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" BLATE SECTTONS

By Blake W. Corson, Jr.end Nicholas Mastrocola -
SUMMARY

Static tests were mhrde on two full-scale three-bladed
propellers differing only in blade sectlons, at blaie angles
Trom O° to 20° at the three-quartors radlus. 7he tests were
mede out-doors under conditions of low wind velocity.

The data are analyzed on the basls of a statlc thrust
figure of merit, and by Driggs' Simplified Propeller Calculations,
which 1s a single-noint method of reiucing propeller data to
alrfoil data. 3tatic propeller data are reduced first to alr-
rcil data, then reconverted to propeller efficlency as a function
of advance ratio for the purpose cf compzring the NACA 16-series
blade section with the Clark Y blade section.

A comparison of the efficliencies computed from static data
indicates that a propeller having l6-series sections may give
ebout three percent higher efficiency than a Clark Y propeller
of similar blado form, when the blede sectlons operate at tip-
speed ratios cf ebout M=0.9 or M =1.0, at relatively high
forward velocity. The propeller with Clark Y blade sections

appears to be superior to that with the l6-series sections for
take-off and climb. '

" INTROIUCTION
The tests described in this report constitute one phase of
an investigation described in reference 1 “to check flight tests
made for -the purpcse ¢f determining the relative merits of the



Clerk Y and the 1l6-series sections. The tests were made on
propellers operating under the condition of z2ero forward veloclty.
Thrust and power were mpasured at variouas propeller tip speeds
and blade angle settings. The propellerse used were two
Hamilton-Standard three-bladed propellers identical in all
respects except blade sections. One propeller embodied the

Clark Y blade sections, the other was made with the NACA
16-geries sections.

Ag the stetic test conditions can not be universally
repreecentative of conditions of application, the absolute values
obtained from these tosts are not highly significant. The
results, however, can be very useful for meking qualitative
comparisons of propellers tested under identicel conditions.

The purpose of this investigation was to determine the
relative merits of the Clark Y propeller sections and the
NACA l6—gerles sections at various propeller tip speeds. The
propesllers are compared on the basla of a static thrust-—power
figure of merit. As a further analysis, use is mado of Driggs'
Simplified Propellsr Calculations, reference 2, for reducing the
propeller characteristics to quasl alrfoll characteristics. The
airfoil polars so obtalned are then reconverted imto the propeller
envelops efficlency as a function of the advance ratilo.

Thils investigation was made at the request of the Bureau
of Aeronautics, Navy Depertment. The testing was done on the
static test equipment of the propeller-research section of the
National Advisory Cammittee for Aeronautice at Langley Fleld,
Virginia.

DESCRIPTION OF APPARATUS

Test rig.— The static propeller test rig used in this
investigation, located out—doors, wae essentially the same as
that described 1n reference 3. The major difference in the
set-up is that for the present tests an eir—cooled radial
engine furnished the motive power. This englne required a
nacelle larger than that used in the earlier tests and of
somevwhat different shape., A photogreph of the set-up 1s
shown 1n figure 1, and a schematic dlagram in figure 2.

Enging apd nacelle.— In this series of tests the propeller
was driven by a Pratt and Whitney R-1340 radial air-cooled

engine. The power rating of this engine 1s 550 horsepower



at 2100 rpm. The propeller was driven directly at engine crank
shaft speed and at low blade angles was turned up to 2300 rpm,
The rotational speed of thé ‘engine and propeller was measured -
wlth a condenser tachometer which was not irn error by more
tha.n t1/2 percent, sbove 1000 rpm.

The englne cowling-nacelle combination wes a.rranged to give
as good cooling as was compatible with relatively low impedance
to the propeller slipstream.

llers.~ Two three-bladed Hamilton-Standard propellera
differing only in blads section were investigated. The propeller -
designated by drawing mumber 6250418 was made with blade sections
having the NACA l6-seriles alrfoll profiles, These sections,
described in reference L4, heve relatively sharp leading and
trailing edges, and have maximum thickness at the mid—chord
statlon, They are designed to work efficilently at high speed
by delaying the compressibility atall, The propeller identiiied
by drawing number 6267A--18 had conventional Clark Y propeller
sections. The blads form curves for both propsbllers are shown
in figure 3. Blade sections at the 0.70 R are shown in figure k.
The sectlon at the 0.70 R station rather than that at the 0.75 R~
was chosen beceause of the significance of the 0.70 R statlion 1n
Drigge! method of propeller analyeis.

TESTS

Each test was made at onoe blade angle sotting. Beginning
at about 600 rpm, the net thrust, torque, and propeller
rotational speed were measured simulta.neously at varlous intervals
until the highest speed obtaineble under 2300 rpm was reached.
Roadings were taken at speed intervals of about 100 rpm at low
speeds, end at much smaller intervals nsar the top speed. Each
propeller was tested et a series of blade angles from 0° to 20°
by intervals of approximately two degrees. The blade ‘angle was
measured at the three—quarters radius. Before and after each
run the wind velocity was measured with an anemometer. Tests
were made only when the wind velocity was leass than five miles
per hour,
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RESULTS
Coefficients and Symbols

The results of the static propeller testsare presented
in terms of conven“ional coefficlents.

T . .
= thrust coefficient
Cr = —55%

P
Cp =— ower coefficlent
P pn§55'p ®

Te =T - AD, effective thrust, pounds
T, tenslion in propelier shuft, pouniso

&D, +the force exerted by the propeller slipstream on the
necelle and struts, pouads .

P=92qsanQ, englne power, foot pounds per seéond

Q, engine-torque, pound-feet

p, mna3sc deneity of alr, slugs per cubic foot

n, bpropeller rotational speed, revolutions per second
"D=2R, propeller diemeter, feet

R, propeller tip radius, feet

Cf[CP; static thrust figure of merit

M=X : D s tip-speed ratio

¢, &pred of sound *n alr, feet per socond
J = V/n2, edvance ratio

V, alr speed, fect per second

N = gg-J, propeller efficiency
P




1.
2,
3.

h,

q e 1/2 pV2, dynamic pressure, pounds per sguare foot
L, 1ift, pounds )
D, : profile drag, pounds

S, area, square feet

‘op = Eég , lift coefficient

Cp = ED_S , profile drag coefficient

Table 1

Description of the Figures

Photograph, statlc propeller test rig.
Dlagram of statlc thrust and torgue set—up.
Blade form curvea.

Propeller blade sections at the 0.70 R.

5-8. Variation of static thrust and powsr with tip-speed

ratlo and blade angle.

9-18. Static propeller cheracteristics as functions of blade

19-21. Ccmparisons of atatic-thru.st figure'a of merit.

e2.

Lift and drag coefficients computed from static
propeller characteriatics.

23-pl, Envelope efficiemiea ccmyuted ‘by Driggs® method.



DISCUSSION

In thils series of static propeller tests, mede for
comparing the Clark Y ajlrfoil propeller section with the
NACA l6-peries section, the independent variables used were
blade angle and propeller rotational speed. Blade angle was
fixed for each test, hence changes in propeller characteristics
durlng e run must be attributable only to changing propeller
rotational speed. At least three factors which affect the
behavior of the propeller blade alrfoll sectlons are functlons
of the rotational speed. Of first importance i1s the increase
with tip-speed ratlo of the Mach number at which the blade
sections work, and the changes in blade gection alrfoll
characteristlcs with Mach number. A secondary effect of
increase in rotaticnal epeed 1s an increase in the Reynolds
number at which the blade sections work. . A third factor, of
unknown influence, is the tendency of the propellsr blade to
discard by centrifugel force the retarded alr composging the
boundary layer. Both of.the latter two factors have a bene-
ficial influence on the performance of the blade sactions.
Evon at a tip-speed much below that for normal operation
most of the propeller sectlions work af values of ths
Reynolds number greater than the critical; hence, as the
Reynolde number is increesed blade section profile drag
coefflcient 1s reduced and maximum 1ift coefflclent 1s increased,
The effect of centrifugal force onthe zir in the boundary layer
may act to remove it, which would have the effect of delaylng
the normal stall.

Apparently the only adverse effect accompanying high
propeller tip spoed 1s dus to the behavior of alrfolls in
compressible flow as the elr speed approaches the veloclty
of gound. Wind-tunnel tests, reference 5, have shown that
both the 11ft and drag coefflcients of an alrfoll increase
vith increasing Mach number until a criticel value i1s reached.
This value 1s belleved to be reachesd when the local eir
velocity at same point on the airfoll 1s equal to the velacity
of sound. As the Mach number 1s increased beyond the criticel
value the 11ft coefficlent decreamses while the dreg cosfficlent
increases more rapldly than 1t does at subcritical velues of
the Mach number. Only the net influence of the several factors
is measured by static propeller tests. Therafore, tho edverse
effect of alr compresalbility on blade section bshavior at high
tip speed, being partilally offeet by bemeficial factoras, 1s not
as fully discernible from static propeller tests as from wind—
tunnel tests on airfoils.



While the tests were bdeing made it was.noticed during eabh-_ _
run that, the ‘character of the ‘nolse emitited. by the -engine and -
propeller began .to.change from a roar to s penetrating note at
about 1800 yym. The propellsr diameter was ten feet. - This may
indicate that the .f-irsb shock waves are set up at the propeller.
tips at a tip speed. ratic of atout M = O, 82 The region of the *

propeller blade tip producing a shock wave spreads inwardly es ' o

the tip a;pped.—ra.tio incresses. Since the highest velue of the -
tip-epeed ratio obtained .in those tests was M = 1.05, only thome
sections at radil gregter than 0.78 R were .working at a velus-

of Mach ﬂumber greater then M = 0.82. The effect of compressi-
bi1lity indiceted in the figures was produced in most cases 'by a
relatively emall outer portion of the propeller blades.

The basic pitch distribution for the propeller blades
subject to these tests was 30° at the three~quarters radius.
This pitch distribution will give highest propeller efficiencies
within a renge of advence ratio between J = 1.3 end J = 2,0,
This higa basic pltch dlstribution does not lend itself well
to static propeller tests because of the great difference in
angles of attack of the inboard sectlions from those of the
tip sections. A hlgh basic pitch distribution results in a-
tendency for a.propeller in static tests to yleld less thrust
for a glven power than g simllar propeller with less blade
twist. It'1s this fact which dlscredits the propeller polars
and effliciency curves computed by the single-point method from
the results of static tests, and confines their usefulneas to
qualitative comparisons.

The varlation of statlec thru'st coeffioient,s with t:lp—speed .
ratio shown in figures 5 and 6 verifies the results of wind—-tunnel
tests on airfolls, The increasing static thrust ceefficlent with
increesing tip—eneed. ratio indicates that, when blade sections
near the tlp ere working et positive 1lift, the 1ift coefficilents
increase with increasing Mach number up to a certain point. The
lower rate of increase of the static thrust coefficient as tip—
speed ratlos approach unity indicate a decrease of the 1lift ..
coefficients of sectlons near the blade tip as the Mach number
at which they operate approaches unity. The rapid rise of the
static thrust coefficients with increasing tip-speed ratio '
produced at the high blade angles &ven at low values of the
tip-speed ratio may be attributable to Reynolds number effect
and to the bemsficilal actiom of centrifugal force 1n throwing
off dead air from the stalled regd.o:noftha propeller. .

The veriation of static gmr ooefficient with tip—spped.‘
ratio, shown in figures 7 and also agrees with wind-tunnsl -
tosts on airfoils. The slight decrease of the static power




coofficients with increasing tip—epeed ratio at low valuse of
the tip-spésd ratio may be due to decreasing drag coefficients
of the blaede section with increasing Reynolds number., For the
blade settings which yleld positive 1ift near the tip, the ,
gradually increasing power coefficlents at tip—epeed. ratios of
about M = 0,7 or M= 0,8 agaln indicate- the increase of
1ift and drag coefficlents of airfolls working at Mach numbers
below the critlcal. The sharper rise of the power coefficients,
for all blade settings, as the tip—spsed ratio approaches unity. .
is comparable to the rapid increese of airfoll drag.coefficients
aB the Mach num:ber approaches unity:

F:lguras 9 to 18, inclusive, are cross plots of figuree 5
through 8 at tip—epeedratios of M=0.5, 0.7, 0.9, 1.0, and 1.1,
The static thrust and power coefficlents and static thrust figure
of merit are shown as functions of blade angle at the three—
quarters radius. The fact that the sgtatic thrust figures. of
merit for the l6-series sections reach maxima at eslightly higher
blede- angles than the Clark Y sectlons may be accounted for by
the higher angle of gero 1ift for the l6—series sections.

The rela.tive merlts of the two propeller sections may be
shown best by comparison of properties independent of blade angle.
Figuree 19 through 21 present comparisons of the static thrust
figures of merit of the Clark Y and 16-series sections plotted .
against power coefficlent at values of the tip-speed ratio of

M=0.,5, 0.7, 0.9, 1,0, and 1.1. These charts show that in
goneral the l6~seriee sections are superior to the Clark Y
sections over s limited range of operation. Inaamuch as the
1l6-geries sections woré specifically designed to operate
efficlently et hlgh speed the extent of their superiority shown
by-these static tests 1s disappointingly small. For both
goctions the values.of the figure' of mprit reach a maximm. at
a tip-speed ratio between M = 0.7 and M = 0.9; hence, a.
propeller might be expected to operate most efficiently at a
tip speed ratic of M = 0.9 or slightly less. Figure 19 shovs
that there 1s almost no cholce between the sections at M = 0.5
and M = 0.7; the 1l6-series section appears better through e
small ‘range at low values of the power coelficient, and the
Clark Y slightly- superiOr for all higher values of the.power
coeffliclent.

The comparison of static thrust figures of merit in
figure 20.is more favorable to the l6-series section. At M = 0.9
the valuss of the static thrust figure of merit for the l6-serles
section exceed those for the €lark Y section Py an‘:average of
about four percent over a comparatively largs .range of values




6f power coefficlemt. :At M. =.1.0-the superioriiiy of:the. 16-series
section averaged-only- .about twp. percent, dut' in this case  also

the superiority held over:a reasonsbly:vide-range of -power:.-
coefficlent ;values.. Even at these tlp—speed iatlios; however,

the .superiority of:the Clark Y section at high power-coefficients,
that, 1s, under high loading,-1is unquestionable. ~Propeller .. .
effioclency is equal-to the product of thrust figure of merit .
miltiplied by advance ratio (n = CT/CP -X J).. The valus of: the

thrust figure of merit necessarily‘ decredses es the edvands = °
ratio ‘inoreases: 'If the relative values of the ‘thrust-figures '
of merit of the two sections do-not change with advance rdtio, ™
about three percent greeter efficlency may be expected of a
propellei enbodyihig the 16-geries asctions -than from one made
with Clark Y sections, when thé valus of tip-speed ratio 18 cloge
to M =0,9 or M= 1.0, In statié tests the axial: velocity
through the propsller is relatively amall. When a propeller 1is
in actusl operation advancing at a normel high speed, the blade
section resultant velocity of rotation and advance is considerably
higher than the velocity due to rotation alone and consequerntly
the reglon of the propeller tip suffering a compressiohal loss
extends considerably farther i{nboard. The propeller losdses at -
high tip-g8peed ratios 1m1:lca.ted. by static testa will most’ likaly
be exceeded in flight. '

The static thrust figures of merit presented 1n flgure' 21
indicate 1little difference between the behavior of the two
sections at a tip-speed ratio of M = 1.1 Since all of the values
at M =-1.1 viore obtained by extrapolation, the comparison ‘at
this tip speed. ra.ﬁio 15 not' conclusive.

The - 117t a.nd drag coefficients computed by the method given
in réfereénce 2 from static propeller characteristics ere presented
48 polard-in i’igure 22,: Thege of ndcesbity yield the seme
information as the static thrust figure of merit comparisons,
though in e more easily interpretable form, This method of
Propeller blade section analysias regards the propeller as an
airfoil acting at the eeven--ﬂenths radius stetion. For both
sections the value-of hinimum dreg coefficient does not change -
much- bétwaen valies -of tip-epeed ratio of M = 0.5 .to M= 0.9,
The drag coefficlents inerease rapidly with tip-speed ratio when
thesé: values exceed M= 0.9. Maximum Iift coefficlunt-decreases
cortinuousiy ‘for both- dectiéns as the tip-speed rutid increases.
The distinct ea.rly stell of:the 1b=geries section agaln indicates
the superiority under ‘heavy loasding of the Clark Y sections which
attain ‘higher 11f%- coeffiolents "and- sta.ll more era.d.ually This
leads directly to the comolusion that the Clark Y propellor is
guperiocF~to thd l6-doriss propeller during take-off. This is in
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egreement. with the.results of wind-tunnel tests reported in
reference 1. The -information obtained in the wind-tunmel at °
low values of. the tip-speed ratio with regard to propeller
stall during:take—off apparently holds for all Higher values
. of the tip-speed ratio. These polars do.not represent absolute
values -of the alrfoll characteristice, but are chiefly for the
purposs of compering.the Clark Y and 16-series propeller
sections. The unususlly large valuss of the drag coefficlents
shown by these polars may be due both to -the high pitch
distridbution of the propellers and to largs impedance to the
propeller slipstream by the cowling and nagelle.

The propeller polars shown 1n figure 22 have been used in
applying Driggs' method for computing propeller efficlencies.
Since the polars show only relative values, the computed -
efficlency curves likewise can show only relative values.

The abasolute values indicated near maximum efficiency are about
ten percent lower than those obtained in wind-tunnel tests

6n the same propellers with a well streamlined body, refer-
ence 1, Figures 23 and 24 are comparisons of the computed
envelope efficiency curves of two propellers identical in all
rospects except blade section. The assumed power avallable

is that which may be obtained from a Pratt and Whitmey R-—2800
engine with the propeller geared to operate at one-half engine
speed. In these computatlions the actuml propeller tip-speed
ratio was used rather than rotatlonal tip-speed ratio.

Flgure 23 presents relative efficlencies at ssa level.
Due to tho low maximm 1ift coefficients obtainable with the
16~series sectioms, the Clark Y propeller is superlor at the
very low valuss of advance ratlo encountered at take—off. At
high values of the advance ratio vhere the blade sections work
at lower 1ift coefficients and where the effect of compressibility
becomes noticeable the propeller having l6-seriles sections is
slightly more efficient. i

A comparison similar to that Just made 1s shown in figure 2k
for the conditions obtalnable at an altitude of 19,500 feet,
Since air temperature decrvases with increasing altitude, the
acoustic velocity also decreases and consegusntly tip—spaed
ratios increase. True.tip mpeeds also lncrease with altitude
due to the higher forward speeds obtainsble, Computations show
that the propellers of airplanes now in use at high altitude
may be operating at tip-speed ratios of M = 1.2 or kigher.
The lower pair of curves in figure 24 .ghows a comparison of.
propellers having l6-series sections and Clark Y sections
operating at true tip-speed ratios, The Clark Y propeller is
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still superior at low values of the. advance-retio-dve to»the mnll
valuss of max.lm 11ft coefficient obtaimble with the 16-series.
"sectiond, At highpr ¥alues-of the- ud.vunoq ratip, however,.whare
the blade sections operate at lover 1lift.coefficlents the 16-geries
sections show their supsriority.” For the example taksn the
propeller operates at & tip-speed ratio of M = 1.0. when the
velus of the advance ratio is J = 1.5. At this point, M = 1.0,
where the data obtainéd in these ‘tosts are .fairly reliable, the
16-geries sections show up favorably, yielding a propeller
efficloncy ebout three percent higher than can be obtained with
the Clark Y sections, At highex values of the advance ratio,
where the tip-speed ratio was es high as 1.2, the omputa.t!.ona
depended upon extrapolation considersbly beyond the rangs of the
test data and are therefore not reliable for camparing the two-
soctions, Use of this extrapolated data, however, gives a felir
indication of the trend of the propeller efficiency at high
valws of tip-speed ratio and advance ratio. The two upper
curves in figwe 24 were obtained by computations identical with
those by which the lower curvees were obtained excopt that the
propeller polars for a tip—speed ratio of M = 0,5 were used.
These curves show what relative propeller efficiencies could

be obtained if there were no loss due to compressibility. The
differences between the curves for a tip-gpeed ratio of M = 0.5
and the ourves for the true tip-speed ratios indicate roughly

the campreselbillty loas.

REMARS

1. Both propellers gave highest values of the -static
thrust figure of merit at a tip-speed ratio between M = 0.7
and M = 0.9; hence, in flight highest efficiency may be
expected in the same rangs of tip—speed ratios.

2. Propeller efficiency at high aspeed oanpubed. from these
static propeller deta indicates-that at tip—speed ratlos olose
to M = 0.9 the propeller having l6-series sections yiolds shout
three percent higher peak efficiency than the propeller embod:yins
Clark Y sections.

. ..

3. The propellor having 16—ser1'es blade soctions was found
to stall at lower values of the 1ift coefficient than did the
Clark Y propeller at all values of the tip—speed ratic.. This
agrees wlth low—spsed wind-tunnel tests which indicate the
superiority of the Clark Y propeller for take—off and climb.

On the basis of these statlic tests the superiority of the Clark Y
pr:zeller for teko—off and climb holds for all values of tip-speed
ratio.
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4, Tt 1s.to’be understood, that the ¢conclusions reached
from.thege tests with regard to the l6-series sections apply
only. to sectlons designod to operate most effectively et 1ift
coefficlents between Cp, = O, 40 and Cg = 0.50.

T ) 1s probable that better take-off end climb operation
could be obteined from a l6-series propeller designed to operate
best at higher values of the 1ift coefficient than those Tor
which ths subject propeller was designed.

6. Redesign of the 16-series propeller with greater blade
aroa and for higheor tip-speeds might produce a propeller with
much better teke-off characteristics with little sacrifice of
efficiency at high speed.

Langley Memorlal Asronauticael Laboratory.
National Advisory Committee for Aeronautics,
Langley Field, Va., August 28, 1941,
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Figure 1.- Static propeller test rig.
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