l(? v' ) 
_1t"rn 

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




