
~ 
' ~ 
~ 

/h - 1~~ 

Copy No . 
RM • L7L29 

Clrt!siflcat ion ChangloKi to 

~ RESEARCH MEMORANDUM 
'mE NACA 2000-HORSEPOWER PROPELLER DYNAMOMETER AND TESTS 

AT HIGH SPEED OF AN NACA 10-(3)(08)-03 

TWO-BLADE PROPELLER 

By Blake W. Corson, Jr., and Julian D. Maynard 

Langley Memorial Aeronautical Laboratory 
Langley Field, Va. 

I h1a d(~ument ~0!l1a1r.3 "1:sJ,;5'~~ 1nf rmllUu 
.n~ 1.1- ''111~ [dense Qf t..he 1Jn1 
c...V' ... ¥.~ the melJl1ng d the Esp10nlge Act, 
'J:;( fi)::!! and 32. Its l!"B.nSmlssl ~ r the 
revelallon of lts cCDtents .D any mamer tc ..;n 
unau1h~rtzed pers.: n t. p r oJ ~ t b t d '11 la-.v 
lnfercaUon ISO cL. .. 3S11led m.ay be tmparted 
:uy to persenG In the rn1l1ta.ry and naval 

ae~cf''' ;)f tM 'ln1tfld ZtatOB. ap ro )rla1e 
c.l'vU1an officers and employees :){ the Fed"'ral 
I;t~nunent who have & lec1Umale tnt6=esf. 
lbare1n , W'Id to United Stales c1Uzens of knl wn 
loyalty and dl8Cr ellon who of ~euJ.t1 must be 
lnfL rmed 1ber f 

T ~~ Y 
E'C-1ITilTE Of lECiBWL GY 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

.JUl 27 ,9 \1 

WASHINGTON 
July 20, 1948 



... 



Classi fic ati on Ch 1lnr,lId to 

NACA RM No. L7L29 

NATIONAL ADVISORY COMMITTEE FOR 

RESEARCH MEMORANDUM 

THE NACA 2000-HORSEPOWER PROPELLER DYNAMOMETER AND TESTS 

AT HIGH SPEED OF AN NACA 10-(3)(08)--03 

TWO-BLADE PROPELLER 

By Blake W. Corson, Jr., and Julian D. Maynard 

SUMMARY 

A 2000-horsepower propeller dynamometer has been used in the 
Langley 16-foot high-speed tunnel to make test s of a full-scale two-blade 
NACA 10-(3)(08)--03 propeller for a range of blade angles from 200 to 550 

at airspeeds up to 500 miles per hour. The ability of the test e~uipment 
to measure propeller characteristics accurately is confirmed by the good 
agreement of the results of these tests with results obtained from a 
theoretical analysis and from previous tests made in other wind tunnels . 

The two-blade NACA 10-( 3)(08)--03 propeller is very efficient at 
speeds where the adverse effects of compressibility are small. The maxi
mum efficiency of 0. 93 , which was attained over a range of advance ratio 
from 1.3 to 2.0 for a constant rotational speed of 1350 revolutions per 
minute , reflec t s the importance of des i gning for a minimum induced-energy
loss loading and the use of efficient airfoil sections from the spinner 
surface to the propeller tip . When the helical- tip Mach number is 
increased from 0. 90 to 1 .15, t he corresponding loss in propeller efficiency 
is about 21 percent at a blade angle of 450 • 

INTRODUCTION 

Tests made in the Langley 16-foot high-speed tunnel of the 
NACA 10-(3)(08)--03 propeller are a part of a general investigation of the 
aerodynamic characteristics of a series of propellers of NACA design 
embodying systematic variations in blade width, thickness ratiO, shank 
form, blade section, and design lift coefficient . The primary purpose 
of the investigation is to determine the combined influence of the 
propeller design paramet ers and air compressibility upon propeller per
formance a t high speed. In the designing of t he propellers, an attempt 
is made to take advantage of all available information believed to be 
conducive to t he production of the best propeller possible within t he 
limits of conventional aerodynamic considerat ions. All t he propellers 
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~ere designed to operate wi t h minimum induced-energy 108s when the bla~~ 
angle a t the 7/10 radius was 45° and t he blades were operating a t the 
design value of lift coefficient. Mos t of the blade ies igns embOliied t he 
NACA l6-series airfoil sections, which are adapted t o efflcient operation 
at high speed. Thus, both induce~and profile- drag ~os8es are reduced 
t o a pract i cal minimum for the design condi t ion . 

This propeller-testing program was firs t delayed by diffi culties in 
the design and construction of a suitable dynamometer wi t h w~ich t he 
full-scale propellers could be tested at high speeds. Subsequently , 
special wart ime projects with higher priori ty d~layed the tests , and an 
emergency program of tests was begun in the NACA 8- foo t high-s~eed tWL~el . 
These t ests were made wi t h model propellers 4 fee t in diameter, and t he 
results showing t he effect of compressibility, solidi t y, ani camber are 
reported in references 1, 2, and 3. 

This papor describes t he equipment used to t est the full- scale 
propellers and i t s application t o the determinat ion of the aerodynamic 
characteristics of the NACA 10- (3)(08)-03 t wo-blade propeller . Since t he 
abili t y to measure propeller characteristics accurately with this equip-
ment is important for a correct evaluation of the influen(~e of various 
propeller design parameters, the results of the propeller te s ts are '::01:1-

pared with results obtained from a theoretical analysis and from previous 
t ests made in other wind tunnels. 

B 

b 

Cp 

SYMBOLS 

numb"r of blades 

blade width, chord 

propeller power coefficient ~/pn3D5) 

blade~lement power coefficient (dCp/dx) 

p~opeller t orque coefficient (Q/pn2D5) 

blade~lement torque coefficient (dCQ/~ 

propeller t hrust coefficient (T /pn2D4) 

blade~lement thrust coefficient (dCT/~ 

blade-sect ion drag coefficient 

bl ade-section lift coefficient 
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blade-eection design lift coefficient 

propeller diameter, feet 

Goldstein induced-velocity correction factor for 
finite number of blades 

blad~ection maximum thickness 

propeller advance ratio (V/nD) 

propeller advance ratio based on wind-tunnel datum 
veloci ty (V]i)/nD) 

n3IGwc sin ¢(x - Wc sin ¢ cos ¢) 
lift, pounds 

distance measured from nose of dynamometer along ~haft 
center line, inches 

air-etream Mach number 

helical tip Mach number (M {l + ($ 21 
helical Mach number a t station x (M ~1-+-("""~~)-2) 
propeller rotational speed, revolutions per second 

power absorbed by the propeller, foot-pounds per second 

propeller torque, foot-pounds 

resultant force, pounds 

radius at any blade section, feet 

propeller thrus t, pounds 

airspeed, feet per second 

wind-tunnel datum velocity, feet per second 

resultant velocity at blade section, feet per second 

coefficient of resultant velocity (w/nnn) 
coefficient of apparent slip velocity 

coefficient of induced velocity at blade section 

---- ---- ------- --- ---- -- ----- -----
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fraction of propeller-tip radius 

perpendicular distance from shaft center line to surface 
of dynamometer fairing, inches 

angle of attack, degrees 

induced angle of attack, degrees 

blade angle at any radIus, degrees 

~o. 75R blade angle at O.75-tip radius, degrees 

Tl ' o 

p 

¢ 

tan-l cd d egrees 
C7.' 

(JCCpT) propeller efficiency \ 

blade-element efficiency (J~~:) 

blade-element induced efficiency 

blade-element profile efficiency 

Glauert's velocity correction for wind-tunnel-wall 
interference (V = ~VD; J = ~D) 

mass density of air, slugs per cubic foot 

solidity (~(~/D)) 

aerodynamic helix angle, degrees (i3 - a) 

Subscripts: 

o firs~ approximation for solut ion of Wc 

1 second approximation for solution of we 

2 third approximation for solution of Wc 

3 fourth approximation for solution of Wc 



• 

l~_ 

NACA RM No. L7L29 5 

APPARATUS 

2000-Hors6power Propeller D,ynamometer 

General arrangem6nt.- The major components of the propeller 
dynamometer are two ' lO~orsepower electric motor~ a heavy motor housing 
and column support strut, a nose housing and extension shaft, a propeller, 
a spinner, external fairing, thrust and torque meters, and tachometers. 
This description 'Hill be confined to the Single-rotation configuration 
for which the two motor shafts are coupled rigidly and drive t he 
prop6ll6r through a single ~xtension shaft which places th6 prop61ler 
disk well upstream from the flow field of the support strut . 

The ultimate rating of the two motors combined is 2280 horsepower 
at 2280 revolut ions per minute, but because the value of maximum torque 
is fixed throughout the speed range the maximu:n horsepower at any speed 
is numerically equal to the revolution per minute; for example, at 
960 revolutions per minute, maximum horsepower is 960 • 

Photographs of the dynamometer are shown in figures I and 2, and a 
diagram showing the important dimensions of t he propeller dynamometer 
and its location with respect to the l6-foot-tunnel test section is shown 
in figure 3. A cutaway view of the internal mechaniam is present ed in 
figure 4. 

The three subassemblies which make up the dynamometer are the fixed 
strut and housing, the floating thrust system, and the floating external 
fairing. The support strut ia bolted solidly at i t s base t o the floor of 
the wind tunnel and is rigidly fastened at its upper end t o t he heavy 
fixed motor housing. The sections of the support strut are the double 
circular-arc type approximately 17.8 percent thick with chords a t the 
upper and lower ends of 60 and 77 inches, respectively. 

The floating thrust system consists" of the t wo mot ors , nose hOUSing, 
extension shaft, propeller, propeller spinner, and nose spinner. The 
conical-nose housing is fixed to the front end plate of the front motor 
and carries at its forward end the nose bearing (roller) whi ch support s 
the shaft close behind the propeller. The motor shafts are coupl ed 
rigidly to each ot her, and the front motor shaft is coupled rigi dly to 
th6 extension shaft. The latter terminatee at its outer end in a standard 
SAE number 50 spline propeller shaft. Th6 propeller spinner is fastened 
to the propeller hub. 

The entire floating thrust system just described is support ed t hrough 
four self-alining ball bearings located on the motor shafts just outboard 
of each end of each motor. Each support bearing is housed in a heavy 
bearing block which is attached on each side through a flexure plate to 
the fixed motor housing. The two flexure plates which carry a bearing 

- - --- -- -- -- ----- -- -- -- -----
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block are arr anged to operate in tension and res t rain t he block r i gidly 
against lat er al mot ion, but allow free fore and af t rock i ng motion . 
Inasmuch as the pivot point (f l exure plate) of the bearing block is 
about 11 inches below the cent er of the self-alining support bearing, 
the weight carried by the bearing produces a des t abilizing moment i f t he 
bear i ng block is rocked fore or aft . Hence, t he flexure plate s are 
designed t o have such stiffness that when deflected t hey produce a 
stab ilizing moment e~ual t o the des t abilizing moment produced by t he 
we ight carried . Fore and aft motion of t he float ing thrus t sys t em i s 
l imited by the thrus t capsule to ±a .010 of an inch a t a point just ahead 
of t he front motor ; t he neutrally stable flexure-plat e support sys t em is 
needed t o prevent the int roduction of extraneous t hrus t forces which 
otherwise would r esult from the fore and af t mot ion associat ed wi t h 
shaft expansion. 

The floating external fairing of the dynamome t er is a s t reaml i ned 
body of revolut ion, coaxial wi t h the thrus t axis, which protects the nose 
housing and mot or housing from the dir ec t impact of air stream. The 
fairing profile was calculat ed from a distribut ion of source s and s i nks 
t o produce a body of revolution wi t h radially uniform axial veloc i t y i n 
t he plane of the propeller . Ordinat es for t he fairing profile are gi ven 
i n t able I . The entire fairing is supported from flexure rings attached 
t o each end of t he fixed mot or housing . The fairing is rigidly r e s t rained 
agains t lat eral motion, but fore and aft mot ion is restrained by only a 
pneumat i c drag capsule which limi t s motion t o ±0.010 of an inch and 
measures any axial force exerted on the float ing fairing. 

Control e ~uipment .- A variable-fre~uency power supply i s used to 
prov ide a variable- speed alterna t 1ng-current drive for t he dynamomet er. 
Th is power supply affords an accurate speed cont rol for t he t wo 
1000- horsepower dynamome t er mot ors from about 300 t o 2100 revolut ions 
per minute wi t h a permissible overspeed up t o 2280 revolut ions per minute . 
A phot ograph of t he instrument panel f r om which t he speed of t he dynamometer 
motor s is cont rolled is shown in figure 5. 

Thrus t capsule .- As already mentioned, t he free axial mot ion of the 
f l oa t ing t hrust sys t em on the flexure- plat e support s is res t rained by 
only t he pneumat i c t hrust capsule which is locat ed inside t he nose housing 
j us t ahead of the front support bearing . A cut away view of t he t hrus t 
capsule is shown in figure 6. The propeller t hrus t and spinner force, 
or any ot her axial for ce exert ed on the float ing t hrus t syst em is t ransmi tted 
t o t he propeller shaft and thence through t he t hrus t bearings t o t he pis ton 
of t he t hrus t capsule . The t hrus t pis t on is res t rained lat erally by 
flexible t ie r ods which allow free axi al mot ion, but prevent rotat ion. 
Bot h t he t hrust pis t on and cylinder are annular in form and are concent ric 
wi t h the propeller shaft . The three e~ually spaced point s of atta chment 
by which t he nose housing is fas t ened t o t he front mot or are int erspersed 
wi t h three e~ually spaced cut outs in t he nose housing. Through t hese 
cut out s , heavi l y constr ucted arms extend from the fixed motor housing 
to support the t hrus t cylinder . 

1 
I 
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Although the thrust capsule is of heavy construction, the volume of 
air contained in the cylinder is relatively small. The cylinder is 
sealed against leakage by a thin neoprene diaphragm against which the 
active face of the piston rests. The radial clearance between the 
piston and cylinder is about 0.030 of an inch. Thrust is measured by 
the air pressure within the cylinder and the active area of the piston. 
Thrust preload is provided by an annular cage of coil springs acting 
between the cylinder and piston producing an initial thrust of about 
800 pounds. 

Propeller thrust may vary from a negative value up to 8000 pounds 
or more and the corresponding thrust pressure will vary from about 
20 pounds per square inch up to 200 pounds per square inch. With this 
large variation in pressure the air volume in the cylinder and consequently 
the axial motion of the piston would be large if the amount of air in the 
system were fixed. To make the thrust meter more nearly a null instrument, 
a servo valve is provided to regulate the quantity of air in the thrust 
system. 

Servo valve.- The servo is a small port-type valve located at the 
bottom of the front face of the thrust capsule cylinder as shown in the 
cutaway view in figure 6. A brief description of valves of this type ~s 
given in reference 4. When installed, the valve cylinder is integral 
with the fixed-thrust-capsule cylinder, and a spring forces the head of 
the slide back against a button on the thrust piston. Axial motion of 
the thrust piston is transmitted directly to the valve slide. 

The valve-port arrangement is such tha t in the neutral position the 
slide cuts off one-half of the inlet port and one-half of the escape 
port, so that a flow of air through the servo is continuous. Air is 
supplied to the inlet at a closely regulated pressure of 290 pounds per 
square inch. Both the inlet and escape ports are 0.020 inch in diameter, 
and this dimension limits the axial motion of the servo slide and thrust 
piston to less than ±a.OlO inch throughout the range of measured thrust. 

During operation an increase in thrust tends to move the thrust 
piston forward. _This motion t ransmi tted to the servo slide tends to 
open the air-eupply port and close the escape port and results in an 
increased pressure within the servo. The increased air pressure within 
the servo is fed through the hollow stem of the servo slide back into the 
thrust cylinder where upon acting on the neoprene diaphragm and the thrust 
piston it produces a force opposing the thrust increase. 

Spinner-juncture pressure.- During a test the changes in pressure 
inside the dynamometer fairing acting on the rear face of the propeller 
spinner create forces which would be included in the measurement of 
propeller thrust. In order to evaluate this force, two baffles are 
located aft of the spinner as shown in figure 7. The pressure between 
the two baffles is not affected by rotational speed, but does vary with 
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propeller operation and tunnel speed. This spinner-juncture pressure, 
the static pressure in the propeller plane well outside the slipstream, 
and t he act ive baffle area determine the spinner-juncture thrust correc
tion which has to be accounted for; this correction is hardly ever 
greater than 2 percent of the propeller thrust in the region of maximum 
effic iency. 

Thrust indicators.- Two types of thrust indicators are used with the 
dynamometer, one visual, t he other recording. Visual thrust readings are 
obtained with pneumatic pressure s cales (fig. 8) , a highly refined pressure 
gauge which converts pneumatic pressure from the thrust capsule into a 
force readingj and the spinner-juncture pres sure is read with a micromano
meter . For a running check of th~ data during a test, a plot of the 
pneumatic pressure scale readings agains t airspeed i s sufficient (rpm con
stant) . For recorded thrust readings a thrust summarizer has been built 
and incorporated into a Taller and Cooper automatic-recording scale head . 
The thrus t summarizer, shown in figure 9, is simply a beam with a flexure
plate fulcrum, having two sets of pressure capsules and a compensator on 
one side of the fulcrum and on the other side carrying a pull rod which 
transmits force to the scale beam. 

Measurement of torgue.- The tOTque arms which are fastened to the 
case of each motor extend downward through the main support strut of the 
dynamome ter t o torque capsules as shown in figure 4. Each torque arm is 
made up of two pipes welded toge ther which also serve as inlet and outlet 
for the motor-cooling water. The torque reaction at the lower end of the 
torque arms is balanced by air pressure in the sylphon bellows shown in 
figure 10. The pressure in the bellows is kept proportional to the torque 
force by t he servo valve, and is transmitted to a pair of mercury manometers 
(fig. 11) used for visual torque readings. Preload springs are provided 
in ?ach torque capsule, as shown in figure 10, so that negative torque 
measurements may be made. This preload is adjusted to read about 
800 foot-pounds on each manometer. For recorded t orque readings a device 
(fig. 12) was made for transferring pressures in the torque capsules into 
a f orce on the steelyard in a Taller and Cooper automatic-recording scale 
head. 

Calibrations 

Thrust.- A photograph of the dynamometer stripped of the fairing 
and rigged for both thrust and torque calibration is presented as 
figure 13. Thrust calibrations are made with the rotating propeller 
shaft and the calibrating t hrust, therefore, must be transmitted through 
a t hrust bearing attached to the end of the propeller shaft. In or der 
to red.u~e the amount of weight required for a calibration, a 3:1 ratio 
bell-crank transmits to the propeller shaft a hori zontal thrust three time s 
as great as the dead-weight pan load. A typical plot of thrust scale 
reading against applied load is shown in figure 14. The calibration is 
a straight line and the data are adjusted by the method of least squares 
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(refer ence 5). Over-all accuracy of the calibration constant is less 
than t wo parts in 1000, and probable error is less than 3 pounds. 

9 

Torgue.- A torque calibration for each of t he drive motors is made 
in a manner similar to that for thrus t . A dead-weight l oad is appliei 
at the outer end of a 6-foot arm attached to the motor, and the moment 
produced is indicated on the torque manometer and the torque s cale. A 
sample torque calibration of manometer reading against applied torque is 
shown in figure 15. Over-all accuracy of the calibration constant is 
better than two parts in 1000, and probable error i s l ess than 2 foot- pounds 
for each motor . 

Rotational speed.- The dynamometer is equipped with three t ypes of 
tachometers, a General Electric magnet i c drag type for approxirrate visual 
readings with an accuracy of about ±0.5 percent , an NACA condenser 
tachometer with accuracy of one part in 1000, and a co~~ercial Watchmaster 
tuning-fork tachometer with an accuracy of one part in 100,000. Nearly 
all tests are made at constant values of rotational speed measured with 
the tuning- fork tachometer, which under test conditions op~rat9s with an 
accuracy of about one part in 10,000. When tests must be made with 
varying rotational speed the magnetic-drag tachometer is used, be ing 
calibrated with the tuning- fork tachometer just prio~ to the test . 

Airspeed.- The wind-tunnel airspeed is cal ibrated by means of a 
stand~d pitot-static tube located at the propeller station . The calibr&
tion is made with the dynamometer in place but without propeller . 
Calibrations are made at four different points in the propeller-disk 
location and the results are averaged . Accuracy of t he airspeed calibra
tion is to within three- tenths of 1 percent . 

Propeller Blades 

The two- blade propeller tested is designated herein by its blade 
design numbers, NACA 10-(3)(08)-03. The digits of the blade design 
numbers have the following significance : ' The digits in the first group 
of numbers represent the propeller diameter in feet; the digit in the 
first parenthesis is 10 time s the basic design lift coefficient at the 
0.7 radius ; the digits in the second parenthesis are the thickne39 ratio 
in percent at t he 0.7 radius; and the digits in the t hird group represent 
the solidity per blad0 at the 0.7 radius. The NACA 16-series blade 
sect i ons are used, and t he propeller is designed to obtain very high 
aerodynamic efficiency, all but the most elementary strength considera
tions being disregarded. Efficient airfoil sections extend to the spinner 
surface f or this propeller, which is designed to have ~he Betz minL~um 
induced-energy-loss loading (reference 6) when operating at a blade angls 
of 450 a t the 0.7 radius and a t an advance. ratio of 2.1. The design 
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procedure used con s ist s in finding t he optimum loading with pr ofile drag 
assumed t o be zer o and then de t ermini ng the best blade shape for that 
loading when a thickness dis tribut ion i s assumed . Blade- form curves for 
t h is design are shown in figure 16 , and f igure 17 is a photograph of one 
of t he blades . 

TESTS 

Thrust , t orque , and r otational speed were measured during tests at 
fixed blade angles of 200, 25° , 300, 350 , 400, 45° , 500 , and 55° at the 
three-quarter ( 45-i nch) radius . A cons tant rotational speed was used for 

most of t he tests , and a r ange of advance r~tio (J = ~) was covered by 

changing the t unnel airspeed , which could be varied from about 60 to 
500 miles per hour . 

The range of blade angles cover ed at the various rotational speeds 
used in the t e sts i s shown i n t abl e II . At the higher blade angles the 
compl e te range of advance rat i o could not be covered at the higher, rota
tional speeds because of power limitat i ons. In order to obtain gropeller 
characteristic s a t maximum t unnel airspeeds , a blade angle of 45 was 
chosen for whi ch the peak-effic iency oper ating condition could be attained 
when the t unnel airspeed was a t or near the maximum and the dynamometer 
was operating at i ts maximum power and r otational speed . For these tests , 
at a blade angle of 45°, the rotat i ona l speed was varied to obtain data 
from peak ef fi c iency t o the zero-torque operating condition . 

REDUCTION OF DATA 

Thrust .- The propeller dat a presented in this paper represen~ as 
nearly as could be obtained,the performance in free air of only the 
propeller blades from the spinner surfac e t o the blade tips . In making 
a test , t he dynamometer complete wit h f a iring and spinners , but without 
pr opeller blade s , is operated in t he wind tunnel and the t are sp i nner 
force and spinner-juncture pressure are measured . The propeller blades 
are then installed on t he dynamometer and the propeller is oper ated . 
The pr opel l er t hrus t is t aken a s t he i ndicated thrust with pr opeller 
minus the spinner- tare thrust and minus the force increase created by any 
change in spi nner-juncture pressure , al l quantities being treated 
algebraically . 

Tunnel-wall correcti on .- Because the relation "betvTeen airspeed and 
propeller t hrust i s not t he same in a wind turille l as in free air , a 
correction t o t he t unnel airspeed must be applied to red.uce the vind
tunne l propel l er aata to t he free- a i r cond i tion . ']'his r;orrect ion has 
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been derived theoretically by Glauert in reference 7. A plot of Glauert ' s 
correction for a 10-foot-diameter propeller operating in a closed 16-foot 
circular wind tunnel is presented in figure lB. A velocity survey rake 
as shown in figure 3, was installed at the plane of the propeller between 
the propeller disk and the tunnel wall. Velocity measurements made with 
the rake were used to verifY the calculated theoretical correction . A 
further check, which showed the theory to be valid , is reported in 
reference B. As shown in figure IB, the magnitude of the correction at 
peak efficiency is generally less than 1 percent. Under extreme conditions 
of low speed and high thrust, the correction sometimes is of the order ~ 
4 percent. All of the data presented represent the characteristics of 
only the propeller blades operating in free air. 

Torque.- No corr9ction to the indicated tor~ue reading was found 
necessary. The dynamometer tor~ue was unaffected by tunnel operation, 
and tare tor~ue due to bearing friction was found to be negligible . 

Accuracy.- The propeller data presented in this paper are believed 
to involve a total error of less than 1 percent. 

RESULTS AND DISCUSSION 

Faired curves of thrust coefficient, power coefficient, and propeller 
efficiency plotted against advance ratio are presented in figures 19 to 25 
for the two-blade NACA 10-(3) (oB)-03 pr opeller . Test points are shown on 
the figures giving thrust and power coefficients . The variation of air
stream Mach number and helical- tip Mach number with advance ratio is 
shown on the figures giving propeller efficiency. 

The envelope curves of propeller efficiency at the different test 
rotational speeds are shown in figure 26 . The curves show very high 
efficiencies , particularly at the lower rotational speeds where the 
adverse effects of compressibility are small. At rotational speeds 
between 1140 and 1600 revolutions per minute,the envelope efficiencies 
were above 0.90 over the range of advance ratio of the tests . A maximum 
efficiency of 0.93 was attained over a range of advance ratio from 1 . 3 to 
2.0 for a cons tant rotational speed of 1350 revolutions per minute. At 
the higher rotational speeds the envelope efficienc ies become less. and 
at 2160 revolutions per minute the maximum efficiency reached was 
about 0.B5 at an advance ratio of 0.B5. 

In figure 27 the envelope effic iency of the two-blade NACA 10-( 3)(08) -03 
propeller at 1350 revolutions per minute is compared with the optimum 
efficiency of a two-blade propeller with the Betz minimum iniuced-ener gy
loss loading . The curve of optimum efficiency was calcUlated by a method 
neglecting all profile-drag losses (reference 9) f0r a two-blade propeller 

--- -- ---------- - - - -- -
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operating at t he same values of power coefficient as were obtained with 
the NACA 10-( 3) (08) -03 propeller. The curves in figure 27 indicate that 
the blade loading for the propeller tested may be considered very near 
the optimum, and that the profile-drag losses amount to about 3 percent 
in t he range of advance ratio f or which the NACA 10- (3)(08)-03 propeller 
was designed . The highest efficiency (approximately 0.93) reflects the 
importance of designing for a minlffium induced-energy-loss loading and 
reflects the use of efficient airfoil sections from the spinner surface 
to the propeller tip . 

One of the principal reasons for the high efficiency of the 
NACA 10-( 3) (08)-03 propeller is that efficient airfoil sections extend 
to the spinner surface . Both theoretical analyses (references 6 and 9) 
and experiments (references 10, 11, and 12) have shown that the t hick 
inner sections of conventional cylindrical-shank propellers are one of 
the chief sources of blade-drag loss, especially at high values of 
advance ratio. The results presented in reference 10 show t hat thick 
shank sections reduce the maximum efficiency of an NACA 10-( 5)(08)-03 
propeller by approximately 5 percent, and it is reasonable to assume 
that the maximum efficiency of the NACA 10-(3)(08)-03 propeller would 
have been r~duced peveral percent if efficient airfoil sections had not 
extended to the spinner surface . 

Effect of compressibility on maximum efficiency.- The variation of 
envelope efficiency with helical- tip Mach number is shown in figure 28 
for the two-blade NACA 10- (3)(08)-03 propeller at the different 
rotational- test speeds. The variation of air-stream Mach number wi th 
helical- tip Mach number at each rotational speed is also shown in 
figure 28 . A curve drawn tangent to the efficiency envelopes in 
figure 28 would show the maximum efficiency obtainable at appropriate 
combinations of rotational speed and air-stream Mach number. Unfortu
nately, the envelopes at the higher rotational speeds could not be 
extended further because of the power limitat ions previously mentioned. 
At a constant air- stream Mach number of 0.38, the curves in figure 28 
show that t he envelope efficiencies drop about 10 percent for a change 
in helical- tip Mach number from about 0.87 to 1 .105. From a helical
tip Mach number of 0.62 to 0 .8G the envelope efficiencies change very 
11 tt l e . 

The highes t tip speeds shown on figure 28 were obtained at compara
tively low forward speed, and it should be pointed out that such data 
may not be ade~uate when used in est i mating efficiencies for higher for
ward speeds because the radial variation of Mach number will not be 
correc t . For the same helical- tip Mach number but at a higher air
stream Mach number, the inboard sections of a propeller blade must 
necessarily be designed very carefully to avoid compressibility losses 
over t hese sections . A very extensive test program would be re~uired to 
obtain pr opeller data having representative variations of Mach number 
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along the blade for each value of forward speed and advance ratio. How
ever, the data shown in figure 25 were obtained to indicate the losses 
which might be expected at high tip speeds and forward speeds as high as 
could be attained in the tunnel. With these data and the data in 
figures 19 to 22 the effect of compressibility on maximum efficiency 
for a blade angle of 450 may be obtained. Figure 29 shows that the 
maximum efficienty of the NACA 10-(3)(08)-03 propeller wae slightly more 
than 0.92 for helical-tip Mach numbers from 0.64 to 0.90. From a helical
tip Mach number of 0.90 to 1.15, the maximum efficiency dropped 21 percent, 
which shows that the critical tip Mach number for the NACA 10-{3) (08)-03 
propeller is about 0.90. The variation of air-stream Mach number with 
helical-tip Mach number is also included in figure 29, and this curve 
shows that for air-stream Mach number values in excess of 0.55 the maxi
mum propeller efficiency will be less than 0.90 for the design blade 
angle of 450 • 

Com arison with results obtained in other wind tunnels.- A model of 
the NACA 10- 3 08 -03 propeller was tested in the Langley 8-foot high
speed tunnel, and the results are presented in reference 1. The data 
from the tests of this model propeller, which was 4 feet i~1iameter 
(NACA 4-(3) (08)-03), have been compared in figures ~and.aitw1th the 
data from the tests of the full-scale propeller. In figure 29 a curve 
showing the effect of compressibility on maximum efficiency of the model 
propeller at a blade angle of 450 may be compared with efficiency values 
found for the full-scale propeller. From a helical-tip Mach number of 
0.65 to 0.90, the maximum efficiency of the model propeller is 1 to 2 per
cent higher, and at the higher tip Mach numbers the difference in maxi
mum efficiency for the model and full-scale propellers is smaller. The 
critical-tip Mach number (about 0.9) is approximately the same for both 
the model and the full-scale propellers. Figure 30 shows a comparison 
of the envelope efficiencies of the full-scale and model propellers over 
a range of air-stream Mach numbers from 0.16 to 0.53. Over the range of 
advance ratio from 1 .7 to 2.7 t he values of envelope efficiency for the 
model propeller are slightly higher (~ to l~ percent) than those for 
the full-scale propeller. At advance ratios below 1.5, the envelope 
efficiency of the model propeller was less than that for the full-scale 

propeller, and the difference am~unted to ~ percent at an advance ratio 

of 0.9. At the higher advance ratios the differences in envelope 
efficiency are perhaps within the limits of experimental accuracy of the 
t wo sets of data, but at the lowest advance ratio of the tests the dif
ference is difficult to explain. However, the discrepancies may possibly 
be accounted for by the following factors: 

(1) The Reynolds numbers for the model tests were lower than those 
for the full-scale tests. 

(2) The spinner diameter was 0.217 of the propeller diameter in the 
full-scale tests and 0.333 of the propeller diameter in the model tests. 
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(3) The nose blower cowling used in the model tes t s cont ribut ed both 
thrust and torque to the measured forces; and the tare correc t ions, espe
cially at low advance ratios , were increased because of t he effect of : he 
blower. 

The comparison with model test results may be considered very good when 
t he differences in the model configurations and the tes t ing t echniques 
are t .aken into account . 

Figure 31 shows a comparison of the envelope efficiency ob t ained in 
the NACA propeller-research tunnel (reference 13) and in the Langley l 6-foot 
high-speed tunnel for a three- blade NACA 10-(3)(08)-03 propeller. A dis
cussion of the results from tests of the three- blade propeller is beyond 
the scope of this paper, and so the individual test dat a are not p~e s entei . 

However, since the three- blade configurat ion was the only one te s t ei i n 
t he propeller- research tunnel , the comparison in figure 31 i s present e i 
as a check on the result s obtained by using t he 2000- horsepower dynarrlome:e~' 

in t he Langley l6-foot high- speed t unnel . Over most of t he range of 
advance ratio from 1.0 to 3 . 3 the envelope efficiency ob t ained i n t he 
Langley l6-foot high-speed tunnel was only 1/2 percent grea t er t han th~t 
obt ained in the L~gley propeller-research t unnel. This r esul t i ndica t e s 
almost perfect agreement in that the Langley 16-foot high-speed t~~~e: 
t e sts were made at speeds where compressibili t y effect s we~e ad.ant ag8ou~ . 

The good agreement of the two sets of data mut ually confi r ms t he ~e:i ia·r L i ty 
of the testing techniques used at both the Langley propeller-re sear ~h 

tunnel and the Langley l6-foot high- speed tunnel . 

Calculated results from a theoretical analysis .- Values of hr us t , 
torque , and efficiency have been calculated for t hree cond i t ions of opor a
tion for the two- blade NACA 10- (3)(08)-03 propeller using a s trip-theory 
analysis . Airfoil data for a few values of camber C2d and for se-re~al 

thickness ratios for the 16-series airfoil sections are now avai lable 
f~r Mach numbers up to about 0 .80 . These data, which have not yet been 
published, were used for this analysis by select ing condi t ions of propell~T 
operation for which the heli ~ al Mach numbers of t he blade sect ions di,i 
not exceed 0.75 . The equations and procedure used in t he theoreti cal 
analysis are present ed in the appendix . 

The three conditions of propel ler operat ion chosen fo~ t his analy s i s 
were for values of advance ratio of 1.18, 2.20, and 3 . 22 a t a cons t a,, _ 
rotational speed of 1140 revolutions per minut e . These values of advful~ 8 
ratio correspo~d to the maximum efficiency condition a t bl ade angles of 
300, 45° , and 55°, respectively . The results of this analysi s are 
presented in figure 32 whi ~h shows the calculat ed radial dis t ribut ion of 
t hrust coefficient , power coefficient , efficiency, ani hel i ca~ ?·1a~ h m .ll!l

ber for each of the t hree conditions of propeller operat ion . 'I'he t hrust 
ani power loading for maximum-efficiency operat ion a t t he 550 blade 
angle is much higher t han that for the lower b l ade angles, anJ a larg~~ 
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proportion of the load is carried by the inboard sections for the highblade-angle condition of operation. This inboard shift of the load for the high-blade-angle condition results in lower efficiencies for t he inboard sections and slightly higher efficiencies for the outboard sections of t he propeller blade. The thrust-loading curve for maximumefficiency operation at the lowest blade angle of 300 shows that the tip sections as well as the sections nearest the shank carry less load t han they do for maximum-efficiency operation at the design blade angle of 450 ; the sections from 0.4 to 0.8 of the tip radius carry more of the thrust load t han for the design condition of operation. This shift in the thrus t loading results in lower efficiencies for all sections along the blade except those nearest the shank. 

The theoretical analysis makes it possible to evaluate the profile and induced losses along the propeller blade by calculating the elemental profile efficiency ~Ol and the elemental induced efficiency ~i'. 
Figure 33 shows the distribution of these elemental efficiencies along the blade for the three chosen conditions of propeller operation. Profile losses are slightly greater over the inboard sections and induced losses are slightly greater over the outboard sections of the propeller for all three conditions of operation. For maximum-efficiency operation at a blade angle greater than the design blade angle of 450 , bot h the profile and induced losses become much greater over the inboard sections of the blade. For maximum-efficiency operation at a blade angle less than the design blade angle of 450 , induced effects account for the great er part of the losses along the blade except those nearest t he shank and at the tip . 

Comparison of experimental and calculated results.- I t has been shown in reference 14 that the performance of a propeller can be accurately calculated if the airfoil-section characteristics are known. Although the variation of airfoil characteristics with Mach number is not taken into account in the calculations presented in reference 14, an agreement of experimental and calculated results presented herein would serve as a check on the ability of the dynamometer t o measure propeller characteristics accurately. The thrust- and power-loading curves in figures 32(a) and 32(b) were integrated from the propeller spinner to the propeller tip , and the resulting values of thrust and power coefficients together with the calculated values of efficiency are shown in table III. For comparison, the corresponding values as found in t he propeller t ests are also shown in table III. The calcula ted and experimental values of efficiency are in very close agreement. Also, the values of thrust and power coefficient are in good agreement, except for the condition of operation at an advance ratio of 2.20 where the difference amounted to approximat ely 4 percent for the power coefficient and 5 percent for the thrust coefficient. The agreement between calculated and experimental values is considered good. 
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CONCLUSIONS 

A 2000-horsepower propeller dynamometer has been used to make wind
t unnel tests of a full-scale two-blade NACA 10-(3)(08)-03 propeller for a 
range of blade angles from 200 to 550 at airspeeds up to 500 miles per hour. 
The results of these tests and comparisons with results obtained from a 
theoret i cal analysis and from previous tests made in other wind t unnels 
led to the following conclusions: 

1. The two-blade NACA 10-(3)(08)-03 propeller is very efficient at 
speeds where the adverse effects of compressibility are small . The maxi
mum efficiency of 0. 93 ~ which was attained over a range of advance ratio 
from 1.3 to 2.0 for a constant rotational speed of 1350 revolutions per 
minute ~ reflects the importance of designing for a minimum induced-energy-
1088 loading and t he use of efficient airfoil sections from t he spinner 
surface to the propeller tip. 

2. When the helical-tip Mach number is increased from 0. 90 to 1 .15 
the corresponding loss in propeller efficiency is about 21 percent a t a 
blade angle of 450 . 

3. The ability of the test e~uipment to measure propeller character
istics accurately is confirmed by: 

(a) The good agreement of the full-scale propeller results reported 
herein with those obtained for a 4-foot -diameter-model propeller in the 
Langley 8-foot high-speed tunnel~ especially at high speed. 

(b) The good agreement of resul ts of tests made in the Langley 16-foot 
high-speed tunnel and in the Langley propeller -research tunnel for identical 
propellers . 

(c) The good agreement between experimental results and results 
calculated by a strip-theory analysis. 

Langley Memorial Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Langley Field~ Va. 
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APPENDIX 

EQUATIONS AND PROCEDURE USED IN MAKING THE STRIP-THEORY 

ANALYSIS OF THE NACA lO-(3) (o8)-{)3 PROPEILER 

For each value of advance ratio under consideration, a curve of cI 
against a and a curve of tan Y against c2 are plotted for each radial 
station along the propeller blade by a process of cross plotting and 
interpolation of the airfoil characteristics. It must be remembered 
that each of these curves may be used only for the particular value of 
Mach number, camber, and thickness ratio of the radial station under con
sideration. After plotting these curves of cI against ~ and tan Y 
against c2, the calculation of the elemental values of thrust and power 
coefficients can be made. 

Figure 34 shows a vector diagram of the forces acting on a blade 
element and also the velocity vectors which are made nondimensional. 
From the vortex theory of propellers with Goldst ein's corrections for a 
finite number of blades it can be shown that the coefficient of induced 
velocity at a blade element is 

CJc2Wc 

wic = 4G sin ¢ 

and from the vector diagram the apparent axial velocity of t he helicoid 
at a blade element is 

= 4G sin ¢ cos ¢ 

The following expression for Wc may be obtained from the vector 
diagram: 

X 
-~r!. - Wc sin ¢ 
cos 'I' 

Substituting this expression for We in equation (1) gives 

XCJc2 
sin ¢ cos ,¢ 

4G cos ¢ + CJcr 

( 1) 

( 2) 
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Another equation containing Wc may be obtained from the vector diagram 

tan ¢ 

It is necessary to find a value of Wc for each radial station along 
the blade which will satisfY equations (2) and (3). The solution is 
made by successive approximations . As a first approximation the induced 
angle of attack ~i is assumed to be zero, and Wc is therefore equal 

to zero. Then from equation (3) 

tan ¢O 

and 

J. + 0 1{ 

x 
J 

1{X 

(Subscripts 0, 1, 2, and 3 denote first, second, third, and fourth 
approximations for solution of wc . ) By using ¢, Goldstein's factor for GO 
may be found from a chart (reference 9) showing G as a function of sin ¢j 
and by using 00, c IO may be found from the airfoil characteristic curves 

previously mentioned. Since the solidity a is known, equation (2) may 
be solved to find a value (wc) O. Then by using (wc) 0 in equation (3) a 

second approximation may be made 

and 

By using these new values, ¢l 
is solved again to find (wC)l. 

(wc) 0 

and ~l' to find Gl and cIl' equation (2) 
Next, a plot is made of assumeQ values 

of Wc against the calculated values, and since the assumed value must 
equal to the calculated value to satisfY equations (2) and (3), a third 
value (wc) 2 may be found from the plot as shown in figure 35. By 

using (wc) 2 in equation (3) a third approximation may be made 

% + (wC)2 
x 

and 

- - -~ 
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By using new values G2 and c22' equation (2) is solved again and 

(WC) 3 is found. Usually this value (wc) 3 is found to be equal to the 

assumed value ~C)2 and no further computations for Wc are necessary. 
However, if this is not the case, the value (wc) 3 is plotted as shown 
in figure 35 and a curve is drawn through the three points. The inter
section of this curve with the straight lins (slope = 1.0) through the 
origin gives a value of Wc which will be found to satisfy equations (2) 
and (3). 

Having found the correct value of Wc for each radial station along 
the propeller blade, the elemental thrust and power coefficients may be 
found by setting up the equations for dL, dR, dT, and dQ. 

The lift on a blade element for B blades is 

1 2 dL = 2PW cl b drB 

In equation (4), W is the resultant velocity at the blade element 
and may be expressed as follows: 

( 4) 

Substituting this expression for W in equation (4) the following equation 
may be derived: 

where 

Then 

dR dL = pn2D4 K dx 
cos y cos Y ( 6) 

dT = dR cos (¢ + y) = pn204 K cos (d + y) dx cos Y 'f' 

~Q = dB sin (¢ + y) 

2 4 Kr . (d ) dQ pn D cos y Sln 'f' + Y dx 

dQ = pn2D5 Kx sin (¢ + y) dx 
2 cos Y 

( 8) 
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From eQuation (7) and the definition of thrust coefficient 

dCT cos (¢ + 1) 
,-::- = K - - 1 --

lLX. cos 

From eQuation (8) and the definition of torQue coefficient 

but 

and therefore, 

C ' = ~Q = XX sin (¢ + 1) 
Q 2 cos l' 

C ' p 
1tKx sin (¢ + 1') 

cos l' 

The blade-element efficiency is 

CT' J 
11' = J cpr = 10: tan (¢ + 1) 

EQuation (11) may be written as follows: 

or 

~. = tan (~ q) ~[(~ He) - wJ} 
11' = [tan t(; ! 1)] (1 + lw c ) 

J/T{ 

( 10) 

(11) 

(12) 

In eQuation (12) the first bracketed expression is the profile efficiency 
of a blade element, ani the second bracketed expression is the induced 
efficiency of a -blade element. Therefore, 

1 
11i' = ----

1 +~ 
J IT{ 

(14) 

Both rotational and axial losses are taken into account by the factor wc 
in the expression for induced efficiency. 

_J 
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TABLE I 

ORDINATES FOR THE DYNAMOMETER~ AIBING PROFILE 

1. Radius 7, 
Radius 

(in. ) ,- (in. ) 1 
(in. ) (in. ) 

0 0 
.563 3.30 88.000 18.00 

1.688 5.34 188.750 18.00 
3.313 7.11 190 .500 17.99 
4.948 8.44 194.500 17.97 
6.563 9137 198.500 17.93 
8.188 10.08 202.500 17.82 
9.813 10.64 206:500 17.68 

13.063 11.46 210.500 17.52 
16.313 12.04 214.500 17.30 
19.563 12.46 218.500 17.04 
22.813 12·79 222.500 16.75 
26.063 12.98 226.500 16.40 
28.000 13.00 230.500 16.01 
42.250 13.00 234.500 15.59 
44.000- 13.03 238.500 15.09 
48.000 13.24 242.500 14.52 
52.000 13.68 246.500 13.92 
56.000 14.22 250.500 13.26 
60.000 14.83 254.500 12.52 
64.000 15.50 258.500 11.77 
68.000 16.12 262.500 10.94 
72.000 16.70 266.500 10.03 
76.000 17·17 270.500 9.04 
80.000 17.50 273.125 8.31 
84.000 17.80 303.000 .25 
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TABLE II 

RANGE OF BLADE ANGLE AND ROTATIONAL SPEED 

FOR NACA 10--( 3) (08) -03 PROPELLER TESTS 

Rotational Blade angle at 
Figure speed 0.75 radius, ~0.75R 

(rpm) (deg) 

19 1140 30 35 40 45 50 55 

20 1350 20 25 30 35 40 45 50 

21 1500 45 

22 1600 20 25 30 35 40 45 

23 2000 20 25 30 35 

24 2160 20 25 30 

25 Varied 45 

__ J 
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TABLE III 

CALCULATED AND EXPERIMENTAL VALUES OF THRUST COEFFICIENT, 

POWER COEFFICIENT, AND :EFFICIENCY FOR TEE TWO-BLADE 

NACA l~ 3) ( 08) -D3 PROPELLER 

130 .75R 
(deg) 

J cT cp 11 

Calculated value 0.0448 0.0584 0.905 
30 1.18 

Experimental value .0450 .0583 .910 

Calculated value .0447 .1055 .932 
45 2.20 

Experimental value .0426 .1014 .924 

Calculated value .0579 .2048 .910 
55 3.22 

Experimental value .0568 .2010 .910 

25 
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Figure 2. - P~opeller dynamometer in test section with tunnel closed. 
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BY PNEUMATIC FAIRING-DRAG CAPSULE 

'&FT.o. I},(l, j 1-..---t l . --'--t -
36"0. 

--303" - I 

TUNNEL WALL ----' 
SUPPORT STRUT FASTENED 
RIGIDLY TO TUNNEL WALL 

FIGURE 3 ;-CONFIGURATION OF 2000- HORSEPOWER DYNAMOMETER FOR TESTS OF 
PROPELLERS IN THE 16-FOOT HIGH-SPEED TUNNEL. 
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Figure 4 . - Cutaway view showing location of various parts in the dynamometer 
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Figure 5. - Control panel for the 2000 -horsepower propeller dynamometer. 
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Figure 6. - Cutaway view showing arrangement in thrust capsule and servo valve. 
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Figure 8. - Pneumatic -pressure scales used for measuring thrust. 
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