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AERONAUTIC SYMBOLS
1. FUNDAMENTAL AND DERIVED UNITS

Metric English
it Abbrevi Abbrevi:
: revia- : revia-
L tion Buib tion
Tength. oL =2l l eteralt= " il o g 18 foot (or mile) .. ___.___ ft. (or mi.)
Blmessole Lk i gecondis Al afdy s 2 G 1 second (or hour).._.___ sec. (or hr.)
Horce---oialo F weight of 1 kilogram____ weight of 1 pound._____ 1b.
Power2xc i .=, 152 horsepower (metric) ..o _|-co—oo---- horsepower-__________ hp.
Rosad Vv kilometers per hour_____ k.p.h. miles per hour________ m.p.h.
e e meters per second_ - ____ m.p.s. feet per second__-_____ f.p:8.
1
2. GENERAL SYMBOLS
Weight =mg v, Kinematic viscosity
Standard acceleration of gravity=9.80665 p, Density (mass per unit volume)

m/s? or 32.1740 ft./sec.?
Mass = Igz
Moment of inertia=mk?. (Indicate axis of

radius of gyration £ by proper subscript.)
Coefficient of viscosity

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 1b./cu.ft.

3. AERODYNAMIC SYMBOLS

Area

Area of wing
Gap

Span

Chord

Aspect ratio
True air speed

Dynamic pressure -—ész

Lift, absolute coefficient Oy = q%’

Drag, absolute coefficient Cp= q%

Profile drag, absolute coefficient C D°=q%"

Induced drag, absolute coefficient Cj, =q28‘,
D,
gS
Cross-wind force, absolute coefficient Oc=g

qS
Resultant force

Parasite drag, absolute coefficient Cp =

Yy

Ty

Angle of setting of wings (relative to thrust
line)

Angle of stabilizer setting (relative to thrust
line)

Resultant moment

Resultant angular velocity

Reynolds Number, where [ is a linear dimension
(e.g., for a model airfoil 3 in. chord, 100
m.p.h. normal pressure at 15° C., the cor-
responding number is 234,000; or for a model
of 10 em chord, 40 m.p.s. the corresponding
number is 274,000)

Center-of-pressure coefficient (ratio of distance
of ¢.p. from leading edge to chord length)

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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WIND-TUNNEL TESTS OF 10-FOOT-DIAMETER AUTOGIRO ROTORS

By Joun B. WHEATLEY

SUMMARY

A series of 10-foot-diameter autogiro rotor models were
tested in the N. A. C. A. 20-foot wind tunnel. Four of
the models differed only in the airfoil sections of the
blades, the sections used being the N. A. C. A. 0012,
0018, 4412, and 4418. Three additional models employ-
ing the N. A. C. A. 0012 section were tested, in which a
varying portion of the blade near the hub was replaced by
a streamline tube with a chord of about one=fourth the
blade chord.

With mazimum LD used as a criterion, the order of
merit of the airfoil sections tested is: N. A. C. A. 4412,
0012, 4418, and 0018. The elimination of blade area
near the hub was found to have a detrimental effect on
the rotor L/D. The results indicate the possibility of
obtaining further improvements in the L|D by using thin-
ner airfoil sections and by employing tapered blades with
a tip chord smaller than the root chord. The results also
demonstrate the necessity for a study of the effect of blade
twist on the rotor characteristics and show the advisabil-
ity of improving testing technique to reduce the errors
occurring in the determination of the tare drag.

INTRODUCTION

The high-speed performance of the autogiro is at
present inferior to that of the airplane, although no
inherent reason for the existing large difference has
appeared. The N. A. C. A. has accordingly decided
to investigate different types of autogiro rotors with
the purpose of establishing a means of improving the
efficiency (the lift-drag ratio) of the rotor.

The results given in this paper were obtained by a
wind-tunnel investigation of 10-foot-diameter model
rotors in which the influence on rotor characteristics
of the blade airfoil section and a variation in the blade
plan form were determined. Four airfoil sections dif-

and CarrLroNn BroLerri

APPARATUS

The model rotors were tested in the N. A. (. A.
20-foot wind tunnel described in reference 1. The test
set-up is shown in figure 1, which shows that the rotor
was supported by a small mast projecting from a large
fairing. The entire supporting structure, with the ex-
ception of the mast and part of the sting and tailpost
also shown in figure 1, was shielded from the air stream
to reduce the tare drag. The mast was attached to an
electric motor enclosed in the shielding; the motor em-
ployed to start the model rotating was mounted in
trunnion bearings to permit a change in the rotor angle
of attack by means of the sting and tailpost. The
rotors were mounted inverted so that at 90° angle of
attack the rotor was upstream from the bulky support-
ing structure. A magneto tachometer geared to the
rotor shaft measured the rotor speed.

The model rotor hub used for all rotor tests had
journal bearings at the horizontal and vertical pin
articulations; the use of these bearings made it neces-
sary that the hub be considerably larger in proportion
than a full-scale hub. The horizontal pin was placed
at a radius of 1.125 inches (1.88 percent R) and the
radius of the vertical pin was 2.50 inches (4.17 percent
R). Damping was supplied at the vertical pins by
means of adjustable washers, which provided a friction
torque of about 6 inch-pounds. The rotor blades were
attached to the hub by steel forks bolted to the blades
and screwed into sockets connected to the vertical pins.
Pitch adjustments were made at these screw connec-
tions, which were locked by clamping bolts. The
blade butts were at 7)-inch radii (12.5 percent R)
and the outer ends of the forks at 12-inch radii (20
percent R).

All seven rotors had diameters of 10 feet and con-
sisted of three blades, which were constructed of

fering in camber and thickness and four plan forms ‘ laminated mahogany, hollowed to reduce their weight,

were tested; the aerodynamic characteristics of each |balanced about the quarter-chord point by
rotor were determined at several pitch settings over|nosepieces forming part of the airfoil section.

brass

Four

the entire range of tip-speed ratios in which the rotors | sets of blades differed only in the airfoil section used:

would autorotate.

the sections tested were the N. A. C. A. 0012, 0018,
1
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4412, and 4418. These rotors are designated A
(N. A. C. A. 0012), A (N. A. C. A. 4418), etc., where
A indicates the plan form. Three additional sets of

blades employing the N. A. C. A. 0012 profile were

COMMITTEE

FOR AERONAUTICS

axes of 0.25¢ and 0.75¢. The physical characteristics
of the blades are shown in table I; the ordinates of the
airfoil sections are given in reference 2.

The motion of the rotor blade about the horizontal

constructed in which a systematic variation of plan|pin was recorded throughout several revolutions by a
form was effected: these rotors are designated B‘st)'ltls seratching on waxed paper. The stylus was

FIGURE 1.—A 10-foot autogiro rotor mounted for test.

(N. A. C. A. 0012), C (N. A. C. A. 0012), and D
(N. A. C. A. 0012). Rotors B, C, and D differed in
that the inner 30 percent, 45 percent, and 60 percent,
respectively, of the blade was replaced by a 1J-inch-
diameter streamline tube having a chord of about
one-fourth the blade chord, as shown in figure 2.
tip shape of all blades was semielliptical; the trailing
edge was a circular quadrant with a radius of 0.75¢,
and the leading edge was an elliptical quadrant with

The |

[linked to the blade so that the deflections of the stylus
and blade were proportional, and the waxed paper was
wound on a drum concentric with the rotor
'immediately beneath the rotor disk. The record was
loricntod in azimuth by a prick punch fixed with refer-
ence to the air stream. Successive records were ob-
tained by winding the paper on spools within the
drum; the spools were manually operated from the
balance house.

axis
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TESTS AND PROCEDURE

Each rotor was tested at several pitch settings from
0° to the highest angle at which autorotation could be
obtained over a reasonably wide range of tip-speed
ratios. Pitch settings were measured from the angle
of zero lift of the blade section using the data given in
reference 2. The test data are incomplete in some
ases at low tip-speed ratios and low pitch settings
because at the lowest tunnel speed available (40 feet
per second) the rotor speed became dangerously high.
In general, the range of tip-speed ratios tested became
smaller as the pitch setting was increased because
autorotation broke down at successively lower values
of the tip-speed ratio. No tests were made of the
B (N.A.C.A.0012) rotor at tip-speed ratios below 0.1
because the model vibrated violently in that range.

k 60—
756" i

A(NA.CA. 0012) AN.A.C.A.008) A(N.A.C.A. 44/2) A(NA.CA. 4418)

K
|

/8" ¥ by =42"

\ mre iy
o= —— ——— ’,6.5 j

B(N.A.C.A. 0012)

-27° -

C(NA.C.A. 00I2)

~REEOPS ST T 24" 1

D(N.A.C.A. 00/2) ]

FIGURE 2.

Plan forms of model autogiro blades.

At the beginning of a test the rotor was driven at
about 400 revolutions per minute with the electric
motor. The tunnel fan was then started and the
model was allowed to autorotate. In general, all tests
were made at a rotor speed of 550 revolutions per
minute, giving a tip speed of 288 feet per second.
Data were obtained at each tunnel speed between 40
feet per second and 140 feet per second by adjusting
the angle of attack. When the tunnel speed reached
140 feet per second, which corresponds to a tip-speed
ratio of about 0.5 for a rotor speed of 550 revolutions
per minute, it was kept constant and tip-speed ratios
oreater than 0.5 were obtained by sucecessive reductions
in the rotor speed. In this manner, except for the
limitations previously mentioned, all tip-speed ratios
from 0 to 0.7, corresponding to angles of attack from
90° to the minimum obtainable, were investigated.

At any tunnel speed, when steady conditions had
heen obtained, simultancous visual observations of

lift, drag, dynamic pressure, rotor speed, and angle of
attack were made. Records of blade motion were
obtained during the tests at intervals of the tip-speed
ratio of about 0.03.

The tare forces on the set-up were determined with
the rotor and hub removed over the same range of air
speeds as that in which the rotor tests were made.
There was an appreciable scale effect on the tare forces
so that the coefficients of tare lift and drag used for
correcting the observed data corresponded to the par-
ticular air speed at which the observed data were ob-
tained. The method used for obtaining the tare forces
results in the inclusion of the hub forces in the net lift
and drag forces.

RESULTS

The terminology and symbols used in this paper are
D .

the same as those given in reference 3. For convenience,

a list of the symbols and definitions follows:

true air speed, ft. per second.

Q, angular velocity, radians per second.

rotor radius, ft.

rotor angle of attack, deg. (acute angle be-

a?
tween relative wind and a plane perpendicu-
lar to the rotor axis).

L, rotor lift, 1b.

D, rotor drag, 1b.

T, rotor thrust, Ib. (component of rotor force
parallel to rotor axis).

9, pitch setting, deg. (blade angle measured from
zero lift position when blade is at rest).

O, Iif flicient L

7, it coelhicient, ViR

Cp, drag coefficient, TP v

Cr, resultant-force coefficient, (Cp*+ )}

Cyp, thrust coefficient, pST:];r?*

2 et V cos a

u, tip-speed ratio, =~ OB

¢, blade azimuth angle from down wind in direc-
tion of rotation, deg.

B, angle between blade axis and a plane perpen-
dicular to rotor axis, deg. (positive in the
direction of thrust), expressed by: B=ay,—
a;, cos ¥—b; sin Yy—a, cos 2¢—b, sin
Ot S

a,, constant term in Fourier series that ex-
presses f.

a,, coefficient of cos ny in Fourier series that ex-
presses 3.

b,, coeflicient of sin ny in Fourier series that ex-
presses (3.

s, solidity, ratio of blade area to swept disk area.

[,, moment of inertia of one blade about the
horizontal pin, slug-ft.”

¢, chord of blade, ft.

a, lift-curve slope with angle of attack, in radian
measure.

D

v, mass constant of blade, (p([lR

1
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The results of the force measurements corrected for
tare and jet-boundary interference are presented in fig-
ures 3 to 40, Inclusive. For each rotor, values of Cj,
LID, Cg, Cyp, a, and the blade-motion coefficients ay, a;,
and b; are presented in curve form for each pitch setting
tested, as functions of the tip-speed ratio p. The
coefficients €y, L/D, and Cy for the A (N. A. C. A. 4412)
and A (N. A. C. A. 4418) rotors were cross-faired
against the pitch setting and then replotted against tip-
speed ratio, a procedure made possible in these cases
by the large number of pitch settings tested. Tt will be
noted that L/D has been given in preference to the drag
coefficient (7; this usage was found advisable because
the minimum and maximum values of (), were in the
ratio of approximately 1:150 and an abnormal scale
would have been required to present the results accu-
rately.

The measured blade motion was transformed into the
coeflicients of a Fourier series by the 12-point harmonic
analysis described in reference 4, resulting in a series of
12 terms. The blade motion of a full-scale rotor is such
that the coefficients a, and b, are not negligible in com-
parison with ag, @;, and b,. The mass constant v of the
model blades was so small, however, that all coefficients
of order greater than the first were found to be equal to
or smaller than the probable error in the results and,
for this reason, no coefficients of higher order than the
first have been included in the blade-motion data.

Figure 23 shows the effect of a variation in blade plan
form on the maximum L/ for optimum piteh setting
and on (' at p=0.35. Figure 40 illustrates the effect
ol airfoil section on the maximum L;I) and on (5 at
pu-=0.35 as functions of the pitch setting. Figure 41
shows the significant effect of a change in the rotor speed
on (', and L/D; figure 42 shows the effect of rotor speed
on a,.

No test data on moments or centers of pressure were
obtained; the geometry of the balance system rendered
such results too inaccurate to be of value.

ACCURACY

The accidental errors occurring in these tests arise
from nonsimultaneous observations, the human error
in reading instruments, the failure to obtain steady con-
ditions when taking data, and similar factors. The
influence of these types of error on the final results has
been minimized by obtaining a large number of test
points during all tests.

There are three principal sources of consistent
errors in the final results: The jet-boundary effect,
the blocking effect in the tunnel, and the errors due
to the method of obtaining the tare drag. A correc-
tion for the effect of the jet boundary on the rotor
was applied by assuming the rotor to be equivalent
to an airfoil of the same span and same total lift.
This correction is justified principally by expediency,
since no information exists that can be used for the

accurate correction of the jet-boundary effect on a
rotor. The use of this correction assumes a vortex
field behind the rotor similar to the one behind the
equivalent wing, an assumption obviously not exactly
true. This error can, however, be considered small
and especially so near maximum /1), where the jet-
boundary correction in all cases had almost vanished.
The blocking effect, which is essentially a disturbance
in the uniform velocity distribution across the jet by
the presence of a body in the jet, has been estimated
from disk tests to be as high as 20 percent for a disk
normal to the air stream. Since this effect depends
mostly upon the projected area of the body on a plane
normal to the air stream, and upon the drag of the
body, it can be neglected at angles of attack of less
than 30° (u>0.125). Thus the blocking effect does
not influence the maximum ZL/D, which occurs at
u=0.35. The tare lift was small and the error arising
from it can be neglected, but the tare drag is the
source of an error of unknown magnitude. The tare
forces were determined by testing the set-up with the
rotor and hub removed, which leaves the interference
effects in the net results; in addition, the hub drag,
which was, because of the size of the hub, considerably
greater than that of a full-secale rotor, was included in
the net drag. These considerations indicate that the
net drags obtained are appreciably larger than the
correct values.

The nature of the consistent errors precludes an
attempt at their evaluation; the following table sum-
marizes the magnitude of the errors in the faired curves
aused by the aceidental factors:

= =m e 43 percent.

Qo ___ =+0.1°.
I -~ =3 percent.
L) S 45 percent.
(e e 4-3 percent.

oy @iy Dimee s )20

DISCUSSION

Before the detailed discussion, it is advisable to
consider the effect of an erroneous tare drag on the
results.  As previously explained, the tare drag used
was probably smaller than the correct value because
the model rotor hub was disproportionately large.
The net drag coefficients used in obtaining rotor lift-
drag ratios are consequently considered too large. A
constant decrement to the experimental net drag
coefficients would increase the L/D at low-pitch set-
tings more than at high-pitch settings because the
rotor forces and coeflicients increase with pitch setting
By reference to the curves of ., and L/D it can be
determined that (', for maximum L/ at optimum
pitch setting lies between 0.085 and 0.120 and occurs
at u—=0.35 for all rotors, showing that there is no
great difference in the rotor forces at optimum pitch
setting and, consequently, that the relative merit of
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the different rotors will not be changed by a small
error in the tare drag. The only important change
will be a decrease in the optimum piteh setting and
an increase in the values of the lift-drag ratios
obtained.

Most of the results require little discussion. On |
all rotors an increase in angle of pitch setting increases
the lift coefficient at any tip-speed ratio greater than|
that corresponding to maximum lift, which occurs at
about u=0.13, and increases the thrust coefficient
and the blade-motion coefficients at all tip-speed
ratios. The lift-drag curves show that for each rotor
there is an optimum angle of piteh setting considerably
lower than the highest pitch setting at which auto- |
rotation occurs. ‘

The variation of angle of attack with piteh setting
is reasonably consistent. At tip-speed ratios in the
approximate range 0 to 0.15 the angle of attack

increases with piteh setting for pitch settings greater
than 2°; at higher tip-speed ratios the angle of attack
decreases with pitch setting until within 1° or 2° of
the maximum pitch setting tested, at which point the
angle of attack begins to increase.

A much greater range of operating pitch settings
was obtained with the two cambered airfoils (N. A.
C. A. 4412 and N. A. C. A. 4418) than with the two
svmmetrical ones (N. A. C. A. 0012 and N. A. C. A.
0018). The principal reason for this result is thought
to be the twist of the blade during its operation. A
twisting couple 1s applied to each blade if the normal
component of the blade centrifugal force is not applied
at the center of pressure of the air force. The centrifu-
cal force is applied at the center of gravity of the
blade, which is at 0.25¢ on all blades. The center
of pressure of the symmetrical blades oceurs also at
0.25¢; consequently, the twisting moment on the
symmetrical blades negligible.  The cambered
blades, however, have a center of pressure that changes
with angle of attack and has a mean position at about
0.35¢. An upward force at 0.35¢ and an equal down-
ward force at 0.25¢ obviously tend to decrease the
blade pitech angle, which results in an operating pitch
appreciably less than the pitch setting. This condi-
tion is illustrated in figure 40 by the difference in the
thrust coefficients at equal pitech settings for the four
airfoil sections used. The illustrated differences be-
tween the mean curve for the two symmetrical sec-

18

tions and the curves for the two cambered sections
are then consistent with the explanation given when
it is remembered that the N. A. C. A. 4418 is tor-
sionally stiffer than the N. A. C. A. 4412 and that
the N. A. C. A. 4418 and N. A. C. A. 4412 have almost
identical center-of-pressure characteristics.

10-FOOT-DIAMETER AUTOGIRO ROTORS

' was made at 550 revolutions per minute.

5

The preceding argument leads also to the conclusion
that the twist, and consequently the rotor charac-
teristics determined by the twist, will depend upon
rotor speed because the centrifugal force and thrust
rary with the square of the rotor speed, while the
rigidity remains constant. This deduction is verified
in figures 41 and 42, showing the A (N. A. C. A. 4412)
rotor characteristics at 400 and 550 revolutions per
minute. The lift coefficient L/D and the flapping
coefficient a, at 7° pitch setting and 400 revolutions
per minute correspond more closely to the character-
isties for 8° than for 7° pitch setting when the test
These curves
show that at 400 revolutions per minute the operating
pitch was greater than at 550 revolutions per minute
although the pitch setting was the same.

The general information on maximum £/ is sum-

marized in figures 23 and 40. Figure 40 shows that

| the order of merit of the airfoil sections based on maxi-

mum L/D is: N. A. C. A. 4412, 0012, 4418, and 0018,

'|indicating that camber is advantageous and that a

thickness of 18 percent is less efficient than one of
12 percent. Figure 23 shows that the maximum lift-
drag ratio is affected adversely by reducing blade area
near the hub. When quantitative conclusions are
drawn from the results in this report, it is important
to remember that the blade twist of the different air-
foils was not constant; this factor may have influenced
the relative L/D ratios of the rotors. It is therefore
not known whether the increased efficiency of the
cambered blades should be ascribed to the camber or
the twist. The plan-form results also contain another
variable, a change in solidity, which would affect the
L/D; in this case, however, calculations indicate that
the decrease in solidity should increase the L/D,
whereas the sum of the two effects was a decrease in
L/D. It then seems safe to conclude that the effect
of reducing the blade area near the hub is, if anything,
more disadvantageous than the results indicate.

The test results indicate that rotor efficiency can
possibly be increased by extending the tests of blade
thickness and by a further investigation of the effect
of twist. The employment of tapered blades with the
maximim chord at the hub also appears promising.
The /D results in this paper are, however, of only
relative value because of the error inherent in the tare-
drag results, and these values of L/D are at present
exceeded on full-scale rotors with less efficient airfoil
sections.

CONCLUSIONS

1. Cambered rotor blades with a center of gravity
at 0.25¢ are appreciably reduced in piteh while operating
because of the dynamic twist.
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2. Owing to the different airfoil characteristics and | TasLe L—BLADE CHARACTERISTICS
possibly because of the blade twist, cambered blades | i =
) . [ Torsional
develop a greater L/D than symmetrical ones. ‘ ‘ rigidity ?
. . . . . . 3 o Angle |Mass con-|  (deg.
3. An increase in blade thickness ratio from 12 per- S Radius| Span | Chord | 0(zero | “stant! | twist
! ) 3 ' ade designation R s e | lift | cpaR4 | perin.
cent to 18 percent results in an appreciably lower L/D. ay, [v="7—| length
= c 0 o T in.-
4. The order of merit based on maximum ZL/D of ‘ ‘ | t ™Mb
the airfoil sections tested 1s: N. A. C. A. 4412, 0012, ||— —— = = — | —
Y ) ) Feet Foot | ° |
441 '\J ()“] S. A (N. A. C. A. 0012) 4. 375 0. 0 5.31 | 0.00119
5. Test results are quantitatively reliable for p>0.15 || & (¥4 & 4 (013 88| 0 5.28 | 00088
except for the L/D, which is probably lower than the|| P {¥-4-&- % %3 9 A ‘ L
P A (N. A. C. A. 4412). -3.9 | [ .00121
correct value. | AN A 4418 —3. -00011
6. Rotor lift-drag ratios are adversely affected by |’
7 TNo ¢ aras T | 1 Caleulated for p=0.002378 slug/cu. ft.
removing blade area near the hub. ) | For mrsimm‘l)Inuuwm constant along blade.
7. A possibility exists of improving the rotor lift-|
drag ratio by tapering the blade to a smaller chord at | SEREREAC
the tip than at the hub. [ 1. Weick, Fred E., and Wood, Donald H.: The Twenty-Foot
8. The tests should be extended to include other Propeller Research Tunnel of the National Advisory Com-
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Taateralsl . .2 4 Y Pitching....] M Z—X Pitch  Z2I1i56e v '}
Normalzizc ook Z Z Yawing.._._..| N X—Y Yaw. .l Ld ¥ w r
Absolute coefficients of moment Angle of set of control surface (relative to neutral
C ik gL M = N position), 5. (Indicate surface by proper subscript.)
T qbS ® qeS * gbS
(rolling) (pitching) (yawing)

4. PROPELLER SYMBOLS

D Diameter A P

4 wilon flicient Cp=—%7
i Géorhdtrio pileh i 53 Power, absolute coefficien P_ 3D
p/D, Pitch ratio ? P
15 A Tiefiloim plbondy C,,  Speed-power coefficient P
V,,  Slipstream velocity 7, Efficiency
T T n, Revolutions per second, r.p.s.

)

Thrust, absolute coefficient 0T=m

D, Effective helix angle = tan™! (2 Zn)
Q, Torque, absolute coefficient Co=

Q
pniD®

5. NUMERICAL RELATIONS

1 hp.=76.04 kg-m/s=550 ft-1b./sec. 11b.=0.4536 kg.
1 metric horsepower =1.0132 hp. 1 kg=2.2046 1b.
1 m.p.h. =0.4470 m.p.s. 1 mi.=1,609.35 m =5,280 ft.

1 m.p.s.=2.2369 m.p.h 1 m=3.2808 ft.



