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THE EFFECT OF BLADE-SECTION THICKNESS iMTIOS ON THE AERODYNAMIC
CHARACTERISTICS OF RELATED FULL-SCALE PROPELLERS AT

MACH NUMBERS UP TO 0.65 ‘

By JULIAND. MAYNARDand SEYMomi SmmmQ “

SUMMARY

l’heredt.sof an inv.dgalion. of two 10-fotiWmnAer, two-
bladeiVACA propeUer8arepremn.tedfor a range of bludeangl.a
from 20° to 66° at aw8peeA up to 600 mika per hour. Theve
r& are comparedwith three from previous invmtigations of
jive related NACA propel-kmin order to emlwate the efecti of
bladeeection thid?ne88ratws on prqpeti aerodynamic chaT-
acteri9tiC’J3.

The envelopee~ of all h A?ACA propeJ?cr8are high
at the lower rotational 8peede at which the adver8e e~ects of
compremibility are 8ma11. 1%-ehighat ejhiemxh, abo-ut93
percent at a helical tip Mach number of 0.9 and 84 percentat a
helical tip Mach number of 1.J, reject the imp.ortarweof w“ng
thin, emt airfoil sectti throughout the bhute. For pro-
peller operation at constant rokztional sped and power -at
helical tip Mach number8below0.8, a reductionin blade-section
thickn.emfrom 12?to 8 percent at the 0.7-radiu8 8tat@-n,or ap-
proximatdy one-third all along the radius, Temh in gain3 in
propeller em up to 10 percent.

T?wmaximum ej%iency of a propeUer operating at a helical
tip Mach number of 1.1 and Mach number of adwmceof 0.6fi6
may be increased approximately i!O percent by reducing the
blade-section thi&u?4i8from 1.%to 6 percent at the 0.7-radiw.s
8tatwn. At thti 8izm8 C07Uii.ti07t of OjWIWiiO?l for propeb’8
huving bhzd.e-sectionthiAn.e8se8 between 12 and 8 percent at
thz0.7-radius 8tation, the maximum_ incremm approx-
imatdy 3 percent for each decrtxu?ein thicknes8of 1 percent at
this 8tatwn. For bf.ade-sectwnthiekna8ee between 8 and 6
percenl at the 0.7-radim stdion, the rate of increa8e in pro-
ptd.er ejiCiHwy with reduztti in blaohectwn thi.ckne88tk
8m41k?r,but fUrh reductions in thickn.e38may 8t~ improve
the maximum ejicbwy of propeUer8operating at high foiuwm?
speed8wiih h-did tip Mach numbersw high as 1.1.

INTILODUCI’ION

A general investigation of the aerodynamic characteristics
of a series of full-scale 10-footdiameter propellers at air-
speeds up to 600 milesper hour has been made in the Langley
16-foot high-speed tunnel. The purpose of th&investigation
was to determine the-combined influence of propellerdesign

parametem and air compressibility upon propeller perform-
mce. The blade designs embody variationij in shank form,
blade airfoil section, design lift coefficient or camber, blade
width, and blade thickness ratio. Most of the blades have
the high-&iticd-speed NACA 16-seriesairfoil sections (ref. 1)
and have been designed, without consideration of compressi-
bility effecti, for a minimum induced-energy loss whti operat-
ing as four-blade propellers at an advance ratio of 2.1 and a
blade angle of 45° at the 0.7-radi~ station.

The primary effects of blade-section camber on propeller
performrmcehave been presented in reference 2, and the data
showing the characteristk of other related propellers in the
serieshave been prewrited in references 3 to 9. This report
presents the aerodynamic characteristics of two propellers
and extends the investigation of related propellers to include
those having thickness ratios as low as 0.05 at the 0.7-radius
station. The purpose of the report is to make a comparison
of the performance data ftm th~e two propellers with the
data contained in references 3, 5, 7, and 8 in order to afTord
an evaluation of the effects of blade+ ection thickness ratio
on propeller aerodynamic characteristics.

The thiclmes-sratio of propeller blade sections is of increas-
ing importtice in the design of propellers for high speeds
because of the compromise which must be made between
structural requirements and the requirements for thin high-
critical+peed sections which are neceesary to avoid excessive
compressibility lopees. Compressibility effects have long
been known to cause radical changes in the characteristic of
the sections along a propeller blade, and a lack of suitable
airfoil section characteristics at the present time has made it
necessary to evaluate by means of propeller tests the effect
of blade-section thickness ratio upon propeller performance.

SYMBOLS

B. number of blades
b blade width, ft
Cp . propeller power coei3icient,P{pn3Db
CT propeller thrust coefficient, T/pn’lY
cad blade-section design lift coefficient
D propeller diameter, ft
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blade-section maximum thickness, ft
propeller advance ratio, V/nD
Mach mnnber of advarye - -

‘~~’@fachn~b”M+w ‘
propeller rotational speed, rps
power absorbed by propeller, ft-lb/szc
radius at any blade section, ft
propeller tip radius
propeller thrust, lb
velocity of advance, fps
fraction of propeller tip radius, r/R
blade angle, deg
blade angle at 0.75-radius station, dog

propeUereflicienv, J ~

induced efficienq
mass density of air, slugs/cu ft

h
I

solidity, B ~ TX

APPARATUS

l?hotographa’of the 2,0Q0-horsepower dynamometer in the
test section of the Langley 16-foot high-speed tunnel with
the tunnel open and dosed are shown in @res 1 and 2,
respectively. A diagram showing the,important dimensions
of the propeller dynamometer and its location with respect to
the test section is presented as flg-a.re3. A detailed descrip-
tion of all the test apparatus and the methods of measuriw
thrust and torque ar~-presented in reference 3. The fairi.&
Profilewas calculated from a distribution of sources and sinks
~ produce a body of revolution &th uniform mial velocity
in the plane of the propeller. This axial-velocity distribution
has been checked experimentally and found to be uniform
within 1 percent. The gap betywen the propeller blade and
the spinner surface at the propeller blade-spinnerjuncture is
very small (fig. 1) but is not sealed.

PROPELLER BLADES

The two propellemfomvhich data arepresentedin thisreport
are the NACA 10–(3) (062)-045A and NACA 10-(3) (05)-045.
The NACA design numbers are descriptive of the ahape,
size, and aerodynwnic characteristics of the blades used in
this investigation. The fit group of digits represents the
propeller diameter in feet, and the remaining groups of digits
indicate the design lift coefficient, thickness ratio, and
solidi@ per blade at the 0.7-radius station. The following.
table shows the blade design numbers of the various propel=
lers discussed in this report and also shows the significance
of the groups of digits in the number designation: .

I I 1 I [
I NAOA dwignnmnk I CI,4at0.7R I h/batO.7R ] m/BatO.7R I

m03 ~R.._.- . . -------------------

mom...:.. ---- . . ..-_ . . . . --------

am 0.03
:: %. .04s:%2 .046

.CM6:F .Cua

L I

The sutlix R indicates a blade having conventional round
shank sections, and the sufix A indicates a blade with modi-
fied shank sections. The NACA 16-serie9blade sections were
used for all the propellers listed in the table, and, with tho
exception of the NACA 10-(3) (08)-03R blade, wido airfoil
sections extend to the spinner. The spinner has a diameter
equal to 21.7 percent of the diameter of a 10-foot propeller.

l?igure 4 shows the blade-form curves for the NACA pro-
pellers having a solidity of- 0.03 per blade at the 0,7-rrdius
station, and figure 5 shows a comparison of the blade sections
at two radial stations for the same group of propellers. The
blade designs are closely related, but two of the propellem of
this group difFernot only in thiclmem but also in distribu-
tion of section design lift coefficient, blade width, and
pitch distribution. These diflerencea between the NAOA
10-(3) (08)-03 and NACA 10-(3)(08)-0311” bladea me the
re9ult of an effort to maintain the loading for minhqum
induced-energy loss as far inboard as possible on the round-
shanked blade. The NACA 10-(3)(12)-03 blade has the
sameradial distribution of blade-section designlift coe5cient,
the same blade width, and approximately the samo pitch
distribution as the NACA 10-(3)(08)-03 blade, but ‘its
thickneswis”greater at all radii.

l?igure 6 shows the blade-form curves and figure 7 shows
the blade-section comparisons for the group of propellws
having a solidity of 0.045 per blade at the 0.7-radius station.
The propellers of this group have the same radial distribution
of blade-section design lift coefficient, the same blade width,
and approximately the same pitch distribution. The NAOA
1W(3)’(062)-045 design has the thickest shank sections of
this group, although its outboard sections are considerably
thinner than those of the NACA 10-(3)(08)-046 design.
The NACA 10-(3)(062)-045A design was made by simply
thinning the shank sections of the NACA 10-(3)(062)-046
blade until they had the @ne thiclmwa as the NAOA
10-(3) (08)-045 design at the spinner; the thiclmess of the
sections between the spinner and the O.7-radiua station was
obtained from a faired line between these two stations. Tho
NACA 10-(3)(05)-045 design was made by thinning tho
sections of the NACA 10-(3)(062)-045 blade until the sec-
tions at the spinner and tip had the same thickness as tho
NACA 10-(3)(062)-045A blade, but the sections between
these two stations were made thjnner.

TESTSAND REDUC1’10NOF DATA

Thrust, torque, and rotational ~e~d were measumd during
tests at tied blade angles of 20°, 25°, 30°, 35°,40°,45°, 50°,
and 55° at the 0.75-radius (45-in.) station. A constant
rotational speed was used for most of the tests, and a range of
adwmce ratio -wascovered by changing the tunnel airapewl,
which could be varied horn about 60 to 500 miles per hour.
The range of blade angles covered at the various rotational
speeds used in the teats of the NACA 10–(3) (062)-045A and
NACA 10-(3)(05)-045 propellers, together with figure num-
bers, is shown in table I. Similarinformation is also shown in
table I for the other propellem as taken from references 3, 5,
7, and 8. l?or the higher blade angles, the complete range of
advazm ratio could not be covered at the higher rotatiomd
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speeds becnuse of power limitations. In order to obtain
propeller characteristics at maximum tunnel airspeeds, a
blade angle of 45° was chosen, for which the peak-efhciency
operating condition could be attained when the tunnel air-
speed was at or near the maximum and the dynamometer was
operating at its maximum power and rotational speed. For
these tests at a blade angle of 46°, the rotational speed was
varied to obtain data from the penk-efficiency conditions to
the zero-torque’ operating condition.

The test data have been cmrected for twmel-wall interfer-
ence and for forces acting on the spinner by the methods
described in reference 3 and are presented in the form of the
usual thrust and power coefficients and propeller efEciency.
Propeller thrust, as used herein, is defined as the shaft
tension caused by the spinner-to-tip part of the blade rotating
in the air stream. Tests were frequently repeated during the
investigation, and, for purposes of comparison, the data are
considered accurate within 1 percent and the faired envelopes
are believed to be accurate within much closer limits.

RESULTS AND DISCUSSION

Faired curves of thrust coefficient, power coefficient, and
propeller cfliciency plotted against advance ratio arepresented
b figures8 to 16 for the two-blade NACA 10-(3) (062)-045A
propeller and in @ures 17 to 25 for the two-blade
NACA 10-(3)(05)-045 propeller. Test points are shown on ‘
the figures giving thrust and power coefficients. The varia-
tion of Mach number of advance and helical tip Mach
number with advance ratio is shown in the @&es giving
propeller efficiency.

EFFECT OF BLADl%SECI’fON THICXNE3S iATIO ON ENVELOPE EFFKZENCY

IHgure26 presents a comparison of the envelope efficiencies
of NACA propellers 10-(3)(08)-03, 10-(3) (08)–03R, and
10-(3) (12)-03 (refs.3,5, and 8) at thevariousrotational speeds.
The thinnest blade of this group, NACA 10-(3)(08)-03,
maintains an envelope efficiency of over 0.90 throughout
the range of advance ratio of the teats at rotational speeds
of 1,140, 1,350, and 1,600 rpm. At these rotational speeds
and at the desigg value” of advance ratio, 2.1, the NACA
10-(3) (08)-03 propeller is horn 2 to 3 percent more efficient
than the round-shanked propeller, NACA 10-(3) (08)-03R,
and from 1.5 to 5.5 percent more efficient than the NACA
10-(3) (12)-03 propeller. At the higher rotational speeds
[2,000 and 2,160 rpm) the envelope efficiencies of all three
propellers are reduced. The propeller with the thinnest blade
sections suffers the least reduction in envelope efficiency,
whereas the propeller with the thickest outboard bkde sec-
tions suffers thegreatest loss in envelope efficiency. At 2,160
rpm and an advance ratio of 0.90, the envelope efficiencies of
the NACA 10–(3) (08)-03R and NACA 10-(3)(12)-03 pro-
pellers are lower by 4 and 12 percent, respectively, than the
envelope efficiency of the NACA 10-(3)(08)-03 propeller.
These differences in envelope efficiency at the higher rota-
tional speeds may be attributed to compressibility effects,
which generally lower the lift-drag ratios of thick blade
sections at high section Mach numbers.

In figure 26 (b) the envelope efficiencies of the NACA
propellers in the 0.03-solidity group are compared “withthe
induced efficiency of a two-blade propeller with the Betz

loading for minimum induced-energy low. This curve of
optimum efiiciancy was calcdated by a method neglecting
all profWdrag losses (r?f. 10) for a two-blade propellw
operating at the same values of power coefficient as were
obtained with the NACA 10-(3)(08)-03 propeller. Although
the power coefficients for maximum efficiency are slightly
dii7erentfor the three propellers in this group, the values of
induced efficiency may be considered accurate within about
1 percent for all three propellem. At the design value of
advance ratio, 2.1, the ihduced losses amount to about 4 per-
cent and the profile-drag losses amount to 3 percent for
the NACA 10–(3) (08)-03 propeller. At this same design
value of advanco ratio, the proiibdrag losses of the NACA
10–(3) (08)-03R and NACA 10-(3)(12)-03 propellers are
about twice as great as those of the propeller ha+ the
thinner blade sections. The higher efficiency of the NACA
10-(3) (08)-03 propeller, about 93 percent at a helical tip
Mach number of 0.9 and 84 percent at a helical tip MrLch
number of 1.1, reflects the importance of using thin, allicient
airfoil sections throughout the blade.

A comparison of the envelope efficiencies of the NACA
propellers in the 0.045-solidity group is shown “infigure 27
for various rotational speeds. Again, the thinnest blade,
NACA 10-(3)(05)-045, of the group h% the highest effi-
ciency, and the envelope eillciencies of all the propellers are
reduced at the higher rotational speeds. Ordy small differe-
nces exist in the envelope efficiencies of the NACA
10-(3) (05)-045 mid NACA 10-(3)(062)-045A propellers,
although the blade sections of the latter propeller are thicker
at all radial stations except at the shank and at the tip.
The fact that the thinner blade sections of the NACA
10-(3) (05)-045 propeller do not improve its efficiency much
above that of the NACA 10-(3)(062)-045A propeller may
possibly be explained by the slightness of the improvements
in the lift-drag ratios of the thinner blade sections. Figure
14 of reference 11 shows that there is little difference in the
lift-drag ratios of 6- and 9-percent-thick sections (16-3=
airfoils) at lift coefficients up to 0.4. Since a large portion of
the radial load is perhaps carried by the blade sections of the
NACA propellers having a thickn- of 9 percent or less, a
reduction in thickness from 6.2 to 5 percent at the 0.7-radius
station might be expected to cause only small changes in the
propeller efficiency. This result is perhaps true for the
conditions of operation under which the tests were made;
however, the d.iilerencw in efficiency between the two
propellers may be greater at Mach numbers of advance
higher than ,those used in these tests. If higher’ Mach
numbers of advance and lower rotational speeds had been
used to attain the helical tip Mach numbers shown in the
@urea, greiiter portions of the blades would be subjected
to the effects of compressibility. Since the airfoil data in
reference 11 show hat, in general, the thinner sections have
the higher lift-drag ratios at the higher Mach numbers, a
reasonable assumption would be that the propeller having
the thimner blade sections along the radius would have
smaller efficiency losses due to- compressibility. The
envelope efficiencies of the NACA 10-(3)(062)-045 and
NACA 10-(3)(08)-045 propellers, which had the thickest
blad6 sections. are from 1.5 to 4 percent lower than the
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envelope efficiencies of the thinnest propeller in the
solidity group.

ADVISORY .COMWTI’EE

o.045-

The induced eihciency has been calculated from the values
of power coefficient obtained foi each of the NACA pro-
pellers in the 0.045-solidity group, and the curve showing
induced efficiency in iignre 27 (b) maybe cmsidared accurate
withizwbou~ 1 percent for all four propellers At the design
value of advance ratio, 2.1, the curves in figure 27 (b) show
that the induced losses amount ,to about 5 percant and the
protibdrag losses amount to only 2 percent for the NACA
propeller having the thinnest blade sections. The NACA
10-(3) (08)-045 propeller, which has the thickest outboard
blade sections in this group, sufFersthe greatest proiile~ag
loss (about 4 percent).

The envelope efficiencies of all the NACA propellers in
both solidity groups are very high, and the d.iilerences in
efficiency between the various propellers of each group are
small and diflicult to analyze for wme conditions of opera-
tion. Where the differences i.p efficiency are small, the
relative ditlerences in thrust and power co&cients are also
small, and it is d.iflicultta draw any general conclusion as to
whether a loss in eiliciency is caused by a loss of thrust or an
increase of power, or both.

EFFEmOPTHI~ RATIOONCONSTANT-POWRR
PROPELLER OPERATION

Airpkme propellers often operate over an extensive range
of advance ratio at constant rotational speed and torque.
Since blade-section thickness ratio tiects the power-
absorption qualities of a propeller to some extent, the data
for the NACA.propellers have been compared in figure 28 for
operation at a constant power coefficient of 0.15 and a
rotational speed of 1,140 rpm. This condition of operation
may be considered representative’ for twtiblade, 10-foo&
diameter propellers and provid~ a reasonable basis of com-
parison. An interesting observation in @ure 28 (a) is that
the drop in efficiency occurs at a lower value of advance ratio
but is more gradual for the round+hanked propeller than for
the NACA 10-(3)(12)-03 propeller, which has thinner shanks
but thicker outboard blade sections than the round-shanked
propeller. At advance ratios above 3.2, the thicker out-
board sections of the NACA 10-(3)(12)-03 propeller appear
to cause greater efficiency losses than the thick shank sections
of the NACA 10-(3) (08)-03R propeller. However, the gain
in e.fliciencyof about 10 percent at an advance ratio of 3.2
(.ill=O.54), which may be gm.lized by using the thinner
blade sections of the NACA 10-(3) (08)-03 propeller, should
be emphasized. A reduction in blade-section thiclmess from
12 to 8 percent at the 0.7-radius station, or approximately
one-third all along the raditi, resulted in gains in propeller
efficiency up to 10 percent; also, a reduction iri thiclmes-sof
only the inboard blade sections (fi-om 30 to 13 percent at
the 0.3-radius station) resulted in gains in propeller efficiency
up to 10 percent.

The efficiencies fo~ constanhpower operation of the pro-
pellers in the 0.045-sclidity group are compmed in figure
28 (b). The differences in efficiency of the propelkws in this
group do not amount to more than 4 percent, aqd these
efiiciencies,appear to be about equal at both the lowest and
highest values of advance ratio. The single exception is

the propeller

FOR AERONAUTICS

which has the thicksst shank sections, NA(YA
1O-G) (062)+45; at the highest value of advance ratio (3.5),
the eiliciency of this propeller is about 2 percent lSESthan
the efficiency of the other three propellers. The curves in
flgu.re28 (b) show that a reduction in blade-section thiclmess
of only the outboard blade sections (from 8 to 6 percent at
the 0.7-radius station) resulted in gains in propeller e5ciency
up to 4 percent. These improvements in efficiency appehr
to be limited to the range of advance ratio for which the
propeller is designed. The helical tip Mach number of the
NACA propellers, however, did not exceed 0.8 for the con-
ditions of ope~ation shown in figure 28.

Figures 29 and 30 have been prepared to emphasize the
importance of blade-section thiclmess in the design of pro-
pellers to operate at airspeeds where the tip Mach numberw
are below the critical value. Figure 29 shows the effect of
airapeed on the diilerence in e5ciency between the NAOA
10-(3) (08)-03 and NACA 10-(3)(12)-03 two-blade propeller
when operating at a constant power coefficient of 0.16 and N
constant propeller rotational speed of 1,140 rpm. The
thinner blade sections of the NAC!A 10-(3)(08)-03 propeller
effect an increase in efficiency of 10 percent with an increase
in airspeed from “about 260 to 420 miles per hour. The
corresponding change in helical tip Mach number is from
0.63 to 0.76 as shown in figure 29. - Figure 30 shows the

effect of airspeed on the diilerence in efficiency between the ‘
NACA 10-(3)(05)-045 and NACA 10-(3) (08)-046 two-blpde
propellem when operating at a constant power coefficient of
0.15 and a constant rotational speed of 1,140 rpm. The
thinner outboard blade sectionsof the NACA 10-(3) (06)-046
propeller eilect an increase in efficiency of 4 percent with an
increase in ‘airspeed up to 220 miles per hour, but, from 220
to 460 miles per hour, the beneficial tiects of the thinner
blade sections me gradually lost. Apparently, the thicker
outboard blade sections of the NACA 10-(3)(08)-045 pro-
peller can carry their loads just aa efficiently a9 the thinner
sections of the NACA 10-(3) (05)-045 propeller at an airspeed
of 460 mik+ pOr hour. The helical. tip Mach number at
this airspeed is only 0.8, and beneficial effects of the thinner
blade sections might possibly appear for diflerent radial
distributions of section Mach number. None of the NACA
propellem was designed to operate at advance ratios as high
as 3.2; consequently, higher efficienciesmight be expected at
the higher values of advance ratio because of difFerentpitch
distributions. Since the superiority of the thinner outboard
blade sections appears principally in the range of advrmce
ratio for which the propeller waa designed, substantial gains
in eiliciency through the use of thinner outboard blade sec-
tions may not be realized unless care is used in selecting the
radial pitch distribution.. .

EFFECTOFTEICKNE.9SRATIOANDCOMPRESSXEILITY
ONPROPELLEROEARAOTERISTICS

The effect of compreasibil.ityon the maximum efficiency
of NACA propellers having difh.rent blade-section thick-
nesw is shown in &e 31 for a blade angle of 45° at tho
0.75-radius station. Figure 31 (a) shows that the NAOA
10-(3) (12)-03 propeller, which has the thiqkest outboard
blade sections in the 0.03-solidity group, stiers the greatest
eiliciency ~ow.s at the higher tip Mach numbers. These
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losses begin for this propeller at a heli&l tip Mach number
of about 0.825, and the loss amounts to 26 percent at” a
helical tip Mach number of 1.1. The loss in efficiency due to
compressibility ismore gradual for the NACA 10-(3) (08)-03R
propeller, and the serious losses do not begin until a helical
tip Mach number of about 0.875 is reached. For this
propeller the loss in efficiency due to compressibility amounts
to about 19 percent at a helical tip Mach number of 1.1. The
maximum efficiency of the NACA 10-(3)(08)-03 propeller,
which haa the thinnest blade sections in the 0.03-solidity
group, is about 2 percent higher than the mtium efficiency
of the other two propellers in the range of helical tip Mach
numbers below the critical value. The critical value of tip
Mach number is perhaps. slightly higher for the NACA
10-(3) (08)-03 propeller than for the NACA 10-(3) (08)-031t
propeller, and the loss in maximum efficiency due to com-
pressibility amounts to about 16 percent at a helical tip
Mach number of 1.1.

Figure 31 (a) shows that a reduction in blade-section
thickness from 12 to 8 percent at the 0.7-radius station, or
approximately one-third all along the radius, resulted in a
gain in propeller eiliciency of about 12 percent at a helical
tip Mach number of 1.1. At this same helical tip Mach
number, a reduction in blade-se:tion thickness of only the
inboard blade-sections (from 30 to 13 percent at the 0.3-
rrdius station) resulted in a gain in propeller ei%ciency of
about 6 percent.

Figure 31 (b) shows the effect of compressibility on the
maximum efficiency of the NACA propellers in the 0.046-
solidity group. Again, the propeller having the thickest
outboard blade sections, NACA 10-(3)(08)-045, suflers the
greatcat efficiency lows at the higher tip Mach numbers.
From a helical tip Mach number of 0.90 to 1.1, the efikiency
loss due to compressibility for this propeller amounts to
18 percent. Over this same range of helical tip Mach num-
ber, the propeller having the thinnest outboard blade
sections, NACA 10-(3)(05)-045, has a loss in efficiency
due to compressibility of only 9 percent. The NACA
10-(3) (062)-045 propeller, which has the thickest shank
sections, shows a loss in efficiency due to compressibility of
13 percent at a helical tip Mach number of 1.1. These
losses at the higher tip Mach numbers are more gradual for
the NAOA 10-(3)(062)-046 propeller than for the NACA
10-(3) (08)-045 propeller, which has thinner blade sections
M the shank but thicker outboard blade sections. The
critical values of helical tip Mach number are approximately
the same for all the propellers in the 0.045-solidi.ty group,
and the dMerences in maximum efficiency are small at tip
Mach numbers below the critical value. The mrminmrn
efficiency of the NACA 10–(3) (062)-045A propeller is the
same as for the thinner NACA 10–(3) (05)-045 propeller
except at the lower values of helical tip Mach number, where
the thinner blade perhaps has a slight advantage.

The curves in figure 31 (b) show that a reduction in blade-
section thickness of only the outboard blade sections (horn
8 to 5 Dercent at the 0.7-radius station) resulted in a gain in
propell-w efficiency of about 12 percent’at a helical tip.Mach
number of 1.1. At thissrunehelical tip Machnumber, a reduc-
tion in blade-section thickness of only the inboard blade

sections (from 16.6 to 13 percent at the 0.3-radins stfition)
resulted in a gain in propeller efficiency of about 6 percent.
A small reduction in thiclmess (from 6.2 to 5 percent at the
0.7-radius station) of the blade sections between the shank
and the tip had little effect on the maximum propeller effi-
ciency for the conditions of operation tested.

An examination of the thrust and power coefficients of the
propellers operating wh~ the tiects of compressibility are
present may provide a better understanding of the results.
In @me 32 the thrust and power coefficients for mssimum
efficiency are show-nplotted against helical tip Mach number
for the test propellers at a blade angle of 45° at the 0.76-
radius station. The scarcity of data prevents a definite es-
tablishment of the critical Mach numbem, but the curves in
iigure 32 illustrate the trends indicated by the data. The
curves are somewhat similar to plots of airfoil lift coeilicient
against Mach number for constant angles of attack and show
that increasea in thrust and power coefficient occur before
the critical Mach number is reached. The critical Mach
number is higher for the propellem having the thinner blade
sections. kfter the critical Mach number is reached, there
is a marked decrease in both thrust and power coefficients up
to a helical tip Mach number of approximately 1.0, at which
the power coefficients lmgin to increase again and the thrust
coeiiicients either level off or, in the case of the thinner
blades, begin to increase again. These changes in thrust
and power coefficients which occur with changes in helical
tip Mach number are, with one exception, less abrupt for
the propellers having the thicker blade sections. The single
exception is the NACA 10–(3) (08)-045 propeller, which has
relatively thin shank sections but thick outboard blade sec-
tions: The curves in figures 31 and 32 show that the radird
distribution of blade-section thickness ratios has a pro-
nounced effect on the characteristics of propellem operating
at helical tip Mach numbers above the criticaI value.

Any efficiency comparisons of the propellers in the 0.03-
solidity grimp with those in the O.OM-solidity group in order
to study the effects of thickness ratio will include the effects
of solidity; however, these effects are small (of the order of
2 percent) and some generalization maybe permitted despite
the variation in solidity. The NACA propelkm discussed
in this report are closely related, and the assumption may
be made that the radial distribution of camber, solidity, .
and blade-section thickness is a reasonable optimum for the
better propellers. With,this generalization inm.ind, the data
for the NACA propellem may serve ‘to indicate the com-
pressibility lossw to be expected for propellers having various
blade-section thickness ratios.

The curves in figure 33. show the variation of mhnm
propeller efficiency with thiclmesa ratio at the 0.7-radius
station for constant values of helical tip Mach number.
At a helical tip Mach number of 0.900 and Mach number
of advance of 0.520, the maximum efficiency of a propeller
may be incressed approximately 7 percent by reducing
the blade-section thiclmess horn 12 to 5 percent at the
0.7-radius station. For this Mach number gradient along
the blade, the rate of change of maximum propeller efficiency
with bladesection thickness is small for thicknesses up to 12
percent at the 0.7-radius station, and @e 33 indicates
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that reductions in blade-section thicknew below 5 percent at
the 0.7-radius station will probably increase the maximum
efficiency very little. However, at a helical tip Mach.number
of 1.1 and rLMach number of advance of 0.625, the maximum
efficiency of a propelkrrmay be increased approximately 20
percent by reducing the blade-section thickness from 12 to 5
percent at the 0.7-radius station. For this higher Mach
number gradient along the blade, the rate of change of maxi-
mum propeller efficiency with blade-section thiclmess is
greater, and, for thicknesses between 12 and 8 percent at
the 0.7-radius station, the maximum efficiency increases
approximately 3 percent for each de~rease in thickness of 1
permnt at this station. For thicknesses behveen 8 and 5
percent at the 0.7-radius station, the rate of ticrxe in
propeller efficiency with reductions in blade-section thickness
is smaller. Figure 33 indicates that further reductions in
thickness may still improve the mtium efficiency of pro-
pellers operating at helical tip Mach cmmbensas high as 1.1,
particularly for conditions of operation where the Mach num-
ber of advance is high so that large portions of the blades are
subjected to the efTectsof air compressibility.

CONCLUSIONS

An investigation of a series of 10-footAiameter two-blade
NACA propellers diflering in blade+ection thiclmem has
been completed for a-range of blade angles from 20° to 55°
at airspeeds up to 500 miles per hour. The results of these
investigations have been compared to afford an evaluation
of the effects of blade-section thickness ratios on propeller
aerod~amic characteristics, and the following conclusions
may be drawn:

1. The envelope efficiencies of all the NACA propellers are
high at the lower Mach numbem at which the adverse effects
of compressibility are small. The higher envelope efficiencies,
however, are attained by the propellers having the thinner
blade sections. The highest efficiencies, about 93 percent
at a helical tip Mach number of 0.9 and 84 percent at a
helical tip Mach number. of 1.1, reflect the importance of
using thin, efficient airfoil sections throughout the blade.

2. For propeller operation at constant rotational speed
(1,140 rpm) and power (propeller power coefficient, 0.15) at
helical tip Mach numbers below 0.S,

(a) A reduction in blade+ection thickne= from 12 to 8
percent at the 0.7-radius station, or approximately one-third
all along the radius, results in gains in propcillerefficiency up
to 1.0percent.

(b) A reduction in blade-section thickmessof only the in-
board blade sections (from 30 to 13 percent at the 0.3-radius
station) result9 in gains in propeller efficiency up to 10
percent.

(c) A reduction in blade-section thickness of only the out-
board blade sections (from 8 to 5 percent at the 0.7-radius
station) resultsin gaim in propeller e5ciency up to 4 percent.

3. For operation at a blade angle of 45° at the 0.75-radius
station and a helical tip Mach number of 1.1, the loss in max-
imum propeller efficiency due to compressibility amounts to
26 percent for the hTACA propeller having a blade-section
tbiclmess of 12 percent at the 0.7-radius station. The corre-
spondingloss in mtium propeller efficiencyamounts to only

9 percent for the NACA propeller having a blade-section
thicknw of 5 percent at the 0.7-radius station.

4. At a helical tip Mach number of 0.900 and Mach num-
ber of advance of 0.520, the rate of change of masimnm pro-
peller e5ciency with blade-section thickness is small for
thicknesses up to 12 percent at the 0.7-rrdius station, and
reductions in blade-section thiclmess below 6 percent at
this station will probably increase the maximum ticiency
very little.

5. At a helical tip Mach number of 1.1 and Mach number
of advance of 0.625, the maximum efficiency of Q propeller
may be increased approximately 20 ,percint by reducing=
the blade-section thiclmess from 12 to 6 percent at the 0.7-
radius station. For blade-section thicknesses between 12
and 8 percent at the 0.7-radius station, the maximum efE-
ciency increases approximately 3 percent for each decrease
in thiclmess of 1 percent. For blade-section thiclmeases
between 8, and 5 percent at the 0.7-radius station, the rate
of increase in propeller efficiency with reductions in blade-
section thickness is smaller, but further reductions’in thick-
ness may still improve the maximum e5ciency of propellers
operating at high forward speeds with helical tip Mach
numbers as high as 1.1.

LANGLEY AERONAUTICAL IJABoItATOEY,
JXATIONAL ADVISORY COAIMITPYEHIFOR AERONAUTICS,

LANGLEY FIELD, 7A., April M, 194.9.
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FIGUREI.—Langley 2,000-horzepomr propeller dynamometer in teat
section with tunnel open.

‘I?mmm 2.—Langley 2,000-horsepower propeller dynamometer in teat
section with tunnel olosed.
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F1aum 3.—Configuration of 2,000-homepower dynamometer for tEsti of propellem in the Langley 10-foot high-speed tunnel.
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NACA propellers having a solidity of 0.03 per blade at the 0.7-radiua
station.
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FIGURE7.—Comparimn of blade sectjons at two radial stations for
h’ACA propellers havfng a solidity of 0.046 per blade at thci
0.7-radius station.
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(a) Propeller thrust coefl.icient.

FIGURE8.—Charactariatfca of NACA 10-(3) (062)-045A prope~=. “XtOtationalspeed, 1,140 rpm.
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Advomerotkk, J .

(a) Propeller thrust and power coefficients.

.

FIOTJW10.—Characteristica of NACA 10-(3) (062)-0454 propeller. Rotational speed, 1,500 rpm; &.w~=45”.

.



FIFFIWT OF BLADE-SECTION ~C!ENESS RATIOS ON AERODYNAMIC CHMtACYT’DRISTICSOF REL4TED PROPELZBRS

I
I 1 I 11 I 1 I

t

.2 .4

J .2

0
L o

Advance rotia, J 4

409

(b) Propeller efEoiency.

h3UEE 10.—Concluded. Rotational speed, 1,600 rpm:
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(c) Propellefiefficienoy.

fiWEE Il.—Concluded. Rotational speed, 1,600 rpm.
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%
(a) Propeller thrust coefficient.

Advance ratiq J
.—

(b) Propeller power c@3ioient,

FIQmm 13.—Charaateristica of N ACA 10-(3) (062)-045A propeller. Rotational speed, 2,160 rpm.
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(a) Propeller thrust and power coeffleien~

FIGURE15.—Charaoteristios of NACA 10-(3)(062)-045A propeller at high forward speeds. Maoh number of advance at
maximum e!liciinoy, 0.601; &.nB=450.
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(a) Propeller thrust and power coefEoients.

FIGtrnEI16.—Characterieticaof NACA 10+) (062)445A propeller at high forward epeeda. Maoh number of advanoe at
maximum eilicienoy, 0.657; &.w=450.
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FIc+um 16.—Concluded. Maoh number of advance at maximum effltienoy, 0.657.
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FIQUEB19.—CharaUtarktica of NACA 10-(3) (05)-046 propeller. Rotational speed, 1,500 rpm; 190.nE=450. ‘
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(b) Propeller elliciepq.

FIGURE 19.—ConcludecL Rotational speed, 1,500 rpm. 1-
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Fmum 21.—Characteristics of NACA 10-(3) (05)-045 propeller. Rotational speed, 2,000 rpm.
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(b) PropelIer power coefficient.

,

~Gmm 21.—Continued. Rotational speed, 2,000 rpm.
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*

(c) Propeller edlicienoy.

.FIGmm 21.—Concluded. Rotational speed, 2,000 rprn.
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1.

Advancs ratio, J

(a) Propeller thrust ccwfficient.

FIGUEE22.-Charaotmistica of NACA 10-(3) (05)-046 propoller. Rotational speed, 2,160 rpm.

.
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(b) propeller power coefficient. ,

“FIc+urm22.—CEmtinued. Rotational speed, 2,160 rpm.
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(o) Propoller efficiency.

FIQUFLD22.—Concluded. Rotational speed, 2,160 rpm.
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(a) kpeller thrust and power coeilioients.

FrQuRFl 23.—charao teristica of NACA 10-(3) (05)-045 propeller at high forward speeds. Maoh number of advanoe at
max+um efficiermy, 0.558; f?o.75E=45°.

.
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(b) Propeller effloiency.

FIQUnn 23.—Concluded. Mach number of advance at maximum eiliciency, 0.558.
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Mvonce mtio,J

(a) Propeller thrust and power coefficients.

FIGURE24.-Chara.cteristica of NACA 10-(3) (05)-045 propeller at high forward speeds. Maoh number of advance at
mf@num &ciency, 0.603; flo.76B=450.
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(b) Propeller efficiency.

FIQ~ 2—L-Concluded. Maoh number of advance at maximum eflioienoy, 0.603.
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.

Advome mti, J

(a) Propeller thrust and power coeffi~ents.

FrQURE ‘M.-Characteristics of NACA 10-(3) (05)-045 propeller at high forward epeeda. Maah number of advance at
maximum efficiency, 0.050; &.76E=460.

.
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(b) Propeller ellioipncy.

FImmm 25.—Gmmluded. Mach number of advance at maximum efficiency, 0.650.
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(b) 1,350 rpm. f

I?mwrm 26.—Wmparison of the envelope efthiencies of NACA propellers h@ing a solidity, of 0.03 per blade at the 0.7-radiue station.
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(d) 2,000 rpm.

fiGum 26.—Continued,
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(e) 2,160 rprn.

FIGUnE 26.—Concluded.
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(a)1,140rpm.

I?mmm 27.—Comparkon of the envelope effloienoiw of NACA propellers having a solidi& of 0.045 per blade at the 0.7-radius station.
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(a) Solidity, 0.03 per blade at the 0.7-radiua station.
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(b) Solidity, 0.045 per blade at the 0.7-radius station.

Fmurm 28.—The effloienoy of NACA propellem having differen~ blade-motion thicknemes when
of 0.15 and a rotational speed of 1,140 rpm.

operating at a constant power caofikient
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fiGURE 29.—The effect of airspedon the difference ~ eficiencY be~e~
the I?ACA 10-(3) (08)-03 and NACA 10-(3) (12)–03 two-blade pro-
pellers. Constant propeller rotational speed, 1,140 rpm; constant
power coefficient, 0.15.
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FrGmm 30.vT’he effect of 8irspeed on the difference in efflcienoy
between the NACA 10-(3)(05)-045 and NACA 10-(3)(08)-045
two-blade propellem. Constant propeller rotational speed,
1,140 rpm; aonstant power coefficient, 0.15.
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(a) Solidity, 0.03 per blade at the 0.7-radius station.
(b) Solidity, 0.045 per blade at the 0.7-radius station.

FIGURE31.—The tiect of compreeeibility-on the maximum efficiency of NACA propellers having different blad~seotion thioknesms.
#%.76E=45”.
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FmumE .32.-The tieot of compredbflfty on the thrust and power mefffcbnta for maximum elliaianoy of NACA pmpeflma having different blade-
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FIQURR33.—The effect of thiokness ratio and compremibiLity on the
maximum efficiency of the NACA propellem. 1%.TsB=45”.
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TABLE I—RANGE OF BLADE ANGLES AT VARIOUS
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