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CONSIDERATIONS OF METHODS OF IMPROVING
HELICOPTER EFFICIENCY
By Richard C. Dingeldein

Langley Research Center
SUMMARY

Recent NASA helicopter research indicates that significant improve-
ments in hovering efficiency, up to 7 percent, are available from the
use of the NACA 63A015(2%0) airfoil section. This airfoil should be
considered for flying-crane-type helicopters. Application of standard
leading-edge roughness causes a large drop in efficiency; however, the
cambered rotor is shown to retain its superiority over a rotor having &
symmetrical airfoil when both rotors have leading-edge roughness.

A simple analysis of available rotor static-thrust data indicates .
greatly reduced effect of compressibility effects on the rotor profile-
drag power than predicted from calculatlons.

Preliminary results of an experimental study of helicopter parasite
drag indicate the practicability of achieving an equivalent flat-plate
parasite-drag area of less than 4 square feet for a rotor-head—pylon—
fuselage configuration (1anding gear retracted) in the 2,000-pound
minimum-flying-weight class. The large drag penalty of a conventional
skid-type landing (3.6 square feet) can be reduced by two-thirds by cars-
ful design. Clean, fair, and smooth fuselages that tend to have narrcw,
deep cross sectlons are shown to have advantages from the standpoint of
drag and download. A ferry range of the order of 1,500 miles is indicat-
to be practicable for the small helicopter considered.

INTRODUCTION

This paper summarizes the resulis of recent research relating to
improving the efficiency of a helicopter in hovering and in forward
flight. The reader having competence in the field of helicopter aerody-
namics will recognize no new or startling concepts. The data presented,
however, are believed to assure the practicability of large helicopter
performance improvements.
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Large gains in rotor hovering efficiency are shown for a special
airfoil formed by combining an NACA 6A-series thickness distribution
and an NACA forward-camber mean line. The reduction in efficiency
accompanying two different conditions of rotor-blade leading-edge
roughness is given. Available static-thrust data obtained on a large
number of helicopter rotors operated at high tip speeds are summarized
to show the general effect of compressibility on the rotor profile-drag
power coefficient and are compared with calculated predictions. I#
addition, preliminary results obtained from an experimental study -ef
helicopter parasite drag are presented to show the relative drag of the
different helicopter components. This information forms the basis of
calculations used to demonstrate significant improvements in helicopter
cruising efficiency.

SYMBOLS
b number of rotor blades
c blade chord at station x
1
cx2dr
Ce equivalent blade chord, Ol
' L/j x2dr
0
D parasite drag, 1b
L lift, 1b
T rotor thrust, 1b
M - Mach number
P rotor power, ft-1b
sec
R rotor radius, ft
Cp rotor thrust coefficient, —I
p(QR)2nR?
Cp rotor power coefficient, —F
o(aR) 3xR2
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Ei rotor mean 1ift coefficilent, ';1
r radius to blade element, ft
x = r/R |
SFC . specific fuel consumption, 1b/hp-hr
a angle of attack
o] density of air, slugs/cu ft
Q rotor angular velocity, radians/sec

beg
c _ rotor solidity, P
8, rotor-blade geometric twist (negative sign denotes washout),

deg

Subscripts:
0 profile drag
t “ blade tip
div . denotes drag divergence of two-dimensional airfoil
f fuselage

RESULTS AND DISCUSSION

Hovering Efficiency

Effect of camber.- The advantages of cambered rotor blades in
respect to producing improved hovering and forward-{flight efficiency are
well known. (See refs. 1 to 3.) In an effort to define a rotor-blade
airfoil section that would essentially realize the largest practicable
gains in hovering efficiency that are available through airfoil selec-
tion, an NACA 63A015 thickness distribution was mated to an NACA 230
mean line. This thickness distribution was chosen because hellcopter
tower tests of a rotor having an NACA 635-015 airfoil section (ref. 4)

indicated the highest overall combination of high maximum mean rotor
1ift coefficients and resistance to compressibility drag rise of a number

e
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of full-scale rotors previously tested. The NACA 63A015 thickness dis-
tribution should have essentially the same aerodynamic characteristics
as the NACA 635-015 thickness distribution (refs. 5 and 6) and its
larger trailing-edge angle avolds construction problems associated with
the cusped trailing edge. The expectation, then, was to realize the
benefits of camber without introducing large quarter-chord pitching
moments or early drag divergence. Rotor blades having the new airfoil
(denoted as the NACA 63A015(230)) were tested on the Langley helicopter
tower (ref. 7). A sample of the results is shown in figure 1, in which
the rotor hovering efficiency (defined as the rotor figure of merit) is
plotted against the rotor-blade tip Mach number for values of the rotor
mean 1ift coefficient C(Cp of 0.5, 0.7, and 0.9. This parameter is pro-

portional to the rotor-blade loading. A utility helicopter would probably
operate at the lower value shown, a flying-crane type at the higher values.

Also shown are the data for the rotor having an NACA 635-015 airfoil sec-
tion. These rotors were similar in respect to solidity, twist, and sur-
face condition. Substantial gains due to camber, up to 6 or 7 percentage
points, are indicated. At typical rotor disk loadings, a 5-percent gain
in figure of merit is equivalent to an extra one-half to two-thirds of a
pound of rotor thrust per horsepower delivered to the rotor. This value
is equivalent to a 5- to 8-percent increase in the gross rotor thrust,

or a 10- to 15-percent or more increase in the helicopter payload. The
gains due to camber disappear as the rotor-tip Mach number increases past
0.6; however, this is not a range generally associated with a flying-
crane helicopter.

‘It should be noted that the gains indicated in figure 1 did not
require extreme care with the airfoil contour and surface condition. For
example, the high efficiencies shown in figure 1 do not depend on a sec-
tion drag polar having the familiar bucket shape. The contour was .good
and the blades were smooth and fair, but no elaborate quality-control
procedures were taken.

It should also be stated that the data shown for the NACA 632—015

rotor average some 2- to L-percent higher hovering efficilencies than were
obtained on the helicopter tower from tests of a rotor having the widely
used NACA 0012 airfoil.

Effect of leading-edge roughness.- Since rotor blades may not be
operated in the smooth condition due to the abrading effects of field
operation, two different amounts of leading-edge roughness were investi-
gated. First, shellac of rather thick consistency was applied over an
ares extending 8 percent of the chord (measured along the surface) back

from the leading edge on both the upper and lower surfaces. The resulting

spanwise brush marks produced surface waves 0.002 to 0.004 inch in
height. Next, the aforementioned condition was removed and NACA standard
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leading-edge roughness was added. This roughness consisted in applying
fresh shellac over the same area previously described and sprinkling with
0.005-inch grains of carborundum distributed to cover about 5 percent of
the area. Measurements of the typical roughness heights showed varia-
tions from about 0.006 inch to 0.009 inch. The resulting hovering effi-
ciencies are compared with the smooth rotor in figure 2. The shellac
alone had very little effect, but the standard roughness caused up to a
12- or l3-percent drop in the hovering efficiency. This decrease in
hovering efficiency, of course, corresponds to a similar increase in the
power required to produce a given rotor thrust. The high hovering effi-
ciency capabilities of the NACA 63A015(230) airfoil, therefore, cannot
be expected unless the rotor blades are built and kept fairly smooth.
The condition of NACA standard leading-edge roughness is believed com-
parable to the severe erosion that has already been noted in certain
helicopter operations and with present blade leading-edge materials.

In figure 3 is shown a comparison between the rotors having NACA
63A015(230) and NACA 63,-015 airfoil sections for the condition of NACA

standard roughness applied to both rotors. It is seen that the camberea
airfoil retains its considerable superiority in hovering efficiency over
the range of test conditions presented.

Effect of reduced thickness and camber.- In an attempt to improve
rotor hovering efficiency at rotor tip Mach numbers above 0.6 while

‘retaining some of the advantages indicated for camber at the lower rotor

tip Mach numbers, the NACA 63A012 thickness distribution was mated to an
NACA 130 mean line. The results of testing a rotor having the resulting
NACA 634012(130) airfoil are shown in figure 4. The combined effects of
reduced thickness and camber are seen to give reduced hovering effici-
ericy compared with the NACA 63A015(230) rotor at Cp, = 0.9 and 0.7, and
gains at EL = 0.5 only at the higher blade tip Mach numbers. For the
range of conditions illustrated in figure 4, the NACA 63A012(1%0) rotor
nevertheless indicates somewhat higher efficlencies than the NACA
630-015 rotor. It is believed that the NACA 63A015(2%0) airfoil repre-
sents as good a compromise for a load-lifter type helicopter as can

be obtained from the standpoint of airfoil choice.

Effect of compressibility on rotor power requirements.- The pre-
ceding discussion of figures 1 and 3 has touched on the reduced hovering
efficiency associated with the higher rotor-blade tip Mach numbers. From
the standpoint of achieving higher forward speeds, the use of higher
rotor tip speeds continues to be of interest. A number of large-scale
helicopter rotors have been tested in static thrust at relatively high
blade-tip Mach numbers, mostly on the Langley helicopter tower facility.
(See, for example, refs. 4 and 8 to 11.) A summary of the test results,
representing rotor-blade airfoil sections from 6 to 18 percent thick
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and rotational blade-tip Mach numbers as high as 1, is shown in figure 5.
The purpose of this figure is not to compare airfoils but to provide a
quick, broad look at the overall effect of compressibility on the rotor
hovering-power requirements. In an attempt to generalize the results,
increments in the rotor profile-drag power coefficient measured over the
avallable ranges of rotor tip Mach number and blade pitch angle afforded
by the test data were divided by the rotor solidity and plotted against

the amount by which the rotor-blade tip Mach number exceeded the drag-~

divergence Mach number determined from two-dimensional airfoil tests.

Also shown 1s a shaded area representing the results of a number of strip
calculations for two different NACA 0012 rotors using compressible air-
foil section data and covering a range of blade pitch and tip Mach number.
The experimental data are seen to group in a band that lies well below the
calculated predictions. A substantial tip relief is also indicated. It
therefore appears that greatly reduced effects of compressibility on the
pover required in forward flight were experienced compared with calcu-
lated estimates. The most serious effects of compressibility are prob-
ably assoclated with blade and rotor stability problems; however, these
results can be considered as somewhat encouraging. This general research
ares requires more study.

- Cruising Efficiency

Improvements in the forward-flight efficiency of helicopters, pri-
marily with respect to cruising speed and range, are being sought by
helicopter operators, particularly the military. Obtaining these
improvements is mainly dependent upon the reduction of parasite drag.
(See, for example, refs. 12 and 1%; the powerplant installation is
treated in ref. 14.) In the remainder of the paper the problem will be
examined and the preliminary results cf recent research will be dis-
cussed and used to i1llustrate the practicability of achieving significant
improvements in helicopter forward-flight efficiency, particularly the

ferry range.

Parasite drag.- There is considerable airplane-drag——cleanup experi-
ence to profit from. (See refs. 15 to 20.) However, the rotor-head—
pylon—fuselage combination and the presence of potentially large fuse-
lage downloads in hovering and in forward flight constitute problems
peculiar to rotating-wing aircraft and hence warrant special study. An
experimental model and full-scale test program has been initiated to study
means of achieving low helicopter drag and to assess the drag penalties of
various helicopter components. The model tests, conducted at 1/5 scale
in the Langley 300-MPH 7- by 10-foot tunnel at a dynamic pressure of about
210 pounds per square foot, are primarily aimed at studying the effect of
fuselage and pylon shape and to establish the primary problem areas. The
full-scale tunnel test provides data essentially free of scale effects and
permits the evaluation of actual hardware, such as antennas.
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Sketches of the four mcdel fuselage shapes tested are given in fig-
ure 6. Shapes A and B had narrow, deep cross sections in an attempt to
reduce downloads in hovering and forward flight, as well as the drag
variation with fuselage attitude. The other two shapes had only slightly
oval cross sections forward. Shape D had a fairly constant-width fore-
body terminating in a rather abrupt narrowing of the planform aft of the
cabin. The model fuselages were approximately 5 feet long. The projected
frontal areas of shapes A, B, C, and D were, respectively, 0.75 square
foot, 0.71 square foot, 0.75 square foot, and 0.75 square foot.

Sample equivalent flat-plate parasite-drag areas obtajned for fuse-
lage shape C and for a pylon, rotating rotor head, and two different skid-
type landing gears are shown in figure T for a fuselage angle of attack
of 0°. No support-interference corrections have been applied. The
model data have been scaled up to the full-scale values, which, 1in this
case, can be taken as representative of a helicopter having a minimum
flying welght of the order of 2,000 pounds. The drag of the basic smooth,
clean, and fair fuselage is 1 square foot. Adding a clean, streamlined
pylon brings the total to 3 square feet. Adding an estimated allowance
for the tail rotor brings the total to 3.5 square feet. Installing a
conventional skid landing gear of tubular constructlon doubles the para-
site drag to a value of 7.1l square feet. A skid gear which is designed
for low drag by using streamlined support struts that track at the cruise
attitude and intersect the fuselage normal to the surface rather than at
an acute angle 1s seen to add only about one-third the drag of the con-
ventional gear for a total helicopter parasite-drag area of 4.7 square
feet, The literature (refs. 18 to 20) indicates a similar increment
from a clean wheel-type gear. The penalty for a dirty-wheel arrangement
can be several times this increment. The data provide good arguments
for cleaning up or completely retracting the landing gear of a high-
performance helicopter.

The Reynolds number of the tubular gear, based on the cylinder
diameter, was below the critical vamlue for the model tests. A considera-
tion of the full-scale landing gear that it was patterned after indicates
that it, too, would be below the critical Reynolds number for cruising
speeds below 110 knots.

The fuselage and pylon parasite-drag values shown are not at all
representative of current helicopters, which customarily penalize an
already poor aerodynamic shape with additional drag from leakage and
nonflush doors, windows, hatches, and other protuberances which not only
contribute thelr own drag but elso cause flow separation on the basic
fuselage.

Additional preliminary 1lift and drag data obtained from the 1/5-
scale model tests are given in figures 8 and 9. From figure 8 it is seen

4



108

that minimum equivalent flat-plate parasite-drag areas of fuselage

shapes A and C of the order of 1 square foot were measured. Shapes B

and D indicate progressively higher minimum drag, which is probably the
result of flow separation in the vicinity of the tail-boom juncture and
the abrupt planform closure, respectively. The advantages of a fuselage
shape that tends to be narrow and deep rather than broad in cross

section is clearly shown in figure 8. Greatly reduced downloads are
indicated for fuselages A and B at typical forward-flight attitudes com- .
pared with fuselages C and D.” Reduced downloads in hovering would also
be expected for shapes A and B. Somewhat more favoreble variation in the
fuselage drag with angle of attack i1s also apparent. The fact that two of
the four fuselages showed relatively low drag, somewhat higher drag being
indicated for the two shapes (B and D) that were more subject to flow
separation, indicates the importance of designing a smooth and fair shape
that avoids sudden changes in contour if low parasite drag is to be
achleved.  Improved alrcraft-construction practice similar to that used

on high-performance conventional aircraft will be necessary.

The increase in parasite drag with angle of attack noted in fig-
ure 9 (about 1/2 square foot in going from af = 0° to ar = -5°) con-
stitutes a performance penalty. Improved cruising efficiency can be
obtained by installing the rotor shaft at an angle in order to keep the
fuselage level in cruise.

A consideration of area and volume relationships indicates that it
should be considerably less difficult to achieve a proportionately low
parasite drag for heavier helicopters.

Ferry-range capability.- In order to determine a practicable ferry
range for a clean turbine-powered helicopter of the type for which the
previously presented drag data were obtained, limited performance esti-
mates were made with available calculation procedures. (See refs. 21 to
23,) An equivalent parasite-drag area of L4 square feet, which assumes a
retractable landing gear, was used. Also selected were a rotor solidity
of 0.07, a blade twist of -8°%, and a design rotor tip speed of 600 feet
per second. These parameters were selected to provide good overweight
performance. Calculations of the cruise performance were made over a
range of gross weights. The maximm effective helicopter lift-drag
ratios calculated, which occur at airspeeds of the order of 110 knots,
are plotted in figure 10 over a range of ratios of gross weight to normal
gross weight. The overload for the ferry mission would be primarily fuel.
An L/D of about 7 is indicated at weight ratios above 1.4, which, inci-
dentally, would regquire a running take-off. Reduced efficlency is indi-
cated at normal gross weight, although the clean helicopter i1s seen to
show to advantage over current practice. A flight procedure of gradually
reducing the speed of the power turbine to 85-percent rated speed at the

N
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normal gross weight has the effect of producing an almost constant value
of L/D of 7 over the broad range of weight ratios shown.

By using a conservative average L/D of 6, a specific fuel consump-
tion of 0.75 lb/hp-hr, and a minimm flying weight of 1,950 pounds
(includes pilot and 1 crew), the ferry-range potential shown in figure 11
is calculated. The Breguet range equation was used; the results were
multiplied by a 7O-percent factor to allow for take-off, climb,-headwinds,
and fuel reserves. For a running take-off with 2,000 pounds of fuel on-
board, a ferry range of 1,500 miles is indicated. The assumpticns of this
analysis are believed to be realistic, if not conservative.

CONCLUDING REMARKS

Considerations of the results of recent NASA helicopter research
programs have indicated the practicability of large improvements in rotor
hovering efficiency by the use of a smooth NACA 63A015(230) rotor airfoil
section. Increases in the rotor figure of merit as high as 6 or
7 percent have been demonstrated over an improved rotor having symmetrical
airfoil sections. Leading-edge roughness of the type that has been experi-
enced in some helicopter operations is shown to reduce the hovering
efficiency drastically. The gains associated with camber, however, are
retained over the symmetrical airfoil with standard leading-edge roughness
applied. The advantages of camber in this particular case tended to dis-
appear above rotor-blade tip Mach numbers of 0.6.

A simple presentation of available helicopter rotor hovering data
obtained over s broad range of alirfoil sections, blade-tip Mach numbers,
and pitch angles indicates greatly reduced rotor profile-drag power losses
due to compressibility effects than predicted by calculations.

Preliminary results of a model study of helicopter parasite drag
indicate the importance of using clean, fair, and smooth fuselage shapes
if low drag is to be achieved. The use of fuselage cross sections that
tend to be narrow and deep is shown to give a lower drag variation with
angle of attack and greatly reduced downloads. The importance of cleaning
up or completely retracting the landing gear is demonstrated. Equivalent
total flat-plate parasite-drag areas of 7.l square feet, 4.7 square feet,
and 3.5 square feet are indicated for a full-scale helicopter (minimum
flying weight of the order of 2,000 pounds) equipped with conventional
skid gear, a low-drag skid gear, and a retractable gear, respectively.

A ferry-range capability of 1,500 miles 1s estimated.

-
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EFFECT OF CAMBER ON HOVERING EFFICIENCY
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EFFECT OF CAMBER ON HOVERING EFFICIENCY
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EFFECT OF AIRFOIL SECTIONV ON HOVERING EFFICIENCY
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COMPRESSIBILITY EFFECTS ON HOVERING
HELICOPTER ROTORS
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