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By James P. Shivers
SUMMARY

Results of an investigation, conducted on the Langley helicopter
test tower, of a rotor having an NACA.652A015 airfoil thickness dis-
tribution in combination with an NACA 230 mean line are presented. Com-
parison with a previously reported test of a symmetrical rotor blade
having similar thickness distribution indicates that the present rotor
efficiency was substantially improved over a wide range of tip Mach num-
bers. The maximum mean 1ift coefficient was essentially unchanged from
that obtained with uncambered blades. Some data showing the effect of
a distributed type of leading-edge roughness are also included.

INTRODUCTION

Rotor hovering efficiency is very important in the design of a
flying-crane type of helicopter. A given percentage increase in the
rotor thrust at constant power generally represents a percentage increase
in payload several times as large. The effects of rotor blade geometry
and tip speed on the hovering efficiency are fairly well understood and
predictable (see ref. 1), at least for values representative of current
design practice. Once the best compromise of geometry and tip speed are
selected, further gains in hovering efficiency can be made by reduction
of the profile power of the airfoil section. In such case the practical
problem is to design an airfoil section which has inherently low drag at
the operating values of the 1lift coefficient. In reference 2 the use of
camber to accomplish this low drag is indicated, and this paper reports
one attempt to develop such an airfoil with the special requirements of
helicopters considered.

Factors influencing the choice of the NACA 652A015 airfoil thick-
ness distribution in combination with an NACA 230 mean line were the



efficient performance over wide ranges of mean 1lift coefficients and
blade tip Mach numbers shown by the NACA 632—015 airfoil section (see

ref. 3) and the improved airfoil section efficiency obtainable without
significant quarter-chord pitching moments by the use of forward camber.
The NACA 652A015 thickness distribution was used in lieu of the NACA
632-015 to avoid structural problems associated with a cusped trailing
edge. The two airfolls are essentially similar from the aerodynamic
standpoint. (See refs. 4 and 5.) .

The rotor blades were tested on the Langley helicopter test tower
to determine the force data on smooth blades over a range of tip Mach
numbers from 0.35 to 0.67 with corresponding blade tip Reynolds numbers
from 2.25 X 100 to k.36 x 100. In addition, data were obtained for two
different conditions of a distributed type of leading-edge roughness to
determine their effect on the rotor performance.

SYMBOLS
b number of blades
c blade chord at radius r, ft
4.0 airfoil section profile-drag coefficient

2
R
crgdr

Ce equivalent blade chord, all U (on thrust basis), ft

R
JP redr
0

airfoil section 1lift coefficient

1
g, rotor blade mean 1ift coefficient, 6Cqp/o
My
Cn rotor blade pitching-moment coefficient, ﬁ-——__E—_E
—p(QR) Ce
2
CQ rotor torque coefficient, q

ﬂRgp(QR)aR
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CQ,o rotor profile-drag torque coefficient, —-5—99——5—
7R=p(QR) “R
Cmp rotor thrust coefficient, — T
' %R0 (QR)2
My rotor blade tip Mach number
My rotor blade pitching moment, 1b-f't
pQRct
Nge Reynolds number at blade tip,
Q rotor torque, lb-ft
Qo rotor profile-drag torque, 1lb-ft
r ‘ radial distance to a blade element, ft
R rotor blade radius, ft
T rotor thrust, 1b
Qp blade section angle of attack, deg or radlasns, as specified
e blade section pitch angle measured from line of zero 1lift
at O.75R or tip, as specified, deg
W coefficient of viscosity,~slugs/ft-sec
o mass density of air, slugs/cu ft
o rotor solidity, beg/mR
Q rotor angulsr velocity, radians/sec
Subscripts:
max maximum
t at blade tip



APPARATUS AND TESTS

Rotor Blades

The rotor used for this investigation was a fully articulated, two-
blade rotor with flapping hinges located at the center of rotation and
drag hinges located at the 5.35-percent spanwise station.

A sketch of the rotor blade with pertinent dimensions is shown in
figure 1. The rotor solidity was 0.03, the radius was 18.71 feet, the
piteh axis was located at 0.23c, and the twist distribution was as
indicated in figure 1. The outer approximately 60 percent of the rotor
blade was contoured to an NACA 65?A015 airfoil thickness distribution

in combination with an NACA 230 mean line (designated in fig. 1 as

NACA 635A015 (230 mean line) airfoil section). The stations and ordinates
for the airfoil section are given in table I. The airfoil surface was
smooth and fair over the entire blade.

In order to determine the extent to which the rotor performance

- would be affected by a distributed type of leading-edge roughness (refs. 6
and 7), some tests were made with roughness applied to both upper and
lower surfaces for a surface distance of 0.08c measured rearward from
the leading edge. Tests were made first with a coat of brush-aspplied
shellac, for which spanwise brush marks were measured to be from O.002
to 0.004 inch in height. The second condition consisted of a fresh
coating of shellac to which No. 120 carborundum particles (nominal size
0.0049 inch) were applied. The particles covered 5 to 10 percent of

the area, and the total roughness height varied from 0.006 to 0.009 irch
(0.007 inch average).

&

Test Methods and Accuracy

The test procedure was the same as that of references 3, and 8
to 10 in that the blades were rotated in hovering for a series of rotor
tip speeds at various blade pitch settings within allowable blade stress
levels. In these tests, however, the rotor tip was photographed at each
pitch angle and tip Mach number in order to determine the amount of
dynamic twist. A sample photograph is shown in figure 2. The dynamic
twist at the blade tip (fig. 3) was determined as the difference between
the preselected tip pitch angle, calculated from the measured blade root
pitch angle plus known geometric twist, and the photographed tip pitch
angle. With this technique significant amounts of dynamic twist were

measured (up to 5° or 5%9nosedown) for high tip Mach numbers and low tip
pitch angles (0° to %°). The dynamic twist becomes less negative for
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tip pitch angles from 3° to lOO, and above 10° the nosedown twist
increases slightly as the pitch is increased to the maximum tested. The
accuracy to which the photographed tip angle could be read is approxi-
mately 12 minutes.

In order to provide a basis for estimating the distribution of
dynamic twist along the rotor blade, the spanwise blade twisting defor-
mations were determined with a moment applied at the blade tip. For the
present rotor blade, the dynamic twist at O0.75R was determined as 49 per-
cent of that at the blade tip. (See fig. 1.) The spanwise distribution
of the dynamic twist measured from the photographs made during the tests
was assumed to be the same as that for the static distribution.

The estimated accuracies of the plotted results of the basic quan-
tities measured during the tests are believed to be within *3 percent.

METHOD OF ANALYSIS

A good indication of the presence of rotor blade stalling or com-
pressibility drag rise is afforded by inspection of the profile-drag
torque coefficient. TFor previous investigations (refs. 3, and 8 to 10)
calculations based on the conventional airfoil drag polar

(cd,o = 0.0087 - 0.0216a.,. + O.hOOarz) have closely approximated the
measured performance at low tip speeds. The conventional polar, however,
does not adequately represent the drag of the present blades which indi-
cate greater efficiency over a wide range of thrust coefficients. For
this reason the profile-drag torque coefficients deduced from the tests
have been referenced to the values of CQ,o obtained from the Mt = 0.35

curve in figure 4. The extrapolated portion of the Mi = 0.35 reference

curve was determined by sketching a curve parallel to the calculated
incompressible no-stall curve. The point at which the Mt = 0.35 curve

deviates from the extrapolated curve indicates the onset of drag diver-
gence for the low-speed curve.

RESULTS AND DISCUSSION

Results Obtained for Smooth Rotor Blades

The rotor performance and efficiency characteristics, measured over
a range of tip Mach numbers and a range of pitch angles, are presented
in figures 4 to 6. In figure 4 the rotor performance for the smooth
blades is presented along with a calculated incompressible no-stall curve



and a calculated induced-torque-coefficient curve. The extrapolated
Mt = 0.35 curve is used for the incompressible no-stall reference curve

for determination of the ratios of the profile-drag coefficients presented
in figures 7 and 8. Figure 4 shows that a maximum mean lift coefficient
¢1,max of 1.16 was measured for the test rotor. This value was essen-

tially the same as that obtained on a rotor having a similar airfoil

thickness distribution (see ref. 3), but no camber. The adverse effect

of Mach number on the EZ max in the test operating range (see ref. 11)
)

together with the likelihood of some inboard stalling (as experilenced
in ref. 12) constitute possible explanations. Drag divergence was indi-
cated at zero thrust at a tip Mach number value of 0.67. This low value
for drag divergence at this tip Mach number (see ref. 3) 1s believed to
be caused by the large amount of dynamic twist.

Figure 5 shows the variation of rotor thrust coefficient with blade
section pitch angle for various tip Mach numbers. The calculated incom-
pressible curve was computed by use of a section-lift-curve slope of 5.73.
In the lower thrust-coefficient range the experimental curve slopes fall
below that of the calculated curve which indicates that the slope of the
1lift curve is less than 5.73. As tip Mach number is increased with
increased pitch angle the slopes of the experimental curves reach values
above that of the calculated curve. The curves show a characteristic
shape similar to those of the previous investigations of references 3
and 8 to 10.

The effect of tip Mach number on rotor blade efficiency, expressed
as a figure of merit, is shown in figure 6. At tip Mach numbers of 0.54
and below the figure shows figures of merit between 0.75 and 0.80 over
a wide range of mean 1lift coefficients (61 = 0.50 to 0.93). At the

higher tip Mach numbers of 0.63 and 0.67 the compressibility losses
reduce the maximum figure of merit to 0.715 and 0O.705, respectively.

Effects of Tip Mach Number on Ratios of
Profile-Drag Torque Coefficlents

The ratios of the profile-drag torque coefficients are presented
as functions of rotor blade tip angle of attack and rotor blade mean
1ift coefficient in figures 7 and 8, respectively. The present calcula-
tions for tip angle of attack are corrected for the measured dynamic
twist whereas this measurement was not available for inclusion in the
calculations of references 3 and 8 to 10. In the low and intermediate
range of blade tip angle of attack (or rotor mean 1lift coefficient),
the test rotor experienced much less favorable profile-drag divergence
characteristics than did the uncambered rotor of reference 3. 1In
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general, the shapes of the curves of figures 7 and 8, however, are quite
similar to those of reference 3 in that they are characterized by a small
initial rate of increase in the ratio of the profile-drag coefficients.

A much more rapid rise in the profile power is indicated as the values

of @ 4 Or EZ are increased.

Rotor-Blade Pitching Moments

A comparison of the blade pitching-moment characteristics for
representative tip Mach numbers of 0.35 to 0.67 as a function of rotor
thrust coefficient for the rotor tested (smooth condition) is shown in
figure 9. The pitching-moment data represent the measured rotor blade
moments about the blade pitch axis (located at 0.23c) and include aero-
dynamic and blade mass forces. The resultant moment is shown to be
small (that is, less than T0 foot-pounds) and positive over most of the
thrust-coefficient range. In this respect, the presence or absence of
abrupt changes in the pitching-moment coefficient is of more significance
than the actual magnitude of the pitching moments. As the tip Mach num-
ber is increased in the low thrust-coefficient range, there is a) progres-
sive decrease in the pitching moments. This decrease in pitching moment
is associated with the known rearward shift of the chordwise aerodynamic
loading that occurs as the Mach number 1s increased.

Effect of Roughness

The effect of leading-edge roughness on rotor efficiency is shown
in figure 10 where the rotor figure of merit is plotted as & function
of tip Mach number for various values of mean 1lift coefficient.

The figure shows that the addition of shellac alone had an almost
negligible effect on the rotor efficiency. This is not too surprising
because the local velocities along the blade defined by the present test
program are generally below those required for incipient transition to
occur for the brush-mark heights previously quoted. (See refs. 8 and 9.)
When the No. 120 carborundum particles were added to the leading edge,
however, the efficiency decrease ranged from 22 percent to 15 percent
at EZ = 0.3 over the blade tip Mach number range and ranged from

12 percent to 9 percent at 61 =0.7.

Comparison of Cambered and Uncambered Blades

The Mach numbers for drag divergence of the cambered blade of this
report with and without the effect of the dynamic twist are presented

in figure 11 along with the resulis obtained for the rotor of reference 3.



The rotor of reference 3 was not corrected for dynamic twist and there-
fore cannot be compared to the rotor of the present investigation which
takes into account the dynamic twist. The difference between the two
uncorrected curves represents the effect of the camber and, quite prob-
ably, different amounts of dynamic twist.

Despite the probable difference in blade twist, a comparison of
the effects of tip Mach number on rotor efficiency of cambered and
uncambered blades at several values of mean 1lift coefficients is pre-
sented in figure 12. This figure shows that the cambered blades achieved
substantial gains in efficiency over a wide range of Mach numbers. The
solidity of the uncambered blades was 0.03T4. TFor the blades of the
present test, the solidity was 0.030. From a consideration of solidity
only, the rotor of reference 3 should obtain approximately 1.5 percent
higher maximum figures of merit because of its higher solidity; thus,
the gains shown for the cambered blades would be increased if a theoret-
ical allowance for solidity were made. Because blade surface conditions
were generally comparasble, the primary source of the improvement shown
by the present blades is attributed to camber.

Since the cambered blades do show favorable gains in rotor effi-
ciency for tip Mach number values of 0.54 and below, this fact would
suggest a design choice of rotational tip speed below that of conven-
tional helicopters. The choice of tip speed for conventional helicopters,
however, has been influenced by the fact that at high forward speeds,
high tip speeds offer numerous advantages. Because the load-lifter type
of helicopter is mainly concerned with high lifting efficiency in
hovering and is not expected to be capable of high forward speed, it
would appear that an airfoil having the thickness distribution of an
NACA.632A015 airfoil section in combination with an NACA 230 mean line

would be well suited for the rotor of such a machine.
CONCLUSIONS

A full-scale rotor having blades with a special cambered airfoil
section (NACA 652A015 airfoil thickness distribution in combination

with an NACA 230 mean line) has been tested for static thrust. Examina-
tion of the data indicates the following conclusions:

1. A maximum rotor blade mean 1ift coefficient of 1.16 was obtalned
for the rotor with cambered blades. This value was essentially the same

as that obtained on a rotor having a similar airfoil thickness distribu- -

tion, but no camber.

-~ O
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2. The rotor had maximum figures of merit from 0.75 to 0.80 over
a range of mean 1lift coeffilcients from 0.50 to 0.93 at tip Mach numbers
of 0.54 and below.

5. When a distributed type of leading-edge roughness was added to
the rotor blade, the efficiency decrease ranged from 22 percent to
15 percent at a rotor blade mean 1ift coefficient of 0.3 over the blade
tip Mach number range. At a rotor blade mean 1ift coefficient of 0.7,
the reduction in efficiency ranged from 12 percent to 9 percent.

k., The pitching moments were small and noseup occurred over most
of the thrust-coefficient range. There were no abrupt changes in
pitching moment over the thrust-coefficient range investigated.

5. By use of photographic techniques, significant amounts of
o
dynamic twist were measured (up to 5° or 5% nosedown) at low tip pitch
settings and high tip Mach numbers.

6. Favorable gains in rotor efficiency for tip Mach number values
of 0.54 and below, achieved as a result of camber, would favor a design
choice of tip Mach numbers below those of conventional helicopters.
An airfoil having the thickness distribution of an NACA 652A015 airfoil
section in combination with an NACA 230 mean line appears to be well
suited for a load-lifter type of helicopter since this type of helicopter
has less to gain from high tip speeds in the forward-flight regime.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., January 10, 1961.
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TABLE I.- ORDINATES OF NACA 63,A015 (230 MEAN LINE)

ATRFOIL SECTION

[Stations and ordinates given in percent of airfoil chord]

Upper surface

Lower surface

Station Ordinate Station Ordinate
0 0 0 0
.166 1.305 .834 -1. 007
. 358 1.614 1.142 -1.174
176 2.139 1. 724 -1.425
1.92k4 3,180 3.076 -1.848
4, 46 4,726 5.584 -2.416
T7.031 5.849 7.969 -2.865
9.692 6.689 10. 308 -3.287
15.001 7. 780 14.999 -k, 104
20.146 8. 384 19. 854 -4.850
25.157 8.745 24,843 -5. 433
30.163 8.928 29.837 -5.8%6
35,166 8.930 34,834 -6.058
40.164 8. 758 39. 836 -6.108
45,160 8. 428 Ly 84ko -5.998
50.151 T7.960 49, 849 -5.752
55. 142 7. 380 54.858 -5.390
60.129 6.702 59. 871 -4.9%6
65.115 5.946 64.885 -4, 398
70.099 5.129 69. 901 -3.805
75.083 L4.283 4. 017 -3.177
80.066 3. 432 79. 934 -2.548
85.050 2.583 84,950 -1.919
90.033 1.733 89.967 -1.291
95.017 .882 94,983 -. 662
100. 001 .032 99.999 -.032
L.E. radius: 1.63
Slope of radius through L.E.: 0.3051

~N @
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Figure 4. - Hovering performance of rotor blades having NACA 652A015 air-
foil sections with a 230 mean line. Calculated incompressible curve
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Figure 10.- Effect of leading-edge roughness and tip Mach number on
rotor efficiency.
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Figure of Merit

NACA 63,A015 (230 mean line) airfoil section (cambered)
— NACA 635-015 eirfoil section (uncambered, ref. 3)
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Figure 12.- Comparison of the effects of tip Mach number on rotor effi-
clency of cambered and uncambered rotor blades.
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