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U S. ARMY AVIATION MATERIEL LABORATONIES
FORT EUSTIS. VIRGINIA 23604

This report was prepared by the Lockheed-California Company under the
terms of Contract DAAJ02-68-C-0033. The work reported herein was
undertaken to determine the feasibility of attaining 300 knots in &
slowed-rotor version of the XH-S5lA compound helicopter.

Analysis shows that the slleviaticn of compressible flow csnditions,
and thus speeds of 300 knota, can be achieved by slowed-rotor
operation. Slowed-rotor operation also has the gdded benefit of
reducing power requirements and of thus giving a significent increase
in range and endurance characteristics. Two levels of rotor rpm, 75%
and 50% of normal, were evaluated, with the rotor providing full aero-
dynamic controi in both cases.

The conclusions and recommendations contained herein cre concurred in
by this Command.
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SUMMARY

An analytical siudy was undertalen in suppcrt of a preliminary design
effort to show the feasibility of a modified XH-51A compound helicopter
achieving a speed of 300 knots by slowing the rotor in high-speed flignt,
while retaining good hover performance characteristics. The limitations
on speed and maneuverability evident from previous flight test programs
are described, and results of analycis are presented to show that these
1imitations can be eliminated in order to provide an increaced flight

envelope for compound helicopter operation.

Previous iii-51A compound helicopter flight speeds have been limited at

263 xnots primarily by vitration due to compressibility effects on the
advancing blade. Compressibility excites blade frequencies, causing high
vibratory levels in the aircraft and high dynamic loads. Slowed-rotor
operation, at speeds as low &s 50% normel rpr, is explored as a method

for 1 >ducing advancing tip compressibility effecte to achieve the

300-k.0t £light speed. Twc leveis of rpm reduction, 25% and 50%, with
some differences in design requirements anc operating rrocedure, are
evaluated. In both cases, 300-knot operation is feasible with the rotor
system providing full aerodynamic control without the need for auxiliary
fixed-wing control surfaces. The 75% rpm system includes modified rotor
blaje frequency placement, a herd-me.nted transmission, and a rotor-speed
control gyro. The 50% rpm system includes increased structural blade
flapwise and torsional stiffness, a hard-mounted transmission, and a high-
speed control gyro. With the addition of a thin-tip airfoil, increased
comprersibility margins at 300 knots for the 75% rpm system would result,
and operation at speeds approaching 350 knots with a 50% rpm system appears
to be feasible.

A test program iz recommended to confirm and supplement the conclusions of
the study.
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FOREWORD

This report describes the results of ar analytical study of a possihle
flight envelope expansion for the XH-S51A compound helicopter by slowed-
rotor operation. Analytical data are provided for a range of design parau-
eters. This study was conducted by the Lockheed-California Company from
January to April 1958 under Contract DAAJO2-68-C-0033 with the V. 8. Army
Aviation Materiel Laboratories. USALAVLABS program direction was provided
vy R, C. Dumond.

Major Lockheed coniributors to this report include V. Bilezikjian,
I. B. Sachs, J. E. Sweers, D. H. Janda, J. A. Hoffman, and R. B. Lewis.
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INTRODUCTION

This report presents the results of an analytical study performed to
determine the feasibility of expanding the flight envelope of the XH-51A
compound helicopter to include a 300-knot speed objective through sub-
stantially slowed rotor operation in high-speed flight, and to provide datas
to support preliminary design of such an aircraft. The phenomena agso-
ciated with the speed limits observed in prior flight programs are identi~
fied and analyzed, and methods for their elimination are presented to show
that the rlight envelope may be expanded. Also, the effects of various
rotor system design paraueters on both high speed, at a range of tip
speeds, and hover operating characterislics are considered to identify
those parameters which are most critical to the design,and to provide a
basis for the selection of the best rotor design for the slowed-rotor
XH-51A compound helicopter. Four rotor operation problem areas are iden-
tified and treated separately:

® Rotor dynamics and aeroelastic stability

e Control phase shif't and control power at low rpm
e Rotor loads

e Performance

Test-based analytical methods, outlined in Appendix I, Methods of Analysis,
are applied to develop data in these areas. Eluments of these analyses
were applied ir designing the XH-51A compound for flight speeds in the
proximity of 250 knuts, and the analyses reflect updating and refinement
based on the results of flight experience.

The scope of this study encompasses rotor speeds from 100% to 50% normal
rpm. Rotor parameters for a 75% rpu and a 50% rpm s;stem are presented.
The 75% rpm rotor system allows operation at 300 knots with the same
blade geometry used in the previous configuration, but with different mass
characteristics. The 50% rpm rotor system allows for operation at 300
knots but also provides a maximum potential for increasing speed due to a
large operating margin before encountering the onset of advsucing blade
compressibility.

Although the datsa presented have been generated for the XH-51A compound
helicciter, where practical they are presented in e form appiicable to a
broader category of rigid-rotor helicopters.
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BACKGROURD

Since this study was performed to provide preliwminary design daca for the
XH-51A compound helicopter, a familiarity with the basic design for the
vehicle is useful. The XH-51A research compoun. helicopter (Figure 1) has
a 35-foot-diameter, four-bladed, gyro-controlled rigid rotor, wings for
unloading the rotor 1ift at high forward speeds, a Jet engine mounted close
tov the fuselage on the left wing for propulsion, horizontal and vertical
tail surfaces, and a two-bladed teetering tail rotcr for antitorque and
directional control. The aircraft requires no movable fixed-wing aero-
dynamic control surfaces aince the rigid rotor provides sufficient pitch
and roll control moment through application of cyclic pitch at any rotor
thrust level.

The evolution of the XH-S51A aircraft as a helicopter and a compound heli-
copter is described in Reference 1. References 2 and 3 describe succes-
sive maneuver envelope expansions and increased speed objectives. This
eection presents the approach taken in designing a rigid-rotor compound
helicopter to expand the maneuver envelope for nigh-performance rotary-
wing aircraft.

FLIGHT CONTROI, TECHNIQUES

7he irotor of a conventional helicopter in forward flight is used to per-
fom two distinet but related functions: (1) to provide 1lift and (2) to
rrovide propulsive force to overcome aircraft drag. When sufficient power
is availsble so that high-speed performance is not power-limited, vibra-
tiwns {caused by retreating blade stall and advancing blade compressibil-
ity) limit speed through high rotor loads and decreased control margins.
While operstion under these conditions may be possible from structural
considerations and from the pilot's standpoint, the rotor becomes less
efficient.

It is desirable to substitute alternate methods for providing vehicle 1lift
and propulsive force. Aircraft 1lift may be provided by a wing, which
would enhance performance &t moderate speeds and improve maneuver capa-
bility. However, relieving the rotor 1lift requirement alone does not
appreciably affec’. maximum speed capability, since reducing rotor 1lift
unloads it in propulsive force as well. Substantially higher speed flight
of the aircraft requires a separate propulsive device such as a shaft-
driven mropeller or & Jet engine, whether or not the rotor is unlecaded in
1lift. The XH-512 compound helicopter combines a wing for 1lift and & jet
engine for propulsive force. While the jet engine is not the most effi-
cient propulsive device wbich cold be provided for the operating range
under consideration, it ir well suited to a research vehicle due to sim-
plicity of installation and control.

For high-speed flight control of a compound helicopter with a teetering or
fully articulated rotor, it is necessary to maintain a substantial level
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of rotor thrust or to install airplane controis to obtain pitch and roll
control. Maintaining thrust on the rotor limits speed capebility, and
additional controls tend to complicate the control system and add weight
to the vehicle. In contrast, the XH-51A rigid rotor is capable of pro-
viding a control moment at the hub through cyclic pitch control when the
rotor is completely unloaded.

The basic approach taken in the design of the XH~51A compound is to pro-
vide wing size and insidence sufficient to completely unload the rotor at
the high-speed point so that maximum cyclic control power is availstle for
maneuvering. At the high-speed poiunt, the rotor attitude is level and the
collective pitch measured at the three-quarter radius is near zero degrees.
The corresponding longitudinal cyclic control setting reguired for trim is
algo near zero degrees. Further tailoring of wing parameters is a func-
tion of desired rotor/wing lift-sharing at lower speeds and vehicle atti-
tude at the minimm speed selected for operation with the high-speed

point collective pitch setting.

Flight from hover ‘o progressively higher speeds is accamplished without a
requirement for a shift in primary control systems, since all control is
provided by the rotor system. In the speed regime below 80 knots, the
aircraft is flown with collective and cyclic control as in any helicopter.
At & speed between 80 and 120 knots, thrust on the propulsive engines is
increaszd and the collective pitch is set at the high-speed positicn

(0_75 = 0). In this condition, the rotor is at a positive angle of attack
and is providing most of the 1lift for the &ircraft. As speed increases,
the wing 1ift capability increases and the angle of attack of the aircraft
is decreased, unloading the rotor. Longitudinal and lateral stick dis-
placement provide pitch and roll control through cyclic feathering, but
the aircraft is flown as an airplane without varying collective pitﬁ
Yaw control is provided by the tail rotor. ’

In high~speed flight with the rotor unloaded, the effects of retreating
blade stall or: performance and control capehility are negligible. Retreat-
ing blade stall occurs only in the revers= flow region where local wveloc-
ities are low. Where a control moment must be generated with differential
1ift between the 90-~degree and 270-degree azimuth locations, the high-
velocity condition on the advancing blade easily provides the mechanism
for sufficient differential lift.

FLIGHT EMERGENCY CONSIDERATIONS

In the event of a shaft engine failure while operating at high speed with
the rotor unloaded, it is necessary to load the rotor to develop an
antorotation condition. This cannot be accomplished merely by increasing
rotor angle of attack since the wing 1lift increases also. To cvercome
this problem in the XH-51A compound helicopter, wing spoilers are installed
and an emergency procedure has been establighed and found to be satis-
factory in flight test. When a shaft engine feilure ir detected, the wing
spoilers are deflected to unload the wing and a turn is made to increase
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rotor loading more rapidly. The turn provides the necessary rotor angle
of attack without extreme attitudes and a more precise contrel of rotor
rpe through bank angle. As flight speed is reduced, the rotor lift losd
readily sustains autorotation.

In an operational compound where the propulsive force may be cbtained
through a sha t-driven propeller instead of a jet engine, the propeller
drive may be geared to the power system of the main rotor. In the event
of power loss, the propeller is set to absort energy from the flight path
tc help alow the aircraft as well as tc help keep the main rotor rotating
until it can produce enough 1ift to sustain sutorotation.

PRIOR FLIGHT LIMITATIONS

Flight tests of the XH-51A have provided extensive information useful in !
the study or high-speed compound rotary-wing flight. Data have been .
accumulated on the effects of lift-sharing betwsen the wing and the main .
rctor, vehicle center-of-gravity placement and load factors. A sunmary of 1
the experimentally demonstrated velocity-load factor envelope of this
aircraft is shown in Figure 2. Vidration, lcads and stabliliity character-
istics of the rotor and vehicle were monitored at various forward-gspeed
and rotor-speed combinations. During the rpm-airspeed envelope explora~
tion summarized in Figure 3, three ‘aerodynamic-dynamic factors limiting
high-speed flight were identified as follows:

1. A compressibility limit on the aivancing blade was experienced
in the form of high vibratory response, high cscillatory loads
and a right-hand stick displacement required for trim. Repeated
high-speed flights with a conventional NACA 0012 rotor blade
airfoil section show that compressibility effects do not become
significant until reaching an advancing tip Mach number of
0.91. Flights were conducted to a limiting Mach mumber of 0.942
at 95.5% rpm.

2. Decreased static stability margins limited operation at 90%
rotor rpm at 185 knots and near neutral c.g. This limitation

was removed by moving the c.g. forward, allowing operation up to
217 knots.

3. Rotor plane oscillations, whick are possibly interrelated with
the above static longitudinal stabiiity margin, were observed at
reduced rpm/higt ght speed combinations. These oscillations
had not been reported at the 90%, 185-knot test conditions.

SLCWED-ROTOR OPERATIOR

The primary speed limitation on the XH-S51A in its previous test configura-
tion was vibration caused by the high Mach number of the advancing blade
tip. Regardless of the selection of airfoil section for the area of the
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. blades near the tip, Mach mumber limitations will not allow a substantial
s increase in maximm speed at the design hover tip speed. Therefore, tue
next major increase in speed capability can best be attained by rotor
sloving to significantly decrease the advancing blade tip Mach mumber to

an operating range below that where compressibility effects become signif-
jcant.

o - ———

The purpose of this study is to evaluate the feasibility of expanding the
high-speed end of the flight envelope, but it should be noted tbat high-~

: speed capability is not the only benefit of slowed-rotor operation. Slowed-
rotor operaticn has the added benefit of reducing the power requirements

at moderate speeds (150 to 200 knots). This power reduction due to
decreased blade profile losses produces & significant increase in range and
endurance characteristics at cruise conditions.
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ROTOR DYNAMICS ARD AEROELASTIC STABILITY

In previous flight tests of the XH-S51A, high-speed flight has been limited
by vibraiions induced by compressibility effects at 100% rpm, and by rotor
frequency evcitation at reduced rpm. In this section the flight limits
experienced in these tests are discussed in detail, and results of analysis
indicating the feasibility of eliminating these limita are presented.

FLIGHT LIMITS

Limitations on maximum speed experienced in previous flight tests were
principselly characterized by dynamic response. The primary limitation was
the result of compressibility effects on the advancing blade when the tip
Mach numbers frcas 0.91 to 0.94 produce local shock, high drag anc aero-
dynamic center shift sufficient to excite the blade frequencies and cause
a high vibratory response and oscillatory ioads. The actual limiting
factor was the pilot's inability to operate in a high vibratory environ-
ment (i.e., inability to read his instrumerts, physiological discomfort,
etc.), since the level of the vibratory loads experienced in flight was well
below the structural design limit. The solition to this problem is found
in gimply reducing rotor tip speed in hizh.speed flight; but in so doing,
the effects of slowing the rotor on »2ud> natural frequency, aercelastic
stability and control capebility must be considered.

The second limit was experienced at 30% rotor rpm, i35 knots at neutral
c.g., where two different pilots experienced what they described as a
degradation in longitudinal static stebility. Flight records chowed that
this configuration exhibited very poor longitudinal stability character=-

istics. By moving the c.g. forward, the :jeed capability was immediately
increased to 217 knots.

A dynanic phenomenon observed in the flight test program at 95.5% rpm (at
forward c.g.) was characterized as "hop” since it was sensed primarily as
vehicle vertical acceleration. This phenowenon was encountered during an
autorotation eulry at 232 knots, and flight records disclosed thet it
involved higher than normal blade chordwise response caused by the soft-
mounted transmission hitting its forward stop at the time of the initia-
tion of autorotation. The response of the fuselage exhibited a develop-
ment of pitch and roll rates and c.g. acceleration. It is believed that
the impact loading as well as the nonlinear stiffness sensed by the rotor
system while the stops were deflected caused the high in-plane response
which produced the vehicle motions, and that the elimination of soft-
mounting of the transmission will preclude the occurrence of this phe-
numenon.

Ar analytical study of the nop phenomenon, reported in Reference k4, indi-
cates that the operation of this rotor near 93% rpm (1.5P in-plane fre-
quency) would result in reduced rotor in-plane damping. This effect,
combined with reduced longitudinal static stability margins, is believed
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to have aggravated the system response which prcduced the observed phenom-
enon. It is alsoc probable that the effect on stability of the combina-
tion of increased forward speed and reduced rotor rpm is adversely
augmented by the reduction of control gyro effectivity. This condition
could be alleviated by increasing gyro size. The phenomenon is dependent
upon the rotor chordwise response driving the collective control system
to produce the vertical accelerations. It may be eliminated by tailoring
chordwise stiffness and damping and collective stiffness and damping.

DYNAMIC AND AEROELASTIC STABILITY ARALYSIS

In sddition to proper placement of rotor blade frequencies, successful
rotor design must feature adequate stability margins within the opera-
tional rpm excursion limits and forward speed envelope. A parametric
study evaluating the n. cessary design changes to an XH-51A-size rotor and
control system provides a high level of confidence in attaining the 300-
knot speed objective. The rotor psrameter variations studied are within
the forward speed range of 230 to 350 knots and rotor speeds of approxi-
utelg 50% to 100% rpm (where 100% rpm represents 355 rpm, 650 fps tip
speed ).

A brief overview of the parameters affecting the aeroelastic and dynsmic
stability characteristics of the gyro-controlled rigid-rotor system
follows. Cyclic stability of the rotor system is achieved primarily by
the selection of & control gyro size and mechanical advantage which are
compatible with blade sweep and rotor power loading. Collective stability
is achieved by providing adequate collective control stiffness. Advancing
rotary modes of the rigid rotor are effectively stabilized by proper
selection of the cant angle of the control gyro and the sweep and droop
of the blade. The possibility of high-frequency blade flutter at low p

is precluded by maintaining a rotor blade chordwise center-of-gravity
distribution which is virtually on the blade quarter-chord in the outboard
region of the blade span. Blade fluiter at high p, in particulsar for the
region ¥ = 225.degrees to ¥ = 315 degrees, is controlled by maintenance

of 2 high blade torsional frequency. 4 swashplate damper is used to sta-
bilize a 2P nutation mode.

The ranges of rotor and conirol system parameters studied with the 16~
degree-of -freedom analytical model described in Appendix I are presented
jn Table I. The configuration for the current XH-51A compound helicopter
rotor system is shown in this table by the underlined parameters.

The initial phase of analysis is swplied to the study of the basic Xh-51A
compound syster to provide direct comparison with flight test experience.
The results of this study shown oa Figure L indicate thet the critical
dynamic mode is a motion which can be characterized as rotor-gyro nutation.
The airframe would develop substantial 2P vibration levels prior to reach-
ing this limit whicia would easily be corrected by increasing the swashplate
damping levels. When flight data from previous test programs are evanined,
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no clear evidence of damping reduction in this mode is seen within the
range of operating conditions tested. However, the rpm and forward flight
speeds tested did result in substantial vibration at te tip Mach number
of 0.9%, which may heve wasked this charanteristic. The aralysis is con-
servetive with respect to this mode, since only the swashplate damping is
aocovated for and any additional damping due to control system friction
provides added margins.

TABLE I. PARAMETER VARIATIONS ANALYZED

Variable Renge of Analysis Units

2
Control Gyro Inertia ‘_7_:2, 10, 15, 25, 50 Slug-Ft

Blade Sweep 1.18, .36, 3.5% Deg
Gyro Cant Angle¥ b5, 60, 65 Deg
Rotor EPM 53, 73, 81, 90, 100 | %

Blade Tip Weight 0, 10, 20 b

Vehicle Forward Velocity 230 tc 350 Kn
In.-Ib/Rad/Sec

Swashplate Damper 200, 1000, 1900

*pefined s the contrel gyro azimuthsl lead angle

The results of the snalysis for & recommended configuration are shown in
Figure 5. This configuration is basically an XH-51A-type rotor system
vhich incorporates additional swashplate damping (five times the original
level}, & larger gyro (two times the criginal) and 12-pound roter tip
weights for rotor centrifugal stiffering as well as in-plane bending fre-
quency placement at reduced rpm. All other parameters remain unchanged.
Adequate operating margins down to 75% rpm are insured on the basis of the
golution shown for the 73% rpw condition.

A reduction of 25% in rotor speed results in a loss in flapwise stiffness
of sbout 4OB. If the XH-51A were flown to increasingly higher forward
speeds vhile maintaining a constant blade tip Mach number by appropriate
reduction in rotor speed, the advance ratio would increase proportiomeztely,
and the retreating blades, beginnirg with the inboard regions, would
encounter progresalvely more reverse flow. The result is that vertical
gusts becowe uore adversely effective inasmuch as they can produce

12
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relativeyi larze tiransient flapping responses. This effact is augmented
by the more asymmetrical character of gust envelopment in the case of a
slowly rotating rotor. At lowered rotor rotational speeds and high forward
flight speeds, such transient flapping responses could manifest themselves
in the form of high loads, possible blade divergence and/or vehicle insta-
bility.

In view of the aeroelastic constraints, there exists & limit to the reduc-
tion in rotor speed in combination with forward-flight speed which cen be
tolerated before significant structural and mechanical modifications tecome
necessary. From the data developed, this limit appeared below 73% rpm at
300 knots. It will be shown that greater reductions in rotcr rpm and
higher forward flight speeds can be facilitated by the incorporation of a
high-speed gyro and structural wodifications. %

e A 22 o 5 ¢
Ly

Barring mechanical and structural alterations, the special aeroelastic
phenomena associated with high-speed operation of the compound XH-51A rotor
system at 50% of its original design speed can be sttributed to three
principal conditions: (1) excessive loss in flapping stiffness corre-
sponding to the reduction in rotor speed, (2) diminution of gyro author-
ity, and (3) inadequate frequency separation.

PRETTIP TN

e

In addition to its influence on blade frequencies, substantial loss of i
flapping stiffness will result in flapping excu-ciong. These become pro-
gressively larger as advance ratio ig increased so that even though the
intent is to maintain an unloaded rotor during flight at high advance
ratios, the rotor will nevertheless become more sensitive to rotor inci-
dence change, such as hat occasioned by gust envelopment. Such flapping
excursions would also have a significant effect on rotor torque and, hence,
on rotor speed. Compensation for such cyclic disturbances is an innate
characteristic of the yro-contrclled rigid-rctor system when the gyro
posgesses good gyroscopl characteristies. It should be mentioned that the
centrifugal stiffness can be partially restored by adding tip weight to the ;
rotor blades. The tip weight requirements and flapping motion dynamics are .
treated in the next section.

2 a b AL A e

As the advance ratio approaches unity, & large area oi the retreating side
of the rotor is in reverse flow. Due to the large offset of the line of
aercdynamic centers relative to the blade structural elastic axis, the
blade in this reverse flow region will have an apparent "negative sweep”
with respect to iis feathering axis. “his effect is destabilizing in that
it generates the tendency to precess the control gyro so as to result in
an increase in the rotor moment. This feedback loop results in the gyro-
rotor system's tendency toward instability in & rotor cyclic divergence
mode, due to its effect on rotor damping. These adverse characteristics
will exist over a large srea of the retreating side of the rotor for
advance ratios near unity. Thus, the impedance of the gyro must be suffi-
clently large to forestall the effects of adverse feedback until the sta- H
bilizing conditions of the advancing side are reencountered.
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With the rotor slowed to 50% rpm, it would not be feasibie to furnish =
control gyro of the conventionul type since the size required would make
the gyro unwieldy. The high-speed control gyro, which maintsins its high
rotational speed and, consequently, its ability to provide rotor control
as the main rotor spreed is reduced and restored, possesses important
cherecteristics relative to the limitations referred to above.

Examination of control gyro size sclection for pilot control and rotor
response due to externai disturbance irdicates that the JQ of the control
gyro should be preserved when selecting a control gyro speed and polar
inertia. Thisz is equivalent to saying that the control g ro JQ = Jifds,
where the terms on the left pertain t> the rotor apeed gyrc and the terms
on the right pertain to the high-speed gyro system. This is seen mcst
eagily f.rom the pilot side of the system; however, the rotor disturbance
cagse can be simpiified as follows.

Given an external moment acting to precess the main rotor, the blsde sweep
ig then acting to precess the gyro. This fiedback results in an automatic
adjustment of cyclic pitch to alleviate the moment. The precession rate
of the gyro is inversely proportional to its angular momentum. Therefore,
the basic contrel input must be increased as J2 ie increased and the sweep
angle (feedback) must alsc be incressed to maintain a balance. _The dats
presented in Appendix II show that the gyrc stiffmess (i.e., JF) is wost.
important for the high aavance ratio case. Precervation of JQ2= Jif¥y
clearly benefits the stifaess when the ¢yro is operated at nigh speed,
since the stiffness incresses by the rat' » fyf. Therefore, a favorsble
balance tetween pilot effort and blade swesep results while cbtaining toe
benefits of the large stiffmess of the high-speed gyro.

Maintenance of Jyfdy while varying the main rotor rpm affects the basic
relationchips described relative to gyrc anguler momertum, but to a second-
order degree; i.e., 75% rotor sp=ed would appear approximately as a i/3
larger gyro angular momentum whern viewed from the rotor. The rpm level
below which a rotor speed gyvro is no longer practical is between 50% and
75% norwal rotor rpm.

The high-speed control gyro is also characterized by a very high nutaticn
freguency. Thus, the swashplate damping requirel to stabilize the 2P
nutation mode o the high-speed control gyro is reduced to s small frac-
tion cf that required for the rotor speed gyro.

Reference 5 reports on the background experience ir slowed- gno stopped-
rotor technology which is uged for the lower rpm range. A summary of pre-
vious model test experience in slowed-rotor and high-speed gyro technology
is presented in Appendix II.
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DYNAMICS OF FLAPPING MOTION

The flapping equation of motion (Reference 6) is expressed as follows:
2n : 2 2 \
7 Brabow) +a’pfc, + k)| =0® 31()

vhere the terms have all been divides by g Cap/,.

This ejuation represents a forced single-degree-of-freedom system with
periodically (but not harmonically) verying coefficients; i.e., it is a
typical Hill-type equation. K, represents a combined structural and
centrifugal stiffness, tae latter being highly dependent on rotor irertia
(e.g., tip weights).

Figure 6 shows the variation of aerodynamic stiffness around the azimuth
as a function of advance ratio, p. As can be noted in Figure 6, for

>0 the aerodynamic stiffness assumes a negative value in ‘he szimuth
region 90 < ¥ < 270 degrees. Since K, is always positive, its value will
determize whether a net negative stiffness ig experienced by the system in
some azimuth region.

A very conservative criterion is afforded by the requirement that

X, + K(¥) >0 be established for stability. Figure 7 shows the variation
of K5 at various rpm for an unmodified XH-51A blade and the effect of tip
welights on this rotor. The curves on this figure are obtained from the
evaluation of the first flspwise mode of the blades. The variation of the
ratio of the first flapping frequency to rotor rotationpal speed as a func-
tion of percent of rotor speed for three tip weights (0, 10, and 20 pounds)
is shoxn in Figure 8. These data indicate that for operation of this rctor
at 50% rpm with a 20-pound tip weight, a structural flapwise stiffness
increage of 53% is required. This increase would be located principally
in the huls and inboard end of the blade.

ROTOR RATURAY. FREQUENCIES

Hatursi freguencies and inode shapes are computed for varlous rotor speeds
from 50% <o 1004 normsl rotor rpm using the mass and stiffness propertics
described in Figure 9. The variation of the natural frequencies with
rotor rpm at two different collective settings of the main rotor blade is
shown in Figure 10. Between 75% and 100% rotor rpm, the natural frequen-
cles of the lower modes of vibration are well separated from the harmonics
of rotor rpm (with the usual exception of the first normal bending wode,
which approximates the [requency of the first harmonic; this mode is

strongly damped).

Hatural frequencies of the tail rotor are shown in Figure 11. The tail

rotor is a teetering two-bladed system, which requires the investigation
of both the ccllective and the cyclic modes. The ccllective modes (sym-
metric normai bending, antisymmetric in-planc banding) are excited at the
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even harmonic frequencies, shown by heavy lines. The cyclic modes {anti-
symnetric normal bending, symmetric in-plane bending) are excited by the
odd harmonic frequencies, shown by the thin lines in the figure. At nor-
mal rotor speed %2095 rpm), the natural frequencies of the rotor are well
separated from the exciting harmonics at all collective angles. At 75%
noraal rotor speed, the tall rotcr is operated at low collective angles;
therefore, the second cyeclic normal bending mode will not coincide with the

third harmeonic.

The operation of a 50% rpm rotor system necessitates further tailoring

of main and tail rotor netural frequencies. Due to the extreme range of
rpu variation in this case, it would be impossible to design a systen
completely devold of resonance conditims over the entire range. There-
fore, at some moderate £light speed, the range of rpm vwhere resonances
cccur must be passed through rapidly in order to avoid high vitrations and
loads.

1P-2P IRSTABILITY

A phenomenon described as a 1P-2P instability has been experienced in gyro-
controlled rigid-rotor operation. The phenomenon occurs at flight condi-
tions waere high hub moments requiring large blade flapping deflections
must be generated. High blade flapping deflections cause a 2P in~plane
excitation due to Corioiis forces. Flapping deflections feeding back as

s moment on the control gyro through forward blade sweep tend to stabilize
the hub moment. The 2P in-plane respcnse of the rotor creates a moment
opposing the stabilizing feedback. When this destabilizing moment becomes
dominant, the rotor becomes unstedble. The magnitude of hub moment at which
the mode becomes unstable is dependent on rpm and is & minimum for the rpm
at which the first in-plane natural frequency is 2P.

The response to this instability builds up slowly enough that the pilot has
no problem controlling the rotor as long as he is given the cues to know
that it is developing. Any increase of moment in flight results in motion
of the vehicle for which the pilot can correct. Ir this respect, the phe-
nomenon can be compared to an unstable phugoid or spiral mode which is not
8 problem to the pilot as long as he is provided with reasonable cues.

The possibility of exciting the unstable 1P-2P divergence exists in slow-
ing the rotor from 75% to 50% rpm, if at the same time a large hub moment
is required for trim. In addition to reducing rpm quickly to avoid opera-
tion at resonance of the first in-plane mode, it will be desirable to be
operating at as low a hub moment as possible. In-plane natural r'requencies
for the 50% rpm rotor system will be tailored to avoid 1P-2P instability.
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ROTOR CONTROL

In previous flight programs, the only control problem which has been
swcountered has been a right-hand stick displacement for trim. This dis-
placement is required to bslance a gyro moment caused by the feedback

of a steady feathering moment due to the one-per-revolution high locsl
drag acting on the underconed sdvancing blade at low 1lift. However, this
stick displacement is small, and sufficient travel remsined for adequate
cortrol margin.

The primary concerns with the conirol of a slowed-rotor compound are

(1) the pogsible need for a phase shift of control with rpm reduction due
to variation in cross coupling, end (2) the possible need for auxiliary
fixed-wing-type control surfaces to supplement the avaiiable rotor hud
moment at reduced rpm. The digital computer simulation described in
Appendix I is used to evaluate main rotor control cross coupiing and
capability at low rpm. In this section the results of a study of slowed-
rotor contrcl cross coupling and control capability are presented.

CONTROL: AT REDUCED RIM

In evaluating control cross coupling and capability, the parameters x and
¥, normalized stick displacements, are used in lieu of X.g 2nd ¥.o, actual
stick displacements, for two reasons: first, the functions p/y, q/x, etc.,
are dimensiocnless; second, these functions do not reflect a specific value
Tor either Kycs Or K,.o, dimensionless control moment spring constants.
Eliminating the effect of these spring constants on the results allcows

the curves to be used as design tools in determining values for the con-
trol system spring constants.

The functions

(0 G0 (-4 = 29 |

are plotted in Figures 12 through 17. Dividing the basic functions 3. ...
by the rotor speed ratio allows changing rotor speed to arfect the X
amplitudes of the curves as well as the timing of them. Since the charac-
ter of these responses is the same for various blade tip weights and rotor
gyro inertias, all of the data presented in Figures 12 thr 17 are for
a tip weight of 15 pounds and a gyro inertia of 17.5 slug-ft<. The re-
sponse characteristics are not particularly sensitive to moderate varia-
tions about these vaiues.

In general, the finai amplitudes of the functions
t
54 =a)
X y
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Figure 13. Cross Coupling at 250 Knots.
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at a given flight speed vary as a function of the inverse of the rotor speed,
Q. For example, final amplitude of the 50% rpm curve of Figure 14 is near-
1y twice that of the 100% rpm curve. One may expect these amplitudes to
ratio exactly with l/ Q . However, since changing 2 slightly affects croes
coupling (e.g., p/q‘ vs. time for sn X input), response is traded between
pitch and roll in varying amounts as {2 chenges. 1his effect accounts for
any deviation of final amplitudes from exact proportions of 1/Q .

The following conclusions on the sensitivity of handling qualities to rotor
rpm and flight speed are based on the response functions shown in Figures
12 through 17 and on characteristics of existing helicopters.

1. The rigid-rotor system has intrinsic qualities of high-frequency,
short-period, pitch and roll modes with high demping. The high-
frequency (fast-response), highly damped characteristic can be
closely matched, as in the XH-S51A, tc the pilot's response. Pre-
cision rate control may be achieved in response times (63% of time
to maximm amplitude) of 0.5 second or less. Conventioual helicop-
ters display low damping, and angular rate results from a basic con-
trol input followed by a control adjustment to wminimize oversnoot.
The respoase time to stabilize at a desired angular rate is from 2
40 5 seconds. Figure 18 illustrates how the two types of response
matck stick pulse inputs in hover. Simulation results show that
the slowed-rotor vehicle can be sdequately responsive au the rotor
and flight speeds of interest, It is concluded that no additional
control surfaces will be required to augment the rotcr’s cyclic
control cepabilities at rpm reductions down to 50%.

2. Jross coupling is not being altered enough by varying fiight con-
ditions to warrant compensation with special adaptive servo sys-
tems. This judgeazent is made after considering the cross-coupling
levels encountered by pilots flying the XH-51A compound helicopter.
The pilots are able to fly the aircraft sufely with levels of
coupling higher than those computed for the 50% rpm system. Flizat
test experience with the XH-51A in the high-speed regions (see
Reference 3) indicates that the cross-coupling effects were depen-
dent on, and inversely proportional to, the degree cf control
sensitivity. This is a controlled variable in the XK-51A control
system and is adjusted by modifying hydraulic boost gain.

3. The vehicle becomes somewhat more amplitude-sensitive (considering
ultimate response amplitude per unit of control input) with
decreasing rotor speed. The semsitivity is not a strcag function
of airspeed. As discussed above, the amplitudes of Figures 12
through 17 dc not reflect the control spring constants K., and
Xyose These spring coefficients directly affect the amplitude
sensitivity of the vehicle, and their values can be determined in
a 7inal design process to provide a compromise between the sensi-
tivities at -idinimm and meximum rotor speeds.
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ROTOR_LOADS

The critical loading conditions for the rotor throughout the speed renge
are analyzed; the effect on loads of twist, coning angle and droop are
assesged; and fatigue data are presented. The basic loads data are gener-
ated by the method indicated in Appendix I using the blade characteristics
presented in Figure 9.

DESIGN LOADING CONDITIONS

Limit design loads on the main rotor are developed for 11 flight conditions
following the rotor thrust capability diagram of Figure 19. Each of the
circled mumbers identifies a potentizl critical loading condition in the
f1ight. envelope which must be analyzed to determine the limit design
loads. The high-speed loading conditions are evaluated at various

reduced rotor speeds to provide a range of data to cover any selected

rotor speed.

In addition to the limit design load conditions 1 through 11, cother loading
conditions Tor fatigue analysis are investigated. At the lower speeds, the
collective control angle is used to obtain the rotor thrust specified. At
the higher speeds (conditions 21 through 24 of Table II), the collective
control angle is maintained at 3 degrees and the rotor angle of attack

is determined by the assigned vehicle load factor.

A sumtary of the loading conditions is given in Table II.

Condition 1 is a symmetrical hovering pull-up with msximum rotor thrust.
Amalysls shows that the maximum rotor thrust is obtained with a collective
control angle of 23.4 degrees. Since this is beyond the physical capebility
of the control system, the calculated loads are considered tc be conserva-
tive. PFurthermore, the torque required to maintain this condition is con-
aiderably larger than the torgue which can be delivered by any turboshaft
engines considered for the aircraft. Therefore, the computed in-plsne
bendinrg mowents are conservative. The values of bending and torsion mo-
ments vs. blade spaa are shown in Figure 20. (Since this is a symmetrical
eondition, the loads are constant around the azimath.)

Condition 2 is & low-speed (60 knots) pitching pull-up with maximm rotor
thrust. The maximwm rotor thrust at this speed is obtained with a collec-
tive control angle of 17.3 degrees. Again the rctor tarque required to
maintain this condition is higher than the availeble torque, indicating
that the loeds are conservative.

At forwari speedis above Ol knots, the limit structural design envelope loads
are determined by retreating blade stall. In these conditions, the maximm
rotor thrust on the retreating side of the rotor disc is limited to a low
value due to blade stall and a relatively low value of dnamic pressure,
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while the thrust on the advancing side is determined by roll moment
equilibrium.

The pitch rate q' which is developed in accelerated forward flight can be
related to the vertical acceleration n,:

where g is the acceleration of gravily and V is the forward speed. Figure
21 shows a comparison of the theoretical pitch velocity and the measure-
ments for the test conditions o' Reference 8. The theoretical pitch rate
computed from the vehicle load factcr can be regarded as an upper limit.

A positive pitch rate (such as thet in a pull-up) results in a gyroscopic
moment on the rotor, which is relieved by aerodynsmic furces. This
requires additional rotor thimst on the advancing side of the rotor disc
and increases the total rotor thrust. ‘he maximum rotor thrust is devel-
oped in a condition which has the highest pitch velocity (i.e., the highest
vehicle load factor) and the maximm cyclic contrcl angle (12 degrees).

In Conditions 3 through 11, the rotor shaft angle of attack is determined
by the vehicle load factor and the estimated rotor thrust. The sine
conponent of the cylic control angle is set at -12 degrees., The collec-
tive contrcl angle and the cosir: component of the cyclic control argle ere
determined from the shaft roll aud pitca moment.

The moat conservative nhesing of the net shaft moment, in combination with
the blade loads computed for zero shaft moment, is the phasing which fol-
lows from the aft c.g. position. The magnitude of these pitching moments
is taken as 25,000 inch-pounds times the vehicle load factor. The maximum
and minimum tending ani torsion moments vs. blade span are shown ir Fig-
ures 22 througn 31.

A sample of the var:ation of bending moments over the azimuth is shown in
Figure 32.

EFFECT OF TWIST, CONING ANGLZ, AND L'R00P

Figurz 33 shows “he effect of blade twist on cyclic normal bending moments
at a given rotor thrust level. The data presented in this figure are
based on iirear theory. At the higher speeds and high rotor loads, the
change in cyclic bending noment due to a change in built-in twist is of
the order of 1% per degree.

A more camplete analysis made for the design conditions 3, 7, and 10 by
repeating the analysis for maximum rotor thrust without the built-in twist
shows that a small increment of maximm rotor thrust is obtained by twist-
ing the biades (Table III).

36




18 e, pravp eyt e pm ey

e r comAppA YesmENS 1L g AN 1w

kgt p e s

MEASURED PITCH RATE - RAD/SEC

adal

INATIIROP QAR RS SIS ATIE At = X avseennr 2 er € .

e £ e AT SMESEEDNICRRA

s s RS GSIRN NVSSISL IR

0.12
§
0.10 :
0.08 °
® ("
‘o)
0.06 °
. ..
@
0.04 o)
- o ,= - .9.
. O PULL W:gq (nz l)lv
0.02 G © TURN ,q'=(.,z-..).;9.
n' Vv
-4
0 [ l
) 0.02 0.04 0.06 0.08 0.10 0.12

COMPUTED PITCH #*.TE - RAD/SEC

Figure 21. Measured Pitch Rate vs. Pitch Rate Computed
from Ioad Factor and Speed.

37




T T T T AT P e oyt 22 7 = s o

—
e UU

asrsn NORMAL
———— IN-PLANE
~ = ~ TORSION

Z
'
r4
8 X
§s= v
i 1
{
//
A, o
\\\ - /llul

g R 2 B % 8 R 8 % § 8 & 2 ° 2 & 8 %
n-o- X 1-*NiI ~ INIVOW ONIINN INVIé&-NI GNV TYWION
- w ©6 N e o ®
noo_ X £3="NI = ININOW NOIS¥O).

Spanwise Moment Envelops, Condition 2.

Figure 22.

38




e SRR

L BTt

R 3

cnmmme NORMAL

IN-PLANE
=== TORSIOM

39

Spanwise boment Envelove, Conditicn 3

Figure 23.

8 ¢ 8 & 2 o 2 g8 8 ¢ 8 8 R 8 ¢
¢-01 X €1-*NI - INIWOW ONIGN39 INVId-NI GNY TYWION
i

® © - ~ © « « w

-0l X §1-°NI - INIWOW NOIS¥OL

- o

S e BN 1L iRl PV At G e R e A e RS S A AT NN O s B A e NN iR




emmms NCRMAL
- IN-PLANE

——« TORSION

- IN.

8 ¢ 8 R 2 o 2 R B ¥%
_0L X 171-"NI - INIWOW ONIGNI® INVIE-NI GNY TYWION

1

.Y - ™~ o o~ -

¢-Us X 1= °NI - INFWOW NOIS¥OL

£

Spanwise Moment Envelope, Condition L.

Figue 24,

N P WP T TPy 9 PR




g &8 9 8 R 2 ° 2 R 8 %

o NORMAL
—— IN-PLANE
TORSION

e 150 =~ — 2
lN.

]

SPAN -

n..o_ X 13- °Ni = INIWOW ONIGNIE INVI-NI OGNV TYWION

v L v L v

ﬁ - o~ o ™~ -«

¢.0t X $1-°NI - INIWOW NOISIOL

8

3

7C

oandition 5.

~
D, v

Envelone

Spanwise Moment

Figure 25.

L




R 8 2 9§ 8 8 8 © & ®R B § 8 8 R g
n..o. X §3°N) = INIWOW ONIGNN TYWION
$ % 8 8 8 ¥ 8 ° 8 ¢ 8 8 8 R § S

2.0l X 11=°NI = INIWOW NOISIOL

Ol X €1="NIi = INIWOW ONIGNI INVI&-NI

Spanwise Moment Envelope, Condition 6.

Pigure 26.




e NORMAL
—— IN-PLANE

— — — TORSION

3 & 9 88 & © ©» 2 R B8 % 8 8 & 8 @
3 n-o_ X 871= NI = INIWOW ONIONIT INTVIENI ANV IVWION

,v

" ) .1 - o~ o ~N -

¢-0t X @1=*Nl = ANIWOW NOIS¥IOL

ot

Spanxise Moment Envelcope,Condition 7.

Figure 27.

A

o
-1

R :,#Cnﬁwwﬁ.%




&

:
|

£ 8 2 § 8 R 2 o 2 R R ®% 8 % R 8 ¢
¢-01 X F1"NI = INFAOW ONIGNIE INVId-NI GNY TYWION

prom— \J ¥ Y J v  pnienn |
e - ° - ~ © ~ - -

¢ X =N = AINIWOW NOISIOL

Spamvise ifoment Envelope, Condition 8.

Figure 28.




o e -

L e R -— - R - - @0 ———

—— IN-PLANE

— — — TORSION

1200

N
Al .
§ 4
P g \\ &
Fr
/o
’ \
\
/ \
/ - 8%
/ \
/ 4
\\ /
\\\ /II
7/ III
\\ .mw -
\\ N
- —_—
] \
8 R 2 8 ¢ 8 R 2 ° 2 R 8 § 8 8 R g § ¢
.00 X §1-°"Ni = INIWOW ONIGNIt TYWION
f aa Y .4 Y v \ g P—— \ 4 — y ¥ y ¥ YEp———
T I B 8 8 8 % R ° R ¢ 8 8 8 8 § 8 8 8

».0L X €7 *NI = INIWOW NOIS¥OL

¢-0! X £1-°NI - INIWOW ONION3It INVI4-N|

, Conditiorn 2.

nvelope

E

Spanwise Momert

Figure 29,

ks




- - T T R~ resr= - T

109 1

90

A g 8 3
AAA._:__L_;

-

e NORMAL

8

~
2

3

Y

"
-]

»
2

-
-

TORSION MOMENT = IN, -8 X 1073
[ -]
NORMAL AIND IN-PLANE BENOING MOMENT - IN.~L8 X 1073
3 °

8 &

S 8

nod

Figure 0. 3Spanvise Moment Envelope, Condition 10.

46




Y

;{gm’:*'*"mw

TORSION MOMENT - IN.-L8 X 1072

IN-PLANE BENUING MOMENT - IN. -L8 X 10°3

140 1

120 4

100 1

eod

129 1

Wq

NORMAL BENDING MOMENT - 1IN, L8 X 1073

so4/

100 4

Figure 3i. Spanwise Moment Znveiope, Conditien 11,

L7




r\/’us\
[

STA 2.3

STA 57.5
|

STA 88

STA 118

STA 190
) ° 0 ™ M0

T S ]
Wﬂwsadsoﬂosoésnd ”woma”wnn.ﬂn

=y
%

m.n%w.nJMMn

AZBMUTH ANGLE - 08G

T "y e - .
RSN <2 o). - e et i -

R o

= -

e

o T

ke

bod s

'.SOJ.”sown,'un(-'”w"

R

s
SIA 57.8

+

‘NIARY ~ GYOWRY

W ONIGNN WWION £.5 X "Ni - INIWOW ONIGNN INVIA-NI

B L.

STA 363
o
ATBMAH ANGL - D8G

Main Rotor Blade Airloads and Response, Condition 2.

Figure 32.




T

0.0004

:

ANANEN

2

\\ N

e

A\

CYCLIC BENDING MOMENT COEFFICIENT =My, / {(a0)2 oo »#1}

6.9001
CT‘ _ /
2
CT -—— —
/
= I
< 9
0
0% 0.25 0.3 0.35
ADVANCE RATIO, x=V/ QR
Figure 33. Effect of Twist on Cyclic Normzl Bernding ¥oments at Rlade Aoot.

kg

.2




¥ IR W Ty 'fﬂrmﬂm*ﬂﬂ

vy

TABLE II1. EFFECT OF TWIST ON LOADS

Maximum Kotor Thrust {1b)
Condition Ho Twist -5 Deg Twist
3 S5T7C 6137
7 2155 2719
10 749 1269

Xormal and chordwise bending moments are compared in Figures 34 through
36. The effect of change in coning angle and droop angle is shown in
Figure 37. At meximue rotor thrust essentially the same bending moments
are obtained.

FATIGUE ANALYSIS

The spectrum of loading conditions used in determining the main rotor
fatigue loading for analyses is shown in Table IV. The spectrum of stresses
obtained from the fatigue loading spectrum is shown in Figure 38 for the
b of Rotor Station 5.0. Cumlative fatigue damage calculations for an
X8-51A-type rotor hub subjected to this stress spectrum indicate negligible
damage. To provide a base for further evaluating the cyclic stress envi~
romment, reference is made to the stress spectrum of the hub of the Lock-
heed Model 286 helicopter. This aircraft is a commercial version of the
XH~51A helicopter. The stress spectrum to which the Model 286 hub was
subjected in its certification fatigue test is compared with the XH-51A-
type hub stress spectrum in Figure 38. This comparision shows that the
cyclic stress eavironment for the Model 286 hub is much more severe than
that anticipated for the hub in this design model.
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TABLE IV. SPECTRUM OF FATIGUE LOADING CONDITIONS
mg
Aireract Iv'umlier T_i:me per Toi:.al Co?dition
Operation of ¥vent Tz..me [ See
Events (sec) (min) Table II)
Ground Checkout
On-ut? 12C - - C-135-C
Steady Run - - 300 13
Tie-Down Testing
On-0ff 1& - - 0-13-0
on-0ff 50 - - 0-12-0
Steady Run - - 1200 13
Stezdy Run - - 300 i2
Cyclic Coentrol Input 20 6 2 12
Flight Test
On-0ff Ground Ruus 360 - - N=12-0
Cn-0ff Grcund Rune 3C0 - - »=13-C
Takeoff 320 3 15 i2
Landing 300 3 15 12
Hover 6C0 15 15¢ 12
Transition 300 15 7 1t
Climb (Incl Maneuvers) 900 15 225 15
Steady Run, 64 Knots - - 618 1i
Maneuvers, 6b Knots Loo & ug 15
teady Run, 120 Knots - - 18¢ 16
Maneuvers, 120 Knots koo 6 Lg 1
teady Run, 180 Xnots - - 362 18
Maneuvers, 180 Knots 50 6 40 19
Steady Run, 240 Knots - - 600 20
Maneuvers, 26C Kuots Loe 6 L3 23
Maneuvers, 260 Xnots 2¢0 6 20 22
Steady Run, 300 Kneots - - 12¢ 24
Steady Run, 320 Knots - - 1o 25
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PERFORIMANCE

A sumeary of performance data is presented and its impact on aircraft
design requirements discussed. The impact of rotor tip speed, airfoil
section thickness and camber distribution, and blade twist on rotor per-
formance is evaluated. Data generated in performing a study to determine )
the effects of various design parameters on the hover and high-speed per- 5
formance characteristics of the XH-S51A compound helicopter are found in -
Appendix III.

(o B O s R IR

DESIGN POINT PERFORMANCE AT HIGH SPEED

The XH-514 compound helicopter requires little power to overcome rotor
drag snd torque. Therefore, main rotor power requirements are not the
limitation on vehicle performance at high speed. Rotor performance with
sppropriste blade geometry for each of two levels of rpm reduction (50%
and 75% rpm) is presented in Table V. Toe required energy for overcoming
blade drag and tcrque, gt eacnh rpm level, is resolved to an equivalent drag
at the flight speed so that the total energy requirements may be compared
on s common basis. At 300 knots, the difference in energy required for
the rotors operating at these two lewvels of rpm is not sufficlient to
select one over the other without consldering other aspects of the design
requirenents.

Since the power requirement for the rotor at lcw rpm and high speed is
not the first limit on performance, the principel aspect of blade airfoil
geometry selection now becomes that of alleviating compressible flow con-
ditions which induce high oscillatory loads, a high vibration level and
a feednack feathering moment to the gyro. However, this geometry selec-
tion must be optimized with the regquirements for hover performence.

PERFORMANCE COMPAR1ISONS

Data from the nondimensional hover characteristics of Cqpfo vs. Cp/o of
Figures 43 and LY in Appendix IIT are evtracted and i{abulated in dimen-
sional form in Table VI. These dats provide a comparison tc indicate
trends and are simply wmede on the basis of an isolated rotor. This com-
pariscn, therefore, excludes the e¢ffects of engine and transmisgion losses,
an{itorque power, and serodynamic download on the airframe. The basic
blade geometxy of the existing XH-S1A compound is used for a reference base.
Thiz bisde hss a constant KACA 00i2 airfoil section and includes a twist
of -5 degreec. The vomparison is made on the basis of 626 horsepower to
the isolatad rotor at stasdsrd sea level and at 3000 feet and 90°F. The
blade geometric properties and corresponding hover lifts are noted in
Table VI.
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TABLE V. DESIGN POINT FERFORMANCE “QMPLRISON
m:
Ve.ocity: 300 Knots
Altitude: Sea level
Temperature : Standard {5C°F)
% Normal
Rotor RPM 50% 75%
Gyro-rotor speed ratio, NC/HP 4o 1
J, slug-ft° 0.9 17.25
Rotor blade geometry:
el’ deg -5 -5
t/c 0.12 0.12
cfi 0 0
Dresg of aircraft minus blades. 1lb 3051 2051
Rotor blade drag, 1b 140 204
Alrcraft drag, 1b 3191 3255
Rotor shaft power, hp 31 130
Equivalent drag of shaft power, lb 3L 1l
Total equivalent blade drag, 1b 17k 345
Total equivalent drag, 1b 3225 33%
(Blade dreg/amircraft drag), % 4.39 6.97
(Total equivalent blade drag/
total equivalent drag), % 5.39 10.02
E====
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TABLE VI.

COMPARLISON OF ROTCR HOVER LIFT

Isclated Rctor,

~
ik

Linear variax.on of t/c and cp, between noted

Jadius stalicns.

Actual biade begins at x =.15

e e e Ry . =

R = 17.‘:) 1 M(l) = -582
¢ - 0819 QR - 65C fps
Input Power, hp 626
A1t, ft S.L. 5000
Temp, °F 59 90
Twist, 6., deg Airfoil Distribution
+ Hover Lift,
1b
X c .7 .75 l'_;
C t/c .12 .12 ' 6270 587¢C
% Cps C c
-+
*§§ -5 (Ref t/e .12 .12 6is5c | 6040
s Y ade )
g = Blade ) cps o 0
-10 t/c 12 12 659C 617¢C
cii o 0
-5 (Ref tfe | .12 22 6L5C | 60LC
Blade)
C1 ¢ e
. -5 t/c .12 .12 .06 637¢C 5820
o Cgi | © 0
s
2o -5 t/z 1z .12 .06 6he0 5950
1 H]
;,:3 C[i Q (¢] .27 .09
=9
3 -& t/ec 12 06 6330 5720
= Cox ¢ o
-5 t/c .12 .06 6hoo 5030
Cei .C9 .09
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The first comparison shows the effect of twist at constant airfoil geometry.
The reference blade with -5 degrees of twist shows a 1ift of 170 to 180
pounds mcre than that without twist and 130 to 140 pounds less than that
for -10 degrees of twist when compared at the two altitude and temperature
conditions. A study of loads over the required flight spectrum in the
Rotor loads section of this report shows an increase of only 10% in blade
loads for -5 degrees twist when compared with the loads on a blade of no
twist. As the amount of twist increases more than 5 degrees, blade loads
increase too rapidly to warrant application ol the additional twist. A
comparison of Figures 63, 6L, and €5 with Figures 47, 52, and 57 in Ap-
pendix IIT indicates that there is no discernible difference in perform-
ance at the high-speed forward-flight condition due to -5 degrees of twist.
Therefore, the -5 degrees of twist which provides an increase in hover
performance without a significant penalty at other conditions is recom-~
mended for use.

The second comparison is made to evaluate the decrease in Lift due to the
use of thirner blade tip sections in the case of the 75% rotor rpm reduc-
tior design. All of these blades, with -5 degrees of twist, are compared
with the reference 12% constant section blade having no cember. The blades
which have thin tip sections without the addition of camber show the great-
est losses in hover 1ift, end the loss is more severe for the hot-day alti-
tude condition. Of the two blades without camber, the one which is tapered
in thickness along the entire radius shows the poorest hover performance.
The use of camber in the sectione which are reduced in thickness provides
a reasonable recovery in performance for both types of tapered thickness
blades. Camber is reduced toward the tip to obtain as much benefit as
possible without precipitating adverse compressibility effects with hign
advancing tip Mach number.

The portion of the blade radius to which tapered thickness and compensating
cambter are used is, in part, dependent on the Plade fabrication process.
The linear variation from root to tip is mcre suited to quantity metal
blade production techniques. The outboard use of tapered thickress and
compensating camber may ve suited to the modification of an existing con-
gtant section design. Both can be tailored to work neeriy as well for the
same high-speed and hover design requirements.

Although it is not required for the 300-knot speed objective, & thin tip
section may be used to alleviate compressibiiity effects with increased
margins in the case of the 75% rpm design; in that event, compensatirg
camber is recommended for recovering hover performance. For the 50% rpm
design, a constant 12% symmetrical airfoil as used on the current XH-51A
rotor blades could be used on the basis of aerodynamic considerations.
However, dynamic considerations covered in the section on Rotor Dynamics
and Aeroelastie Stability show thet increased structural flapwise and
torsional stiffness is required for operation at this reduced rpm level.
For flight speeds which exceed 300 knots, i.e., 325 to 350 knots, the
increase in advancing tip Mach number sgain introduces the conzideration
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of tapered thickness blades with thin tip sections for the 50% rpm sys- ~§
tem. Compensating camber diminishing toward the tip is again recommended S
for blades with this type of thickness distribution. )
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CONCLUSIONS AND RECOMMENDATIONS

CONCLUS IONS

Proper selection of rotor design parametars for slowed-rotor operation will
remove flight linits previously encountered with the XH-51A compound beli-
copter. Analysis, similation, and conservative extrarolation of previous
test results show that an XH-51A-type rigid-rotor compound heliccpter can
be flown at speeds up to 300 knote. The primary goal in slowing the rotor
is vo eliminate vibration due to compressibility effects cn the advancing
blade at high speed, although a decrease in cruise power required at mod-

1 erate speeds is also realized.

The results of the study show that:

1. Slowing the rotor to 75% rpm will provide a speed capabiliczy of
300 knots without encountering undesirable compressibility effects.

¢ The onset of compressibility effeéts occurs at an advancing tip
Mach nuber of 0.91. Operation at 3C0 knots at 75% rpm cor-
rezponds to an advancing tip Mach nymber of 0.891.

e The 75% rpm rotor system includes increases in swashplate
3amping, gyro inertia, and blade tip weight to maintain rotor
stability at reduced rpm with & 1:1 gyro-rotor rpm ratio.

Rotor frequencies sre placsd to avoid proximity to integer
valves in the design xpm range. Operation at almost any rpr
within the design range consistent with an acceptable advaac-
ing tip Mach number is feasible.

RO
L

L alans

2. Slowing the rotor to 50% rpm provides larger operating margins be-
fore the onset of compressibility effects at 300 knots and a
potential for speed increase tc between 325 and 350 knots.

e The 50% rpm rotor system makes frequency piacement more dif-
ficult due to the large magnitude of operational rpm change.
It requires that the rotor rpm pass rapidly through a resonant
frequency range at a low ar moderate rlight speed.

e The 50% rpm rotor system includes increased blade structural
flapwise and torsional stiffness and a high-speed gvro to
provide rotor blade stability at 50% rpm and compatible gyro-
rotor precession rates witn a reasonable gyro size,




v

3. For both systems:
e A stiff-mounted trarsmission is required.

e Increased cperating marging before the onset of compressivility
can be obtained by reducing section thickness near the blade
tip. However, when blade thinkness taper is used, camber must
be added to the blade section to minimize losses in hover per-
formance resulting from the use of thin blade sections.

RECOMMENDATIONS

A research flight test orogram should be conducted to confirm anc supple-
ment the anaiytical prediciions with experimental date.
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APPERDIX I

METHODS OF ANALYSIS

Test-based analytical methcda are used to identily parameiers critical tc
300-knot flight spe2ds and to indicate values of those parameters vhich
nust be appiied in achievirg these speeds. The anaiyses selected for
evaluation of the various aspects of this high-speed regime have been
developed and correlated with prior high-speed flight experience and test
resulig. This section contains a brief description of these methods as
tley relate to this study.

ROTOR PERFORMANCE

Both the hcver performance and the forward-flight parformance analyses
ewployed in producing the rotor performance charts in Appendix III are of
the mumerizal iterative type. They utilize two-dimensional data for sir-
foils with RACA four-digit basic thickness form. The mear lines of these
airfolls are of the far-forward camber-type, five-digit series with maxi-
mm camber at the 15% chord station. 7The thinner sections of this family,
when ctmbined with a mean line which would produce a concave lower sur-
face, sre modified in the nose region to eliminate any concavity. HNose
thickness is appropriately increased above and below the mean line to
aveid an adverse pressure gradient at negative angles cf attack.

The aerodynamic data representing these airfoil sections in both the hover
and the forward-flight analyses are used in a tabular lock-up Tormat of
cg and cg on the busis of blade element thickness ratio, camber design
15t coefficient, angle of sttack and Mach number. These data have

been synthesized in the manner of the rotor blade section data of Refer-
ence 9. Variations for thickness ratics and camber have been generated
using transonic similarity rules as jndicated in Reference 10 and have
been cross checked with mmerour date sources found in the bdbidllography of
Reference 10. These have been further verified through high-speed wind-
tunnel teats.

The hover analysis employs a blade element nomentum dalgnce at each of a
series of digcrete blade radius stations and accounts for finite blade
muiber on the basis of thrust produced. Integrated results of this analy-
sis have shown good correlaticn with results of whirl tower tests. The
forward-flight performance aralysis consists of a modified and ar expenied
version of that reparted in References 1l and 12. The method includes en
iteration cycle on blade motion and tip path plane trim to the shaft nor-
mai plane. Accordingly, the data provided in Figures Ll through 65 of
Appendix IIT represeni trizmed flight rctor conditions in which the hub
aoments have teen irimmed ¢o zero by the spplicstion of sppropriste cyelie
pitch control. For these conditiona, the tip patk plane is parszllel to
the shaft normal plane.
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Vehicle performance can be evaluated by the method indicated in the sample
caiculation in Appendix III.

ATRCRAFT CONTROL REQUIREMENTS

To evaluste control cross coupling and control at high speed, a digital
computer simulation is used.

Nine degrees of freedom are incorporated in the digital simulation, as
follows:

Rotor: 1 flapping degree of freedom x 4 blades -
4 Gegrees of freedom

Vi et A AT

Gyro: 2 degrees oi freedom

Nonrotating airframe: 3 rigid-body degrees of freedom: pitch,
roll, and plunge (vertical velocity in
body coordinates)

The simulation is performed in two parts. First an isolated rotor solu-
tion is obtained using the L-degree-of-freedom main rotor portion of the
program. Forces and maments applied to the vehicle by the rotor are cal-
culated as functions of shaft rolling, pitching, and plunging, and as
functions of the cyclic pitch inputs. These responses are reduced to their
"quasi-static"* ccmponents, thereby producing a set of rotor stability
derivatives. These stahility derivatives provide equations of the form

8 L
"H‘aAM;{ :}: MR

The second part of the simulation substitutes the rotor-stability
derivatives

BM BMH

aAlS aBlS

Qxasi-sta ic means that the transfer functions of the rotor (e.g., pitch
hub moment/pitching rate) were reduced to constants. This is regarded as
a good assumption, since the dynamic response of a rotor is quite fast
compared with overall vehicle time constants and freguencies.
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along with the appropriate nonrotating airframe derivatives, into a set of
linear, constant coefficient differential equations. The gyro nutation
mode is assumed to be adequately damped (this is equivalent to assuming
that the gyro functions as a pure integrator with gain JQ), which reduces
the number of vehicle dynamic cquations to three.

These three differential equations are solved digitally, producing time-

history wvehicle responses to steps of lateral and longitudinal stick
displacements.

ROTCR DYNAMIC STABILITY

The dynamic behavior of the XH-51A rigid-rotor system can be described as
that of a gyruscope which is flexibly connected to the transmission and
fuselsge and which is slaved to a control gyroscope. The control gyro
receives feedback informetion from the rotor and fuszelage as well as com-
mand inputs from the pilot.

While the rotor is simply characterized above as a gyroscope, this analyti-
cal model of the compound rigid-rotor system has been described in a fully
coupled collective-cyclic aerodynamic-mechanical formulation. This model
includes the effects of Mach mmber and reverse flow in the flapping, the
in-plane and the feathering relationships. The analytical model is des-
cribed in terms of the baaic degrees of freedom utilized in both the closed
form and transient solutions obtained.

Table VII sumarizes the specific degrees of freedom incorporated in the
anslytical model.

The space configuration of the elastic rotor system is approximated by the
superposition of a finite mmber of fundamental mde shapes. Thus, the
generalized coordinates mumbered 3 through 8 represent multipliers that
determine the amount that the normalized mode shapes contribute to any
general deformation of the rotor.

The mechanical description of the rotor, the gyro, and the fuselage
(anisotropic, describing the pitck, roll, and plung= of the fuselaye as a
rigid body) is formilated in the statiomary ccordinate system.

The rotor aerodynsmic analysis is performed with a separate, rather
elsborate program. Briefly, each blade is subdivided into 20 elements.
The cyclic pitch necessary to trim the rotor system is calculated by an
jteration procedure. The program yields virtually all rotor system
characteriestics, including resolved thrust, drag and pitching loads, on each
blade element at each of 24 equal azimuth intervals. A harmonic analysis
is performed on this loading, and the steady as well as the first six har.
monics of blade loeding are cbtained. However, only the first two harmon-
ics of the airload are introduced into the dynamic aralysis discussed
here; that is, the solution which is sought is concerned only with the
dynamic aeroelastic stability of the system as it is represented by the

66

L
3
3
i

AURRE e Uit o gt

. owre

L T eV




C o omresge AT N

model discussed above. Mach nurber, stall, and revergse flow effects are
teken into account by the use of two-dimensional airfoil data for the full
spectrum of angles of attack encountered by tne rotor blade elements.

R

N
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i TABLE VI1. IESCRIPTION OF DEGREES OF FPREEDOX §
: 5
: Degree of Symbolic E§
£ Freedom Designation Description §
b3
! q
i 1 v, Longitudinal velocity of rotor hub %
! 3
; 2 v, Lateral velocity of rotor hub i
i A =
3 B Ccllective component of rotor flapwise s
% defieation :
: b 8z Cyclic components of rotor fla:wise :
i deflection
4 5 L
6 s Collective compecnent of rotor in-plane
deflection
7 €x Cyclic components of rotor in-plene
3 deflection
€
9 it Vertizzl deflection of transwission
: 10 6; TPtk angie of transmission
i
3 1 ' Rcll angle of transmission
] 12 8, Fitzh angle cof fuse
: 13 ¢ Roil zngle cf fucselage
b 03
3 Tw2lic ocomponents of gro displacement
1 L .
1A ‘iz Vertical velocity of airorzft senter
c of gravit;
—
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The behavior of the system is defined by a set of 16 simultaneous total
differential equations in the independent variable time. Two basic tech-
niques have been applied to the solution of these equatiocns. The first
involves computation of the complex eigenvalues, which determine the
characteristic frequencies and damping factors and #hich provide the neces-
sary information to plot critical stability-rotor speed diasgrams {ar spec-
ified Tiight speeds. The second techunique employs & time-history solution
to determine the dymamic response of the rotor-fuselage system to a time-
dependent control imput. The solution is initiated by imposing the awash-
plate attitude that would be required for trim of the roter system if it
were perfectly rigid. Thereafter, the control gyro is allowed full cyclic
authority. Time histories of all 16 degrees of freedom, as well as col-
lective input and load factor, ere obtained directly from a tape plotting
system, These plots present the dynamic response with respect to the sta-
tionary coordinate system.

RCTOR LOADS AND NATURAL FREQUENCIES

A digital comzuter program which consists of a combination of airloads and
response analysis is used for evaluating blade bending and torsion moments
as well as ratural frequencies of rotors with rigidly mounted blades. The
sirloads are computed in the same manner as in the performance analysis,
employing the two-dimensional airfoil section data to compute total rotor
thrust, pitch and roll moments, and rotor torque. The control angles
required for s given trimmed condition are computed. The response analysis
is used to compute blade deflections and inertia forcea on the blade ele-
ments. Benling moments about two axes and torsion are found from the
deflected blade geometry and the combination of airloads and inertia
forces. The basic program has been extended to include the computation of
blade siresses at selected points of various cross sections at each selec-
ted azimuth position. Blade natural frequencies are computed by setting
airloads to zero and camputing blade response characteristics.
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SLOWED-ROTOR TEST EXPERIENCE

Various aeroelastic wind tunnel tests, both full gcale and model scale,
have been conducted in cconnection with fully stopped and stowed rotor pro-
grams, These tests also provide useful knowledge regarding the aerocelaxtic
phenamens associated with slowed-rotor concepts, especially in regard to
f£1light at high advance ratios. A full-scale stopped-rotor system, desig-
nated the CL-870, was sized for eventual flight test on a modified com-
pound XH-51A. This relatively stiff, three-bleded rigid rotor incorporated
&n independently hydraulically driven high-speed gyro which maintained its
rotational speed, and consequently itz ability to provide control, as the
main rotcr speed diminished. Figure 39 shows the high-speed gyro installa-
tion on the model that was tested in the NASA-Ames 4O- x 850-foot tummel.

The rotor was both stable and easily controllable dowa to 15% rotor rpm

at 140 knots and to lower percentages of rotcr speed at lower forward
speeds. In addition, substantial data relative to the structural loeds

and aeroelastic characteristics manifested by the CL-870 under a variety of
conversion configurations, at variouz angles of attack and tunnel speeds wp
to 140 knots, were also obtained. The results of these testz are preseated

in Figure LD,

Prior to tests of tre full-scale system, tests to study rotor in-flight
stopping and starting were conducted on & dynmamically scaled 7.42-foot-

- jameter rotor mounted over a representation of 2 wing/body as shown in
Figure 4i. This test wms performed im an 8- x 12-foot low-speed wind
tunnel. In lieu of a8 mechanical high-speed gyro, the rotor system was
coentrolled vy en electronic simulaticn of the high-speed gyro. The gyro
rpe vas eleven times the normel rotor rpm. For the gyro and rotor combina-
tion tested, the constant-speed gyro was in cammend of the rotor at rotor
speeds Gown to less than 10% of the normal rotor rpm. The high-speed
gyro functioned, in the manner that Lad been amalytically predicted, as an
effective contral gyro. Figure 42 presente the stability boundary experi-
mentally obtained in these tests.

These two wind tunnel test programs conducted during 1967 demonstirated that
a constant high-speed gyro will satisfactorily control the rctor during a
slowed-rotor operation. It was experimentaily shown that tk~= principal
attributes of the high-speed gyro are that (1) it maintains 2 feathering
frequency near 1P during very large excursions in rotor speed, (2) it pro-
vides a very high cyclic stiffness which accommcdates cperation at very
low rotor speeds and high advance ratios, and (3} it results in a very high
nutation freguency whick is easily damped.
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Figure 40. Results of Fuli-Scale Model Tests.
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APPENDIX III

ROTOR PERFORMANCE CHARTS AND SAMPLE CAICULATION

ROTOR PERFORMARCE CHARTS

Rotor performance data for high-speed flight at reduced rpm are identified
in Table VIII for a range of alrfoil distributions and include selected
combinations of airfoil geometry and blade twist. These data are in gen-
eral supplemented by corresponding information at the hovering condition
(Figures 43 and k). The blade airfoil thickness ratio and camber {design
1ift coefficient) distributions vary linearly between the points of the
rotor radins stations at which each of these geometric properties is
defined in all tables and figures. A rotorcraft flight condition spectrum
is shown in Figure U5 for ease in identifying the operating realm of each
of the high-speed flight design charis, Figures 46 through 65. The methods
by which the rotor performance chart data were calculated are briefly de-
scribed iu Appendix I, Methods of Analysis.

The rotor flight path force components of lift and drag are nondimensional~
izzd by the product of blade area and flight path dynamic pressure to give
Crg = LR/qS.b and Cpy = Dp/gS,. The shaft power is modified to an equiva-

lent drag along the flight path and is nondimensionelized in the same
wanner to give CDQR = 550 BPR/qst. Therefore, rotor total equivalent

drag coefficient may be derined as CDER = CDR + CDQR. These forms of non-

dimensional parameters are mor: suitable for comparing data at different
rpe at the same flight path speed. Tt : performance data charts alsc
include the longitudinal cyclic pitch settings, Bj, required for the noted
£light conditioms.

For the high-speed flight conditions, these performance charts may be used
for other rotor solidities with little error in angle of attack or drag.
These changes are o>nly a function of the uet inducei effecis, and at these
high speeds the combination of low 1lift loading and high dynsmic pressure
with the relatively large span (the diameter) mukes the induced effects
negligible. Also, shaft power is essentially independent of these effects.

The high-speed performance date charts are developed to provide adequate
information consistent with the unloaded rotor mode of operation applied
in Y“igh~-speed flight. The basic data regime in each case is that for &
zero three-quarter-radius collective pitch setting at an angle of atiack
range between zero rotor 1lift and zerc rotor shaft horsepower (autorocta-
tion). As the advancing tip Mach numbsr increases at the same flight
speed (Figures 47, 4B and 49 in reverse order), there is & tendency four
the shaft power curve not to pass through the autorotation point, CDQR = 0,

even at a low collective pitcoh setting, precluding autorotation. This
trend becomes more severe at higher collective pitch settings.
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A number of the performance charts includc data in addition to the basic
design regime for one or two more collective pitch settings in 2-degree
increments. These are included to show the effect of increasing collec-
tive pitch as the advance ratio increases and becomes greater than unity.
The zero setiing, or a near-zero ‘hree-quarter-radius collective pitch
setting, ic used in order to obtain the maximum available range of longi=-
tudfnal cyclic pitch for maneuveri=g. {Teere is no requirement for col-
lective pitch control at high-speed flight, and tne collective pitch con-
trol is normally set at a detent for this flight condition.)

Reference to the performance charts for a selected blade geometry at
successively increasing flight speeds and decreasing rotor rpm (tberefore
increasing advance ratic) shows a gradual decrease in lift coefiicient with
increasing collective pitch at each discrete advance ratio. At advance
rutios above 1, there is a decrease in 1lift with increasing cciiective
pitch. It is evident that there is no need to make use of the collective
pitch control at nigh specds, and the 1ift reversal makes it undesirable

to employ collective pitch control at high advance ratios, especially those
above unity.

Cai ] IR PEAROOAIR LIRS DT ey

> a’\bs&‘«»ﬁd&?‘&d\mw&cuw'ﬂ’bﬁ-ﬁgr /

D)

Figure 66 is inczluded tc describe teil rotor operation in high-speed
flight. Uniike the main rotor, which is trimmed parallel to the shaft nor-
mal plane for zero hub moments and which shows a 1ift reverssl with
increasing collective pitch at the advance ratios above unity, a conven-
tional tail rotor is free to teeter with respect to its shaft and does

not deronstrate reversal of thrust with increasing collective pitch at the
higher advance ratios. The quality of no reversal is, cf course, essential
to provide yaw control through the tail rotcr regardless of flight speed
and main rotor rpm.

WYIN ONITT Any

e

With allowance for the characteristics noted, the performance deta charts
show no fundamental rotor limitations through the flight speed of 325 knots
covered by these charta. Data developed by tne forward flight analysis

are compered with flight test data of Re“erence 3 in Figure 67 and show
good correlation. The increments between the analytical and the test
curves reflect very small amounts of drag and power, and the anaiytical
results are slightly conservative.

SAMPLE CALCULATION FOR RIGID-ROTOR COMPOUNC HELICOPTER AT HIGH SPELD

This s mple calculation shows how the rotor is combined with the nonrota-
ting airframe at the high-speed point and now the aircraft designed for
that point is flown to s range of lower speeds at the same collective pitch
setting.

Assurme that a maximm forward speed of 325 knots at sea level on a stardard
day at a gross weight of £30C pounds is éesired. Such & design point may,
in fact, be selected to insure tne desired performarce at the objective
speed of 300 lmots. At 325 kno:s, the rolor 1ift is zero and the collective

O B RV S TN SR P RRS TP > HINSDIIrey
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Figure 66.

V =300KNq = J03PSF TWIST = 0DEG t/c = 0.07 CONSTANT

R =3,25FT =073 5 =423 e
¥ ‘ml 1 T 1§
e QR = 601 FPS 84.6 % RPM 4= 0.843 M| o0 - 0 991
= = QR=SBVEPS  TSNMM K=0.952 My g = 5.930
4— o
== QR =355 FPS 50 % RPM 4= 1.427 M(1,0) = 0.786
' | =
b————— 5 400 =~
-
-8
£
- 20
)
0
g H
Y 10]
o
-8 - [V ¢ 8 2 16
0 ;5 -DEG
-10
-20

Tail Rotcr Performance Data for High-Speed Flight, Case 21.
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pitch is set at a low value, 6.75 = O degrees. Referring to Figure 60 for
a tapered thickness, cambered, -5 degree twist rotor configuration opers-
ting at 75% rpm, it is seen that if

Qppp -1.55 deg

CLR is assumed to be O and CDR = 0.00915
8,75 is assumed to be O deg, then Cp = 0.005k2
QR
B, = -1.27 deg

Since q = 358 psf and S, = 78.8 ﬁze,
bp = o5 CDR = 281w (1)
By = (aV§/550) ¢, = 152hp (2)

Wing 1ift mast equal vehicle weight and an operating lift coefficient of
0.35 is chosen. Wing area is found to be

2

5, = Iy/s cL“ = 50.25 ft (3)

Selecting the wing sparn as 16.6 ft and Oswald's airplane efficiency factor
as e = C.7, the draz varying with 2ift is

D, = (I.V/bw)a/qre = 183 1b (L)

Conventional design practice for a higin-speed compound helicopter would
result ir. a near-zerc rotcr shaft incidence. Since this example is
intended to parallel the high-speed XH-51A compound helicopter, which was
develcped from the XH-51A helicopter, a shaft tilt of 6 degrees forward
is used.
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Hence, from Figure 68,

AT Y

: a,. = @ +1i, = bL.45 deg ()

Assuming a lift curve slope for the total nonrovating airframe of
0.09 per deg,

§
£
E G, 3
E °W = Q-F-!-]_w = 0.09 = 3.89 deg (6) §
? 3
3 vhich gives iy = -0.56 deg. &
Identifying a minimum drag area for the airframe with interference but %z
mimus main rotor blades as equal to 9.55 ft2 and the tail rotor drag %
3 expressed in terms of an equivalent parasite area as 0.05 ft2, a subtotal %
] of drag area of 9.60 ft° is obtained, Then 3
£ D, = af = 3435 b ) :
1 :
Finally,the propulsive force requirement is

FH = DP + DL + DR = 3876 1v (8)

Tail rotor power is 1C hp and accessories and losses amcunt “c € hp plus
3% of the total shaft po.er required:

HP = 1.03 (HPp + HP_o + i = 173 hp (9)

REGD LCSS)

s while holding coun-

Now ccnsider the effect of reducing speed tec 3CC nect
g i termired by

20
stant collective. Wing and rotor 1lift sharing is de

Go - Igt L (10)
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Nondimensionalizing by qS, and substituting fer Ly = qSCLa(O'w),

a

C S,
G = -
.-é-s: = LR-i-sbcL (1S+iw+aTPP €) (11)
W

where € is the rotor downwash angle; in the flight regions covered by this
example, € is of negligible magnitude. Rearranging and entering values,

c
Ly - 0.262 - 0.0573(5.Lb + o) (12)

Referring to Figure 58,this condition is satisfied when

/

aTPP = <1,05 deg
C = 0.010k
Ig
0,75 is assumed to be O deg; then < CDR = (0.0081
Cp. = 0.0059
]
= &0
Bl 0.0l deg
Since q = 305 psf,
LR = 250 1b
DR =195 1b
}{PR = 130 hp
Also,
ap = 4,95 deg and DL = 198 it
ay, = 4,39 deg ILP = 2926 1b
CLw = 0.395 Fg = 3319 1lb
i, = 6050 1b HPppap = 150 hp




As the forward speed is reduced further, it is no longer necessary to main-
tair the 75% rpm. Selecting 84.€% rpm at 250 knots as shown in Figure 56,

.
- E
: Q'PPP = 0.27 deg
X, C = o.d‘ o
Ig ? o
b 1 ‘.75 is assuined to be O deg; then CDR = 9.0097
: CDQR = 0.0109
: B, = 0.06 deg ;
? f
4 Since q = 212 psf, “
i I‘R = 819 1b aF = 6,27 deg DL = 234 1b
D, = 162 1b ay = 5.71 deg D, = 2035 1b
HP, = 14C hp Cy, = 0.515 Fy = 2431 1b
s L = 5481 1b mREQf 161 hp

The preceding is iilustrated in Figure 69.
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