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THE AERODYNAMIC CHARACTERISTICS OF SIX FULL-SCALE PROPELLERS HAVING
DIFFERENT AIRFOIL SECTIONS

By Davip BierManNn and Epwin P. HArTMAN

SUMMARY

Wind-funnel tests are reported of six 3-blade 10-foot
propellers operated in front of a lguid-cooled engine
nacelle. The propellers were identical except for blade
airfoil sections, which were: Clark Y, R. A. F.8, N. A. C.
A. 4400, N. A. C. A. 2400-84, N. A. C. A. 2R.00,
and N. A. C. A. 6400. The range of blade angles investi-
gated extended from 16° to 40° for all propellers except
the Clark ¥, for which it extended to 45°.

The results showed that the range in maximum efficiency
between the highest and the lowest values was about 3 per-
cent. The highest efficiencies were for the low-camber
sections. Anm analysis of the resulis indicated that blade
sections for controllable propellers which are not limited in
diameter should be selected chiefly on a basis of minimum
drag (which affects maxrimum efficiency) inasmuch as the
maximum lift coefficients had only @ small effect on the
take-off characteristics within the range investigated
because stalling, in general, did not occur. Sections for
Jfired-pitch propellers should be selected on a basis of both
minimum drag and maximum liff, particularly for blade-
angle settings of 20° and oter, because the take-off thrust
power increased with maximum Lft for the higher blade
angles.

INTRODUCTION

The Clark Y and the R. A. F. 6 airfoil sections have
been standard in the design of propellers in this country
for many years. The R. A. F. 6 section was favored in
early designs but has given way to the Clark Y section
more recently, particularly for metal controllable pro-
pellers. The relative merits of the two sections for
propeller use have been fairly well established by both
high-speed airfoil and full-scale propeller tests. The
airfoil tests reported in reference 1 showed the Clark Y
section to have a lower minimum drag and a lower
maximum lift than the R. A. F. 6 section, which indi-
cates that a propeller with the Clark Y section would be

superior for the high-speed or cruising conditions but
inferior for take-off with fixed-pitch propellers. The
propeller results of reference 2 qualitatively sub-
stantiate the airfoil results. The principal physical
difference between the two sections is the shape of the
mean camber lines; the camber line of the R. A. F. 6
section is higher than that of the Clark Y, particularly
for the nose parts of the sections.

The present investigation was made to determine the
serodynamic qualities of six propellers having different
sections. The Clark Y and the R. A. F. 6 sections were
included for comparative purposes. Two of the other
propellers were designed by the Bureau of Aeronautics,
Navy Department; the N. A. C. A. 4400 series section
was used for one, and the N. A. C. A. 4400 series section
was used for the inner half of the other, the N. A. C. A.
2400-34 series section being used for the outer half. It
may be noted in reference 3 that the N. A. C. A. 4409
section (used at 0.75 propeller radius) has & high
Ci... end a fairly low Cp_,. and is therefore a good
compromise between the Clark Y and the R. A. F. 6
sections. Inreference 4 the N. A. C. A. 2409-34 section
is recommended for propellers, particularly because of
its low Cp,,, and delayed compressibility stall at high
speeds. The section is best suited for only the tip
sections of propellers, however, because the C;_, is
low at moderate speeds.

In addition to the four propellers described, there
were designed at the N. A. C. A. laboratory two addi-
tional propellers that incorporated sections of extreme
characteristics. One propeller has sections of the low-
camber N. A. C. A. 2R,00 series, which has a low
Co... and a low Cr__; the other propeller has the high-
camber N. A. C. A. 6400 series section, which has a
high Cp.. and a high ;. (See reference 3.)
Tests of these propellers were added to the program to
inerease the known range of the propeller character-
istics that are dependent upon the amount of section
camber present.
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APPARATUS AND METHODS

Since the description of reference 5 was written, the
propeller-research tunnel hag been modified to the
extent of installing an electric motor to drive the tunnel
propeller and of replacing the balance with a more

FIGURE 1.—Liquid-cooled engine nacelle.

modern one capsble of simultaneously recording all
the forces.

A 600-horsepower Curtiss Conqueror engine (GIV-
1570) was used to drive the test propellers. The
engine was mounted in a cradle dynamometer free to
rotate about an axis parallel to-the propeller axis and

FIGURE 2.—Photograph showing the plan form of all the propellers tested.

located at one side of the engine. The torque reaction
was transmitted from the other side of the engine to
recording scales located on the floor of the test chamber.
The propeller speed was measured by a calibrated
electric tachometer.

The engine was housed in & nacelle representative
of the type used for hquld-cooled engines. (See ﬁg
1.) The nacelle is oval in cross section, 43 inches in
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height, 38 inches in width, and 126 inches in length.
A scale drawing of the nacelle is given in reference 6.

All six propellers tested have three blades, are 10
feet in_diameter, and are identical in shape except for
blade sections.” Table I gives the principal physicel
characteristics of the propellers tested.

TABLE I
Propeller {(Bureau Cambor Paosltion of
of Aeronautics, maximum
Ni q Blade airfoil sectlon {percent
e ey chord) | ont ohendy
............................ 12,6 40
NV 14,0 30
- . A. C. A. 4400 serles. . 4.0 40
A, C. A. 4400 serles {nnor half.. 4.0 } 40
0628-B. .._..__.. Nim‘}f C. & 2400-34 serics outer 2.0
0623-Couomnee. N.A. C. A 2R500 e 2.0 30
6623-D___. N.A.O.A.8400..- -0 60 40
t For the 0.75 radfus station only.
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FIGURE 3.—Blade-form curves for all propellers tested. D, dlameter; R, radlus to
the tip; r, stetion radius; b. section chord; &, section thickness: p, geometrie pltch.

Throughout this report, the propellers will be individ-
ually referred to according to their sections or grouped
according to camber ratio. Propeller 6623-B, for
example, will be designated the N. A. C. A. 2400-34
propeller.

Figure 2 shows the plan form of the blades; the blade-
form_curves are given in figure 3.
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It may be noted that the geometric pitch is different for
all of the propellers except for the 5868—9 and the 5868—R6.
The propellers of N. A. C. A. section were designed with
the blade angle of each section, measured from the angle
for zero lift, the same as for propeller 5868-9. As a
result of this method of design, all the propellers have
the same effective pitch distribution along the blade
but, of course, the pitches measured with respect to the
chord lines are different.

Ordinates for the Clark Y and the R. A. ¥. 6 propel-
ler sections are given in table IT and those for the four
propellers with the N. A. C. A. sections are given in
table ITI. The outlines of each blade section for the
0.70 radius are given in figure 4.

The method of testing in the propeller-research tunnel
consists in maintaining the propeller speed constant and
increasing the tunnel speed in steps up to the maximum
value of 115 miles per hour. Higher values of V/nD
are obtained by reducing the engine speed until zero
thrust is reached. Complications arising from com-
pressibility were avoided by running the tests at tip
speeds of 525 feet per second and less. The standard
initial testing propeller speed of 1,000 r. p. m. could not
be maintained for the higher blade-angle settings, owing
to the limitation of engine power; the following schedule
was therefore adhered to:

Propeller speeds for tunnel speeds below 116 miles per hour

Initial propeller specd,
Blade angle, deg. r.p. m.

71 5 1, 000
L1 R 1, 600
2D o e 800
80 e 800
2 £ R 800
L U 700
A e 700

For V/nD values higher than can be obtained from the
foregoing schedule, the approximate test propeller speed
may be computed from the relation

K
r. p. m=m

where K=1,000 for V=115 miles per hour and D=10
feet.
RESULTS AND DISCUSSION

The results are reduced to the usual coefficients of
thrust, power, and propulsive efficiency defined as:

147
__effective thrust T—AD

oA pn2D*
engine power
0p= 3
o
_ OV
"= C.nD

where

T is tension in propeller shaft, pounds.

AD, increase in body drag due to slipstream, pounds.
p, mass density of the air, slugs per cubie foot.
n, propeller rotationel speed, revolutions per second.
D, propeller diameter, feet.

< T

Clark Y section, propeller 5868-3.

o

R AF. section, propeller 5868-R8.

-

NeA.CA. 4400 series, propeller 66823-A;also
inner helf of propeller 8823-B.

/

N.A.C.A. 2400-34 series, outer half of
propeller 66823-B.

-

N.A.C.A. 2R,00 series, propeller €6623-C.

c

N.A C.A. 6400 series, propsller 6623-D.

FIGTRE 4.—Blade sections drawn to scale for the 0.70 radlus.

Charts for selecting or designing propellers are given
in the form of C, against v and V/nD, where OC,=
o V3/Pn?.

The procedure of plotting lines of constant thrust
with respect to the power is now standardized and
facilitates calculating the thrust at all air speeds for
controllable and fixed-pitch propellers. The outline
of the method is given in reference 6.

The basic results are presented in the form of curves
in figures 5 to 28; comparisons and derived data are
given in figures 29 to 42. The test results have been
tabulated in six tables and are available on request from
the National Advisory Committee for Aeronauntics.
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FIGURE 5.—Power-coefliclent curves for propeller 5868-8 (Clark Y section).
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FieunE 8.—Deslgn chart for propeller 5868-8 (Clark Y section).
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4

F1GURE 24.—Design chart for propeller 8623-C (N. A. G. A. 2Ry00 section).

& LT 1] N Y —
Sk LA RN
n /. N/ \\ S
/ . \\ \\ \\‘
AV ayd /5 20" 25 o° | 35°] 40°
/ /
4 A4 20
/7 A LA 70
4 /i / // L1
4 vaa 15
-
/ 1V o 250
s L7 = /.5
2 // / //// .
' A 1 T 4—3¢°
L~ L1 /r | %
A7 b5
0 Y gt i ;é = .0
//5/ -~ — 20"
] s |+ ]
A LA
A 1} /5° Blode angle af 6.75R
A A R 5
P L&"_LLine of maximum. efficiency ¥ar C, )
ZZ
0 5 - 7.0 15 T 28 ... 25 30 35 0



AERODYNAMIC CHARACTERISTICS OF PROPELLERS HAVING DIFFERENT AIRFOIL SECTIONS 163

©
n
b
o5
S~ I 1]
o[ ™
Q
L o
S%
m,|
]
5 |~
()
vl o
1w
Gl |
oY
¥ LN
mu,. 1| ny
L] S [ 3L . b
FI N\
o 8PN 3
K~ /\\b/\ N N \na- ZM
&8 EYANANK . IS
SUTI 3 PN TN Y < \ ~
l.b. \A N /// // V\ \ N /\ .\U‘t\l.b
o \VA [~ 4 NN N / \ m ~
J Ty / / L
S AR NI S Aﬂ, //,/A L« ,/\M.
S 3
ot NN, B WUNRNE= \ A |
A IN NN NS A o
0y /I/, ;/.\Vp /// //vV\A./ /4 ,/ \.\ \ ;N.“MU\I/

TR LS NI S O L NN S SN AT R

o S ,// LN //,//wA g KA YA LA™

H L (X RS 4 L e

IS SN SASAE 4 N L LK X\A ATl

\ e - IJ.I/I // ///r/// VMr,,///r S ./ NAY »

\ - Jﬁ N ,/4/‘.,., 1/,/. // w& ©
0y \ \ Ay /// ///ﬂ/ / // )
.JA | \V r///// ////.V 4“

N 4 J NN NSANANY
/ / N " "
| i I B N\ | '
T v N\
| / \

5 & 8 8 ] ¥ X% ] e Y ¥ R y °

F1GURE 25.—Power-coefficlant cnrves for propeller 6023-D (N. A. 0. A. 6400 section).



164 REPORT NO. 650—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

? parzavaNERNRNEN
IEEED7Z 7% A EREEAWEREEN
NERDZ 7849 am I
. 04 \ \ \ \ \
) %% \ \ \ \ \ |
Tz | | \
W ¥ e\ | 2o 25°| 30 35° 40% Blade orngle at 0.75R
g \ | k

o 2 4 6 .8 1.0 L2 1.5 I2-4 2.0 22 24 2.8 28

x4
v/nD
F16URE 26.—Efficiency curves for propeller 6623-D (N. A. C. A. 6400 section).

20
S~ - e -\\
a——\§;; \_,>< \\
¥ [ < ~ ~
\\\ \\ _ \\ \\\ N
~
.16 = \

N

\ \ \ \40° Blade arigle- af 0.75R

T NR NEACIEN

q‘ o
.08 A | N\

* Ve TNDNT TN TN TN

02 NEENENEENERY ]

NEEAVENERY NN

A NEENERUEA

0 2 4 .6 .8 YA L2 /.4 L& /8 2.0 2.2 2.4 26 2.8
Vinb

F1GURE 27.—Thrust-coefficient curves for propeller 6623-D (N. A, C, A. 6400 section).



AERODYNAMIC CHARACTERISTICS OF PROPELLERS HAVING DIFFERENT AIRFOIL SECTIONS

i I
1
8 = — L — ~3
//// - \’\ ™~ \\ \\
» A AY \\ \\ \\\ I
W% X NEANANLNWEE
P V. 7.i4dvim) N N Y[ W] | a
AAN A T A /57 2op 25° 207 351 20
ANV YV L]
Y B4 4 [ 75"
.4 /{/ {/ A / -1 al
/R4 1 LA - 30"
/ ] L =] /.5
Vi - //’ L 1]
v, 1
.2 /,/ —— 257 )\
L 7 - L] nh
A7 ’// L _— 00
v F — 1.0
0 A // / ]
N A A |__+—1"/5°* Bkde angle af 0.75R
A L1
VAT
P~ Line of maximum efficiency for C, 5
y/ -
Wi
1
=
o
o 5 La L5 2.aq 2.5 3.0 3.5

fid

FIGURE 28.—Design chart for propeller 6628-D (N. A. C. A. 6400 section).

165



166

DISCUSSION

Basic airfoil sections.—The thickness distribution
and the camber lines for the gix basic airfoil sections
employed in the propeller designs are shown in figure
20. The thickness distribution (fig. 29 (a)) is about
the same for all sections with two exceptions. The
leading-edge radius of the N. A. C. A. 2400-34 section
is shorter and the front portion is thinner than for the
other sections; also, the point of maximum thickness
occurs at 40-percent chord for the N. A. C. A. 2400-34
section and at 30-percent chord for the other sections.
These thickness-distribution differences account for the
superior qualities of this section at high speeds; because
the radii of curvature of the upper surface are large,
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(a) Comparison of thickness-form curves.
(b) Comparison of camber lines for 0.76.8.

FIGURE 20.—Comparison of thlckness-form ourves and camber lines. The chord
lines for the R. A. F 0 and the Clark Y sectlons have been shifted fo bring the
leading and trailing edges of the camber lines together.

the local induced velocities are kept small. Inasmuch
as compressibility losses result from local velocities
exceeding the velocity of sound, the critical speed for
this section is delayed to higher values. The trailing-
edge portions of the R. A. F. 6 and the Clark Y sections
are slightly thicker than the others, but this difference
in thickness distribution of the sections is probably of
small importance..

Except for the thickness distribution of the N. A. C..

A. 2400-34 section, the only essential physical differ-
ences between the sections are the shapes of the mean
camber lines. The camber lines for the N. A. C. A.
sections are mathemstically derived curves and the
camber ratios remain the same for all thickness ratios.
Tn the design of the present propellers of N. A. C. A.
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section, the blade sections at different radii are thick-
ened or thinned with respect to the basic section from
the mean camber line, which remains constant. In
contrast to this method, the Clark Y and the R. A. I,
6 sections are thickened or thinned from the chord line,
which is also the lower surface. The mean camber
lines are thereby different for each section thickness,
the amount of camber being proportional to the thick-
ness. In order to avoid differences in effective pitch
distribution for all the propellers, the section blade
angles were corrected for differences in the angles for
zero lift.

The mean camber lines for the stations at 0.75 radius
are plotted in figure 29 (b). Those for the R. A. F. 6
and the Clark Y sections have been plotted with respect
to lines passing through the intersections of the camber
lines and the leading and trailing edges and not with
respect to the chord lines. The general shapes of the
mean camber lines are similar for all of the sections
except for the R. A. F. 6 and the 2R,00 sections. The
R. A. F. 6 section is characterized by the rapidly
increasing cember at the nose of the section, and the
camber line of the N. A. C. A. 2R,00 section is reflexed.

The effect of the shape of the mean camber lines and
the amount and position of maximum camber on the
aerodynamic characteristics are fairly well established.
In general, high cambers result in high values of
C:.. and Cp_, while low cambers result in low
values of both Ci,,. and Cp,,,. Itis to be expected,
therefore, that the maximum propeller efficiencies will
reflect differences in the profile drag and that the
efficiencies at low. values of ¥/nD will reflect differences
in maximum lift and in drag at high values of lift. In
the selection of the sections, consideration was given to:
the minimum drag, the maximum lift, the aerodynamic
moment, and the speed at which the compressibility
stall occurred. The N. A. C. A. 2R;00, the N. A. C. A,
4400, anid the N. A. C. A. 6400 sections constitute a series
differing essentially in amount of camber and, conse-
quently, display differences in Cp_, and Ci,.. The
N. A. C. A. 2R,00 section was chosen in preference to
the N. A. C. A. 2400 section for the 2-percent-camber
group because it has a lower Op,,, and it was thought
that there might be some practical advantage in having
a zero change in aerodynamic moment for controllable
propellers. The N. A. C. A. 2400-34 section was
selected. because of its delayed compressibility stell,

Comparison of propeller characteristics,.—In order
to study the influence that the different sections exert
on the propeller characteristics, superposed sets of
curves of the thrust, the power, and the efficiency are
given for three pitch-diameter ratios for zero thrust
(figs. 30, 31, and 32). The pitch-diameter ratios of
0.82, 1.28, and 1.83 correspond to blade angles of 15°,
25°, and 35°, respectively, for the Clark Y propeller.
The blade angles for the other propellers are slightly
different, as may be noted.
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The important difference in the thrust characteris-
ties (fig. 30) atiributed to the different sections is the
value of Cr at which the blades stall. The propellers
of 2-percent camber, the N. A. C. A. 2400-34 and the
N. A. C. A, 2R,00 sections, stell at a Cr value of about
0.13; the propeller of 4-percent camber, the N. A. C. A.
4400 section, stalls at about 0.15; and the propeller of
6-percent camber, the N. A. C. A. 6400 section, at
about 0.19. The curves indicate that the propeller of
Clark Y section has an average camber ratio of about
0.035 for the entire propeller, inasmuch as the stall is
at a Cr value of about 0.15. The average camber ratio
is higher than that for the 0.75 radius station (0.026),
probably owing to the fact that the inboard sections are
all definitely more highly cambered while the outboard
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| efficiency approaches the ideal for which the profile

drag is zero. Also, the ideal efficiency is highest at
zero thrust, which explains why the peak efficiencies
occur at higher values of V/nD for the low-camber pro-
pellers. This shifting of the peaks to higher values of
VinD for propellers of decreasing profile drag is of im-
portance in design work. The closer the V/nD for peak
efficiency approaches the VD for zero thrust, the
smeller is the power coefficient and, consequently, the
greater the diameter. The extreme condifion is for a
propeller with the ideal efficiency, i. e., maximum effi-
ciency occurring at zero thrust and zero torque so
that the diameter is infinite and the rotational speed
zero. The significance of the diameter will be clari-
fied by computations later in the report.
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Frovre 32.—Comparison of typleal eficlency earves.

ones are only slightly less cambered. The propeller of
R. A. F. 6 section has a higher average effective mean
camber ratio than that of its 0.75 radius station for the
same reason; it is 0.055 as compared with 0.040.

The corresponding power curves are given in figure
31. In the region where all the propellers are stalled,
it may be seen that the high-camber propellers have
lower power coefficients than the low-camber ones.

The efficiency curves, given in figure 32, indicate the
effect of profile drag on maximmum efficiency. The pro-
pellers of low camber display efficiencies about 3 per-
cent higher than for the ones of high camber, and the
peaks occur at higher values of V/nD. Both effects are
attributed to the lower profile drags of the low-camber

propellers. The lower the profile drag, the closer the

The efficiency curves also reflect the high-thrust and
the low-drag values observed for the high-camber
propellers operating at low values of 1V/nD. These
differences in efficiency, however, do not necessarily
represent true differences in thrust power available for
either fixed-pitch or controllable propellers. In the
case of a combination of a fixed-pitch propeller and an
engine, differences in ', (design power coefficient) will
determine differences in diameter, so that for a given
take-off speed there will be differences in V/nD, 4, and
also engine speed, N. The thrust horsepower available,
if eonstant torque is assumed, is obtained from

. hp.= (b. hp.)zz\—\;.oq
where N, is the engine speed at the high-speed condition
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of flight. In the case of controllable propellers, the pitch
is adjusted to maintain Cp, and N, constant so that
different propellers will be set at different blade angles
for the same V/nD or air speed. In order to show the
effect of the different blade sections on performance, the
thrust power available is computed and will be dis-
cussed later for both fixed-pitch and controllable
propellers.

Effect of blade section on the performance of engine-
propeller combinations.—Any conclusion drawn from
comparisons of relative engine-propeller performance
depends somewhat on the methods employed in the
analysis. If each propeller is selected for maximum
efficiency at high speed, the diameters of the various
propellers will be difierent, depending upon the design
power coefficient, Cp,, which in turn depends on the
VinD for peak efficiency. The differences in diameters
will have a large effect on the efficiency at the take-off
condition; for controllable propellers the larger the
diameter, the higher the efficiency. If the V/nD for
peak efficiency could be determined with. uniform ac-
curacy for all propellers, the comparison would be & just
evaluation of the relative merits, compressibility or
tip-speed effects due to the differences in diameters
being neglected.

If the propellers are compared on a basis of equal
diameters for a given design condition, all the propellers
will not operate quite at peak efficiency at high speed.
The high-camber propellers will operate beyond the
peak and the designs will be, in effect, “‘compromises”
hecause the take-off efficiencies for controllable propel-
lers, at least, will be increased thereby. The constant-
diameter method has the advantage of comparison at
equal tip speeds, and the airplane structural limitations
on the diameter are often the determining factor.

As peither method is entirely satisfactory and both
have their merits, computations have been given for
each. In some instances the results appear to be con-
tradictory but, if the methods are well understood, a
reasonable interpretation can be made.

In figure 33 (a) the propellers are compared on the
basgis of maximum efficiency for high speed. Curves
are given for high-speed efficiency, for take-off efficiency
for controllable propellers of the constant-speed type,
and for take-off efficiencies for fixed-pitch propellers, all
for o wide range of design conditions (values of design
C, from. 1.0 to 2.5). The take-off criterion is assumed
to be the thrust power available at a speed equal to 0.25
of the high speed of landplanes. This value corre-
sponds to 0.7 of the take-off speed for airplancs having
a speed ratio of high speed to take-off speed of 2.8. It
can be shown that 0.7 of the take-off speed is the best
single point for comparing take-off thrust as that point
represents the approximate center of the area of the
graphically integrated diagram of take-off run of most
airplanes represented by ftdy, where{ and » represent
time and velocity, respectively.
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In the computation of the take-off thrust power, the
engine torque is assumed to be equal to the torque at
high speed. The engine speeds are assumed to remain
constant for the controllable propellers but to decrease
for the fixed-pitch propellers in the take-off condition,
according to the relation

N —
—I'N_.U= 'JFPQ/OP

Although the percentage of thrust power aveailable also
represents propulsive efficiency for the controllable
propellers, it represents 7(IN/N,) for the fixed-pitch
propellers.

The greatest difference in maximum efficiency is about
3 percent; the highest efficiencies are for the low-camber
propellers.

It seems strange that the controllable propellers of
low and medium camber would also excel for the take-
off condition. This paradox is explained by the results
presented in table IV. The low-camber propellers are
designed with larger diameters than the high-camber
ones and, in order to absorb the same power at the
take-off, are set to lower blade angles for which the
efficiency is higher.

The high-camber propellers are definitely superior for
fixed-pitch propellers set at high blade angles. The
reason is quite obvious. (See figs. 30, 31, and 32.) The
stall is delayed to higher angles of attack, i. e., to lower
values of T7/nD, and the gain in efficiency due to the
lower drag and the higher lift of the sections is quite
pronounced. The decrease in engine speed also plays a
prominent part in the available thrust power, as is shown
in table IV. The high-camber propellers are designed
to operate at higher values of Cp, than the low-camber
ones. The higher the Cp,, the less is the increase in C»
for take-off and, consequently, the less is the drop in
rotational speed. The stalling characteristics of the
propellers do not enter the problem for low blade angles
so that there is less choice of section for low design
(', conditions.

In figure 33 (b) the propellers are compared on a basis
of equal diameters for given values of ;. The propeller
of Clark Y section is taken as the standard because it
is of medium camber. The diameters of the low-camber
propellers are slightly decreased from the previous
comparison and those for the high-camber ones are in-
creased. The high-speed efficiences are slightly differ-
ent from the maximum values but the order of merit is
the same.

The order of take-off efficiencies for the controllable
propellers is changed. The high-camber propellers are
about equal, in general, to the medium-camber ones,
and the low-camber ones have the lowest efficiencies.
The medium-camber and the high-camber propellers
are about equal in this comparison because neither type
exceeds the stall for the take-off criterion (see table V);
the superior stalling characteristics of the high-camber
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propellers are, of course, not utilized. The high-camber
propeller is slightly superior at a C, value of 2.5, which
shows that its stalling characteristics are beginning to
be utilized and, for higher C, values, they should be
definitely superior. The high-camber propellers would
have been superior at lower values of (}, if the diameters
had all been smaller. For example, if the propeller of
R. A. F. 6 section had been assumed to be the standard
of comparison instead of the propeller of Clark Y
section, the high-camber propellers would have excelled
at C, values above 1.5.

Large differences in take-off thrust power are evident
for the various fixed-pitch propellers. This comparison
is the closest representation given of a pure efficiency
comparison because the take-off Cr has about the same
value for all propellers; they therefore all have about
the same drop in engine speed. The results given in
figure 32 show the same order of merit in the take-off
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F1GUuRE 34.—Comparison of propellers of Clark Y and R, A. F. 6 section of two thick-
ness ratios for the take-off condition. V'=(.25Vmes, controllable operation; all
propellers have the same dlameter.

range as the comparison in figure 33 (b); both methods
indicate the superiority of high-camber propellers for
medium and high blade-angle design conditions.

Effect of thickness.—In reference 6, comparisons
were made between propellers of three different sec-
tions: Clark Y, R. A. F. 6, and N. A. C. A. 2400-34.
The propellers were thinner than the present ones
(h/b=0.07 at 0.75R as compared with 2/6=0.09). Inthe
former comparison, based on controllable propellers of
equal diameter, the propeller of R. A. F. 6 section was
best for take-off, while the present tests indicate the
propellers of Clark Y and R. A. F. 6 sections to be about
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statlon. Blade angle, 23° at 0.75R.

equal. It is reasonable to assume that the differences
in relative efficiency are due to the differences in thick-
ness of the two sets of propellers. Figure 34 shows that
the propeller of Clark Y section improves in take-off
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peller of R. A. F. 6 section does not. It is well known
that Cr_ increases with airfoil thickness and camber
up to & limit. As the R. A. F. 6 section has a higher
camber than the Clark Y, it seems logical that it would
reach its Cp_, limit at lower values of thickness.
Reference 2, which is a more general study of the effect
of blade thmkness_. seems to substantiate this contention.

The N A. C. A. section propellers are not so sensitive
to change in thickness because the camber is not a
function of thickness.

Lift and drag coefficients reduced from propeller
results.—In reference 7, Lock presents two methods of
reducing propeller characteristics to airfoil results and
vice versa. In one method, computations are made for

| six blade elements and the thrust and the torque grading

curves are integrated. The second method is based on
only a single radius, the assumption being that the shape
of the_grading curves remains constant so that a con-
stant infegrating factoris used. This method is further
simplified by the use of charts so that a propeller may be
analyzed within an hour.

Lift and drag curves derived by the smgle-radms
method_are plotted against angle of attack in figure 35
for the six propellers with g blade-angle setting of 25°
at 0.75R; polar curves are given in figure 36. The
results. for only one blade angle are analyzed. The
tests from which these curves are derived were made the
same day under apparently identical conditions and are
therefare considered to be relatively more aceurate than
for the whole series; the estimated precision ig within

efficiency with increasing thickness whereas the pro-

0.5 percent for 7ygs.
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Of interest are Cp,,,, Cr.., and Cp at high values
of Cy. The sections of 2-percent camber show values
of Cp,.,. of about 0.01; the sections of 4-percent camber
show values of about 0.017; and the section of 6-percent
camber shows a value of abouf 0.02. The propeller of
R. A. F. 6 section, which has a camber line (see fig. 29)
different from the other sections, shows the highest
Cp.iy 0.022. The 2-percent sections show values of
Ct... of about 1.1; the 4-percent section, of about 1.3;
and the 6-percent section, of about 1.5.

Lift and drag coefficients are of little value in deter-
mining the relative merits of the airfoil sections for
propellers unless their quantitative importance is deter-
mined. The influence of Cp at 7mer (approximately
Cp.i) ON fmer is given in figure 37 for the propellers
when set at a blade angle of 25° at 0.75R. Large
changes in Cp are seen to affect #mq, only a small
amount. Reducing Cp from 0.02 to 0.01 increases
Nmez ORIy 3 percent. By extrapolation, if the drag could
be reduced to zero, the nm.. would be increased only to

! T T T T T T
> o { M. A.C.A.4400inner half,
\\ N.A. g ,;1[ 22%0%—5?4 oufer ha/F
+ MA.C.A.
88—~ YR o e
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N
A
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Blade drag coefficient af 5,.. &

FiGuee 87.—The influence of the blade drag coefficlent on the maximnm propalsive
effiefency. Blade angle, 25° at 0.75R.

0.895, which is only a few percent below the ideal for
this condition. (The ideal efficiency neglects profile
drag, hub drag, body slipstream drag, rotational losses,
tip losses, blade interference, etc.) This result indicates
that the possibilities for improving g, by reducing the
profile drag of the sections are very limited; the maxi-
mum increase is probably not more than 1 or 2 percent
above that for the present-day stendard sections. It
should be emphasized that figure 37 applies only to a
blade-angle setting of 25°. For higher angles up to
about 45° according to the simple blade-element
theory, Cp would have & slightly smaller influence on
Nmaz-

A direct relationship does not always exist between
Ck... and take-off efficiency because in many cases the
stall is not reached. Fixed-pitch propellers set at
blade angles below about 20° (the approximate blade
angle for stalling at zero air speed) and some control-
lable propellers set at angles as high as 30° do not stall

during the take-off run. Probably some indirect rela-
tionship exists, however, between C;_, and the take-
off efficiency because of the drag at high angles of
attack associated with sections of different camber.
The relationship between the C;_, and the take-off
efficiencies of controllable and fixed-pitch engine-pro-
peller combinations is given in figure 38. In figure
38 (a) the analysis is based on propellers designed for
fmaz; the data being taken from figures 33 (a) and 35.
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standard).
FieUurz 38.—Relationship between Cp . and the propelier characteristics for the
take-off condition. Take-off criterlon, 1 =0.25 Vigs.

It may be seen that increasing values of C_,, are asso-
ciated with a slightly decreasing take-off thrust power
of controllable propellers. This trend, as previously
explained, is due to the different take-off blade settings
necessitated by the differences in diameter.

The trend of take-off thrust power increases with
increasing Oy, for the fixed-pitch propellers set at
moderately high blade angles but not for the low blade-
angle settings because the blades are never stalled.



174

In figure 38 (b) & similar gnalysis is presented for
propellers having equal diameters, the material being
taken from figures 33. (b) and 35. In this example,
increasing values of Cr,,, are associated with an in-
creasing take-off thrust power of controllable propellers
for only the low C, range and the high design C, values.
The high-pitch low-camber propellers are the only
ones exceeding the stall at the take-off, as previously
pointed out. Had the diameters of all propellers been
smaller, more propellers would have exceeded the stall
and the advantage of & high lift coefficient would be
more general.

The advantage of high lift coefficients for fixed-pitch
propellers is definite over the entire range investigated;
it is more definite, however, for the high blade angles
than for the low ones. The take-off thrust is increased
an average of 1 percent for each 1 percent increase in
Cr ez for C, values of 1.5 and over.

Effect of compressibility—In the tests reported in
reference 8 it was noted that propellers of R. A. F. 6
section were more affected by compressibility in the
take-off and climbing range than those of Clark Y
section. It is reasonable to_assume that the other
propellers would likewise display differences. Qf the
sections incorporated in the present propellers, the
Clark Y, the R. A. F. 6, and the N. A. C. A. 2409-34
have been tested as airfoils in the N, A. C. A. high-
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gpeed wind tunnel and the results are given in figure
39 (from references 1 and 4). The low-speed results,
V/V,.=0.40, correspond approximately to the present
results. It may be noted that the curves from these
tests of low-speed airfoils check in & relative way the
airfoil curves derived from the propeller results.

In the airfoil curves for high speed (V/V,=0.80,
fig. 39), it may be noted that the values of the mini-
mum drag coefficient of the N. A. C. A. 2409-34 scc-
tion was doubled, the Clark Y tripled, and the R.
A. T. 6 nearly tripled by doubling the air speed. If
all the elements were traveling at 0.80V, the maxi-
mum efficiency of the propeller of N. A. C. A. 2400--34
section would be expected to drop about 3 percent,
that of Clark Y section about 9 percent, and that of
R. A."F. 6 section about 8 percent, judging by the
effect of drag on n,.., 8s shown in figure 37 for the 25°
blade-angle setting. Fortuna.tely, only the tip ele-
ments are affected so the loss is much less.

For the 2-blade propeller of R. A. F. 6 section turn-
ing at 1,800 r. p. m. (V/V.=0.83), the loss in peak
efficiency is only about 1 percent (within the experi-
mental error) (fig. 40), which means that very little
area at the tips is affected. These results have been
translated into airfoil results and are shown in figure
41 for the purpose of comparison with the high-speed
results shown in figure 39. Some idea of the blade
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area affected mey be obtained by referring to figure
42 wherein Cp is plotted against V/V, (which is also
a function of propeller radius, assuming only rota-
tional velocity). If consideration is given to the

o i /
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V/inD
F10URE 40.—Eflect of compressibility on the characteristies of an R. A.. F. 8 propeller
(from reference 8).

thrust distribution over the blade, which falls off near
the tip, it is readily seen why the propeller of the
R. A. F. 6 section loses so little in peak efficiency owing
to compressibility.

It is pointed out in reference 4 that the N. A. C. A.
2400-34 series section is superior at high speeds to the
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F16URR 41.—Alrfofl sectfon charecteristles redueed from propeller resnlts. Two-
blade propeller of R. A. F. 6 section; blade angle, 15° at 0.76R (from refer-
ence 8}.

commonly used propeller sections and the curves that
are herein reproduced in figure 39 are given as evidence.
 As a result of the recommendations of reference 4,
propeller 6623-B was designed with the N. A. C. A.
2400-34 series section for the outer half. This pro-
peller was not tested at high tip speeds because the
propeller of R. A. F. 6 section showed scarcely any
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decrease in peak efficiency; it was concluded that any
compressibility effects of the propeller of N. A. C. A.
2400-34 section could not be measured at ym.. With
the present test set-up.

Figure 42 shows the relative blade area affected by
compressibility for the propellers of R. A. F. 6 and
N. A. C. A. 2400-34 sections. It appears that the
tip speed must be at least 0.90V, before compressi-
bility effects at #m, could be measured on the pro-
peller of N. A. C. A. 2400-34 section, and then the
loss would probably amount to not more than 1 per-
cent, judging by the results for the R. A. F. 6 section
for o tip speed of 0.83V,. The results of reference 9
also show that no loss in peak efficiency occurs up to
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F1oURE 42.—Effect of compressibility on the drag of two sections when working at

lift coefficlents for maximum propeller efficiency (from reference 4). Blade area
appreciably affected by compressibility for a tIp speed equal to 0.83 V.

tip speeds of 0.85 or 0.90V, for the standard propeller
sections.

Tests of the propellers with the N. A. C. A. sections
at high tip speeds for the take-off and climbing condi-
tions are planned. It is not anticipated, however,
that the condition of high tip speed will materially
alter the relative merits of the sections for the teke-off
condition because: First, only the tip sections ordinarily
operate at high speeds; and, second, compressibility
tends to equalize the characteristics of different, airfoils
at high angles of attack rather than to accentuate any
differences. Figure 39 indicates that all airfoil sections
have about the same Cy_,_ at 0.80V,. This result
was also found to be substantially true for propellers.
In reference 8 it is pointed out that, although the
propellers of R. A. F. 6 section lost more in take-off
efficiency owing to compressibility than those of Clark
Y section, the efficiency at low tip speeds wes higher;
consequently, the efficiencies tended to equalize at
high tip speeds.
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CONCLUSIONS

1. The difference in maximum propulsive efficiency
for propellers of different sections amounted to about
3 percent. The highest efficiencies were for the pro-
peller sections of low mean cambers, as may be noted
from the order of merit: N. A. C. A. 2400-34, Clark
Y, N. A. C. A. 2R;00, N. A. C. A. 4400, R. A. F. 6,
and N. A. C. A. 6400. =

2. The difference in take-off efficiency for controllable
propellers varied from 2 to 8 percent, depending upon
the section, the design €, value, and the method of
comparison. Based on propellers of the same diameter,
the order of merit of the sections, in general, was:
R. A. F. 6, N. A. C. A. 4400, Clark Y, N. A. C. A,
6400, N. A. C. A. 2R,00, and N. A. C. A. 2400-34.
Based on propellers of which the diameters were those
giving maximum efficiency at high speed, the order of
merit of the sections, in general, was: N. A. C. A.
2R,00, Clark Y, N. A. C. A. 4400, N. A. C. A. 2400-34,
R. A. F. 6, and N. A, C. A. 6400.

3. The difference in take-off efficiency for fixed-
pitch propellers varied through wide limits. Based
on either method of comparison, the order of merit
was: R. A. F. 6 or N. A. C. A. 6400, N. A. C. A.
4400, Clark Y, N. A. C. A. 2R;00, and N. A. C. A,
2400-34.

4. The tests indicated that blade sections for con-
trollable propellers not limited in diameter should be
selected almost entirely on & basis of minimum drag, as
the maximum lift coefficients had only a small effect on
the take-off characteristics within the range investi-
gated, because the stall, in general, did not occur.

5. The tests indicated that blade sections for fixed-
pltch propellers should be selected on bases of both
minimum drag and meximum lift, particularly for blade-
angle settings of 20° and over. For propellers of equal
diameters, the increase in take-off thrust was propor-
tionsl, in general, to the maximum lift.

6. A comparison of Clark Y and R. A. F. 6 sections
of different thickness ratios for controllable propellers
of the same diameter indicated that thin (h/6=0.07)
propellers of R. A. F. 6 section were superior at take-off
to thin propellers of Clark Y section, but that thick
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(Rf6=0.09) propellers of Clark Y section were equal to
thoseof R. A. F. 6 section, either thick or thin.

7. Tests already reported on the effect of compressi-
bility indicate that no correction need be applied to the
maximum efficiency of the present results for tip-speed
values of ¥}V, up to 0.80 or 0.90. Although corrections
should be applied to the take-off characteristics for
somewhat lower tip-speed values, the results show that
compressibility tends to decrease any differences be-
tween propellers of different section. The present tests
probably show the correct order of merit even up to tip
speeds of 0.90V..

LaxeLEY MEMORIAL AERONAUTICAL LABORATORY,
Namionan Apvisory COMMITTEE FOR AERONAUTICS,
Lancrey Fiewp, V., March 23, 1938.
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TABLE II

CLARK Y AND R. A. F. 6 BASIC PROPELLER SECTIONS

radius
: cg T.E. radius
ASVL ag® i :
T
T be
d
/]
h-hl.ﬂl
Sectfon.___.___._ Clark ¥ B.A.F.6
Fi B Bk £,
0 0.2030 0.2060 | oo -
.025 . 5490 .1281 0.41
.05 . 6625 L0811 59
.1 . 8055 034 il
.2 . 9570 . 0085 .95
.3 . 9850 0 1.00
-4 .B830 0 .90
.5 . 9280 0 .95
.6 .8200 0 .87
.7 . 6835 0 .74
.8 . 5210 0 .56
.9 . 3375 0 .35
L. E. radius 0.13 .10
T. E. radlus .08 .07
Ae 416 % 421 R
be 4405 b 4480 5
Area .T245 BA .T38 bA
Tmajer . 0418 6% L0446 Bk
Iminer . 0454 bA? . 0464 bA?
TABLE IIT

N. A. C. A. BASIC PROPELLER SECTIONS

L.E. radivs

' ] I,c.g . ,Mean tine
DT e | 8 ph— L O0rd
A al g Ry e N
A —
5,
d
b

(A1 + R1) mes = h; by and by are measured perpendicolar to the tangent of the mean line

Seetion.___.____ 400 2100-3¢ 2R00 6400
dfb afb Bafhmhafh o Byfhmbo/h afo Bufb=hafk ad Mfh=hafh
0.025 0. 00484 0.217% 0.00242 0. 140 0.00361 0.2178 ©.007327 0.2179
.05 00037 - 2962 . 00468 . 208 . 00681 . 2002 - 01406 . 2062
1 -01750 -3902 - 00875 304 -01204 -3902 .02435 L5002
i2 ~03000 4781 - 01500 L4 -01832 Tl - 04500 L4731
3 - 03750 . 5001 .01875 .48¢ -01090 - 5001 -05825 . 5001
4 - 40000 -4836 -02000 . 500 .01821 L1836 - 08000 -4836
5 - 03889 L4l -01044 .4s8 -01414 4l - 05834 Lad11
.6 - 03558 -3803 -01778 .4i3 . 08930 .3303 - 05333 -3808
7 - 03000 -3053 - 01500 573 -03710 23053 - 04501 - 3088
.8 -0z .18 -0l .oTt —. 00024 .88 . 03384 .3186
9 -01222 1206 - 00611 158 —. 00187 . 1206 -01834 1206
1.0 0 -0105 0 -010 L0108 -0105
L. E. redius/b L1 (B8 0.275 (fb)* 1.1 () L1 @)t
tan ¢ 0.200 0. 100 0,153 0.300
be .42 .46b .45 .42b
ke . 0813 Lo172e - 01268 0473b

177
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TABLE IV _ °
PERFORMANCE OF PROPELLERS HAVING DIAMETER FOR MAXIMUM EFFICIENCY AT HIGH SPEED
THigh speed T““Wﬂbﬁ;‘gmlm“ Take-ofl, fixod pitch
Propeller Section Deé'lgn
o v Di&m- Blatlle v Blaclle 4 B]nclle N N
—_— eler (=Y k] —_ angle k] — angloe " - (—-)
aD | ) |(@deg)| ™ | D | (deg) 2D | (deg.) M |"\W
L S | Clark Yoo eeeme 10 | o505 | 10 132} 0766 | 0126 | 10.8 | 0307 | 0151 | 12.2 | 0.3 | o0.835 | 0.284
- L6 | .82 | 1 2.0 | .84 | 218 | 15.¢ | .48 | .22 | 2rg | .41 | .77 | .81l
20 | 1213 | 10 2001 | Cse1 | ‘304 [ 198 | (500 | 437 | 20 | s0v | lewm | .75
25 | L58 | 10 36.1 | .50 | 400 | 227 | .58 | 505 [ 361 | (403 | lem | .70
5868-R6- o - RoA Fobmoeeoeeeeee 1.0 .53 | 914 | 164 | .763 ]| .18 | 19 | .m2 | .15 | 184 ! .3m | .zgw | .m0
16| ‘o35 | 912 | 267 | 8w | . 207 | .400 | 273 | 2657 | 38 | g5 | .328
20 | nos2 | 9.47 | 316 | .83 | .2 | 28 | . 0 | 3Le | a0 | lm | 3w
25 | 1706 | 987 | 888 | .88 | .42 | @2 521 | (560 | 388 | .30 | .7or | .27
6623-Arrmemoonn N.A CoA 400 o] Lo | e8| o4 | 18.4 | .1s | 180 | a2 | .1 | w04 ] .82 | .g@ | .2
L5 | s | obg | 238 g7 | ‘232 | 175 | .8 | .3 | ;s | .40t | .50 | .3
2.0 | 14 | 975 | 28 ga8 | 311 | 2000 | a2} 422 | 0 | se2 | ms | 288
25 | Tess | 9.6 | 32 a4 | o0 | st | .e8 | are | lasT | imie | a7
6623-Boooorooo. N, A. C. A, 4400 Inner half, | 1.0 | .506 | 10.00 | 182 | .788 120 | 120 | .28 | .51 | 183 | .83 | .sss | .5
2400-84 outer half, L5 | .80 | 10027 | 228 | -850 .1 | ta15 | ‘283 | 28 | a3 | v | o1
20 | 115 | 1081 | 288 | a7 18.4 | .496 | .438 | =8 | .43 | lew | 73
25 | 1546 | 10034 | 864 | .846 .| .386 | 227 | .526 | .601 | 364 | .45 | .638 | .268
8623-0 e N. A C. A 2BA00 ceoee . Lo | .48 | 10.67 | 150 76| .ue | s | e | .18 | 180 | . e |
L5 | .78 | 1081 | 208 | 843 { 197 | 146 | .435 282 | 21.8 | 452 | @8 | 316
2.0 | 1168 | 10,40 | 0.0 | .86L | .202 | 200 | 508 48 | 300 | .83 | .cs1 | .
25 | T3 | 10,10 | 388 845 | .38 | 248 | 383 | .387 | 630 | oM
623D e e NoACo A 6400 oo 10| .62 | 808 | 15| .7er | .11 | 132 | .28 | .0} 158 | .a07 ! .sss | .z
Lo | 006 | 9.41 | a2a | -ss1 | .28 | 166 | 400 | 274 | 224 | 408 | g2 | 235
20 | U282 | o047 | 204 | sz | 3w | 2007 | ava | me | 204 | 416 | 800 1
2.5 | L7065 | o8 | 8va | s 428 | 268 [ .m0 | s62 | &74 | 4nd | 7s7 308
TABLE V
PERFORMANCE OF PROPELLERS OF EQUAL DIAMETER
[Clark Y propeller taken &s standard]
High spesd Tak“ﬂi,ﬁ“g‘ﬁm“‘bh Take-off, fixd plteh
Propeller Ssction Decs:l‘gn
AL - IR T e
n 7| (deg.) " (deg) s (deg.) . .
5868-0......... (o170 A 10 | 0.505 10| 122 | 0786 | 0226 | 1.8 | 0807 | 0.181 | 13.2 | ¢.340 | 0.835 | 0.284
-15 | s 10 | aLo | .88 | .218 | 154 | .428 | .22 | aue m | Lmr | oLau
) 20 | L218 10| 201 | eer | 304 | 1003 | lso0 | (437 .1 a7 | .693 5
25 | 1508 0] 361 | ‘gm0 | 400 | 227 | (e8| 506 | 361 .60 270
B868-R8en] R An P bicereoeoeeeeeeee 10 | .505 10 | 5| .ve1 | .126 [ 108 | .81t | 146 | 125 338 | .860 | .284
L5 | .82 10 | 21.5 | .816 | -213 | 158 | .48 | .26 | 218 o | .74 347
20 | 1218 0| 287 | .83 | 304 | 180 58 | .412 | W7 91 | ;@4 | 3
25 | 1508 0| 858 | .87 | .400 | 237 50 | 568 | 358 4 | 702 33
0623-A. ... NoA C oA 4400 .| L0 | .508 0] 134! 766 | .126 | 108 | .82r | .13 | 13.4 | .38 | .82 295
Ls | .sm 10| 215 | eas | ‘a3 | w2 | (a8 | o | 208 w0 | ime | L
20 | L1318 10 ] 287 | s | 304 | 100 [ ‘&8 | ‘40 | |7 72z | sa08
25 | Lows 0] 3665 | .82 | .400 | m2 %0 | .53 | axs 0 | ees | [me
8623-B.oo . N. A C. A. 4400 Inner half, | 10 | .503 10| 168 | .788 | .26 | 120 | .38 i .152 | 183 32 830 | .78
2400-34 outer half. L5 | .85 10 | 229 | ‘s | 23 | s | tms | osr | 29 | lzm 3 | .2
20 | L218 10 | 8o | ‘ses | a4 | 201 | ase | 430 | 210 374 004 | 250
25 | nows 10 | s7s 83 | 400 | 248 | [a02 | ‘e00 | 278 gos | 260
662-C.eo.| N. A, C.2RY0. oo .0 | .506 10| 167 | .745 | .128 | 13.0 a0 | .169 | 167 837 | .74 | 204
L5 | .85 10 | 247 g7 | .23 | 181 a0 | o201 | 207 1| 8
20 | L213 10 | 8.8 | .860 | .304 | 2L a0 | .45 | sug | 3sc | lem | 2
25 | Lo 10| 887 | .83 | .40 | 263 5l0 | .02 | 7 | .am | .e37 20
6623-D. ... N. A CoA 6400 ce oo, 1.0 | .56 10 | 1.3 | .781 } .16 | 108 | .319 | .146 | 118 337 | .800 203
Ls | .82 10 196 { .828 | .218 | 187 | 421 | .278 | 108 436 | o7 834
20 | L213 10 260 | .86 | ‘304 | 170 | 407 | 405 | 268 2 | .7 875
25 | L&®B 0] 8¢ | 816 .40 | 206 | .563 ) .55 | m9 00 | Tk 354




