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AERONAUTIC SYMBOLS
1. FUNDAMENTAL AND DERIVED UNITS

; Metric g English
Symbol
: Abbrevia- . Abbrevia-
Unit tion Uit tion

Length_ _____ l 15 e m foot (or mile) . ________ it (or mi)
S B T R AL t gegond= Tt ot 8 second (or hour)_______ sec (or hr)
Force - 2ol ic F weight, of 1 kilogram___ kg weight of 1 pound_____ ib
Power_.2=. - ? horsepower (metrie) - - _-_|__________ horsepower_______.__._ hp
St Vv {kilometers per hour____ kph miles per hour___-____| mph

et e meters per second._ . ___ mps feet per second_._______ fps

2. GENERAL SYMBOLS
Weight=mg v Kinematic viscosity

Standard acceleration of gravity=9.80665 m/s?

or 32.1740 ft/sec?

Mass==—IZ

Moment of inertia=mk?.
radius of gyration £ by proper subscript.)
Coeflicient of viscosity

Area
Area of wing
Gap
Span
Chord

HESDY
Aspect ratio, S

True air speed

Dynamic pressure, %pV’

(Indicate axis of

p

Density (mass per unit volume)

Standard density of dry air, 0.12497 kg-m—*s? at 15° C

and 760 mm; or 0.002378 1b-ft~* sec?

Specific weight of “standard” air, 1.2255 kg/m® or

0.07651 Ib/cu ft

3. AERODYNAMIC SYMBOLS

Lift, absolute coefficient C,= £

Drag, absolute coefficient CD:Q_S
Profile drag, absolute coefficient Up = S
Induced drag, absolute coefficient (', ==

Parasite drag, absolute coefficient OD”:q—S

D

D,

i
gS

D,

Q

Cross-wind force, absolute coefficient Oc=q_S

o
i

Q
0

Angle of setting of wings (relative to thrust line)

Arlxgle) of stabilizer setting (relative to thrust
ne

Resultant moment

Resultant angular velocity

Reynolds number, p—T;;l where /is a linear dimen-

sion (e.g., for an airfoil of 1.0 ft chord, 100 mph,
standard pressure at 15° C, the corresponding
Reynolds number is 935,400; or for an airfoil
of 1.0 m chord, 100 mps, the corresponding
Reynolds number is 6,865,000)

Angle of attack

Angle of downwash

Angle of attack, infinite aspect ratio

Angle of attack, induced

Angle of attack, absolute (measured from zero-
lift position)

Flight-path angle
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REPORT No. 852

FLIGHT INVESTIGATION AT HIGH SPEEDS OF THE DRAG OF THREE AIRFOILS AND A
CIRCULAR CYLINDER REPRESENTING FULL-SCALE PROPELLER SHANKS

By Wittiam H. Barvow

SUMMARY

Tests have been made at high speeds to determine the drag of
models, simulating propeller shanks, in the form of a circular
eylinder and three airfoils, the NACA 16-025, the NACA
16-040, and the NACA 16-040 with the rear 25 percent chord
cut off. All the models had a maximum thickness of 4}
inches to conform with average propeller-shank dimensions
and a span of 20% inches. For the tests the models were sup-
ported perpendicular to the lower surface of the wing of an
XP-51 airplane. A wake-survey rake mounted below - the
wing directly behind the models was used to determine profile
drag at Mach numbers of 0.3 to 0.8 over a small range of angle
of attack. The drag of the eylinder was also determined from
pressure-distribution and force measurements.

The results of the tests indicated that the drag of the airfoils
was lower than that of the eylinder over the Mach number range
investigated.  The drag reduction obtainable through the use of
these airfoil sections in place of a round shank increased with a
decrease in airfoil thickness ratio and reached maximum values
at @ Mach number of 0.63 for the NACA 16-040 airfoils and
0.71 for the NACA 16-025 awrfoil.

INTRODUCTION

During recent years the National Advisory Committee for
Aeronautics has conducted investigations for the purpose of
increasing the efficiency of propellers on airplanes. One of
the factors found to increase considerably the losses in pro-
peller efficiency was the high drag of round shanks operating
in high-velocity fields. Various methods for reducing shank
drag were tried; among these methods was the use of cuffs or
propeller shank fairings. Flight-test data from cuffed pro-
pellers on streamline bodies are scarce, and the available
data were not obtained in any systematic manner so that the
relative value of the cuffs tested could not be ascertained.
Wind-tunnel tests of thick airfoil sections and cuffed pro-
pellers have not been obtained with proper scale, Mach num-
ber, and shank relief effects.  Because of the scarcity of drag
data on thick airfoils operating at high speeds, therefore,
data for development and improvement of propeller shanks
were considered desirable. A flicht-test program was conse-
quently begun at the Langley Laboratory of the NACA in
order to determine full-scale relative drag characteristics of
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various shanks and shank fairings under conditions approach-
ing those of propeller shanks on a streamline body operating
at high forward speeds. A preliminary phase of this program
consisted of tests of three thick airfoil models and a circular
evlinder; these models were mounted perpendicular to the
lower surface of the wing of an XP-51 airplane, which was
operated at such speeds as to give local Mach numbers at the
model station of from 0.30 to 0.80. At the model station
the chordwise pressure gradients due to the wing simulated
in some respects the gradients due to a propeller spinner.
Tip relief conditions at a i)'ijopvllor shank arising from rapid
spanwise decrease in blade thickness were approximated by
using models of finite aspect ratio. The results of tests of the
three thick airfoil models and the circular eylinder are given
in the present paper. A comparison of the speed gains that
might be realized by use of these thick airfoils in place of a
round propeller shank is presented.

SYMBOLS
q dynamic pressure, pounds per square foot
Po free-stream static pressure, pounds per square foot
Ap local static pressure minus free-stream static pressure,
pounds per square foot
dy section profile drag of model, pounds per foot of span
d section pressure drag of model, pounds per foot of
span
D drag of model, pounds
A frontal area, square feet
t model thickness, feet
Cay section profile-drag coefficient (dy/qt)
Ca section pressure-drag coeflicient (d/qt)

(65 airplane lift coefficient
M, flicht Mach number
M effective Mach number at model station

APPARATUS AND METHODS

The propeller-shank sections selected for the tests included

a circular cylinder to represent a round shank and two sym-

metrical airfoils, the NACA 16-025 and the NACA 16-040.

The 25-percent-thick airfoil represented a thin shank section

and the 40-percent-thick airfoil, a thick shank section. The

NACA 16-040 airfoil was also tested with the rear 25 per-
1
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cent chord cut off. A photograph of three of the models
tested is presented as figure 1. Geometric characteristics
of the models are given in figure 2. All models were of
rectangular plan form and had a thickness of 4% inches to
correspond to average shank dimensions. The models had
a 20)-inch span including the rounded tip, which was ob-
tained by rotating the airfoil section 180° about the chord
line. The aspect ratios of the models were 9.2, 2.1, 3.4, and
4.5 for the circular cylinder, the NACA 16-025, NACA
16-040, and modified NACA 16-040 airfoils, respectively,
and were based on the assumption that the wing acted as a
reflection plane. These values of aspect ratio may be high
because of a small gap between the model and the wing.

The models were mounted on a rod perpendicular to and
extending from the lower surface of the left wing of an
XP-51 airplane (fig. 3). The average clearance between the
models and the wing surface was % inch. (See fig. 4.)
Provision was made to rotate the supporting rod in order to
obtain a change in angle of attack from —6° to 6° for the

(a) Circular cylinder. (b) Modified NACA 16-040 airfoil. (¢) NACA 16-025 airfoil.
FIGURE 1.—Propeller-shank models.

Modiified NACA /6-040.
Circular c y//‘nder-\ | \

~NACA /6-040

/NACA 16-025

{25

18.0"

FiGURE 2.—Geometric characteristics of propeller-shank models. Span of models,
2014 inches, including rounded tip.

airfoils and to rotate the cylinder through 200° for pressure-
distribution measurements. The support rod was located at
approximately 38 percent of the chord at the 40-percent-
semispan station and was about 3 feet outboard of the
propeller radius.

A wake-survey rake mounted 29 inches behind the support
rod and 9 inches below the wing surface (figs. 4 and 5) pro-
vided data for determination of the profile-drag coefficient
of the model center section. The distance of the rake behind
the trailing edge of each model is shown in figure 5.  Direct
drag measurements on the cylinder were obtained by mount-
ing the ecylinder on a support rod equipped with electric
strain gages. Pressure-drag data on the cylinder were ob-
tained from pressure-distribution measurements made by
means of two orifices 180° apart at each of six equally spaced
spanwise stations (fig. 6). A complete survey at each station
was obtained by rotating the cylinder 200° during a test run.

Ficure 3.—Wake-survey rake and support rod for propeller-shank models mounted on lower
surface of wing of X P-51 airplane.

(a) Front view.

(b) Side view.
F1GURE 4.—Circular cylinder mounted below lower surface of wing of X P-51 airplane.
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FIGURE 5.— Location of models and wake-survey rake below lower surface of wing of
X P-51 airplane.
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FIGURE 6.—Circular cylinder showing orifice stations.

The local dynamic pressure ¢ and the local Mach number
M used in evaluating the data were determined from free-
stream total pressure measured with the pitot tube mounted
ahead of the airplane wing and from local static pressure
measured with static-pressure tubes located on the right
wing at the same chordwise and spanwise positions as those
at which the models were located on the left wing. These
pressure measurements were made simultaneously with

measureiments of the drag of the models. In the pressure-
distribution tests of the cylinder the static-pressure measure-
ments on the right wing were made with a rake of six
static-pressure tubes, with each tube located at a distance
below the wing surface corresponding to an orifice location in
the cylinder (fig. 6). For the force tests of the eylinder and the
walke surveys, the static pressure on the right wing was meas-
ured with one static-pressure tube located 9 inches below the
wing surface (fig. 7), which corresponds to station 3 in figure 6.
The difference between local Mach number at various
distances below the wing surface and free-stream Mach num-
ber is presented in figure 8 for several flight Mach numbers.

Static-pressure tube

Thermometer

FIGURE 7.—Static-pressure tube and thermometer mounted below right wing of
XP-51 airplane.
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I"IcUuRrE 8.—Variation of increment of local Mach number above flight Mach number with
distance below right wing surface as determined from static-pressure surveys.

In order to indicate the magnitude of the chordwise varia-
tion of static pressure in the test region, the chordwise pres-
sure distributions, as determined from measurements of
static pressure on the lower surface of the wing of another
XP-51 airplane, are presented in figure 9 for an airplane lift
coefficient of about 0.15 and several flicht Mach numbers.
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At wing surfoce M, At station 3

0.56 o
———— .60 0
———————— -65 o
_— . S
—.2F e SE  maca 16-025 —TE
Modified
NACA 16-040-1----
~8F  cylinder-{-
Ap
9
-4 = I~
— By
/ \\\i
0

Fi1cUure 9.—Typical chordwise pressure distributions at wing surface in test region at various
flight Mach numbers. Pressure coefficients for station 3 (Cr=0.15) also shown.

Static pressures measured in the present tests at station 3
(9 in. below the wing surface) are included in figure 9. Be-
cause of the decrease in induced velocity with distance from
the wing surface, the chordwise gradients at station 3 may
be somewhat less than those indicated at the wing surface.
The angular position of the models with respect to the
airplane longitudinal axis was recorded by a mechanical
optical centrol-position recorder. The yaw angle of the
airplane was measured by means of a yaw vane mounted on
a boom one chord ahead of the right wing near the tip. The
angle of attack of the models was determined from the angle
of the model and of the airplane.  Any difference that might
exist between the direction of flow over the wing and the
direction of flow in the free stream was not taken into
account. Air temperature used in the determination of
model Reynolds number was obtained by means of a low-lag
thermometer (fig. 7) connected to a recording galvanom-
eter.  All instrumentation was standard NACA equipment.
The tests were made at flicht Mach numbers from 0.3 to
0.7 in 0.05 intervals.  The corresponding range of local Mach
number at the test station was 0.3 to 0.8.
the flicht Mach number, the
acceleration were held constant.

During each run
vaw angle, and the normal

RESULTS AND DISCUSSION

An indication of the extent to which the principal flow
conditions about a propeller shank were reproduced in the
present model tests may be obtained from an examination
of the variation of Mach number with distance from the
wing surface (fig. 8), the chordwise variation of static pressure
in the test region (fig. 9), and the method used for simulating
shank relief.  The variation of Mach number with distance
from the wing surface indicates that the Mach number
decreased by about 0.03 in a distance of about 18 inches,
whereas on an actual propeller shank of equivalent length
the Mach number (based on the resultant of translational and
rotational velocities) would increase by about 0.1. The
effect of not reproducing the actual spanwise gradient is not

known. The negative chordwise pressure gradients over the

forward part of the test region followed by the positive
gradients over the rear part (fig. 9) are similar to the gradients
about a spinner on the nose of a typical in-line engine installa-
tion. On a propeller the thinner section adjacent to the
shank may influence the flow over the shank to some extent.
In the present investigation this condition was considered
to be simulated, at least approximately, by the use of models
of finite aspect ratio.

The variation of the section drag coefficient with Mach
number for the cylinder as determined from force-test and
pressure-distribution measurements is presented in figure 10.
The section pressure-drag coefficient varied over the span of
the cylinder, and for tests in which the data are complete
no consistent variation is noted. An average minimum sec-
tion pressure-drag coeflicient of 0.5 is found between values
of M of 0.425 and 0.475. With further increase in Mach
number the section pressure-drag coeflicient increased rapidly
to a value of about 1.0 at a Mach number of 0.65 and then
decreased at still higher Mach numbers. The drag coeffi-
cient determined from force tests appeared to be in reason-
able agreement with the pressure data.

The drag coeflicients of the cylinder determined from force
tests, wake surveys, and pressure-distribution tests are com-
pared on the bases of Mach number and Reynolds number
in figures 11 and 12, respectively. In general, results of the
wake surveys are not in agreement with the results of the
force or pressure-distribution tests. Wake-survey results
indicated a lower minimum drag coefficient, with drag co-
efficient increasing rapidly at a Mach number of about 0.425
but inereasing to a maximum value of about 1.5 at a value
of M of 0.65. This maximum value of drag coefficient is
about 50 percent higher than the value obtained by the force
and pressure-distribution measurements. No exact ex-
planation for this discrepancy has been ascertained ; however,
the oscillatory nature of the wake, which is not accounted
for in the momentum equations used in reduction of walke-
survey data, may be the cause of this difference. Drag data
for the airfoil sections were obtained by the wake-survey
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F1GurEe 10.—Variation of section drag coefficient with Mach number for the circular eylinder
as determined from force-test and pressure-distribution measurements.
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FIGURE 12.—Variation of section drag coefficient with Reynolds number for the circular cyl-
inder as determined from force tests, wake surveys, and pressure-distribution tests.
method and may therefore be subject to this same type of
error. Conditions in the wake of the airfoil at the survey
station, however, should approach more closely the condi-
tions assumed in the wake equations than the conditions for
the wake of the circular cylinder. If the surveys had been
made farther downstream of the models, the effects of wake
oscillations might have been reduced and more conservative
results obtained. Because of the difficulty of supporting a
rake in a more rearward position, however, surveys could

not be made farther downstream.
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The variation of section profile-drag coefficient with angle
of attack for several Mach numbers is presented in figures
13, 14, and 15 for the NACA 16-025, the NACA 16-040,
and the modified NACA 16-040 airfoil models, respectively.
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FIGURE 13 —Variation of section profile-drag coefficient (based on thickness) with angle of
attack at various Mach numbers for the NACA 16-025 airfoil model.
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FIGURE 14.—Variation of section profile-drag coeflicient (based on thickness) with angle of
attack at various Mach numbers for the NACA 16-040 airfoil model.
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FIGURE 15.—Variation of section profile-drag coefficient (based on thickness) with angle of
attack at various Mach numbers for the modified NACA 16-040 airfoil model.
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The variation of section profile-drag coefficient with Mach
number for zero angle of attack, determined from the data
in figures 13 to 15, is presented as figure 16. The section
profile-drag coefficient had a minimum value of about 0.02
at Mach numbers up to 0.63 for the NACA 16-025 airfoil
model, a minimum value of about 0.04 up to a Mach num-
ber of 0.50 for the NACA 16-040 airfoil model, and a mini-
mum value of 0.22 at a Mach number of 0.65 for the modified
NACA 16-040 airfoil model. The large values of section
profile-drag coefficient, at low Mach numbers, for the
modified NACA 16-040 airfoil were probably associated
with low Reynolds numbers. The Mach number at which
the section profile-drag coefficient began to increase
rapidly was 0.75 for the NACA 16-025 airfoil model and 0.60
for the NACA 16-040 airfoil models. At Mach numbers
greater than 0.65 the section profile-drag coefficient of the
modified NACA 16-040 airfoil model was slightly higher
than the corresponding drag coefficient for the NACA 16-040
airfoil model.

The variation of the drag of the cylinder and the airfoil
models with Mach number is presented in figure 17 as a plot
of D/pyA against Mach number. Over the range of Mach
number tested, the drag of the cylinder was higher than the
drag of any of the airfoil models. The drag reduction ob-
tained through use of the airfoils in place of a cylindrical
shank increased with decrease in airfoil thickness ratio. A
small reduction in drag at low Mach numbers and a large
reduction in drag at high Mach numbers can be effected
through use of the NACA 16-040 airfoil with the rear 25-
percent chord cut off in place of the cylindrical shank. The
maximum drag reduction was obtained at a Mach number
of 0.63 for the NACA 16-040 airfoils and at a Mach number
of 0.71 for the NACA 16-025 airfoil.

1.0
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FIGURE 16.—Variation of section profile-drag coefficient (based on thickness) with Mach
number for the three airfoil models at zero angle of attack.

On the basis of the results of figure 17 an estimate was
made of the increase in speed of a present-day fighter airplane
operating at an altitude of 30,000 feet that may be obtained
by fairing the exposed round shanks of a four-blade propel-
ler by use of each of the three airfoil sections. The results
are presented in figure 18 as the speed increase obtainable
by a fairing of 1 inch on each round shank, although, of
course, in the actual case more of the propeller shanks would
have to be faired and the total increase in speed would there-
fore be greater than is shown in figure 18. These results
are intended primarily to show the relative effectiveness of
the various fairings. The maximum increase in speed ob-
tainable by using the NACA 16-040 and the modified NACA
16-040 airfoil sections as fairings was estimated to be 4.0
to 4.5 miles per hour at a true airspeed of 430 miles per

-5

Cylinder ...
(force tes lf)

Modifred /J
| |

o 2 .4 26 i) 1.0
Mach number, M

FI1GURE 17.—Variation of drag of the circular cylinder and the three airfoil models with Mach
number at zero angle of attack.
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Fioure 18, —Estimated increase in speed obtainable for a typical fighter airplane with a
four-blade propeller by fairing 1 inch of each round shank to an airfoil section. Airplane
operating at 30,000 feet.
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hour. The increase in speed obtainable by using the NACA
16-025 airfoil section was greater over the speed range con-
sidered than that obtainable by using the other two airfoil
sections and had a maximum value of about 6 miles per hour
at a true airspeed of 480 miles per hour.

CONCLUDING REMARKS

The results of tests of models simulating propeller shanks in
the form of a cylinder and three airfoils—the NACA 16-025,
the NACA 16-040, and a modified NACA 16-040, each
having a maximum thickness equal to the cylinder diameter —
indicated that the drag of the airfoils was lower than that of

the cylinder over the Mach number range investigated (0.3
to 0.8). The drag reduction obtainable through the use of
these airfoil sections in place of a round shank increased
with decrease in airfoil thickness ratio and reached maximum
values at a Mach number of 0.63 for the NACA 16-040 air-
foils and 0.71 for the NACA 16-025 airfoil.

LANGLEY MEMORIAL AERONAUTICAL LLABORATORY,
NarroNnar Apvisory COMMITTEE FOR AERONAUTICS,
Lancrey Fiewp, Va., June 7, 1946.
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Z
Positive directions of axes and angles (forces and moments) are shown by arrows
Axis Moment about axis Angle Velocities
Force
%paral.h;] Linear
0 axis s o » -
Designation Sggf' symbol | Designation Sg(r)xll 3 (I;i?.:lcttli‘(,; Detsii)g;] = St})'onl1 ngﬁ:};}l):ng Angular
axis)
Longitudinal ._______ X X Rolling____... L Y—7 Riotl, = 110 ¢ u P
Lateral ... .. ... : e Y Pitching.__... M Z—X Pitch: Sao o ] v q
Normaal =i 1) Z VA Yawing __ .. N X—Y Yaw ... " w r
Absolute coefficients of moment Angle of set of control surface (relative to neutral
L M N position), 5. (Indicate surface by proper subscript.)
Ot e Pt
gbS qcS qbsS

(rolling) (pitching) (yawing)
4. PROPELLER SYMBOLS

D Diameter : A 2
Gisomatiis pitch i Power, absolute coefficient C’p~-pn,,D-6

14
p/D  Pitch ratio e 1)
Vv Inflow velocity C, Speed-power coefficient= P

V., Slipstream velocity n Efficiency

T Thrust, absolute coefficient OT=W1—TD—4 n Revolutions per second, rps
: Q & Effective helix angle:tan“(z—v—)
Q Torque, absolute coefficient Co=—; A
pn2DP
5. NUMERICAL RELATIONS
1 hp=76.04 kg-m/s=550 ft-lb/sec 11b=0.4536 kg
1 metric horsepower=0.9863 hp 1 kg=2.2046 1b
1 mph=0.4470 mps 1 mi=1,609.35 m=5,280 {6

1 mps=2.2369 mph 1 m=3.2808 ft



