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reduces advancing blade twist in forward flight H
point conditions, the analysis projects a 2-percqnt increase in cruise
L/D, a 1l.2-percent increase in hover figure of merit and a 210-ft/minute
increase in vertical rate of climb capability. Modest reductions in
blade stress and control loads were provided by the conformable rotor for
cruise at design gross weight. This is in contrast to the usual increase
in forward flight blade loads associated with conventional rotors achieving
high hover figures of merit through increases in built-in blade twist.
Analysis projects that the conformable rotor design would degrade performance
slightly at alternate gross weight and maneuvering conditions where
retreating blade stall is more important than advancing blade compressibility
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on aircraft handling qualities characteristics or on sensitivity of non
n/rev aircraft vibration to blade dissimilarities. Material and fabrication
requirements imposed by the conformable rotor were reviewed, and practical
techniques for providing required torsional stiffness reductions are
suggested. Projected performance improvements due to the conformable rotor
were sensitive to modeling of the detailed aerodynamics of the advancing
blade tip,and it is important that the accuracy of the analysis be confirmed
through model tests.
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PREFACE

The work reported herein was performed by the Sikorsky Aircraft Division
of United Technologies Corporation under Contract DAAJ02-77-C-0041 for

the Applied Technology Laboratory of the U.S. Army Research and Technology
Laboratories (AVRADCOM). The work was performed under the technical
cognizance of Mr. Patrick Cancro. Personnel involved directly in the
program were Mr. Robert Blackwell, Mr. Sebastian Cassarino, Mr. Robert
Moffitt, Mr. Timothy Krauss and Mr. James Howlett.




TABLE OF CONTENTS

PAGE
RREFPACE " o s oliatle o SRRl C s o s el Fol aR At ey s 3
LIST OF ILLUSTRATEONS , § o' ¢ o s oie sve s ¢ & & @ #lia @ « = » 6
INGOUOTRIOR . « o V%' T % iy v s e e awew e 9
UH-60A CONFORMABLE ROTOR DESIGN STUDY . . . . . ¢« +. « « « « « & 12
Preliminary Peslgn . « o « & ¢ s % & & o' w o wle % & o s 12
Structural Deadgn . & v o 2 o' w me w4 % W e ks s s 1D
UH-60A CONFORMABLE ROTOR EVALUATION . . . ¢« ¢ « « ¢ o o « o o @ 25
Performance and Rotor System Loads . . . . ¢« « « « « « o & 25
Low Speed Flight Characteristics . . « « « « ¢ « ¢ o« o o & 25
Vertical Rate of Climb Capability . . . . . . . . . . . . 26
Handling Qualities Characteristics . . . . . . . . « . . . 26
Maneuver Characterdstics . « . o « ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o & 28
UH-60A CONFORMABLE ROTOR RISK ASSESSMENT . . . . . « « &« « « & 29
Manufacturing Requirements . . . « ¢ « « & « &« ¢ o« ¢ o o 29
Effect of Blade Dissimilarity on Vibration . . . . . . . . 31
CONCLUSEONS : o @'s 8 e o %0 s e sl fede Ml o Sl = s 34
RECOMMENDATIONS . . o ¢« o ¢ 5 o & & o % & o s o % o ¢ & & o« o @ 35
REFERENCES . ¢« o o 3 o 50 @54 a2 ove s 500 s/ d s 2 s 36

LIST OF SYMBOLS « ¢ « ¢« ¢ ¢ ¢ o s & o o & & s s o s o o & o o & 73




Fi

.

10

11

12

13

No.

LIST OF ILLUSTRATIONS

Improvements in Cruise L/D Predicted for an Ideal
Conformable Rotor with Uniform Inflow; V = 145 Kn,
h, = 4000 ft, T = 87 W iiiiserrs ik asrsEE iy T

Comparison of UH-60A and Ideal Conformable Rotor
Angle of Attack and Airload Distributions at
Cruise; V = 145 kn, Gross Weight = 16,450 1b svevsesss. 40

Twist Angle Required to Achieve Optimal Performance
at Cruise; V = 145 kn, Gross Weight = 16,450 1bic.cea... 41

Nonlinear Twist Distributions Examined in

HOVETE ¢ iinhenmidosesesudonvass ot banlssaltnsseuiosasimeee s 42

Variation of Hover and Climb Power Required with
Twist Angle; Rotor Thrust = 16,450 1b, hp = 4000
B B G R e orelm slalsie cie Wit urstotins srciaistarets istaters atsrnicios (43

Variation of Rate of Climb with Equivalent
Linear Twist; Rotor Thrust = 16,450 1b, hp =
4000 ft, T = 950 F ccccosccvccsccscscoscssscsccscscscsccsscncesn 44

Sensitivity of UH-60A Mission Fuel to Rotor Figure
of Merit and Cruise L/D Changes csccscesscscececcnecece 45

Effect of Tip Speed, Radius and Chord Variations
on Vertical Rate of Climb Capability; Gross Weight
= 16,450 1b, hp = 4000 ft, T = 95° F, Nonlinear Twist

o _24 Deg D N NN 46

Variation in UH-60A Mission Fuel With Blade Design
Changes Assuming a 10 Percent Increase in Cruise L/D
and a 2 Percent Increase in Hover Figure of Merits..... 48

Correlation of Measured and Predicted YUH-60A
Performance and Blade Loads at Approximately
16,450 1b Gross Welght..eeeeeeeceessctccecesconconnaaes 49

Predicted Airload Time Histories for UH-60A Rotor
at Cruise; V = 145 kn, Gross Weight = 16,450 1b........ 51

Effect of Tip Sweep on Elastic Twist; V = 145 kn, 52
Cross Weight = 16,450 Ib.cvsecvsessvossssvsosovssesosse
Comparison of Measured and Predicted Airloads for

CH-53A Blade; V = 155 kn, Gross Weight = 33,850 1lb..... 53

a—




Fig. No.
14

15

16

) 57

18

19

20

21

22

23

24
25

26

27

28

29

LIST OF ILLUSTRATIONS
(continued)

Effect of Tip Sweep on Conformable Rotor Attributes;
V = 145 kn, Gross Weight = 16,450 1b...seeeveevecncecnnne

Effect of Camber on Elastic Twist; V = 145 kn,
Grogs Welght = 16,450 1b, . .secscsstssncsocsoeaenescsioss

Effect of Camber on Conformable Rotor Attributes;
V = 145 kn, Gross Weight = 16,450 1b,...v0vveeeeccacnncs

Blade Twist Patterns Examined with the Y200 Program,,.,..

Effect of Lateral Elastic Twisting on Rotor L/D;
V = 145 kn, Gross Weight = 16,450 1beceeveccccecccacccns

Effect of Lateral Elastic Twisting on Blade Torque
Distribution; V = 145 kn, Gross Weight = 16,450 1lb......

Effect of Lateral Elastic Twisting on Rotor L/D;
V = 145 kn, Gross Weight = 19,000 1b ..cccecececcccnnnns

Effect of Lateral Elastic Twisting on Rotor L/D;
V = 175 kn, Gross Weight = 16,450 1b....ceeeeeecccencnns

Effect of Lateral Elastic Twisting on Blade Torque
Distribution; V = 175 kn, Gross Weight = 16,450 1b......

Comparison of UH-60A and Conformable Rotor Power
REGUILEA; . isvo siooe v v es s siara e onivoses s aees es ssseesssssme

Comparisons of UH~60A and Conformable Rotor L/D.........
Comparison of UH-60A and Conformable Rotor Attributes...

Correlation Between Measured and Calculated Response
to Longitudinal Stick Input at 80 KN....cecevvecnccncnns

Comparison of UH-60A and Conformable Rotor Trim Control
Inputs for Level Flight; Gross Weight = 16,450 1lb, Sea
Level Standard ConditionS,.....veeeeeccecccesccanscncens

Comparison of UH-60A and Conformable Rotor Control
Derivatives; Gross Weight = 16,450 1b, Sea Level
Standard ConditionS.cececcecesecssccccccccsc-vsesscscaces

Effect of Conformable Rotor on UH-60A Longitudinal
Stability Characteristics; Gross Weight = 16,450
lb, Sea Level Standard Conditions-o--.---...............

Page

54

35

56

574

58

60

61

63

64

67

68

69

70




Fig. No.
30

31

LIST OF ILLUSTRATIONS
(continued)

Comparison of Axial Hub Force Components for UH-60A
and Conformable Rotor Blade Sets with Manufacturing
Deviations; V = 145 kn, Gross Weight = 16,450 1lb.......

Comparison of One/Rev Hub Forces for Damaged UH-60A
and Conformable Rotor Blade Sets; V = 145 kn, Gross
Weight = 16,450 1B, ... ... cencesasnmnnsnconsssnessasiuens

71

72

e




——W G e e e el B L -

INTRODUCTION

Helicopter evolution depends on continuing effort to improve all aspects
of rotor behavior. Reduced vibration, noise and vulnerability and
increased aerodynamic efficiency will all be required in next-generation
rotary-wing aircraft. Improving rotor efficiency to reduce fuel
consumption is a particularly desirable goal in light of rising fuel
costs. A number of investigators have explored means of improving
helicopter main rotor efficiency through the use of advanced airfoils,
tip geometry and twist distributions. Considerable effort has been
expended in devising systems which vary blade twist or higher harmonic
control input with flight condition to further optimize performance.

An area which has received attention within the last few years is

the possibility of designing blades which produce an azimuthal variation
in elastic twist that improves such attributes as vibration, blade

loads or aerodynamic performance. In the area of performance it is
clear that the twist selected for a given aircraft mission is typically
a compromise between that desired for various high and low speed
segments. Moreover, there is little reason to expect that the twist
which is optimal at, for instance, 90 degrees of rotor azimuth is also
optimal at 270 degrees azimuth. The effects of blade dynamic twist

on performance must be understood so that designers can take advantage
of potential beneficial effects or minimize detrimental effects.

The immediate goal of research in this area has been to quantify the
performance gains and rotor system load reductions which can be achieved
through variation of elastic twist with azimuth and to define the
aeroelastic blade design features required to produce desired twist.

A more far-reaching goal is to provide generally improved understanding
of torsional response so that design criteria reflecting effects of
elastic twist can be formulated. In the past only crude guidelines
have been available to constrain blade stiffness or pitching moment
generating capacity. The design process proceeds based on scaling of
past successful configurations. This procedure obviously becomes less
effective as changes in rotor type, airfoil or material are approached.
Improved design criteria in conjunction with improved aeroelastic modeling
capability will allow designers to specify the blade properties and
elastic response which produce the greatest possible advantage for a
given application.

Study of the potential role of blade torsional response effects in
improving rotor attributes began with the work described in Reference
1. That study explored the effects of changes in blade torsional

Lo Blackwell, R.H., and Commerford, G.L., INVESTIGATION OF THE EFFECTS
OF BLADE STRUCTURAL DESIGN PARAMETERS ON HELICOPTER STALL BOUNDARIES,
Sikorsky Aircraft Division, United Technologies Corporation; USAAMRDL
Technical Report 74-25, Eustis Directorate, U.S. Army Air Mobility
Research and Development Laboratory, Fort Eustis, VA, May 1974,

AD 784594,
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properties on flight envelopes. It was shown that reducing blade
stiffness reduced envelope-limiting vibratory control loads. A number

of other design changes which reduced blade or control system loads

were also ident?fied. The Compliant Rotor Study conducted under

Contract DAAJ02-76-C-0003 and reported on in References 2 and 3 defined the
elastic twist required to improve various aspects of rotor behavior.

Of the many effects which could be accomplished, it was determined

that the most valuable in terms of providing expanded flight capability
and reduced operating cost would be the improvement of forward flight
performance. Moreover, results suggested that dedication of elastic
twisting reponse to the improvement of performance, because the response
acts to produce a more efficient azimuthal distribution of airloads,
achieved performance gains which could not be achieved through other
aerodynamic means such as planform changes or application of advanced
airfoils. Predicted performance gains were not large unless the baseline
rotor was stalled, but there were definite trends for improved performance
with one/rev dynamic twist which tended to untwist the advancing blade.

Two needs became evident at the conclusion of that program. First,

there was a need to test torsionally conformable rotor blades to quantify
analytically projected trends and provide a data base for upgrading
aercelastic analyses. This need resulted in sponsorship by the U.S.

Army Research and Technology Laboratories of two so-called Aeroelastically
Conformable Rotor (ACR) wind tunnel model test programs to be performed

in the near future.

Second, there was a need to explore the overall effectiveness of a
conformable rotor in satisfying a typical set of mission objectives.

A clear statement of the advantages and the possible shortcomings
associated with rotor blades employing passive control of blade torsional
response was needed. Modest performance advantages, if achieved at
minimal cost, should be pursued; however, performance gains which signifi-
cantly increase cost or compromise other aircraft attributes may not be
justifiable.

The requirement for improved understanding in this area led to the work
described below. The objectives were, first, to translate design features
producing trends of improved rotor performance or reduced blade loads

into a rotor system providing significant advantages with respect to

a conventional rotor and, second, to examine other rotor attributes which
might be unfavorably affected by application of the conformable rotor

Zs Blackwell, R.H., INVESTIGATION OF THE COMPLIANT ROTOR CONCEPT,
Sikorsky Aircraft Division, United Technologies Corporation,
USAAMRDL TR 77-7, Eustis Directorate, USAAMRDL, Fort Eustis, Virginia,
June 1977, AD A042338.

3. Blackwell, R.H., and Merkley, D.J. THE AEROELASTICALLY CONFORMABLE

ROTOR CONCEPT, American Helicopter Society, 34th Annual National
Forum, May 1978.
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concept. These attribute risk areas include rotor design complexity and cost,
csensitivity of vibration to blade-to-blade dissimilarities, handling
qjualities, manuever capability and operacion at off-design flight conditions.
Fundameatal limitations associated with a conformable rotor in any of

these areas must be identified and subjected to further scrutiny. If any

such flaws are present and cannot be overcome, performance advantages of

an ACR would be immaterial.

The approach adcpted in pursuit of these objectives was to expand upon
the conformable rotor design work described in Reference 2 to evolve a
design suitable for the UH-60A mission and then to compare calculated
behavior for the baseline UH-60A and conformable rotor designs. Comparisons
were made in the areas of rotor performance, rotor and control system
loads, aircraft vibration, handling qualities and manufacturing require-
ments. The UH-60A mission was selected for this comparison because the
UH-60A rotor system represents state~of-the-art technology and because
there is readily available test data for evaluation of analytic results.
It is expected that trends in such areas as performance, vibration or
handling qualities would be similar for other aircraft missions,
although magnitudes of the various advantages or disadvantages with
respect to baseline designs would be strongly dependen: on detailed
blade and mission characteristics.

11
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UH~60A CONFORMABLE ROTOR DESIGN STUDY

A design study was conducted in an attempt to define a conformable

rotor configuration which would improve the performance of the UH-60A
aircraft. Al] other aircraft systems such as engines, transmission and
fuselage geometry were maintained in the UH-60A Black Hawk configuration.
The specific measure of improved performance used was the savings in

fuel required to perform the primary UH-60A mission. The primary mission
requirements include a 2.3-hour endurance mission made up of short
warmup and hover segments and cruise at 145 knots and 16,450 lbs gross
weight at conditions of 4000-ft pressure altitude and 95° Fahrenheit. A
30-minute fuel reserve is required. The aircraft is also required to
perform a 480-ft/min vertical rate of climb using not more than 95
percent of installed intermediate power. Under the guidelines of the
contract, increases in airspeed, payload or climb rate beyond the UH-60A
specifications were not sought. Other potential objectives such as
reduced vibration, rotor loads and control system loads were not specifically
addressed although these parameters were monitored in evolving the
design. Improvement of Black Hawk cruise performance was expected to be
an ambitious goal since at cruise the rotor is free of advancing blade
drag divergence effects or retreating blade stall. Results of Reference
2 showed that performance advantages to be obtained by controlling
dynamic twist became most significant for high speed or marginally
stalled conditions. The behavior of the rotor at other flight conditions
was examined only briefly in selecting the design but is evaluated
thoroughly in the section entitled "UH-60A Conformable Rotor Evaluation'.

The design study was conducted in two parts. The first phase was a
preliminary design study which selected (a) the combination of rotor
radius, chord and tip speed most compatible with the conformable rotor
and (b) the mean and time-varying blade twist required to optimize
performance.

The second phase of the design procedure was a structural design study
performed with the Y200 Normal Modes Blade Aeroelastic Response Analysis
which sought to produce the desired twisting by changing such paramecers
as torsional stiffness, tip geometry, built-in twist and airfoil camber.
As described below, the preliminary and detailed design analyses include
different rotor aerodynamic and inflow models. It was found that these
differences led to predictions of larger performance gains in the
preliminary design phase than were finally determined using the more
complete Y200 analysis. Preliminary design results are documented below.

PRELIMINARY DESIGN

Preliminary aircraft design is normally accomplished by nerforming
trending studies which relate aircraft cost, weight and performance to

12




variations in aircraft subsystems. Iteration is performed until the
combination of parameters providing the most cost effective solution to
mission requirements is determined. In selecting rotor geometry, the
iteration process normally includes resizing of engines, transmission
and airframe. For example, if a more efficient rotor can be devised, it
may be possible to satisfy mission payload requirements with a smaller
(lighter) rotor. Reduced rotor size may permit reductions in tail cone
length, antitorque requirements, transmission capacity or control
system strength, all of which reduce empty weight. The reduced weight,
in turn, permits.further reduction in rotor power and fuel consumed.

Because the present study was not aimed at designing an aircraft but
assessing the potential and risks of a particular rotor concept, iteration
between rotor size, aircraft size, engines, transmissions, etc, was not
performed. Small changes in rotor geometry were examined while maintaining
basic UH-60A airframe, transmission and engine characteristics. Also,

in order to permit direct evaluation of rotor twisting effects, the
airfoils of the UH-60A blade were assumed. The UH-60A blade has a 9.5-
percent-thick cambered airfoil (SC 1095). Between the 50- and 80-

percent radial stations, leading edge camber is increased to provide
higher cjp.x (SC 1095R8). For reference, Table 1 lists the UH-60A

Black Hawk rotor design parameters. The Sikorsky Airload Optimization
Analysis and Circulation Coupled Hover Analysis Program (CCHAP) were

used to project the gains in cruise and hover performance which could be
achieved by controlling dynamic twist and to define the required twisting.
The Helicopter Design Model (HDM) was then used to determine whether the
improvements in rotor efficiency provided the opportunity for beneficial
changes in rotor radius, solidity or tip speed. The savings in mission
fuel was then calculated.”

The Airload Optimization Analysis is described in Reference 2. Basically
this program uses variational calculus criteria to determine the radial
distribution of airloading which minimizes power losses due to drag

while maintaining required lift. The program then determines the angle
of attack distribution required to achieve optimal performance. Based

on the ideal angle of attack distribution, control inputs and an assumed
inflow pattern, the program determines the timewise variation in twist
required for optimal performance. The optimization program can be run
using either a uniform or variable inflow representation. The ideal

angle of attack pattern is the same in either case, but the twist required
to achieve it depends upon the inflow. Past results (Reference 2) had

not shown significant differences between the ideal dynamic twist patterns
predicted using uniform and variable inflow. This result and a significant
savings in computer time led to use of the uniform inflow model. The
program was exercised at the Black Hawk cruise speed for a range of

rotor lift values. Because results of Reference 2 had suggested that

the UH-60A rotor might derive advantage from reduced tip speed, the

13




analysis was run at the nominal 725-ft/sec tip speed and at a 5% reduced
tip speed of 690 ft/sec. Results are shown in Figure 1 for baseline and
ideal rotors. Reduction in tip speed by itself is shown to improve rotor
L/D by approximately 10 percent up to about 15,000 1lbs gross weight, at
which point retreating blade stall deteriorates the performance of the
reduced tip speed rotor. At design gross weight (16,450 1b), performance
is degraded with the reduced tip speed. Producing ideal twisting to
minimize power results in a 10-percent increase in L/D at either tip
speed. Figure 2 presents surface plot comparisons of angle of attack and
airload distributions at design weight and tip speed. As shown, the
ideal rotor avoids negative angles of attack and negative loading at the
tip of the advancing blade and high angles of attack at the tip of the
retreating blade. Figure 3 illustrates the azimuthal variation in twist
for the ideal rotor at this condition, assuming uniform inflow. A mean
twist of approximately -16 degrees and a one~per-rev variation of + 7
degrees are required.

The CCHAP was used to assess the impact of blade twist on performance in
hover and at the 480-ft/min vertical rate of climb condition required

for the Black Hawk at design gross weight. CCHAP, as described in
Reference 2, performs a coupled calculation of the rotor load distribution
and the contracted rotor wake geometry. Performance predictions within

27% of measured values are typically obtained. Power was calculated for
the hover and climb conditions as a function of blade twist to determine
an optimal value. The Black Hawk airfoils and tip sweep were assumed.
Linear twist values or -12, -16, ~20 and -24 degrees and the nonlinear
twist distributions shown in Figure 4 were examined. Nonlinear twist
distributions of the form illustrated in the figure have been shown to
improve hover performance by improving the induced efficiency of the

1lift distribution in the region of the blade which passes over the tip
vortex trailed by the preceding blade. Hover and climb power required
are shown in Figure 5 for the two twist families. For the same equivalent
twist, the nonlinear twist distribution gives consistently improved
performance. The optimal twist is approximately -24 degrees. Twist
increases above this value provide little additional benefit. The
baseline Black Hawk twist, including elastic windup, and required power
values are included in Figure 5. Relative to the Black Hawk rotor,
increasing the total twist to approximately -24 degrees results in a 30-
hp savings (1.7% figure of merit increase) in hover and a 45-hp savings
(2.4% figure of merit increase) at the climb condition. Figure 6 shows

the variation with twist angle of the rate of climb achievable using the
power calculated for the baseline UH-6CA rotor at the 480-ft/minute
vertical climb condition. Relative tc¢ the UH-60A rotor, increasing

twist to -24 degrees would provide a 260-ft/minute rate of climb increase.

The HDM was used to translate the cruise and hover performance improvements

anticipated for the ACR into UH-60A mission fuel savings and to define
trends of mission fuel with changes in radius, chord and tip speed. The

14




HDM program described in Reference 4 uses measured and calculated data
defining the effects of changes in aircraft configuration on aircraft
cost, weight or missicn fuel to aid the designer in evolving optimal
designs. In examining the ACR, it was assumed that conventional trends
of power and fuel consumption with geometry change would apply but that
the control of blade twisting would provide cruise L/D and hover FM
values which were uniformly higher than those of a conventional rotor.
The program determined the savings in mission fuel which would result
from improvements in rotor efficiency and basic changes in rotor geometry.
Aircraft drag, engine fuel consumption, transmission losses and tail
rotor efficiency measured on the UH-60A aircraft were assumed. Figure 7
relates changes in rotor efficiency (forward flight L/D and hover figure
of merit) to mission fuel and shows little effect of figure of merit on
mission fuel, reflecting the short hover segment of the assumed mission
(5 minutes). The 10-percent improvement in cruise L/D predicted with
the Airload Optimization Analysis for the ACR would produce a fuel
savings of approximately 90 lbs or approximately 4.5% of the total.
Because of the large parasite drag of the UH-60A utility airframe, the
percentage savings in fuel resulting from increases in rotor efficiency
are smaller than they would be on a lower drag aircraft.

The second application of HDM was to determine whether the increase in
efficiency assumed for the ACR leads to a set of radius, chord and tip
speed values different from those of the baseline UH-60A rotor. A 10%
increase in cruise L/D and a 2% increase in figure of merit were assumed.
Because resizing of the aircraft was not being considered, gross changes
in rotor geometry and tip speed were not examined. Changes in radius
and tip speed which would be possible without changing fuselage length
or transmission design were examined. Vertical rate of climb and mission
fuel trends were examined for radius, chord and tip speed variations.
CCHAP was first used to define effects of geometry changes on climb
capability, assuming -24 degrees of nonlinear twist. Figure 8a shows
that the power required to perform the 480-ft/minute climb can be
reduced by increased radius and decreased tip speed or decreased chord.
Alternately the climb rate could be increased using available power, as
illustrated in Figure 8b. Again, increased radius and decreased chord
or tip speed are desired.

Effects of geometry changes on mission fuel were then explored with HDM,
and conflicting trends were found. Figure 9 suggests that increased tip
speed and chord reduce mission fuel. Increasing radius, predicted to
have a slightly beneficial effect, is not practical based on main rotor/
tail rotor clearance. The effects on mission fuel of changes in blade

4, Kefford, N.F.K., and Campbell, B., SIKORSKY HELICOPTER DESIGN
MODEL USER'S GUIDE, Sikorsky Engineering Report SER-50851,
November 1973.
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weight are included in the model. Blade weight trending was based on Wp
« R ¢1+25 (QR)1.4., The combinations of increased chord and tip speed
which still meet the climb requirement (because of the higher figure of
merit to be provided by the ACR) were calculated with CCHAP and are
included in Figure 9. Based on these considerations, the optimal design
includes a 3% increase in tip speed and a 5% increase in chord.

In preparation for conducting the structural design study, the trends of
performance with chord and tip speed predicted with the Y200 program
were checked at the Black Hawk cruise condition, assuming that the
prescribed one-per-rev lateral twisting was achieved. 1In this case
cruise power was predicted to be insensitive to the chord change proposed
and adversely affected by increased tip speed. Examination of test data
at approximately the cruise guarantee condition did indicate slightly
reduced cruise power with increased tip speed, although there was consider-
able scatter among the data. It is not clear whether the trend predicted
by Y200 is correct. The effect of tip speed on total power depends upon
the relative severity of advancing blade compressibility effects and
retreating blade stall. Increased tip speed relieves retreating blade
stall but aggravates advancing blade drag divergence effects. Y200 may
be overpredicting the relative importance of advancing blade drag. In

any case it was decided to conduct the structural design study using the
tip speed and chord values of the baseline UH-60A rotor.

STRUCTURAL DESIGN

The Y200 Normal Modes Blade Aeroelastic Response Analysis was used in an
attempt to define sets of blade parameters which produce elastic twist
that enhances performance at the Black Hawk cruise condition. Non-
uniform rotor inflow was used consistently. Results of the preliminary
design study which determined optimal twist with uniform inflow were to
be used as a guide. The design effort was intended to be limited in
scope, relying heavily on the results described in Reference 2. The
only additional area to be addressed was the effect of tip speed and
chord variations. Also, there was a desire to confirm the Reference 2
trends with the current version of the Y200 program which has undergone
several improvements since the earlier work was performed.
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Analytic Methods

The Normal Modes Blade Aeroelastic Response Analysis (Y200 Program) and
the Prescribed Wake Inflow Analysis (F389 Program) delivered to the Army
under Contract DAAJ02-77-C-0047 were used. References 2, 5 and 6
provide detailed description of the analytic methods used in these
programs.

Briefly, the Y200 program solves the coupled blade equations of motiocn
by expanding them in terms of uncoupled flatwise, edgewise and torsional
modes. Up to five flatwise, three edgewise and two torsional modes can
be considered in addition to rigid body flap and lag modes. The present
study used three flatwise, one edgewise and two torsional modes. Blade
aerodynamics are based on a lifting line representation. Steady or
unsteady aerodynamic modeling is available (see below). The analysis
includes multiblade capability and the modeling of either a rigid body
airframe or a grounded flexible support. Except for the determination
of rotor stability derivatives described later in this report, the
analysis was used in the single blade (fixed hub) mode.

The Prescribed Wake Inflow Analysis determines the distribution of rotor
inflow based on a prescribed geometric pattern of the trailing wake
elements. In this study the classical nondistorted skewed helical wake
structure was assumed. Blade loading and circulation distributions are
calculated based on section operating conditions and section lift coefficient
data. The strengths of the trailing vortex elements are then determined,
based on the spanwise variation in bound circulation. The contribution
of each of the trailing vortex segments to induced velocity at each
blade position is calculated, using the Biot-Savart law. The solution
proceeds until the bound circulation distribution, the strength of the
trailing vortex elements, and the induced velocity distribution are
compatible.-

The Compliant Rotor Study (Reference 2) used a two-dimensional unsteady
aerodynamic model. Radial flow effects, including relief of tip Mach

number due to sweep, were not treated. The study used variable inflow
distributions calculated with the Prescribed Wake Inflow Analysis (F389
program). In approaching the present study, three changes were made in

b Arcidiacono, P.J., PREDICTION OF ROTOR INSTABILITY AT HIGH FORWARD
SPEEDS, VOL. I, STEADY FLIGHT DIFFERENTIAL EQUATIONS OF MOTION FOR
A FLEXIBLE HELICOPTER BLADE WITH CHORDWISE MASS UNBALANCE, Sikorsky
Aircraft Division, United Technologies Corporation; USAAVLABS 68-18A,
U.S. Army Aviation Materiel Laboratories, Fort Eustis, Virginia,
February 1969, AD 685860.

6. Langdrebe, A.J., et al., AERODYNAMIC TECHNOLOGY FOR ADVANCED ROTORCRAFT,
American Helicopter Society, Symposium on Rotor Technology, August 1976.
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modeling rotor aerodynamics. First, unsteady aerodynamic effects were
neglected. This decision was based primarily on the fact that the
conformable rotor at cruise will not be stalled. The second change was
to implement the steady three-dimensional aerodynamic model used in the
Sikorsky Generalized Rotor Performance Program. This aerodynamic model
is essentially the same as that documented in Reference 7. The model
treats the details of blade element lift and drag characteristics more
rigorously than the two-dimensional model and has been shown to improve
correlation between measured and predicted rotor .performance. Accurate
modeling of radial flow effects is especially important for swept tips
which are a powerful source of blade pitching moment for a conformable
rotor. The third area to be modified was the coupling between the Y200
program and the inflow analysis. These two programs solve for blade
response and rotor inflow on an iterative basis. Blade pitch angles and
response quantities needed to calculate noninduced velocity components
are transferred from Y200 to the inflow analysis. The inflow program
then computes and feeds to Y200 the distribution of induced velocities.
The process continues until angle of attack patterns for consecutive
runs converge. Until recently the inflow analysis included blade
flapping and elastic pitching in the calculation of circulation but did
not treat blade bending motion. This assumption caused the loading
distribution used by the wake analysis to be inconsistent with that used
in Y200. Local angle of attack discrepancies between the programs of as
much as 3 degrees resulted. Angle of attack differences were most
prominent on the retreating blade where relative velocities are low and
at the tip of the advancing blade where plunging rates are significant.
The Y200 program was modified to provide required data to the inflow
program, and this discrepancy was eliminated.

Prior to exercising the Y200 program for the study of conformable rotor
effects, the correlation between measured and predicted performance and
rotor system loads was assessed. Figure 10 compares results calculated
with uniform and variable inflow with YUH~60A test data from Reference 8.
Analytic results were calculated at the atmospheric conditions of the
cruise guarantee point (4000 ft pressure altitude and 95° F). Test

data were acquired at 2000 ft hp and 65° F. Measured performance data
were corrected to the 4000 ft/95° F condition. Rotor system load data were
not corrected to the guarantee condition, but differences are expected to
be very small. Rotor performance is reliably predicted when variable
inflow effects are included. Correlation of blade bending moment and
pushrod loads, however, is only fair. Each load is underpredicted by
approximately 2 to 1. Inclusion of variable inflow reduces predicted
flatwise moments as a result of decreased tip downloading on the advancing

7o Harris, F.D., PRELIMINARY STUDY OF RADIAL FLOW EFFECTS ON ROTOR BLADES,
Journal of the American Helicopter Society, July 1966.

8. Ericsion, W., et al., FLIGHT LOADS SURVEY TEST REPORT, Sikorsky
Engineering Report SER-70406, May 1976.
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blade. Correlation was generally less satisfactory than has been achieved
in the past on other blade designs. References 1 and 2 present correlation
of Y200 predictions with test data from low twist CH-53A blades and high
twist CH-53D blades. Flatwise moments and pushrod loads were generally
increased when variable inflow was included. Predictions 20 percent

less than test data were typically obtained. Reasons for the less
satisfactory correlation achieved on the UH-60A blade were sought, but

no clear explanations were found. The differences may result from

changes in the treatment of the wake or from shortcomings in the modeling
of high nonlinear twist blades.

Effects of Camber and Tip Sweep

Results of the Compliant Rotor Study (Reference 2) had shown that tip
sweep and camber exert powerful twisting moments. Sweep and noseup
pitching moment can be used to untwist the advancing blade, which generally
improves performance and reduces blade loads. It was decided to examine
effects of these parameters with the updated Y200 program at the UH-60A
cruise condition. Objectives were to verify the twisting produced by
the two parameters and to determine the effects of that twisting on
rotor performance. Results described below confirm the effectiveness of
airfoil camber for producing one-per-rev lateral elastic twisting. As a
result of modifications to the Y200 aerodynamic model, tip sweep is not
predicted to have as strong an effect on one-per-rev twisting as was
predicted in Reference 2. Moreover, at the cruise condition, rotor
performance calculated using nonuniform inflow was determined to be
fairly insensitive to elastic twist changes.

In examining camber and tip sweep variations, other blade parameters
were held fixed at values selected in the Compliant Rotor Study. Blade
torsional stiffness was reduced by a factor of four outboard of the
50-percent radial position. This stiffness reduction permits achievement
of desired levels of torsional response with realistic amounts of
camber or tip sweep. The stiffness reduction was made in the outboard
section of the blade to enhance outboard elastic twisting desired for
improved performance (see Figure 2). To further concentrate twisting
along the blade, the control system stiffness was assumed to be ten
times higher than that of the baseline UH-60A rotor. The resulting
torsional frequency of the conformable blade was 3.80P as opposed to
4.2P for the baseline UH-60A blade. Past results indicated that for
the anticipated levels of steady and one-per-rev elastic response,

a built-in twist value of approximately - 12 degrees gave the best
overall performance. Minus 11.6 degrees of nonlinear twist having a
distribution similar to those shown in Figure 3 was assumed.

Variations in tip sweep were examined first. The baseline UH-60A blade
employs 20 degrees of sweep at the 93.5-percent radial station. Conformable
rotor designs with 20 degrees of sweep at 93.5~, 90- and 80-percent

radius and designs with 10, 30 and 40 degrees of sweep at 0.935R were
examined. In each case the twisting moment resulting from chordwise
center-of-gravity offset was made to match that of the baseline UH-60A
blade by adding leading edge weight immediately inboard of the sweep
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position to counterbalance the swept weight. The twisting moment
imparted to a blade by a swept tip is dependent upon blade flatwise
loading in the tip region. Positive 1lift at the tip twists the blade
nose down; downloading twists the blade nose up. Uniform and nonuniform
inflow results described in Reference 2 predicted negative lift at the
tip of the advancing blade which tended to untwist the blade and improve
rotor performance relative to an unswept blade. As described earlier,

the coupling between the blade response analysis and the inflow analysis
was improved to eliminate discrepancies in the treatment of blade plunging
velocities. Apparently as a result of this change and the modeling of
radial flow effects at the tip, advancing blade downloads are generally
less than previously predicted and the noseup twisting moment produced

by tip sweep is less significant. Figure 11 illustrates the airload
distributions predicted with variable inflow for the baseline UH-60A
rotor at the cruise condition. Download on the advancing blade tip is
only slightly negative. Figure 12 compares the tip elastic twist for

the baseline UH-60A blade and for various swept tip conformable rotor blades.
For blades of the same stiffness, increasing sweep from 0 degrees to 20
degrees reduces the one-per-rev lateral twisting component characteristic
of the straight cambered blade primarily by increasing retreating blade
twist. Reducing torsional stiffness on a blade with 20 degrees of tip
sweep produces a general nosedown shift in elastic twist as a result of
the strong negative pitching moment of the cambered airfoil section. The
nosedown twisting is least on the advancing blade where tip sweep effects
tend to produce an opposing noseup moment. Relative to a straight blade,
increasing tip sweep produces reduced elastic twist at Yy = 90 degrees

and increased twist at | = 270°. Relative to the baseline UH-60A blade,
however, tip sweep in conjunction with reduced stiffness does not produce
noseup advancing blade and nosedown retreating blade twisting because of
the cambered airfoil. These results suggest that tip sweep would be more
effective in producing positive ;o on blades with symmetrical airfoil
sections or minimal camber.

Accurate prediction of advancing blade tip angle of attack and loading
are critical to the evaluation of the conformable rotor concept. Not
only are the aeroelastic effects of sweep dependent on tip loading, but
the degree to which the performance of a given rotor can be improved by
changing elastic twist depends upon the details of advancing blade
conditions. At high advancing blade Mach numbers and for airfoil
sections subject to severe drag divergence effects, even a slightly
negative angle of attack could cause severe drag penalties and produce
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