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1. ABSTRACT

During the mid-1970’s, testing and analytical studies were conducted to develop a better
understanding of the characteristics and limitations of the conventional rotor at forward speeds
beyond 200 knots. The increased understanding and improved mathematical modeling of the
rotor in the high-speed regime formed a basis for designing the next-generation rotor system with
a maximum cruise efficiency (L/De) speed of 180 knots and a maximum cruise speed of 200
knots. A series of models was built and tested to demonstrate the design cobjectives of this high-
speed rotor. Model test results indicated maximum cruise efficiency (L/De) at 180 knots and
capability up to 231 knots.

The next stage in the continued development of the conventional rotor is to define an
advanced rotor that will have a design cruise speed of 225 knots for maximum cruise efficiency.
The design approach for this rotor is to minimize induced and profile power at 225 knots, there-
by achieving maximum lift to equivalent drag (L/De). A summary of the design approach will
be presented with the change in rotor L/De as the design process moves from an ideal rotor to a
realistic design. A few sensitivities will be included that lead to the performance of the final
configuration.

2. NOTATION

GW = aircraft gross weight, 1b

L = rotor lift, 1b

d = rotor diameter, ft

De = equivalent rotor drag, lb

fe = equivalent flat-plate drag, £t2

Mpp = drag divergence Mach number, nd
M1'90 = advancing-tip Mach number, nd
P = rotor power, hp

q = dynamic pressure, pVZ/Z Ib/ft2
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r = rotor radius, ft

T = rotor thrust, Ib

V = forward flight speed, ft/sec
Vip = rotor tip speed, ft/sec

X = rotor propulsive force, b

G = maximum section lift coefficient, nd
max

Cp = rotor power coefficient, P/p'JTrZVTz
Crp = rotor lift coefficient, ’I‘/p:frrz\'\.ir[-2

X = rotor propulsive force coefficient, X/qdzo

u = advance ratio, V/VT

p = density of air, 1b sec Z/ft4

7= Pi,nd

o = rotor solidity, be/nr, nd

3. INTRODUCTION

Exploratory testing in the mid-1970’s, documented in Reference 1, indicated that the
conventional helicopter rotor had the capability to operate in the high-speed regime (advance
ratios up to 0.60). This led to the testing summarized in Reference 2 to determine if there were
any lift or propulsive force limits in the high-speed regime. There were no propulsive force limits.
The limits to lift were aerodynamic, not model structural or aeroelastic limits, and resulted in a
reduction in lift with an increase in collective pitch, indicating severe rotor stall. With the demon-
stration of rotor operation in the lifting and propelling mode at speeds up to 225 knots, Boeing
Vertol continued their development of the conventional rotor in the high-speed regime with
increased emphasis. A rotor development program was initiated to define airfoils and a rotor that
would maximize performance at 180 knots. The results of this rotor development produced a
rotor with a full-scale rotor lift-to-equivalent drag ratio (L/De) of approximately 10 at 180 knots
and are summarized in Reference 3.

Based on the potential indicated by these rotor test programs, we initiated a study to
determine the design speed for the next-generation rotor system. We started with The 1985
Commercial Transport Study that was performed for NASA in the early 1970’. It was upgraded,
incorporating the improved level of rotor performance projected from the high-speed test data,
to examine the impact on cost of flat-plate area drag loadiny (gross weight to flat-plate drag
area ratio, GW/fe) and design speed. The parameter that measures the overall performance of a
commercial transport is direct operating cost (DOC). Figure 1 presents the DOC as influenced
by drag loadings from GW/fe = 700 1b/ft2 to GW/fe = 3,000 lb/ftz: corresponding to aerodynam-
ically dirty or very clean aircraft. The forward flight speed range examined was 160 to 250
knots and is compatible with the aerodynamic cleanliness range. As indicated in Figure 1, there
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is a minimum in DOC for each speed. The trend through these minimums defines the most cost-
efficient configurations. From reviews of test data, reports, and papers in the area of drag of
advanced configurations, it is evident that a drag loading of 1,500 1b/ft? would be a desirable
goal and would require careful development to achieve. This drag loading and minimum DOC
specify the speed at 225 knots, an increase of 45 knots over the 180-knot rotor recently
developed that was 45 knots over the speed for maximum L/De of the Chinook (CH-47D}. Both
the drag loading and speed have been selected as goals that must be worked aggressively to
achieve. These study results, in addition to the high-speed rotor testing, were encouraging
enough to obtain support from NASA for performing a study to define a rotor system designed
to maximize performance at 225 knots. This program, “Study of Advanced Flight Research
Rotor,” contract NAS2-10826, was conducted under the cognizance of Leonard Haslim, the
technical monitor, and is the subject of this paper.
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Figure 1. Impact of Design Cruise Speed and Drag Loading on Direct
QOperating Cost

4. BACKGROUND

The oujective of the NASA program was to define a rotor that would achieve a maxi-
mum reduction in forward flight power required at 225 knots. The approach was to examine
the variation of rotor performance to geometry variations and provide a baseline rotor definition,
develop the sensitivity of the baseline to selected configuration modifications, and then conduct
a preliminary design. The emphasis of this paper will be on the baseline rotor definition studies
accomplished, with a few details on the sensitivity study results and the preliminary design.
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5. GROUND RULES

With a demonstrated capability to operate in the high-speed regime, the conventional
rotor that provides the lift and propulsive force for the aircraft was selected as the candidate
for the advanced flight research rotor (AFRR). It does not incorporate any segments, independ-
ently controlled blade sections, or flaps. It does include planform taper, twist, sweep, and
structural tuning as required to improve the performance, blade loads, and hub loads, The
AFRR can incorporate higher harmonic pitch for further improvements.

The study ground rules that were initially established to define a rotor in the high-
speed cruise regime specified a forward speed of 225 knots and a drag loading of 1,500 Ib/ft2,
The rotor will have four blades and will incorporate advanced airfoils developed by Boeing
Vertol for operation at high speed. The VR-12 airfoil is the working section to be used from the
blade root to the 85-percent blade radial station and will taper linearly to the VR-15 airfoil at
the rotor tip. These airfoils were developed to maximize lift (Cy,,,. ) at Mach 0.40 and maxi-
mize the drag divergence Mach number at zero lift, while maintaining high lift between these
two design conditions. An extensive amount of wind tunnel testing has been performed to
substantiate their characteristics. To establish the level of improvement achieved by these air-
foils, a comparison with the characteristics of other airfoils at the design conditions is presented
in Figure 2. The lower line is for the VR-7/8 family that was developed to minimize drag in
hover and low forward speed for the Heavy-Lift Helicopter; the VR-9 was developed for the
YUH-61 UTTAS aircraft. The next band moving up the figure represents the latter-day airfoils
such as the NASA supercritical and the NLR-1. The top band in Figure 2 is the VR-12/15
family which shows a significant improvement over the other airfoils in terms of increased
maximum lift or drag divergence Mach number.
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Figure 2. Comparison of Airfoil Characteristics at Design Conditions
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An advancing-tip Mach number limit of 0.90 was selected as a design ground rule for
the AFRR. From the testing presented in Reference 3, performance was compared for a number
of rotors at a fixed advance ratio {u), rotor lift coefficient {(CT/s), and rotor propulsive force
coefficient (X) in Figure 3. Shown is rotor power coefficient (CP/G) for a model CH-47D rotor
with VR-7/8 airfoils compared to a model of the Boeing Vertol Model 360 rotor with VR-12/15
airfoils. At low Mach numbers there is no difference between the rotors, but beyond a Mach
number of 0.86 the rotor with VR-7/8 airfoils shows an increase in power that becomes signifi-
cant at 0.90 Mach number while there is no increase in rotor power coefficient at Mach numbers
of 0.91 for the rotor with VR-12/15 airfoils.
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Figure 3. Performance Improvement From Reduced Compressibility

The next ground rule to be defined is the rotor disk loading. An examination of the
historical trend of drag loading with gross weight shown in Figure 4 indicates that a gross weight
of 25,000 pounds is consistent with an aircraft that is considered a clean design and has a urag
loading of 1,500 Ib/ft2. This gross weight and the historical trends of rotor disk loading and
gross weight for single- and tandem-rotor helicopters as shown in Figure 5 define a disk loading
of 6.25 1b/ £t2 for a tandem-rotor helicopter. This results in a 51-foot-diameter rotor, which is
the same size as the CH-46 rotor. The CH-46 rotor will be used as the reference rotor for this
study and will aid in the definition of the magnitude of the performance improvement.
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6. APPROACH
The basic portion of this study is the conceptual study. It is divided into four areas:

1. The preliminary study will establish the optimum blade planform, elastic twist, and
control based on the aerodynamic performance considerations.

2. The parametric study will review tradeoffs to evaluate methods for tailoring the
elastic twist.

3. The selection of the baseline,
4. The feasibility study will determine the relative feasibility of achieving this design.

The scope of the preliminary study was to establish blade planform and elastic twist
based on maximizing aerodynamic performance. The first task was to define an ideal rotor in
which each radial and azimuthal element is operated at the angle of attack for maximum lift-to-
drag ratio for the section and to minimize profile power. It is also desirable to have a loading
distribution that will produce approximately uniform downwash in the far wake and minimize
induced power. This would result in the blade chord as well as the angle of attack varying at
each radial and azimuth and would be represented by a rotor that had a “rubber chord and
rubber twist’’ and is the ideal, a goal to be achieved. Applied to this goal will be a series of
constraints that eventually result in a real rotor. The first step is to constrain the chord so it
does not vary around the azimuth for each radial bay and is designated the optimum rotor. The
planform could have taper, inverse taper, or whatever is required. The next step would be to
constrain each blade radial station pitch to the steady plus the first five harmonics so the
optimum rotor has a fixed radial distribution in chord but operates as a segmented rotor with
limited harmonic pitch. The final constraint is to interconnect each of the segments such that
the twist variation radially will be characteristic of the first-mode torsion that can vary
harmonically to provide the recommended rotor. The process starts with a Mangler loading
(Reference 4) to minimize induced power, defines the “‘rubber chord and rubber twist,” defines
a weighted chord distribution that is then used in a comprehensive vortex theory forward flight
analysis (B-65), and establishes an optimum twist. It is a sophisticated aerodynamic prediction
technique that has as its starting point a uniform downwash rotor solution. From this solution,
it then approximates the trailed vortex sheet by a number of vortices for the first 45 degrees of
rotation; after that, it rolls up the tip vortex using the Betz loading criteria. It then calculates
the nonuniform downwash and local aerodynamics at 13 radial stations and every 15 degrees
around the azimuth. The output is the overall performance, radial, and azimuthal variations of
all the characteristics of that rotor. Rotor elasticity in the first two flap modes and first torsion
mode is accounted for. An examination is made of the chord and checked against the previous
iteration. If there is a change in chord greater than 3 percent, then the process is repeated with
the new thrust loading, induced-velocity distribution, and harmonic flapping coefficients and
repeated until the tolerance in chord is achieved.

How good is the rotor performance prediction program? Here is an example of its
predictive capability compared to wind tunnel test data from recent model tests. We tested a
few model rotors to 230 knots in the wind tunnel and they had advanced airfoils and rectangular-
tip blades and tapered-tip blades as described in Reference 3. Figure 6 is an example of how we
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predict that model rotor in the high-speed regime {(above 200 knots}. Shown is rotor lift-to-
equivalent draq ratio (L/De) versus advance ratio, which represents the lift and the power required
to produce it, not including the propulsive power. The prediction is close to the model test data
for the rectangular and the tapered-tip blade. This comparison was for a model of an advanced
rotor. We are currently building a full-scale rotor and the way we estimate the full-scale perform-
ance from model rotor test data is to account for the Reynolds number effect on profile drag.
When you scale up this model test data to full-scale by the procedure defined in Reference 5, you
develop the L/De versus advance ratio presented in Figure 7. The maximum L/De is approxi-
mately 9 for a rotor with a solidity of 0.134. The comparison of theory, the black symbols, with
test data, the open symbols and lines, is acceptable, being 7.5-percent pessimistic at 225 knots.
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We compare the performance prediction in this format because it relates lift with the
power required to produce lift and expands any difference from the test data. If comparisons
are made using Cp versus u or Cr versus Cp at a fixed advance ratio, the comparison of theory
could look fairly close, but the L/De could be 10 to 20 percent different. We are trying to get
a better look at how good the analysis is and this format provides a relatively close look at it.
The conclusion is that B-65 is a performance analysis that predicts performance quite well. It is
a little conservative at 225 knots, about 7-percent pessimistic.

As indicated earlier, the reference rotor was the CH-46E rotor. It has a diameter of 51
feet, three blades with a chord of 1.5 feet, and 23010 airfoil constant from root to tip. Normal
hover tip speed is 705 ft/sec, but an advancing-tip Mach number limit of 0.90 was imposed to
be the same as the advanced roter. The operating conditions selected are the same: gross
weight = 25,000 pounds, which translates to a rotor lift coefficient (Cp/o) of 0.0966 at
705 ft/sec; the propulsive force requirement is X = 0.056.
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The performance of this rotor operating at a tip speed of 705 ft/sec for forward speeds
up to 195 knots and then following a constant Mach number of 0.9 is presented in Figure 8.
Power required is increasing very rapidly at speeds beyond 200 knots and the rotor system
cannot operate beyond 215 knots. This is a result of stall and is reflected by the sharp break in
the power required at 200 knots. Rotor stall is occurring on the forward and aft portions of the
rotor as well as on the retreating side of the disk. The rotor lift-to-drag ratio {L/De) reaches a
maximum of 7.0 at 150 knots and then decreases rapidly, approaching zero at 215 knots. That
is an operational rotor designed and fabricated in the 1960’s with 23010 airfoils. A rapid solution
to the stall problem is to add another blade, going from a 3-bladed rotor to a 4-bladed rotor. The
corresponding rotor performance is presented in Figure 8, indicating that rotor stall has been
significantly reduced and the power required at 225 knots is 2,500 horsepower. This will be
the level from which the advanced rotor performance improvement will be measured. The
development of the advanced rotor will be described in the following sections.
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Figure 8. Performance of 3- and 4-Bladed Reference Rotor

7. IDEAL ROTOR

The process of defining the performance of the ideal rotor, depicted in Figure 9, was to
define the lift coefficient (C)) for maximum airfoil section lift-to-drag ratio (L/D) for each Mach
number and then define the trend of L/D maximum with Mach number and operate each blade
bay at the L/D to define minimum profile drag. A rotor pressure loading must be selected to
provide the effectively uniform downwash in the far field to minimize induced drag. The
Mangler 1 or the Mangler 3 loading both provide a uniform downwash in the far field. Combin-
ing both the requirements for minimum profile and induced drag will provide the rotor with
minimum power required.
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Figure 9. Performance Definition of !deal Rotor

What is unique about Mangler 3? Why not Mangler 1? What is the sensitivity to either
one of the loadings shown in Figure 10? They both provide uniform downwash in the far field.
Mangler 1 is like an elliptically loaded wing. Mangler 3 is more like a hovering rotor. The per-
formance associated with each loading is presented in Figure 11. In terms of power required,
the Mangler 3 loading results in a power required of 1,600 hp. The Mangler 1 loading resulted
in a lower power (1,440 hp). The induced power is basically the same but the change was in
profile. Parasite power is the same since both loadings are flown at the same operating conditions.
This resulted from the loading being reduced on the outboard end, loaded more on the inboard
end of the advancing blade. Generating lift in the lower Mach number region instead of the higher
Mach number region results in a higher section L/D, as shown in Figure 9. The change isare-
sult of reducing the compressibility drag. If the compressibility is completely eliminated the
power is reduced to approximately 1,250 hp. This quantifies the maximum potential but it is
not obtainable. Rotor L/De is a measure of cruise efficiency and will be the format used in the
remainder of the study; Mangler 3 had an L/De of approximately 16 while Mangler 1 was approx-
imately 18. When the compressibility was removed the L/De increased to approximately 40,
and when the profile power was removed the L/De became 85. The Mangler 1 loading will be
used to evaluate the rotor development for the remainder of the study.
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What are the effects of speed on this ideal rotor? Figure 12 presents the performance
at 180, 200, and 225 knots, indicating that the profile grows slightly as speed increases to 200
knots but is virtually the same between 200 and 225 knots, The induced power grows just
slightly. Parasite power has the largest power-required growth.

2112



//// INDUCED
Sggggpov;m /%/ PROFILE
/ PARASITE

DESIGN SPEED — KN

Figure 12. Sensitivity of Ideal Rotor to Design Speed

The design cycle was iterated a number of times to provide a loading, chord-twist
distribution. It started off with a Mangler 1 loading and iterated four times to arrive at the final
thrust loading. It is fore and aft loaded and the isometric view of the final thrust loading for the
ideal rotor is presented in Figure 13.
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Figure 13. Final Thrust Loading for Ideal Rotor
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8. OPTIMUM ROTCR

With the ideal rotor defined, the next step is to define the optimum rotor. The ideal
rotor thrust loading and chord distribution, when presented as a surface plot and not as a radial
distribution, look like the top of Figure 14. Combining the radial and azimuthal thrust and
chord variation permits the definition of a thrust-weighted blade chord. The radial chord distri-
bution, shown in Figure 14, is held at all azimuths and can then be used to establish the pitch
requirements. This defines the optimum rotor with 13 bays, each one with a thrust-weighted
chord that can operate at the pitch requirement shown in Figure 14. The blade chord was
iterated through the design process a number of times and Figure 15 shows the chord distribution
from each iteration, resulting in a chord distribution increasing radially to 2.2 feet at 88 percent
of the blade radius and then decreasing to 1.4 feet at the blade tip. How do we know thrust-
weighting the chord is the right way to do it? If you bias the chord toward the areas where you
will have high thrust, is that right? Why not some other way? We are looking for maximum
L/De, so why not bias the chord to that which provided the highest incremental rotor L/De for
each blade segment? Much to our surprise, there was very little difference between the thrust-
weighted and L/De-weighted chord. Utilizing the thrust-weighted chord, we are now ready to
define the segmented rotor.
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9. SEGMENTED ROTOR

The segmented rotor is developed with the thrust-weighted chord and the optimum
blade pitch shown in Figure 16. A harmonic representation of the optimum pitch is restricted
to O through 5 harmonics as shown in Figure 16. It is important to point out that the fourth
and fifth harmonics of the blade pitch are approximately zero. The pitch schedule for each seg-
ment of the blade when restricted to the steady plus the first 5 harmonies can be adjusted to
provide the best approx'irnation of the pitch (theta) schedule at all azimuths or on the advancing
side of the rotor disk only. Examining both schedules to determine the impact on performance
is summarized in Figure 17 with a comparison of the root and tip pitch variations around the
azimuth. When the segment pitch approximated the optimum pitch at all azimuths, the rotor
L/De was 6.73. When the segment pitch approximated the optimum pitch on the advancing
side only, the L/De was 7.72. The optimum pitch has very large amounts of theta on the inboard
end of the retreating blade. To get the harmonic fit at all azimuths and to provide this high pitch
requirement results in a poor approximation of the pitch on the advancing side and degrades
the performance. Providing the harmonic fit on the advancing side only results in a poor repre-
sentation of the pitch on the retreating side of the rotor, but it does reduce the performance
penalty on the advancing side. This provides a higher L/De and establishes the advancing side
of the rotor disk as the area to which to carefully tailor the rotor definition and thereby mini-
mize the negative lift and power penalty. This will be a guideline for the remainder of the study:
match the pitch on the advancing side of the rotor only. Figure 18 presents a comparison of
root and tip pitch for the optimum rotor with an L/De of 7.27, and for the segmented rotor
meeting the pitch requirements on the advancing side having an L/De of 7.72. All of these
comparisons were made at 225 knots with the rotor in trim with flapping minimized.
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10. RECOMMENDPED ROTOR

The next step in the rotor development is to constrain the twist radially to the first-
torsion-mode shape that typically looks like the top of Figure 19. Also shown in Figure 19 are
the first and second harmonic thetas, represented by the symbols, with the lines representing
the best fit to the torsion mode shape. Now a fit with many of the thetas, or a few of them,
can be achieved, but which ones should be fit to achieve the best performance? A study was
performed to determine what portion of the blade should be matched to a first-torsion-mode
shape. Figure 20 presents the highlights in terms of root and tip pitch and L/De for the
specified-twist rotor and should be compared to Figure 18, the segmented rotor with an L/De
of 7.72. When the first-torsion-mode shape was matched to the thetas over the outboard 50
percent of the blade, the rotor L/De was 8.41. The tip pitch looks approximately the same as
the segmented rotor and the root pitch is similar except in the second quadrant. When a match
was achieved over the outboard 40 percent, the L/De increased slightly to 8.63. The root pitch
in the fourth quadrant is lower than the 50-percent case. Matching only the outboard 35 percent,
the rotor L/De dropped to 8,35 and the root pitch has increased in the fourth quadrant. The
conclusion is to match the pitch requirements to the outboard 40 percent on the advancing side
of the rotor disk. This resulis in an elastic twist requirement of 18 degrees.
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Figure 20. Performance and Blade Pitch of Specified-Twist Rotor

Having defined a blade planform and a static and elastic twist, we conducted sensitivity
studies on planform, blade stiffness on the inboard end (basically to reduce elastic twist), and
the radial distribution of airfoils.

Sensitivity to Planform

The basic planform shown at the top of Figure 21 has an inverse taper from the root
to 88 percent of the rotor radius and conventional taper to the tip, with an L/De of 8.63. This
is the configuration on which we determined the sensitivities. The approach was to gradually
step back to a blade that is rectanqular. The first step was to reduce the taper on the inboard
end halfway back to no taper, as shown by the dotted lines. The L/De falls off just slightly.
With no inboard taper the L/De decreases from 8.63 to 8.25. When reducing the taper on the
outboard end all the way to a rectangular blade there is no further reduction in L/De for the
prescribed pitch distribution.
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Figure 21. Sensitivity Study of Planform

Sensitivity to Blade Stiffness on the Inboard End

The torsional mode shape shown in Figure 19 indicated a high level of stiffness out to
the blade attachment in the basic design. In the blade development we had matched the twist
to the torsion mode shape on the outboard portion of the blade as shown in Figure 20; the re-
mainder of the blade had an elastic twist requirement greater than the mode shape. When the
blade is stiffened on the inboard end the elastic twist requirements could be reduced. If the
elastic twist could be reduced without a performance penalty, it would simplify the structural
design problem. The sensitivity study examined increasing stiffness of the blade out to 40, 50,
60, and 70 percent of the span, as shown at the top of Figure 22. The impact of inboard stiff-
ness on elastic twist requirements is shown in the middle of Figure 22. The baseline blade has
an elastic twist of 18 degrees at 90 degrees rotor azimuth; when the blade was stiffened to 40
percent, that drops to approximately 12 degrees. As the stiffness is increased to 50, 60, and
70 percent, the elastic twist correspondingly reduces to 9, 5, and 3 degrees. What is happening
to L/De or power required? The bottom of Figure 22 shows power required reducing gradually
as the stiffness is increased outboard and the L/De, which magnifies the difference in performance,
gradually increasing from 8.63 for the baseline to 8.73 for a blade stiffened out to 60 percent.
Stiffening to 70 percent results in a very slight reduction in L/De. As indicated earlier, matching
the elastic twist from 60-percent radius to the tip maximizes the rotor performance and stiffen-
ing the blade inboard of 60 percent reduces the elastic twist significantly; in addition, it provides
an additional slight improvement in rotor L/De. When the blade is stiffened in this manner not
only are the elastic twist requirements changed but also the steady geometric twist definition
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must change to compensate for the new steady elastic twist level. To demonstrate the changes
in elastic twist, a comparison of the baseline twist requirements was made with those of the
blade stiffened out to 60 percent. Our baseline, the specified-twist rotor, had a steady geometric
plus elastic twist variation as presented at the top of Figure 23. Stiffening out to 60 percent
significantly reduced the requirement for what is built in the blade. In the center of Figure 23
is the azimuthal variation in the tip pitch and root pitch for the specified-twist rotor represented
by.the solid lines. The impact of stiffening drastically reduced the root pitch in the third and
fourth quadrants of the rotor and had no effect on the tip pitch. Subtracting the difference
between the root and the tip defines the elastic twist shown at the bottom of Figure 23. The
solid line represents the baseline and the dashed line represents the increased inboard stiffness.
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Figure 22. Sensitivity Study of Inboard Blade Stiffness
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Figure 23. Effect of Inboard Stiffness on Blade Twist Requirements

Sensitivity to Airfoil Distribution

The baseline blade incorporates the VR-12 airfoil from the blade root to 85-percent
radius, tapering to VR-15 over the last 15 percent of the blade radius. A sensitivity study was
conducted to determine if this distribution provided the maximum performance. The VR-12
airfoil was extended from the root to the blade tip and the L/De decreased from the baseline as
indicated in Figure 24. As the span of the VR-12 was reduced from the baseline, the 15-percent
radial span for transitioning from the VR-12 to the VR-15 was held constant and the remainder
of the blade was a constant VR-15. The rotor L/De increases as the span of the VR-12 is reduced
to 75 percent and then the L/De decreases rapidly as the span is reduced to the blade root. Max-
imum performance is achieved with the VR-15 on the last 10 percent of the blade and provides
the improvement through reducing compressibility power.
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Figure 24. Sensitivity Study of Airfail Distribution

For the blade developed in this program, a study was conducted to determine the
feasibility of defining a blade to meet these requirements. The Model 360 rotor which is the
advanced rotor we have been working on for the past few years served as the starting point. The
characteristics were scaled down as the chord varied and a structural ply layup was established
to match these characteristics, Figure 25 is the initial ply layup defining the distribution between
graphite, fiberglass and Nomex honeycomb. This layup is not significantly different from that
of the Model 360 and indicates that the blade is feasible.
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Figure 25. Initial Composite Ply Layup for Recommended Blade
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How do we stack up against the reference rotor? Figure 26 presents the power required
versus speed for the reference rotor. Shown in Figure 26 is the recommended rotor that is
stiffened out to 60 percent and the power required is approximately 1,900 horsepower; the
L/De is 9.1, a 60-percent improvement. How far did we get toward our ideal? Starting from the
reference rotor, the reduction in power was 60 percent of the savings provided by the ideal rotor
with a Mangler 1 loading.
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Figure 26. Results of Preliminary Study

11. CONCLUSIONS

In designing the rotor for 225 knots to achieve maximum performance, the following
conclusions have been developed:

e Initiate the development process using the Mangler 1 loading and operate the
airfoils at maximum section L/D.
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e Use a prediction technique that incorporates nonuniform inflow and a comprehensive
wake model and trim the rotor flapping to approximately zero to be most representa-
tive of the actual rotor operating conditions. .

e Use thrust weighting to define the blade chord.

e The recommended blade planform has an inverse taper to 88 percent and conventional
taper to the tip, providing the maximum rotor L/De,

o The elastic twist is basically first and second harmonic with a very small amount of
third harmonic,

e It is mandatory to match the optimum pitch on the advancing side of the rotor to
maximize performance.

e Inboard stiffness reduces the twist requirement and improves rotor L/De.

The next step is now funded by NASA to define the combination of design parameters that
will aid in achieving the required pitch and twist.
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