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TECINICAL NOTE MO. 1328

PROTETIIR“ETFICIFICY CEAXRTS FOR LIGHT AIRPLAINES

By John I.. Crigler end Robert . Jaquie
SUMARY

The celection of a propeller on the btasis of efficlency for
epplication to & light-airplene Aesign cen te nccomplished by the
uge of the cherts yroesented. Uhe required celcwlaticns cre mede
a ninimm by presenting the Cimensional propeller nrarametere
directly cn ths cherts. Valuves ¢l power of 70, 100, 150, 225, end
300 horzepower ixre covered for alrsveeds of 50, 100, 150, and
200 miles per hour, propellcr éiameters of 4, é, end 10 fest, and
blede mubers of two, four, six, apd eight over u wide renge of
propeller rotetional spoed.

The cpplication of the results to design problens is demen-
strated by three exemples: (1) the investigation of the efficiency
of & wide variety of propellers for & given decizn condition,

(2) tho investigatiun of the eofficiency of a controllable-pitch
conctant-spsed propeller os a functicn of airsseed, and (3) the

investigation of the efficioncy of u fixed-pltch propeller as e
function cf airspeed end engine creruticn. .

TTTRODUCTION

The overation of light eirplencs near residential neighborhoods
presents the problem of roisce reduction. One of ‘he sources of
airplane noise 1o ths airplane prepeller. In many instances tho
noise can be roduced by the proper melection of “tho eirplene
propeller. The rroblem of the elfficiency of the quiet propeller,
howevor, is also of importence. The prozent peper gives ths
efficlency of & wido solection of airplene prcpellers for light
airplanes to aid in the required comprouise between efiiciency and
noise rvduction or eny other operationsl or design condition.

Selection charts for propellers ere precented. in reference 1.
The renge of low advence=-dlencics ratio, however, is not covered
in these charts. The precont vaper gives charis for values of
advance-diameter ratio down to 0.31%. The calculated efficiency
for propellers of optimm load distridution aleng the blade for
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a given operating condition iz rrecented. The =dvontogo of using
this efficiency is thet it presents a mayimm valve that camnot be
exceofed with r given propeller dicieter and blade number but cin
bo obiainod with proper desiz. The methods of enalysie ere given
in the appendix. Comparisons of the calculated officiencies with
experimental dats on propellors chow good tgreement.

Tho selection cheris given hercin prosent directly the
eofficlencles as a fwiction of tho propeller cpverating conditions.
Investigetion of & given piomoller for application to & given desipn
condition requires nothing more than the reading of a few charts
and intecrpolating botween these charts to obtzain tho results.

SY1BOLS

txinl-velocity interference facter
mgrber of propellor bladecs
chord of propeller btladeo element

section drag coefficient (d/qA)
section 1ift coefficient (7./qA)

power coefficient (P/onD7)

torque coefficient (0/pneD5)

thrust coefficient (T/pn2D*)

oropeller diomster

drag of vropeller blade element for infinite aspect ratio
advance-djiameter ratio (V/nD)

1if't of Dblade section

'propeller rotational espeed, revclutions per minute

propeller rotationel speod, revolutions per second
input power to propeller
povor dlek-loading coefficient (P/gAV)
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RESULIS

Propeller efficiencics for light airplsnes sre presented in
ternms of engine power, velccity, blado muwber, blade diameter, and
propollier rctational speed for the use of light-sirplene manufecturers
and operetors. A wids renge of propeller selection is presented in
order to permit evaluation of the efficiencies obteined with high-
solidity low-rototional-speed propellers compered with lowe-solidity
high-rotational-speed propellers. The charis are intended to cover
the requirements that may bo needed in the gtudy of the sound
reduction of light-airplane provellers. The scope of tho results
end & koy to figures 1 to 22 are given in teble I.

Figure 1 shows the breakdown of the nropoller losses for one
condition and will aid in intexproting the results presented in the
other figuwres. The velue of the ideal efficiency ny given for

figure 1 ic the value obtained frcm considoration of the minimm
nementu increese in the wveke. Only axial momentum and & wniform
facrease in velocity ovor the ontire disk aree are considered. The

5 - ﬂi)
'113
and is fixed for & given vower, veloclity, and propellor diameter.
The shaded exea in tho figure shows tho induced losses for propellers

ideal efficiency ie given by the relationship P, =

having optimm efficiency. Tho optimm officiency n opt ie the

efficiency (without drag) for a propeller with an optimum loed
dietridbution as given by Goldstoin for the spocified number of
blades. This efficiency considers the rotational and exial momentum
of the wake and distxributes the loading along the dlade so that the
integrated swa of the losces is & minimum.

The propeller efficiency n given in all the figures is obtained
by subtracting the blade dreg from the optimm efficlency. The
megnitude of the blado drag can be seen to vary greatly with the
section loeding. In figure 1 the low-solidity propeller is highly

© loaded at low rotational speed end 1is very cloge to the stall
condition at 1250 rmm. The approach to etall is indicated when
the propeller efficiency n end the optimm efficiency "opt begin

to diverge. At high rotational speed the blads sections for the
low-solidity propeller are operating at or near maximum lift-drag

ratio and, therefors, show the highest efficisncy. The high-golidity
propeller is operating at very light loeding (low valus of ¢, for

the section) end, therefore, at a very low 1lift-dreg ratio. At 2000 rpm
the blade drag loss has incroased from 8 percent for the low-solidity
propeller to 32 porcent for tho high-solidity propeller.
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The velues of ideel efficiency, optimum efficiency, end
resultent propeller efficlency are given in eech of figures 1 to 22
in order to permit insight into the locees sustained for each
operating coniiticn.

Figures 1 to 3 give efficiency as & fimcticn of rropeller
roteticrel epeed for 5-, 8-, snd 10-foot-dimmeter four-blede
propellers of varying solidities (o = 0.069 to ¢ = C.276) for
engine power of 3C0 horsepcwer for two forwnrd speede. The difference
totween the celculeted mprropeller efficiencies (drsg included) for each
s0lidity and the optimue efficiency ic duwe to blede drag. The drag
veries repidly with propeller solidity and propeller rotationel speed.
In ell the present calculaticns the propeller roteticnal speed is
limited co thet the velue cf mnD does nct exceed 950 feet per second
(Mach number, 0.85). Althcuzh emell compreseibility losces may result
at this Mach ruuber, no losses vere included in the calculaticns.

In figuwres % to 22 the celculated efficiency 1o plotted ageinst
propeller rotational speed for velocitles of 50, 100, 150, &nd 200 miles
por hour at engine powers of 50, 100, 150, 225, and 30C horsepower.

In each case tho propeller soliiity is 0.0345B end, therefore, the
total solidity increeses proportionally %o the blade nunber, The
efficiencies for other total soliditice und hlade mumbers con be
obteined from tho charts by the use of figure $. For opiimm propellers
with gecmetrically cimilar bledo cections, the principal change in
efficiency resulting from chenging the bledo muber and holding the
solidity constant i1s due to o change in the optimwm efficiency. In
figure S the optimum efficiency in shown for two-, fowr-, and
eight-blade propellers. The number of bledes 1s seen to affect the
optimum efficiency - the greater the number of dledes the higher the
efficloncy. The megnitude of this chenge in ”opt with blede

number, however, ie seen to te srall and close estimates of the
efficiencies to be realized for conztant-colidity propellers with a
change in blade number can be made. The drag losscs may vary for
constant solidity and different blode numbers because of changes

in the eirfoil charecteristics with Reynolds mwber but, in genoral,
this effect 1s vory small and i1s not considered in the present paper.

IXAMPTES

I = Iropellexr Bele;:tion for (ne Design Condition

The cherts of the present paner show the erficiencies of a
large mumbor of propellers that could be fitted to e given design
condition. Exam»le I 1e given to explain the use of the charts.
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The desizn conditicns for & given eirplane ere as follows: The
150-horsepover engine operetos at 2700 rpm. The decign velocity
18 150 miles per hour. The propeller rotational speed vith direct
and gear driver cen te chosen as 27cC, 180, 1350, or 900 rpm.

The following teble gives velues of efficiency for scmo of the
propellors thet could te fitted %o the glven eirplane. All the
propellere for this eet of dezign conditions ere taken from
figure 1%,

X
T ] (xpm)

83.5{] 1350
El.o 1350
345 1] 1350
&“06 134
81.0
305
7.0
(4%
0
81.0
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0
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Meny of those propellers ere clore to etelling et 150 miles per hour
end et lower velocity would stall cnd give very poor efficiency.
Investigaticn of any propeller Tcr a range of velocities is teken
up in exemple II for e controlleble-pitch constent-epeed propeller
and in example ITXI for tho fixed-pitch propellers.

II - Controlleble-Pitch Constent-Speed Propeller

Figure 23 is & cross plot of the propeller efficlency as &
function of the forwvard velocity for e 100-horsepower engine
operating at constant epoed. The curves in figure 23(e) ehow the
efficiencies for an B-foot-diemeter two-blade propeller end the cwxrves
in figure 23(b) show the efficiencies for e G-foot-diemeter eix-blade
propeller. The date for thcse curves were obtained from figures 16
to 19 and ore very close approximatione to the efficiencies that would
be cbtained Tor controllable-pitch constent-speed propellers of the
sems dlemeter and solidity. In & similar monner the yropeller
efficiency for consteni rotationel speed can de obtained from the
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figurea for any coarbination of encine power, yropeller diemeter,
blade number, and range of forward velocity covered in. the study.

IIXI - Propeller Performance for Fixed-Pitch Operation

In order to determine the variation of the performance with
airspced of a given propeller faor fixed-pitch operation, it 1a
necessary to determine tho variation of the engine speod and brake
horsepower with airspeed. Since an engine operates at approximately
constant torque the variation of engine speed with velocity depends
on the propeller characteristico. An example is given to illustrate
the procedure.

Consider a 6-foot-dlemeter four-blade (co T 0.138) fixed~

pitch propeller designed to ebeord 150 horsopowor at 1800 rmm at
150 miles per hour. ‘Calculate Cp as follows:

‘P
=

« 28
pDn”

= 150 3: 550
0.002378 (%0)3(6)5

=0 01655

The valuve anc 5 remains constant over the spoed renge.
2 800\2
n 0.l 5(“1‘—)
cP » 5 60

= 1!}9
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For tho dosign condition

v 8 6 1
"% 180 3

= 1.221

Use experimental or celculated data for the selected propeller,
if available, or use & set of curves of Cp sgainst V/iD at

variovs values of pitch setting for some value of % = of
b L]

about 0.138. The number of blades for the test results is not
very importani since only the share of the curve is required.
Plot V/nD egeinst Cp on a trensparent sheet of peper and place

it over the curves of experimental data. Through the given point
falr in a representative curve for the veriation of Cp wvith V/mD

for the fixed pitch in question as is dmne in figure 24. This curve
will epproximate the variation of the design propeller as closely &s
is possible without specific experimentel tects of the propeller.

In order to calculate the performance at 100 miles per hour,
assume a value of V/nD a little higher than the retio of airspeeds

would give since the rotational propeller speed is going to be reduced.
Thus the calculated value is given by

v 100
D = 1.221 150

= Glelh
Try, as a firat approximation, n—‘;) = 0.85, Then

=580

o Yoo x 1.467
67: 0.35

= 28.75
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and

1
C,. =
T (28.75)

= 0.180

Plot the point Cp = 0.180, % = 0.85 on the curve. It

18 scen that this point falls bolow the curve and that a Ligher value
of V/oD is requived. Try nln = 0.95. Then

n = -_E*é—.—l—
6 3¢ C95

= 25.70

- pLt
o)
= 0 0225

Since the point Cp = 0.22, 'Ynﬁ = 0.95 falls on the cuxve, the
velue of V/nD 1s correct, end :

N = (25.70)(60)
. = 1540 rpm

The breke horsepower is reduced by the retio of %?80—"3 or rvduced

from 150 to 128 horsepowore

The efficiencies for 150 miles per hour and 150 horsepower are
read frcm figure 1 at 1800 ron 88 Ny = 9 percent, 1 = 8.4 percent,
end o0y = 6 percent. It is nocessary to read the curves for 100 miles
per hour at 100 end 150 horsepowor for 1540 rmm and to estimate the
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efficiency at 128 horsopower. The efficiencies for 100 miles per
hour end 100 horsepower are read froam figure 17 at 1540 rmm as
Nopt = 345 percent, 1 = 8 percent, and Ay = 4.5 percent.

The efficiencies for 100 miles per howr and 150 horsepower are read
from figure 13 at 1540 rpu as Topt = €0 percent, n = 76.5 percent,

and AqD = 3.5 percent. It should be noted that the propeller

efficiency for the condition of 150 horsepower at 1540 rpm is close
to the stall region. This stalling condition will require some care
in estimating the efficiency by this method if the propelloer is
stalled at the highor engine power. An accurate determination of
the propeller efficiency near the propeller stalling condition cammot
be made without specific exporimental date on the propeller and
eirplane combination. The efficlency for 128 horsepover at 100 miles
per hour falls between the value of 7G.5 percent for 150 horsepower
and the value of 80 percent for 100 horsepower, probebly at about
78.5 percent. Then

Thrust horsepover = 128 x 0.78%

= 100.5

The procedwre for other velccitlies is e repetition of the
foregoing calculation.

A DPreakdown of the power losses as shown gives & good indication
of the possibility of obtaining a gein in efficiency by increasing
the propeller solidity. If AqD is small there is not much to be

gained by increasing the solidity.
APPLICATION TO SPECIFIC DESIGN

The charts presented herein permit the selection of the primery
propeller parameters ~ nemely, diemeter, rotaticnal speed, blade
number, and solidity - required for a given design condition. A
comparison of the efficiencles for a wide veriletly of these parameters
shows large changes in efficiency. The large change in efficiency
demenstrates the importance of a careful selection of the primary
propeller paramoters. Whenever any of the primary propeller
paremeters are affeoted by considerations of noilse output, ground
clearance, and so forth, the present peper is particularly useful in
determining the best compromise,
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The secondery pernmeters cuch as pitch distribution, plen form,
thickness dietritution, end airfoil cection ere not direstly treeated
horein. Au ostimate of their effsct cean be obtained, howsver, by
the use of the chrxrte. The optirm load distributicn meane that
the product of the chord and the ‘11t coesficient (bcz) 15 e

dofinite value for oach radius at a given decign condition. Cmell
departures from the optimum lcad dictribdution do not cause epprecisble
chenges in the efficiency. Eithor the piich diztritution cr the

plan form can be altered to cbtain the cptimm load distridution.
which alteration is made to give this loasding is wnimportent. Vhen
results of teuts of pitch distribution or blade plan form show large
losges in officiency, they erc caused bty the changses in the drag

‘loss due to stelling of scme of the soctione or to oporating of scme
of the rections at very low lift coefficient at vhich the dreg

is lerge in compericon with the 1lift.

Blade section cnd thickness distribution affect the blede drag
loss of the propeller. If this blade drag loss (Lnp from the charts)

is small, only stall effects can bo erpected. For cperation at
section 1lift coefficlenta in the ronge of . from U3 to 0.7 this

drag loes 1s small for normal airfoll sections operating below
critical Mach numbers. If tho eleuent lift coofficients are outside
this range, the drag losses beccme importent.

Once the primary paremeters are selected the next step is the
phyasical design of the propeller, which conniets of designing the
pitch distribution and dlade=-chord distridution to odbtain the proper
distribution of loading along the radius. Cne meothed of designing a
propeller to give the optimm distridbution of loading for any
operating condition is outlined in reference 2.

Langley Memorial Aeronautical leboratory
Natienal Advisory Cormittee for Aexronnutics
Lengley Fiold, Va., July 2, 1947
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and

ac . .
ag = gcy “—2&2 \l)2 + (m:)2

These formules, modified to include induced velooities end to epply
for eny loading, ere

ac P ( )a bl
J:VCd"%Jell'.& (3)

dx sin ¢

ac 3 PO
-—Q—.—.qc “—x-J 1 a)

- coa &)
ax ] 8 sin2¢ ¢ (

The results of the integreted thrust and the integrated power coef-
ficlents due to drog calculnted by the zero-loadiny; formulaw and the
formmlas Including the induced velocities were compared {or several
blade loadings end each blede number. The resulta for the four-blede
propeller with (acl)o..m = 0,00 and optimun load distribution along

the blado ere shown in fiswre 25. The difference in the thrust and
poevwer cceificlents due to drag end the resultant efficiency ccmputed
by the two sota of formulas verv small and therefore the drng losses
were computed for only one locding for each blade mumber and these
coefficients were applied to all values of (acl)o.,m. The values

of (“1)0.7}( for which drag lossec were carputed vere (acl)o TR = 0,04
for the two-blade propellers, (ac,), = 009 for the four-blade
propellers, (acl)o i 0.1% for the six-blade propellers, end

(acl) ke 0,18 for the eight-blade propellers.

The dictribution of Cy along the blade wns debtermined by use

of the thickness distribution and plan form of a conventicnul propeller
operating at the bdlade loedinz for optimm distribution. The distri-
dbution of ca used was the same ac that on the propeller of refereuce 1.

The chenge in profile-drag coefficients is very smell for & wide range
of 11ft coefficient so that averege velues were wsed in the calcu~
lations. Beceuse the profile dreg increcses repidly near the st
angle, it was neceasary to make element calculations to obtain the
propeller performence for heavily loaded blades.
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Figure 2.- Propeller efficiency. V = 100 miles per hour; P = 300 horsepower; B = 4,
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Figure 3.- Propeller efficiency. V = 200 miles per hour; P = 300 horsepower; B = 4,
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Figure 4.- Propeller efficlency. V = 50 miles per hour: P = 300 horsepower; o) ..
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Figure b.- Propeller efficiency. V = 100 nilee per hour; P = 3(

horsepover; o, ., =
0.
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Figare 8.~ Propeller efficiency. V = 150 miles per hour; P = 300 horsepover; %0.m > 0,03453.
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Figure 7.- Propeller efficiency. V = 200 miles per hour; P = 300 horsefpower; = 0.03458,
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Figure 13.- Propeller efficlency. V = 100 miles per hour; P = 150 horsepower: 0.7m " 0.0345B.
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Figure 23.- Propeller efficiency. P =100 horsepower.
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