=
5]
k=1
=
3
RZ
=]
I3
(5]
<
G
©
(o]
g
]
]
@

CASI Acquired




PROPELLER-DESIGN PROBLEMS OF HIGH~SPEED AIRPLAKES

By H.VB. Dickinson

SUMMARY

It is shown that or the vasis of existing high-speed
rfoil data, Dropoller efficiencies appreciadbly in excess
of 40 percent do not appear possidble at speeds above 500
niles per hour at 20,000 feset. The assumption that pres-~

ent propeiler-plade tklckne"seﬁ cannot be reduced radical-
ly, is implied. Until the reliadility and applicadility
of the airfoil data are established, this conclusion nust
not be rezgarded as infallible. Dive tests with airplanes
eguipped with thrust neters and torque neters are proposed

to provide an ursg evtly needed check.
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The desisgn. of wivh~speed propellers is dictated whollv
by conmpressibility considerations. The blade width, thick-
ness, and pitch distridution; also the airfoil sections,
the 1ift coefficient, the propeller diameter, and rpn nust
all be adjusted if reagonable efficiencies are to be main-
tained at alirplane speeds that are novw beig% approached.

Resgsearch is urgently needed on:
1) Airfoils at subsonic, sonic, and supersonic speeds.

2) Propellers at hizh forward speeds in wind turnnels

3) Propellers in free f£1izght at high speeds

N’

4 Jet provulsion and related devices

The breakdown 0f propeller efficiencyr indicated dv

i il data, should serve as an incentive for accelorated
rescarch on jet propulsion. “This device nay extend the
attainadle spoed .of current airplanes to the neighborheod
of

o7

550 niles per hour ot 20,000 foot,.



INTRODUCTION

-

fede

The provlen of propeller desizn for 2izh-speod
Planes is the faniliar one of extrapolating conflict
experinental data by necans of inadequate theory. Alry
have actunlly flown at speeds in cxcess of 400 niles per
hour and are being designed for hisher specds; yet, to the
author's knovledge, thore is avnilable not a single reli-
able test on a propeller at forward specds of this nasgni-
tude. Tho assistance afforded by theory is little more
than qualitative in the sudsonic rezime. Thorefore, the
only recoursc is %o 'hc calculation of propeller perforn-—
ance from nirfoil tests and dnta. Although therc arec nmony
legitinate o bgoctlons to thae wvalidity of the results of
suca calculationg, certain treands of considerable intorest
can be estabdlished. The effccts of thrce—dineasional flow,
particularly near thb tips, the influence of contrifugal
force on the behavior of the boundary lawver, mnd the effeet
of the afterbody in nodifwing the flow throuzh tho propel-—

L

ler, arc somec factors vanich are difficult to account for in
calculations of propeller officiency at high speecds fron
alrfoll data. If these factors are borne in nind, however,
it should e possible to dcternine the effcet of chanﬁin”
airfnilg nhd to ostablish the limitations imposcd on pro-

pellers by conpressibility offects.
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COMPRESSIBILITY EFFECTS -~ AIRFOIL DATA

‘ This section includes a bdbrief review of welleknown
conpressibility offects on airfnil characterigtics.

Effect on Lift and Pitchinz Monent

The variation of 1ift coefficient with air speed at
constant angle of attack, as shown in refereunces 1, 2, and
elsewhere, tends to 1“cllow the wvariation predicted by
Glauert's formula for thin airfoils, up to the critical
speed, when the shock wave forms. Th*s 7ariation is shown
in figure 1, Above the critical speed, the 1ift at constant

angle of attack drops abruptly, and then increases again
Below the critical speed, the increase of 1ift coefficient
with speed at constant angle of attack is obtained throusgh
greater slope of the 1ift curve, the angle for zero 1lift
remaining unchanged until the shock wave is formed. The

?



effect of compressibility on the pitching moment is similar
to that on 1ift, except that the experimental data avail-
able appear to indicate a less consistent and less severe
variation than the theoretical.

Drasx

The most predominate compressidbility effect is the in-
crease in drag. A typical wvariation of airfoil section
drag coefficlent with speed is shown in figure 1. The sud-
den increase in Cp which is caused by the dissgipation of
enerlyy as heat in the shock wave and by the attendant sep=
aration of Tlow from the surface, is preceded by a nmorse
gradual rise. This rise is due to the fact that the pres—
sures involved are bezinning to be of sufficient magni-
tude that the compressibility of theée air is causing an ap-
preciable change in temperature., The pressures are thus
different from those that would corresbond to an Isothermal
Drocess., In figure 1, the increase 1n dxna mlc pressure
over that calculated by the formula % p V® (an increase
walch appears in the force COGIIiC‘ent s) is nlotued for
comparison.

It will be shown that hizh—~aspeed propellers must op-
erate with a considerable portion of their blades above
the critical Mach number, so that thé'dfa% variation avove
this speed is of primary importance. The theoretical fac-~
tors which govern the dra® when the flow is partially sub~
sonic and partially supersonic, are little understood -~
in airplane-desis=n cifcles, at least. ZIExperimental diffi-~
culties arise from the magnitude of the forces involved
and the power reqguired, from the effect of the shock wave
on tunnel-velocity distridbution, frow wall corrections and
tare drags, and from Reynolds number effects. Hence much
of the available experimental data extend .only up to the
formation of the shock wave and the attendant precipitous
drag increase. Whon the drasg above the critical speed is
indicated, some inconsistencies appear. Fisgure 2 is-a
comparison of tvpical drag curves from several sourcés
with data from the NACA ll~inch, high-speed, closed~taroat
tunnel, ' R

Figure 2a compares results from the open-jet Guldo 1ia
high-~speed tunnel (reference 2) with the NACA data for the
same airfoil (reference 8), Fizure 2b shows the type of °
variation obtained by Dousglas and Perring in a series of
rropeller

tests (reference 13) in which the airfoil charac-
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teristics were deduced from experimental thrust and torque
gradin® curves. The substantial azreement between these
results and the Guidonia curves in fizure 2a has previous—
lv been recoinized (reference 2). The NACA data for the
same airfoil are shown in comparison. Figure 2c¢ contrasts
results typical of early tests at the Bureau of Standards
(reference 11}, whieh show oanlv a very slight drag increase
at the critical speed. The NACA results are typical of a
large number of recent NACA tests {(references 1 and 17) ex-
cept that with the more modern airfoils, the drag increase
ocecurs even more suddenly, particularly at low 1ift coeffi-
cients., At the hisher angles of attack, the asreement de-
tween the NACA fesults and the British v»ropeller tests is
excellent, Put the sudden dra=z increase at zero angle of
attack shown by the airfoil tests was not realized with

the propvellers. Heverthelesss, the aSreement is sufficient
to lend weisht to the contention that propeller losses may
be predicted from airfoil tests.

The fact that the WACA data show a sudden dra? in-
crease at the critical speed at all angles of attack, is
of primary inporbtance. The wnracticability of flight abvove
the critical speed depends, of course, only upon the rapid-
ity and mazanitude of the drag increase near that speed.

One striking characteristic of all the HACA compressi-
bilityr data ig that no maxinmum drog coefficient is shown
near the critical speed. It is apparent from figure 2%
that this is due onrly to the fact that high enouzh speeds
were not reached. That 2 maxinum must exist, is gudbstnnti-
ated by recent results from the Guidonia tunnel (reference
18), which show thnt o mininunm dras coefficient of the or-
der of masnitude of 0.03 was obbtained with airfoils of sim-
ple shape at Mach numbers in the neighborhood of 2. It
may proovadly be assumed that the coefficient decreases con-
tinuvously fronm the wvalues shown in figure 2, to the more
nodernte values at speocds where the flow is entirely super-
sonic., Some ballistic studies, described in reference 5,
also verify tant the drag coefficient reaches a naximun
Just abvove the critical speed and then decreases continu-
ously. The shape of the drag curve in fisgure 1, above the
eritical speed, follows these ballistiec data. In applying
the NACA results to propeller calculations, it is diffi-
cult to estimate the magnitude of the maximum drsg coeffi-
cient. It is therefore necessary to assume that the drasg
Just above the critical speed is not less than the hishest
values shown on the NACA curves. Thus, only the mininmum
reduction in propulsive efficiency can be calculated from




these data. A careful study indicates that the drag coef-
ficients in table I are typical of the hishest values

shown for.a large number of airfoils in references 1, 8, and
17.

TABLE I

Profile Dragy Coefficient above Critical Speed

Percent | Gy
% o 0.2 0.4
5 ~ L 0.05 0.05 0.08
9 t .08 .08 .10
ia'_ | e .12 .12
,

- .

The Reduction of Compressidility Effect on Drag

It will be of interest to determine the extent to
which the compressibility effect on the drag of propeller
airfoils cdan be controlled. In effect, this means the ex-
tent to which the critical Mach number of the airfoil can
be raised b changing the airfoil shape and characteris-
tics, and the conditions under which the airfoil operates.

The shock wave, with its attendant sudden drag in-
crease, occurs whea the loeal velocity at any point in the
field of flow exceeds the local speed of -sound (reference
17). Therefore., any effect which decreases the maxinunm
local velocity, causes an increase in the critical Mach
number. Since local speeds 3Zenerally dncrease with an in-
crease in either section 1ift coefficient or thickness,
the critical speed is reduced by an increase in either of
these two parameters. This effeet is evident in figure 3.
The decrease in critical Mach number near gero 1ift is due
to the 2ish local velocities created by this airfoil at
small negative angles of attack and is not a general result.
Otherwise the effect of both 1ift coefficicnt and thickness
is typical of normal airfoils. These éffects are discussed
ot lenzgth in reference 12. ' ' :

Fron these coansiderations, it ig obvious that the na
alne
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witz any airfoil opnerating at a 3ziven 1ift ecoefficient,
would be obtained with an airfoil which had zero thickness
and a uniforn chordwise pressure distridbution. The chord-
wige dictridvution of circulation with such an airfoil would
produce the leost vDogsible maxinmunm local wvelocity. Thisg
fnet hos been recognized by Lock (reference 12) and Taylor
(referconce 14). The latter has discussed means of deriving
alrfoils of finite thickness with the desired constant
chordwise pressure distribution. Taig procedure ma;r there-
fore be considered as well established. Since a propeller
convosed of constant-wressure, zero-thickness sections .
would have the least efficliency loss at high speeds, such
airfoils will be referred to as "ideal propeller airfoils."
They represent the absolute limit of refinement of alirfoil
design from the standpoint of increase in critical lMach
number. The variation of ceritical compressibility speed
for the ideal prowveller airfoil is plotted against section
1ift coefficient in figure 4. (These data and all subse-
guent critical speeds shown, are for a standard altitude

of 20,000 feet, selected arbitrarily to approximate the
conditions w1th waich the designer is most likelwy to have
to deal.) The critical speed is detorwlned from the forw
nula developed by Jacobs (re*erence 8) which gives the
critical speed as a function of the maximum negative pres-
sure at low speed. The 1ift coefficient at high speed is
then deternined from the low~anopd cooffchent by nultiply=—
ing v Glauert's factor (1 - u2)"?

The effect of addine thickness to the ideal propeller
airfoil nmust now be considered. 3Br adjusting the chord-~
wise thickness distridution, the increase in local veloc-
i1ty with thickness can be'kept tc a minimun (reference 1)
The digtribution used for the NACA 00XX-35 and for the
00XX~564 tested (reference 1), prodadlvy approaches the lim-
it ia this regard. The maxinum suction encountered with
tne basic vressure distridbution of such airfoils, appears
to be about 70 percent of that of the conventional FACA
~four-nunber series and the Clark Y. (The basic pressure
digtridution is the distridution at zero 1ift for the un-
canbered airfoil.) Taking a thickness effect egquivalent
to that of the 00XX-64 airfoil and conbining the resulting
basic pressure distridvution with the 1ift effect of the
ldeal airfoil, a variation of critical speed with thiclk-
ness and 1ift coefficient has been determined. This vari-
ation, plotted in figure 5, is believed to De near the
practical limit attainable with any airfoil whatsoever.

If any further improvenment in taickness fect is possible,
it will be offset by the fact that an absolutely uniforn



presgure distribution due %o 1ift cannot be obtained. These
critical speeds may be compared with the comparable data
2iven in figure 3 for the Clark Y airfoil, widely used for
propellers, The Clark Y curves are based on the results of
reference 8, supplenented dy pressure-distridvution data.

It is interesting to note that some of the sections
tested (reference 1) have critical speeds very close to the
practical 1linmit, A conparison is shown in figure 6 for
9-percent-thick airfoils. This would secenm to indicate that
from the critical-speed standpoint, very little improvenent
in airfoil sectionsg is possible. TFisgure & is, of course,

a conparison of theoretical with experinmental data. It has
been shown {(reference 17) that the critical speeds attained
in airfoil tests, fall somewhat delow those predicted fron

)

low-speed pressure-~distridbution data.
EFFECT OF COMPRESSIBILITY ON PROPELLER DESIGN

In this section an attempt is made to evaluate guanti-
tatively the effect of the fore<%oing considerations on pro-
peller efficiencies at hish airplane speeds. Owing to the
scarcity of data, it is possible only to determine the
least compressitility effect - i.e., the highest efficiency

Y

that appears likely from the airfoil data available.,
Consider first, figure 7: Thisg Fizure <gives the vari-
ation of blade thickness~chord ratio with propeller diam-
eter assunmed hereinafter. This ‘thickness-chord ratio is
taken as slightly less than the thinnest propellers now
available. Due to the consideradle increase in structural
loads from conpressibility effects and to the fact that
diameters for high speed must be large, it is felt that
thinner bvlades are not likely to be developed in the near
future, even with improvement in materials. A spinner will
be assuned to- cover the inner 22 percent of the diameter
and curfs to extend from the spianer out %o 35 percent of
the diameter. 1In order to keep the sections near the
spinner dowvn to a reasonable thickness ratio, the cuffs.
nust assune huge proportions. The maxinun cuff chord would
probodly anve to be 24 inches or more, in order to nmaintain
the ratio shown. ’ ' ’

For a propeller with Clark Y airfoil sections and
thicknesses in accordance with figure 7, critical section
speeds are plotted in figure 8 aZainst propeller radius,



for two section 1ift coefficients. Fron this figure, it

is seen that a shock wave would fornm near the spinner at

2 section speed of about 350 niles per hour at 20,000 feet,
A shock wave would form near the tip at section speeds be-
tween 500 and 600 miles per hour, depending upon the sec-
tion 1ift coefficient., The influence of three-~dimensional
flow at the %tip, which would tend to increase the critical
speed slightly over the outer 5 - or 10 percent of the radi-
us (reference 10), has been neglected. It will be scen
that this i1s not an important factor.

The two curves on fisure 8 which are concave upward
represent the section speeds at alirplane speeds of 450 and
500 miles per hour, for a certain diameter and rpm which
will be mentioned later, A conmparison of the two sets of
curves pormits some interesting conclusions. First, at a
speed of adbout 450 miles per hour at 20,000 feet, this
propeller will become covered from root to tip with a
shock wave. Second, by comparing the slope of tho two
sets of curves, it is avparent that at higsh forward specds,
the shock wave forms almost sinultaneously over most of
the propeller, and that even with large blade~shank faire
ings, the root is as critical as the tip. At low forward
specds with high tlp spoeds, onlv the tip is subjccted to
the shock wave. Therefore, althouzh low forward speed
tests have indicated small reductions in efficiency due to
compressidility, it 1s not to be presumed that the reduc—
tions at high forward speeds will be moderate.

Figure 9 shows a similar set of curves for two other
propellers. The first propeller is called the "best prac-
tical proveller," because it is made up of the best »pro-
peller airfoils vwhose critical speeds are shown in figure
5, and the probable minimum practical blade thickness,
shown in figure 7. These airfoils, it will be recalled,
wvere intended to have the maxinmum vpossible critical speed
for a siven section 1ift coefficient and thickness. There-
Tore, the critical speeds of the "best practical propeller!
are believed to be the highest attainable with anyv practi-
cal propeller. The second nropeller, represented on figure
9, is the "ideal propeller" of zero-blade thickness and
least lift-coefficient effect. Its critical speeds are tae
absolute maximum for any propeller, whatever. These crit=-
ical speeds are dbased on theoretical con31deratlons, withe-
out reference to airfoil test data.

Shown for compa arison in figure 9, ars propeller-section
speeds for an airplane speed of 500 miles per hour. It is



seen tast, wvere it possible to keep the propeller section
1ift coefficient below 0.4, an airplane speed of 500 miles
per hour could be attained with this propeller before the
entire blade was covered with a shock wave. With even
lower coez:lcﬂents, slightly higher speeds could be reached
with a small part of the blade still below the critical
speed. . : :

\ Nowr, the results of figure 9 will have 1little signifi-
cance until the seriousness of the effect of the shock wave
upon propulsive efficiency is cestablished. Before atten
ing this, however, some of the compromises which confront
the dosigner will be discussed.

Practi a2l propeller doolﬁn for theose sveecds nust conm-
promisc between section spced and section-1ift coefficicnt.
Any effort to decreaso the 1ift coefficient by increasing
either the rpm or the diameter will, of course, oniy resultl
in increased section speeds, so that no Zain will de real-
ized. The nunber of blades and the blade width can be in-
creased, provided the thickness ratio is maintained. With-
out increasing the section speeds, this vill reduce thae
1ift coefficients. It will 2lso have an adnirable offect
on the blade loading at take—off which, with hizh-gpeed
airplanes, is alwavs likely to be exceggive. There are
limitations on the extent to waich this may de carried,
however. A reduction in coefficient Ffrom 0.3 to 0.2 would
require a 50-percent increase ia dlade width dut, from fizg-
cure 9, would only yield a 18-miles-per-hour increase in
pormissible section speed. Also, the centrifusgal force
creates a couple which nmust be resisted by the pitch con-
trol mechonism. This couple incgreases rapidly with dlade
width and dlade anzle. Since the torgue which the piteh

ect is %to 1imit the

(6 2 Y
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mechaanism can exert is limited, the off
blade width which can be employed

Another compromise is. brousht abdout by the fact that
the section L/D ratio has an important offect upon the
efficiency, The low 1lift coefficients desirabdle from the
compressibility standpoint, are gencrally consideradly de-
low the maximum L/D point. ortunﬂtelq, as tho profile
drag is rcduced, the C;, for bvest L shifts downward.
If it can De assumed th t airfoils deésigned for the reduc—
tion of compresszolllty offects will have lower profile
drag than is now current, the compromise required will not
exact sevore penanltios
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The importance of ndjusting the section lift coeffi-

e e

cient to obvtain high critical spceds has boeorn indlcated.
With prosent data, however, it would de im»ossidle to do~
termine the ~ngle of attack required at suporcritical
speeds to gige a certain 1ift coefficient. Therefore, the
1ift coefficient ot whlcq the sections arec to operate,
cannot be controlled within wide limite by adjusting the
ritca distridution. The result would be nu1¢1flc tion of
the advontnzes gained dy the use of high~specd sections.

Moreover, it is likely that even with complete data, a
Pitch distribution set to naintain the desired 1ift coeffi-
cicnts throughout the provellier diamcter would result in a
distridution at low spoocds so completely unsuitndle thot

-

the tnke-off and climd would de seriously affected.

In order to determine the effect of the shock wave,
the nropulsive efficiency will Dbe checked for a propeller
desizned for 500 miles per hour at 20,000 feet., A three-
blade propeller will be used to absord 2000 brake horse-
powver. Since in the practical case a reasonable efficlen-
cy in climb must be obtained, this rill require taat thae
blade be unstalled at 250 miles per hour at 10,000 feeot.
The effect of this requirement will be to place a reason=
able lower limit on the rpm for any diameter. The take-
off will, of course, be sacrificed since the blades will
be stalled at all spoeds Delow the clinmb speed. For a
conventional Hamilton Standard 8101 dlade form with Clark
Y sections, the mininum diameter that will satisfy the
above conditions is plotted azainst the rpn in ?ivuro 10.
Also saom”, is the tip speed for a forward speed of 500
miles per hour. It is seen that this tip speed varies .
slowly with diameter. The section speeds shown on figures
8 and 9, correspond to the 18-~foot 9=-inch propeller on
figure 10. ' . :

Wow the effect of an extensive shock wave on the pro-
pulsive efficiency, will be determined by calculation for
a propeller of 13-foot 9~inch diameter at 960 rpm. The
airfoll sections will be those for the "west practical pro-
peller," so that the critical speeds shown in. figure 9
will ~pply. It is assumed that the airfoil characterig-
tics are sufficiently well known at supercritical speeds,
that the pitch distribdbution can bve ndjusted as desired.’ 4
uniform lift coefficient throughout the radius will be used,
except over the blade-~shonk fairinss, vhich are most ade
vant ageously set ot zero lift,.

Using simple blade-eclement theory, the propeller effi-



ciency hans been calculated, assuning thnt the profile drasg
coe: ficients above the critienl speed are in accordance
-1 tadle I. Ho valuss grenter thnn 0.12 were used. As
ﬂoteu above, these are the lowest coefficients that can
concelvably result from interpretation of the NACA airfoil
date. Tahe fact that the maxinunm drag is not attained inme-—
diately at the critical speed, is offset br the previously
noted difference between the caleculated and the actual
critical speed. 3Below the criticnl speed, the profile drag
is assuned to be zero. The resulting efficiency appears in
figure 11 as the curve narked "T,,.". The upper curve is

SR ]

.-4
J'

ax
cnlculated from the test donts of rofererce 10, without +tip-
specd corroction. Owing to the maonner in which the assunp-—-

tions have deen duilt wup, the curve of Thax is believed
to represent the highest efficisncy which can be nittained
with any practical vpropeller, provided only that the HACA
airfoil data are applicadle to propelier calculations. The
lower curve in figure 11 is typical of propellers employ~
ing "best prdnnller airfoils" but having conveational pitch
ulstribuu-o 1S .

. Consideradle inves stization khas shown that the efficie:
ey nt 500 miles per hour carnot be raised appreciably adove
the TMy,x curve by varyiang the usual propeller parameters,
including the dlade loading {(number of rlades) fltﬂlP rea-—
sonable linits. The prinmary variadle which determincs th
nagnitude of the. eTf¢01 ncy ot these speeds, is th ra
cocfficient in the supercritical range.

0~O
‘:+

[

11) would be ox

The sharp drop in efficiency (fig. 1
Pected.to occur nt somewhnt hisher speeds, near sea level -
perhaps between 500 and 550 miles per hour.

m
La

. The eofficiencies shown in figure 11 re nl“h enoush

so that the possibility of fiight above 500 n1los por hour
“is not altocgether precluded but are low enouva to render

such spceds inpractical fFor .the presont unless sone auxil-

iary means of propulsion becone availadie. I* it becomes

Possible to reduce present proveller-blade thaicknesses na-

terially, thoe speed nt vhich the sudden officiencr drop

occurs, can be shifted upward. '

The results of reference 16, whick indicate low dras
coefficients at wvory high specds, point to the possibility
of inproving the propeller efficicncey by incrensing the
section speeds, once the entire blnde has pmssed its gpeed
for maxinunm d4ras coefficicnt. These results also indicato
thnt compressibdility inmposes no absolubte 1imit to useful
propollor specedo.

-
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EXPERIMENTAL CHECK

Because the available airfoil datn indicate comnpres-—
sibility effects of inmmedinte inportance to high-speed
airplanes, it becomes inperative that these data be caecked.

Fortunately, this should be possible at an early date.
Two experinental methods are sugzested.

Airplanes which, by diving, con nttain speeds in excess
of 500 niles per hour, nre noy available. ¥Wita an cxtrene-
ly sinplc test set-up, o ving thrust neters and torgue
neters, the propeller efficicncy can be neasured over a
wide rnnge of specds. The results can then Dbe conparcd
with predictions of tho alrfoil tests.

b
t

Tarust neters and torque neters wore enploved by tho
Lockhoed Alrcraft Corporation in 1939, to measure propel-
lor efficiencies nt noderate speeds, with satisinctory
results. Results within plus or ninus 5 percent would pro-
vide useful infornation, os present propeller calculations
nny well be iv error by several times this anmount at high
spoeds. It is folt thnt this accuracy could ecasily be
obtained,

While flight teosts would furnish an inmediate answer
to the question of wvwalidity of the airfoil data, o propel-
ler-~developnent progran would prodably require wind-tunnel
tests ot aish forward speeds. When wind tunnels. becone
availadle which can produce speeds of 500 niles por our
nt working-section densities corresponding tc¢ about 20,000
feet, the duplication of fulle-scale conmpressibility effccis
becones o sinple natter. PFigure 12a shows the range of
airplane conditions which it would be desiradble to covor.
Figure 12b shows the rmodel powers nnd rpm which would be
required to duplicnte the fFull-scale conditions exactly,
.except for Reynolds number, Witk a2 model-propeller dian-
eter of 2.5 feet, a rolatively snall tunnel would suffice.
.The nmaxinum nodcl power reguired, would be 130 drnke horse-
power ~t 8720 ryn. Hisgh-frequency fenred syacironous no-
tors, to moot this requircnent, could casily be built to
fit inside o 12-inch nacelle, By correclation with the
flight tests, tac validity of the wind-tunncl testes could
be estadlighed,
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THZ PROSPECTS FOR JET PROPULSION

linitations which practical »Hropellers place upon
gspocds should stimulate the development of Jot
on. ConVuntlonwl airplancs, vwith ongines avail-~
present, oppear to be linited to speeds in the

hood of 550 nmiles per nour at 20,000 feet, duec to
ib711tv cffects on portions other than tho propeller.
IF the praetical propeller characteristics derived in the
precediasg section do aceepteld, there romains a region sone
50 niles per hour in sxtent waich could hardly be cxplored
iﬁmedintply without the nid of jet propulsion. On the sur-
ace, at least, the developnent of this noons does not ap-
rpear to Dbe nurtlcul rly:eleodorate. In its endbryonic ?orm,
it haos been uded for the last wear or two on a nunber of
airplanes aore and abroad. Considerable resenrch vill be
rooulred before it will be advantazeous to feather the
propellier and procoed oz Jjet thrust alone, dut the rosults
of developnent work are certain to receive widespread at-
tention ~nd universal application in high-spmecd airplanes.

|—'o

fute Hr

futa

It ig bevond the scope of thig pavper 1o deal with
Jet »propulsion, cxcept in passing., It will suffice to
nention vthat, in addition to being relatively frece fron
compresqibilltv linitations, the Jjet has the added advan-
tage that its thrust is independent of speed. The propel-
ler, whose thrust varies alnost inversely with speed, nay
be dcscribed as an inherently low-spoed device.
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Lockheed Aircrnft Corvoration,
January 1941,
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