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Abstract

The information presented in this report is the result of engineering studies
performed by the Boeing Vertol Company for the National Aeronautics and
Space Administration, Ames Research Center under Contract No. NAS 2-
10683, Task | -Selection of Rotor System; Task Il - Detailed Study; and
Task |1l - Development Plan.

This report includes the trade-off study resuits and the rationale for the
final selection of an existing modern four-bladed rotor system that can be
adapted for installation on the Rotor Systems Research Aircraft (RSRA) and
the results of the detailed integration studies, parameter change studies, and
instrumentation studies; and, the recommended plan for the development and
qualification of the rotor system and its parameter variants, its integration
on the RSRA, and support of ground and flight test programs.

The rotor system selected is a modern existing rotor system with performance,
flying qualities and dynamic characteristics consistent with current rotor tech-
nology. The flight envelope of the rotor, installed on the RSRA, is sufficient
to conduct evaluation of rotor design lift coefficient vs. gross weight and
advance ratio envelopes within engine, transmission, and control limits of the
RSRA. In addition, the rotor system is adaptable to systematically vary key
rotor parameters for comparative flight testing. The detailed study further
evaluates the feasibility of installing the selected rotor system on the RSRA,
parameter change capability, and examines the benefits of flight research with
the rotor and its parameter variants. The development plan includes a Work
Breakdown Structure (WBS), a draft statement of work, data requirements,
a program schedule, and a planning price summary.
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1.0 Introduction

The NASA RSRA s presently equipped with a Sikorsky S-61 rotor, a five-
bladed rotor that represents twenty-five year old technology. This rotor
system will soon enter a flight research program to develop a data base for
correlation with analytical predictive computer codes. Replacement of the
rotor with a four-bladed state-of-the~art type, to allow utilization of more
current technology, is desirable. This pre-design effort will define a modern
four-bladed rotor for eventual acquisition and flight research on the RSRA
that will:

(1) gquantify the capabilities of a state-of-the-art rotor system,

(2) quantify the contributions of individual key rotor system parameters
to these capabilities, and

(3) develop the necessary data base for correlation with analytical
predictive computer codes.

Brief tradeoff studies were conducted to evaluate candidate rotor systems
which satisfy the requirement for an existing modern four-bladed rotor for
integration and evaluation on the NASA Rotor Systems Research Aircraft
(RSRA). The Boeing Vertol rotor systems evaluated were as follows:

a. YUH-61A, UTTAS hingeless rotor system

b. Model 347 articulated rotor system which incorporates the CH-~-47C
rotor blade (347/C rotor system)

c. Model 347 articulated rotor with CH=47D advanced composite blades
(347/D rotor system)

Figure 1.0-1 delineates the rotor system selection criteria (evaluation para=-
meters and weighting factors established for each). The "Best Rotor System®
was selected by evaluating each candidate with respect to each parameter,
scoring each with a rating factor from 0 to 1 (1 being the best possible)
mulitiplying by the weighting factor and adding up all the scores.
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The selected rotor system must be a modern existing system with perform-
ance, flying qualities and dynamic characteristics consistent with current
rotor technolegy. The flight envelope of the rotor, installed on the RSRA,
must be sufficient to conduct evaluation of rotor design lift coefficient vs.
gross weight and advance ratio envelopes within engine, transmission, and
control limits of the RSRA. In addition, the rotor system must be adaptable
to systematically vary key rotor parameters for comparative flight testing.

Cost and schedule preliminary estimates were made considering the following:

a. Design

b. Tooling
c. Fabrication of RSRA/rotor system modification components and
blades

d. Testing (Bench)

e, Instrumentation

f. Instailation

g. Assumed Parameter Variation Components (Design, Tooling, fabrica-
tion, bench testing, instrumentation and installation)

h. Support of all ground and flight testing

Predesign studies were performed to examine the requirements for integration
of the 347/D rotor system on the RSRA in sufficient depth to define the
modifications required to both the rotor and the RSRA including the blade
severance system. Design and technical analyses were performed in suffi-
clent depth to ensure physical, structural, dynamic and system compatibility.

Parameter change studies were conducted to examine the variability of key
rotor parameters, to select the parameters to be varied, to determine the
techniques for providing the variabillty and to analyze the modifications
required to provide the parameter changes. These studies were of suffi-
cient depth to define both the modifications to the rotor system and the
technical risks involved.

-~, Studies were conducted to define rotor blade instrumentation requirements

\ necessary to measure blade airloads and dynamic and structural responses.

3
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Preliminary estimates were made to determine the cost required to implement
the 347/D rotor system on the RSRA and to implement proposed parameter
variations to be tested in accordance with the following plan:

1. Preliminary design with a government Preliminary Design Review
(PDR).

2. Detail design with a government Critical Design Review (CDR),
including tool design.

3. Fabrication including all modifications to the 347/D rotor system
and the RSRA for the basic rotor instailation and parameter varia-
tions.

4., Safety of flight qualification of all hardware, based on a contractor-
prepared, government-approved plan.

5. Instrumentation

8. Installation and integraticn on the RSRA under NASA Iinspection,
including ground runs by NASA with Boeing Vertol technical sup-
port.

7. Flight Testing by NASA for two (2) years with Boeing~Vertol tech-
nical support.

The Development Plan was established using the program outlined under Task
Il (paragraphs 4 through 6) which includes a Work Breakdown Structure
(WBS), a draft Statement of Work, a schedule and a funding plan breaking
down costs by WBS task.

2.0 Summary

The selected rotor system (347/D) offers superior performance, flying quali-
ties and dynamic characteristics. This rotor system incorporates the CH-47D
fiberglass rotor blade, the most advanced blade utilized on military and com-
mercial production helicopters, combining modern high performance airfoils
and composita structures technology. These 347/D features offset the some-
what better match between the 347/C rotor system and the present RSRA
flight envelope.
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The final total trade-off scores, summarized in table 2.0-1, for each of the

rotor system candidates are as follows:

1. YUH-61A Rotor System - .457
2. 347/C Rotor System - .716
3. 347/D Rotor System - .725

It should be noted here that wherever possible, evaluations and rating factors
were established based on calculated parameter values in each trade study
category. Otherwise, the evaluation and rating was subjective based on de-

sign experience.

Kinematic and installation layouts were prepared to determine the modifications
required to the 347/D rotor system and the RSRA. Figure 2.0-1 (SK 28732)
presents the final kinematic and installation detaiils. To determine require-
ments for modification to, and new hardware for, the RSRA emergency escape
system for blade severance, Teledyne McCormick Selph (the contractor for
the system) was requested to submit a technical proposal and quotation. The
proposal is presented in Appendix C. Transmission modifications required to
run the 347/D rotor system and parameter variants at 225 rpm were studied
and evaluated. This speed would require a gear ratio change in the main bevel
mesh from the present 3.40 to 3.05.

Parameter variation studies were conducted and have resulted in the proposed

least risk, lowest cost test program.

Except for tip shape variations, a two phase approach is taken to the aero-
dynamic parameter variations. Phase | utilizes existing CH-47A, CH-47C
and CH-47D blades installed on the 347 four bladed hub. For Phase |l one
set of new blades with the chord of the CH-47D blade and the twist and
airfoil of the CH-47C blade will be fabricated. This blade will be retwisted
during Phase || to the CH-47D twist to complete the study. As summarized
in Table 2.0-2 these combinations of rotor configurations permit the step by

step evaluation of the following aerodynamic parameters:



D210-11723-3

Table 2.0-1 Summary of Trade-Off Scores - RSRA
4-Bladed Rotor System Selection

Candidate - Scores
Trade Study Category (Weight) YUH-61A 347/C 347/D0

Primary Catergories
Technical Merit (.55) .304 .420 .429
Cost and Schedule (.45) .153 .296 .296

Technical Merit Breakdown

Technical Level (.20) 117 .154 .158

Flight Envelope on RSRA (.20) .129 .168 .170

Rotor System Adaptability to .055 .098 .101
Parameter Variation (.15)

Technical Level Breakdown

Performance (.10) .085 .075 .084
Vibration/Loads (.06) .015 .055 .051
Flying Qualities (.04) .017 .024 .023

Flight Envelope Breakdown

Performance Limits (.07) .040 .061 .057
Load Limits (.07) .049 .055 .055
Flying Quality Limits (.06) .043 .052 .058
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Fig. 2.0-1 (5K28732)



TABLE 2.0-2

PARAMETRIC VARIATIONS

TECHNICAL APPROACH TO AERODYNAMIC

PHASE - I I 11 11 I
ROTOR SYSTEM S61 347/A 347/C 347/M0D 1 347 MOD II 347/D
SOLIDITY (o) .0781 .0826 .0893 1132 1132 1132
DIAMETER (M)(FT) [18.899 (62) |18.014(59,1) 18,288 (60) 18.288 (60) 18.288 (60) Pa.zaa (60)
CHORD (CM) (IN) |46.355(18.25) 58.42 (23)| 64,135 (25.25) | 81,28 (32) 81.28 (28) Pp1.28 (32)
BLADE NUMBER 5 4 4 4 4 4
AIRFOIL SECTION NACA0012 NACA0O12] BV 23010-1.58 | BV 23010-1.58] BV 23010-1.59| VR7/8
(MOD) (MoD)
TWIST -8 -9 -9,14 -9.14 #12 -12
TIP SPEED -
M/SEC (FT/SEC) 201.17 (660)]215.19(706)] 215.19 (706) 215,19 (706) 215.19 (706) {215.19 (706)
L A N J\_ I\, w4
V V V V \Y4
BASELINE EFFECT OF EFFECT OF EFFECT OF EFFECT OF
DATA & AIRFOIL SOLIDITY TWIST LOW DRAG
EFFECT OF  CAMBER (CHORD) AIRFOIL
BLADE NO.  VARIATION

£-€2/11-01¢d
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Baseline NACA 0012 data and effect of blade number

Airfoil camber

Planform (solidity or chord)

Blade twist

Low drag airfoils

The following outline presents the proposed parameter variation test program:

Phase | - Basic Aerodynamic Parameter Variation Tests

A. CH-47A Blade Tests (347/A Rotor System)
These tests allow for comparative evaluation of a 4-bladed
347/A rotor system against the 5-bladed RSRA $-61 rotor
system.
B. CH-47C Blade Tests (347/C Rotor System)
These tests allow for evaluation of the effect of airfoil camber.
C. CH-47D Blade Tests (Selected Rotor System - 347/D)
These tests allow for evaluation of the effect of variations in
solidity, airfoil and twist.

Phase Il - Expanded Aerodynamic Parameter Variation Tests

3
This phase will require a new set of twistable blades to allow for
evaluation of the effects of solidity, airfoll and twist independently,
sorting out the parameter variations between the CH-47C and D
blades. (347/Mod | and 347/Mod |l Rotor Systems)
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Phase lil - Rotor Dynamic and Flying Quality Parameter Variation

B.

Tests (Using CH-47C Blades)

Blade Natural Frequency Tests

By means of internal tuning weights or by external graphite
stiffeners, these tests will allow for evaluation of the effect
of frequency variations as follows:

Table 2.0-3 Desired Blade Frequency Variations

Nominal Frequency Desired Variation
@ 230 RPM, @ 225 RPM,
Y0 “/a
2.57 2.40
4.75 5.50
5.32 6.00

Effective Flap Hinge Location Variation Tests

By means of hub adapters, these tests will allow for evaluation
of the effect of shifting the actual flap hinge from the present
location (2.22%R) to 5%R.

Control Phase Varlation Tests

By means of adjustments to the RSRA analogue phase mixer,
the best phase setting for the 347/D rotor system can be
found with a maximum of three variations.

Control System Stiffness Variation Tests

By means of a flexible pitch link assembly, control system
stiffness may be lowered, thereby allowing for evaluation of
the effects of lowering blade torsional frequency.

Lag Damper Variation Tests

By means of simple modification to the hydraulic lag dampers,
breakout force and/or damping rate may be modified to obtain
the optimum values for the 347/D rotor system on the RSRA.

10
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F. Pitch-Flap Coupling (A3) Variation Tests
By means of varying the pitch link to pitch arm attachment
location, 15° positive A3 may be added and tested.

IV. Phase IV - Blade Tip Shape Variation Tests
The CH-47C blades from Phase |il will be modified by removing the
outboard 10%, 91.44 cm (36 inches) and prepared to adapt the fol-
lowing tip configurations for test:

A. Set No. 1 - Constant chord with airfoil transition from v23010-
1.58 to V13006-0.7.

B. Set No. 2 - 3:1 chordwise taper with same airfoil transition.

C. Set No. 3 - Same as Set No. 2 with 15° sweep.

D. Set No. 4 - Same as Set No. 2 with 25° sweep.

The Development Plan for the 347/D - RSRA Program offers a unique Work
Breakdown Structure which has been developed specifically for this type of
program. That is, a program where the contractor will design, qualify, fab-
ricate and install a rotor system and parameter variation hardware and sup-
port NASA conducted ground and flight testing of that rotor system and its
parameter varients.

3.0 Trade-Off Analysis and Rotor System Selection
3.1 Technical Merit (Weighting Factor = .55)

3.1.1 Technical Level (.20)

3.1.1.1 Performance (.10)

3.1.1.1.1 Figure of Merit (.06)

The hover figure of merit (FM) for each candidate rotor system is shown in
figure 3.1.1.1.-1. YUH-61A and 347/C rotor system performance is based on
flight test data and the 347/D rotor system FM is based on theory. The FM
for the 3-bladed CH-47A rotor system is presented for reference purposes
and is indicative of the technology level of the 1950's.

11
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The rating factor assigned to each candidate was predicated an the relation~
ship of its maximum FM to a minimum value of 0.6, reflecting the lowest FM
at the estimated minimum flying weight; and, a maximum value of 0.76 which
reflects the highast FM demonstrated on current production aircraft. The
YUH-61A and 347/D rotor systems show FM's of .721 with the 347/C, slightly
less, with an FM of .711.

Scores: YUH-61A Rotor System - .045
347/C Rotor System - .042
347/D Rotor System =~ .045

3.1.1.1.2 Rotor Lift to Effective Drag Ratio (L/De) (.04)

Rotor L/D e 35 2 function of advance ratio at a CT/cr = 0.06 is presented for
each of the candidate rotor systems in figure 3.1.1.1-2. Data was caiculated
using flight test resuits with theoretical corrections to the CH~47C and D data
to reflect 4-bladed performance. Rating factors were assigned to each rotor
system with the minimum rating (0) based on L/De's which reflect minimum
power speed performance and the maximum rating (1) based on an L/De =
7.25, Indicative of the highest demonstrated value for a modern 4-bladed
rotor system. As shown, the maximum L/De for each candidate varied
slightly with the highest being the YUH=-61A at 7.25 and the lowest, the
347/C at 6.9. The 347/D rotor system shows an L/De of 7.15.

Scores: YUH-61A Rotor System - .040

347/C Rotor System - .034
347/D Rotor System - .038
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3.1.1.2 Vibration/Loads (W.F. = .06)

The three rotor configurations were compared for their fixed system rotor
hub vibratory loads in transition 74.08 km/hr (40 knots) and at high speed
277.80 km/hr (150 knots). The thrust was 8391.6 kg (18,500 Ibs.) in each
case. All resuits obtained are exclusive of any vibration control devices, i.e.
vibratory hub loads have not been reduced through rotating or fixed system
vibration control devices. Computer program C-60 was used to compare
vibratory hub loads at 4 per rev. in the fixed system. A resultant in-plane
hub load was obtained by combining lateral and longitudinal fixed system
4 per rev. loads. A similar combination of fixed system 4 per rev. pitch and
roll moments was obtained. The resulting 4 per rev. vertical load, in-plane
load, and moments for each configuration were then scored. The YUH-61A
rotor system generally produced higher vibratory hub loads because of its
larger effective hinge offsets. The 347/C and 347/D rotor systems had very
similar vibratory hub load characteristics. The results of this category of
the tradeoff study is as follows:

1. YUH-61A Rotor System Score = .015
2. 347/C Rotor System Score = .055
3. 347/D Rotor System Score = .051

3.1.1.3 Flying Qualities (.04)

3.1.1.3.1 Flying Quality Boundaries (.01)

3.1.1.3.1.1 Control Power vs. Roll/Pitch Rate Damping (.007)

All three candidate rotor systems give sufficient damping in roll to satisfy the
requirements of MIL-H-8501A. The YUH-61A hingeless rotor system gives
almost twice as much damping as the 347/C or D articulated rotor systems.
in pitch, the YUH-61A rotor system gives sufficient damping; however, the
347 rotor systems would depend on the damping from the horizontal stabilizer
for satisfactory flying qualities. All three rotor systems meet control power
requirements. The YUH-61A rotor system gives almost three times the control
power of the 347 rotor systems. The ratio of control power to damping is a

15
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better measure of Tlying qualities. This ratio is indicative of the maneuvera-
bility of the helicopter. The 347 rotor systems, on the RSRA, have about 15%
more control power to inertia ratio than the S61 rotor and should be expected
to give quite similar flying qualities. The YUH=-61A rotor system gives about
twice the control power to inertia ratio as the S61 rotor. According to refer-
ence (1), the RSRA, with the S61 rotor, "has the ‘control feel' of a much
heavier helicopter", which was the "unavoidable resuit of strengthening the
airframe." Since more rapid response is considered desireable, the following
scores are given:

1. YUH-61A Rotor System - .0056
2. 347/C Rotor System - .0035
3. 347/D Rotor System - .0028

3.1.1.3.1.2 Control Sensitivity vs. Forward Speed (.003)

Control sensitivity is defined as the increase in rotor roil or pitch moment per
Inch of control stick motion. Rotors ordinarily increase their control sensi-
tivity with increasing forward speed because of the increase in local air
velocity over the blade sections, especlally on the advancing side of the disk.
The higher the Lock number, the greater the control sensitivity increases.
Factors which would slow down the increase in control sensitivity with speed
would be swept back bilades and C.G.-A.C. offset, both of which were used
on the YUH-61A rotor. The Lock numbers of the candidate rotor systems are
as follows:

1. YUH-61A Rotor System - 16.05
2. 347/C Rotor System - 11.62
3. 347/D Rotor System - 10.80

It is estimated that the sweepback and C.G.-A.C. offset of the YUH-61A

blades will offset the effect of their higher Lock number, giving all candidate
rotor systems approximately the same score as follows:

16
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1. YUH-61A Rotor System - .0015
2. 347/C Rotor System - .0015
3. 347/D Rotor System - .0017

3.1.1.3.2 Control Coupiing (.008)
3.1.1.3.2.1 High G Pullout (.002)

in a high G puliout, the high thrust force with rearward thrust vector tiit
gives a strong nose up moment to the fuselage. After the initial pitch-up
acceleration, the fuselage tends to pitch faster than the rotor uniess
restrained by a large horizontal stabilizer. Typically, the rotor and the hor-
izontal stabilizer share in restraining the fuselage from pitching up. |If the
rotor cyclic controls are phased to produce maximum flapping deflection in the
direction the stick is pushed, there would be no cross coupling problem.
However, if the horizontal stabilizer is taking all the pitching moment from
the fuselage and the cyclic pitch is precessing the rotor at constant pitch
rate, then the phasing for the hingeless YUH=~61A rotor system will be in=-
correct. In this condition the maximum cyclic pitch must occur S0 degrees
before the direction of tiit, whereas the cyclic on the YUH-61A rotor system
is set at approximately 70° before the tilt direction.

Scores: YUH-61A Rotor System - .0008
347/C Rotor System - .0016
347/D Rotor System - .0016

3.1.1.3.2.2 Pitch/Roll Acceleration (.001)

Wwith control phasing set properly for accelerations, the hingeless YUH-61A
rotor or the articulated 347/C or D rotor systems will be free of cross coup-
ling during acceleration in pitch or roll.

Scores: YUH-61A Rotor System - ,0008

347/C Rotor System - .0008
347/D Rotor System - .0008
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3.1.1.3.2.3 Pitch/Roll Velocity (.001)

If rotor controls are phased for acceleration such that there will be no cross
coupling, then there will be coupling in the hingeless YUH-61A rotor with
pitch or roll velocity.

Scores: YUH-61A Rotor System - ,0004
347/C Rotor System -~ .0008
347/D Rotor System - .0008

3.1.1.3.2.4 Step, Pulse or Sinusoidal Cyclic Stick Input vs. Forward Speed
(.001)

According to reference (2), pilots report that when hovering, moving the
YUH-61A cyclic stick longitudinally at a certain frequency produces almost
pure roll motion. In farward flight, whers longitudinal control sensitivity
increases, this strong cross coupling would be reduced. The articulated
rotor exhibits much less cross coupling with this type of excitation.

Scores: YUH-61A Rotor System - ,0002
347/C Rotor System - .0006
347/D Rotor System - .0006

3.1.1.3.2.5 Collective Step Input (.001)

in hover, a collective step input to any single rotor configuration requires a
corresponding step input to tail rotor collective to maintain heading and
lateral cyclic to offset increased tail rotor thrust. Since the hingeless YUH-
61A rotor tilts the fuselage when lateral cyclic is applied, there may be more
delay until rotor tiit is accomplished.

In forward flight, a collective step input increases flapping up in front. An
articulated rotor with low flap hinge offset would flap up directly in front,
requiring longitudinal cyclic, only, to correct. The hingeless rotor would
flap up to maximum before the blades reach 180° (at about 160° azimuth).

18
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This would require lateral cyclic in addition to longitudinal cyclic to correct.

Scores: YUH-61A Rotor System - .0004
347/C Rotor System - .0008
347/D Rotor System -~ .0008

3.1.1.3.2.6 Stick Migration vs. Forward Speed (.002)

Reference (2) states, "Lateral cyclic control migrations during transition from
hover occurs on many helicopters. It is particularly noticeable on hingeless
rotor aircraft due to the necessity for maintaining rolling moment trim." This
problem is due to the inflow wvelocity distribution change with forward speed.
Inflow velocity Is minimum at the disk leading edge and maximum at the trail-
ing edge. This velocity change would be compensated by lateral cyclic on an
articulated rotor and by lateral plus longitudinal cyclic on a hingeless rotor.
Coning angle also causes some difference in local inflow velocity, relative to
blade element, which is also compensated by lateral cyclic. At higher forward
speeds, the area of reverse flow on the retreating side of the rotor increases
in size, requiring longitudinal cyclic compensation. For all these corrections,
the hingeless rotor requires a slightly different phase or direction of control
stick motion than would be indicated by the resuiting fuselage motion.

Scores: YUH~61A Rotor System - ,0008
347/C Rotor System - .0014
347/D Rotor System - .0014 Q

3.1.1.3.3 Longitudinal/Lateral Stability (Static and Dynamic) (.009)

Static stability in hover, in both lateral and longitudinal directions, is positive
for both the YUH-61A and 347 rotors. The hingeless rotor is possibly more
speed stable, statically, because as it pitches up in front with forward speed,
the pitching moment increase with increase Iin angle of attack is greater than
that of an articulated rotor. This moment increase phenomena is called angle
of attack instability.
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Dynamic stability is positive if there is enocugh damping from the rotor and
the horizontal stabilizer to make the oscillations due to static stability con-
verge. The hingeless rotor has much higher damping in roll than the articu-
lated rotor; however, the hingeless rotor possesses the undesirable charac-
teristic of gyroscopic coupling between pitch and roll motion. In forward
flight, the hingeless rotor possesses more lateral dynamic stability because of
higher damping than that of the articulated rotor; however, the increased
moment with angle of attack instability requires a larger horizontal stabilizer
to provide satisfactory stability (static and dynamic).

Scores: YUH-61A Rotor System - .0045
347/C Rotor System - .0054
347/D Rotor System - .0054

3.1.1.3.4 Ground Handling Qualities (.006)

The RSRA landing gear is configured such that when the aircraft is on the
ground, the rotor shaft is very nearly verticai. Therefore, when taxiing as
a helicopter, the propulsive force must come from the forward component of a
tilted rotar thrust vector. At partial thrust, the tilt of the 347 rotor thrust
vector is limited to 8 degrees. The YUH-61A rotor is limited to 2 degrees.

Scores: YUH-61A Rotor System - ,0012
347/C Rotor System - .0048
347/D Rotor System - .0048

3.1.1.3.5 Freedom From Coupling Between Lateral/Longitudinal Transient
Motions (.007)

When a helicopter rotor Is disturbed in a horizontal direction, the acceleration
of the hub causes lead-lag motion of the blades such as to displace the com-
bined C.G. of the blade from the rotor center of rotation. Once dispilaced,
the blades continue to oscillate about the lag hinge at the lag damped natural
frequency until the energy is dissipated by lag dampers (in the case of the
articulated rotor) or structural hysteresis (in the case of the hingeless rotor)
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and aerodynamic damping. The effect of this continuing lead-lag motion is an
undesirable shaking of the pylon in a circular path, with fuselage response
inversely proportional to fuselage effective mass at the pylon. For most heli-
copters the effective mass is smallest in the lateral direction because the roli
inertia is much less than pitch inertia. The maximum excitation of the blades
occurs when they are disturbed at their natural frequency in the rotating
system, which is equivalent to rotor speed plus or minus lag natural fre-
quency. Only the difference of the two frequencies is important because it
causes blade motion in the sequence which feeds back a force in phase with
the exciting force (see references 3 and 4).

The YUH-61A blades have a lag natural frequency approximately 0.7 times
rotor speed, therefore, they are most excited by 0.3 rotor speed shaking or
about 1.4 Hz. The 347 blades (C or D) with their approximately 0.3 rotor
speed natural frequency are most excited by 2.6 Hz shaking. Maneuvers are
more likely to contain 1.4 Hz than 2.6 Hz frequency components. This indi-
cates that the YUH-61A rotor is more likely to encounter exciting transients.
In addition, the YUH-61A rotor does not incorporate lag dampers; therefore,
lag motions will persist longer.

Scores: YUH-61A Rotor System - .0014
347/C Rotor System - .0028
347/D Rotor System - .0028
3.1.2 Flight Envelope on RSRA (.20)
3.1.2.1 Performance Limits (.07)
3.1.2.1.1 Level Flight (.04)
The flight envelopes of the candidate rotor systems installed on the RSRA are
compared to the CH-47D, CH-47C and YUH-61A flight envelopes in Figures
3.1.2.1-1 to 3.1.2.1-3. The solid lines depict design performance envelopes

of the respective aircraft. The CH-47C and CH-47D data reflect three-bladed

rotor performance envelopes while the YUH-61A is a four blade configuration.
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Predicted four bladed performance envelopes consistent with the RSRA config-
uration are shown by the dashed lines. Comparison of the solid and dashed
lines indicates the extent to which each rotor system, installed on the RSRA,
can be evaluated relative to their design performance.

Rating factors used to rate the level flight envelopes of the candidate blades
is predicated on the percentage of the actual performance envelopes which
could be evaluated within RSRA gross weight and power available limitations.
A rotor system whose design performance could be fully evaluated on the
RSRA (in terms of CT/o and advance ratio) would be given a rating of 1.0.
If RSRA power or other limitations reduce the demonstratable envelope (as
defined by the area within the envelope) to one half of the actual rotor sys-
tem capability, a rating of .5 would be given.

The 347/C system would allow exploration of 77% of the CH-47C envelope while
the 347/D rotor system would provide capability of evaluating 67% of the
CH-47D envelope. The YUH-61A rotor system, installed on the RSRA, would
be capable of evaluating 71% of the UTTAS envelope.

Scores: YUH-61A Rotor System - .028
347/C Rotor System - .031
347/D Rotor System - .027

3.1.2.1.2 Maneuverability (.03)

The maneuverability of RSRA with the candidate rotors installed was rated as
a function of load factor at the minimum flight gross weight using the stall
boundaries defined in Figures 3.1.2.1-1 to 3.1.2.1-3. A maneuver capability
equal to or greater than 2g (60° banked turn) at p = .3, 222 km/hr to 240
km/hr (120 Kt to 130 Kt) is rated 1.0 and 1g capability is defined as 0.
The resulting maneuver capability and score for the three rotor systems is
presented below.

Rotor System Load Factor Score
YUH-61A 1.4 .012
347/C 2.02 .030
347/D 2.37 .030

25



D210-11723-3

3.1.2.2 Load Limits (.07)

The 347/D rotor system as installed on the RSRA is limited to an airspeed of
259 km/hr (140 KTS) (TAS) at a CT/U of 0.076 due to the load limitations
(endurance limits) of the rotor stationary control system components (See
Reference 5). Using 333 km/hr (180 KTS) as a desirable maximum speed for
performance testing, the 347/D rotor system would have a rating factor of
.78. Furthermore, blade flapping will be limited to 8 degrees due to the
rotor shaft moment allowable at its critical section. However, the 8 degree
flapping limitation is not considered a restriction.

The YUH-61A rotor blade is stress limited so that the maximum steady rotor
control moment attainable is only 0.72 times that attainable with the 347/D
rotor. The airspeed of this rotor is limited to 328 km/hr (177 KTS). Com-
bining these limitations results in a rating factor of .70.

The maximum steady rotor control moment attainable with the 347/C rotor is
.87 times that attainable with the 347/D rotor. The airspeed of this rotor is
limited to 302 km/hr (163 KTS). These limitations result in a rating factor of
.79.

Scores: YUH-61A Rotor System - .049
347/C Rotor System - .055
347/D Rotor System - .055
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3.1.2.3 Flying Quality Limits (.06)

3.1.2.3.1 C. G. Envelope vs. Control Margin (.04)

The maximum steady rolling or pitching moment that could be exerted on the
RSRA by the rotor, as installed, was calculated for each candidate. Since
C. G. envelope is a direct function of rotor moment capability, the resuits
are as follows:

1. YUH-61A Rotor System =~ 34998 N-m (25,810 Ib-ft) Score = .029
2. 347/cC Rotor System -~ 42126 N-m (31,067 Ib-ft) Score = .028
3. 347/D Rotor System - 48432 N-m (35,717 |b-ft) Score = .032

3.1.2.3.2 Gust Alleviation Capability (.02)

In forward flight, an up gust, for example, is encountered initially at the
leading edge of the rotor disc. With this initial encounter, the blades
respond by flapping up on the retreating side of the disk, causing a roll
moment to be exerted on the fuselage. The greater the effective flap hinge
offset, the greater the moment, the greater the fuselage response and also,
the greater the swashplate tilt if no pilot input or stability augmentation
system input. Therefore, the total response of the helicopter will be greater
with the hingeless YUH-61A rotor due to the higher flapping stiffness of the
rotor. In addition, the gyroscopic effect of the hingeless rotor will introduce
further cross coupling in the motions following the gust encounter.

Scores: YUH-61A Rotor System - .004
347/C Rotor System - .010
347/D Rotor System - .010
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3.1.3 Rotor System Adaptability to Parameter Variation (.15)

3.1.3.1 Aerodynamic Parameters (Airfoils, Planform, Tip Shape and Twist)
(.083)

The optimum rotor system for aerodynamic parameter research Is one which
will accommodata existing or future blades having basic state-of-the-art or
advanced configurations. The 347/D rotor offers a modern system incorpora-
ting an existing all-composite blade having advanced aercdynamic parameters.
This rotor system offers direct interchangeability with CH=-47A and CH-47C
blades. Also, it is highly probable that the 347 rotor hub will accommodate
future Boeing-Vertol advanced technology blades. Table 3.1.3-1 illustrates
the aerodynamic parameter variations of the existing RSRA ($-61) rotor, the
347/D rotor system and the variations obtained with CH-47A and C blades.
This basic aerodynamic parameter variation approach ailows for the foliowing
comparative testing:

1. 347/A vs. RSRA - Compares rotor having approximately the same
solidity, the same airfoil, approximately the same twist; but varies
the number of blades (4 vs. 5)

2. 347/C vs. 347/A - Allows testing the effect of airfoil camber.

3. 347/D vs. 347/ C - Tests the effect of variations in solidity, airfoil
and twist.

This approach has the disadvantage of varying three parameters at one time
when CH-47D blades are compared with CH-47C blades. Therefore, an expan-
sion of the test program would require one additlonal set of twistable blades
to vary parameters independently and sort out their effects.
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Table 3.1.3-1. Aerodynamic Parameters

RSRA

Rotor System (s-61) 347/D* 347/A 347/C
Diameter, m (Ft.) 18.89 (62) 18.28 (60) 18.01 (59.1) 18.28 (60)

Blade Chord, cm (In.) 46.35 (18.25) 81.28 (32.0) 58.42 (23.0) 64.13 (25.25)

Number of Blades 5 4 4 4
Solidity .0781 .1132 .0826 .0893
Rotor Speed, RPM 203 225 225 225

Tip Speed, mps FPS 201 (660) 215 (706) 215 (706) 215 (706)
Airfoil 0012 VR7/8 0012 BV23010-1.58
Twist, Deg. -8 -12 -9 -9

*347 Hub With CH-47D Fiberglass Blades
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In order to accomplish the same variation testing with the YUH-61A (UTTAS)
rotor system, three additional sets of blades would be required.

Tip shape variation testing would be equally as difficult using either a CH-47
type or UTTAS type blade.

Therefore, the respective scores for the 347/D or C rotor and the UTTAS

rotor are;

YUH-6TA Rotor System - .0166
347/C Rotor System - .0664
347/D Rotor System - .0664

3.1.3.2 Blade Natural Frequency (.023)

Flapwise and chordwise frequencies may be increased aimost independently by
bonding unidirectional graphite stiffeners on the external surfaces of the
blades. However this technique has the disadvantage of disturbing airfoil
contours. Furthermore, the 347/C rotor blade will require additional chord-
wise stiffening due to blade construction (separated aft fairing boxes). The
YUH-61A hingeless blade has an effective flap hinge at approximately 15%
span, therefore it is impractical to consider stiffening this blade in the flap~

wise mode.

Flapwise and chordwise frequencies may be increased or decreased by adding
tuning weights at the nodes or antinodes respectively. The 347/D rotor
system will be limited with regard to the amount of tuning weight added and

spanwise location due to tension-torsion strap assembly CF limitation.
Scores: YUH-61A Rotor System -~ .0161

347/C Rotor System - .0092
347/D Rotor System - .0115
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3.1.3.3 Effective Flap Hinge Location (.012)

To increase the effective flap hinge offset, two techniques may be considered;
stiffening the flapwise hinge, or physically changing its location. In the case
of the 347/C or D rotor system, it is considered most practical to do the lat-
ter. However, this approach would be Impossible in the case of the YUH=-61A
rotor system. The YUH-61A rotor system effective hinge location may be
increased by adding flapwise stiffening to the blade "swan-neck" or reduced
by adding a tuning weight. This increases or decreases the frequency of the
blade as well. It is considered that all candidates should be equally scored
at .0072.

3.1.3.4 Lock Number (.009)

No component variations except those resuiting from blade aerodynamic varia-
tions will be made. Therefore the same relative scoring will be applied as
under aerodynamic parameter variations.

Scores: YUH-61A Rotor System - .0018
347/C Rotor System - .0072
347/D Rotor System - .0072

3.1.3.5 Blade Sweep (.007)

In the case of the YUH-61A rotor system, drag pin location variation will
yield sweep variation. This Is considered to represent moderate design and
hardware variations. In the case of the 347/C or D rotor systems, blade
sweep might be accomplished by adding a stiff spring in parailel with the
blade lag damper. This is considered to represent compiex design and hard-
ware variations. In addition the spring would effect blade frequency and
damping.

Scores: YUH-6TA Rotor System - .0049

347/C Rotor System - .0028
347/D Rotor System - .0028
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3.1.3.6 Precane (.006)

Precone is a bulit-in upward siope of the blade pitch axis on hingeless
rotors. Droop Is a bend in the neutral axis of the blade or root fitting just
outboard of the pitch change bearings. Precone and droop together give
desirable pitch-lag coupling to help suppress air resonance. The combination
of precone and droop results in a blade neutral axis slope in the direction of
the blade in normal one g cruise flight. To change precone on a hingeless
rotor wouid require a completely new hub. To change droop wouid require
new root fittings between the biade root and the pitch bearing. In an articu-~
lated rotor droop variation may be accomplished by installing strong preloaded
springs about the flap hinge. Reducing or increasing coning angle in this
manner may have some effect on lateral flapping with forward speed, at a cost
of high blade root stresses.

Scores: YUH-61A Rotor System - ,0030
347/C Rotor System -~ .0012
347/D Rotor System - .0012

5.1.3.7 Control System Stiffness (.004)

Control system stiffness will be reduced by use of a flexible pitch link. This
concept is considered to be equally applicable to each candidate rotor system.
The score for each in this category is .0028.

3.1.3.8 Lag Damping (.002)

The YUH-6TA rotor system does not employ a lag damper, however the system
inherently has adequate damping from structural hysteresis and aerodynamic
damping. To add a damping system is considered to represent complex
design and hardware variations. The 347/C or D rotor systems incorporate
hydraulic lag dampers. It is consider:ed that variations in lag damper break-
out and/or damping rate represent readily achievable design and hardware

variations.
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Scores: YUH-61A Rotor System - .0006
347/C Rotor System - .0018
347/D Rotor System - .0018

3.1.3.9 Controls Authority (.002)

Controls authority may be changed by varying the actuator output crank arm
length. This concept is considered to represent design and hardware varia-
tions of equal complexity for each candidate. Therefore, the score for each
is .0014.

3.1.3.10 Coupling (Delta Three) (.002)

In the case of the 347/C or D rotor system, deita three (pitch-flap) coupling
variations would be accomplished by changing the angle between the flap
hinge axis and the pitch link attachment to the pitch arm. This concept is
considered to represent moderately difficult design and hardware variations.

In the case of the YUH-61A hingeless rotor system, deita three coupling
variations would be accomplished by changing blade sweep in conjunction with
control system stiffness changes. This concept is considered to represent
moderate design and hardware variations. However, these changes would also
affect torsional frequency.

Scores: YUH-61A Rotor System - ,0008
347/C Rotor System - .0012
347/D Rotor System - .0012

3.2 Cost and Schedule (.45)

Comparative preliminary estimates of costs were conducted to evaluate the
candidate rotor systems based on total program requirements including an
assumed parameter varlation test program. The resulting relative cost ratios_
were also applied to schedule considerations. Therefore, cost and schedule
are scored together based on the relative cost estimates.
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Scores: YUH-61A Rotor System - .153
347/C Rotor System - .296
347/D Rotor System - .296

4.0 347/D Rotor System - RSRA Integration
4.1 Basic 347 Rotary Wing Head (Modified)

The rotary wing head consists of the hub, hinge assemblies, blade retention
and pitch varying mechanism, and the blade lead-lag damper. The compo-
nents of the rotary wing head are essentially those of the Model 347 heli-
copter forward rotor as presented in figure 4.1-1 except for the changes
to the principal parts described below. Government furnished (GFE)
CH-47A/B/C parts will be used as is or upgraded for use on the 347/D~RSRA
rotor system where feasibie.

The basic 347 forward rotary wing head assembly possesses pitch-flap
coupling (A3) of 30 degrees. This coupling will be eliminated by removing
and replacing the 347 pitch housing assemblies with standard CH-47 pitch
change housing assembiies as shown in figure 4.1-2 (sheets 1 and 2).

As illustrated in figure 4.1-3, A3 coupling causes flapping due to cyclic
inputs or flapping due to forward speed to be greater and advanced in phase
(by about 30 degrees for 30 degrees A3), thus requiring more cyclic input
to trim the aircraft. In addition, A3 couples lateral with longitudinal flapping
and vice versa. Reference 6 states, “The Ilateral-longitudinal coupling
created is undesirable,' especially for single rotor aircraft, which accounts
for the little use of simple A3." Therefore the 347/D rotor system as
installed on the RSRA will not incorporate A3. However, A3 coupling up to
15 degrees may be investigated during Phase |Il of the Parameter Variation
Test Program to analyze pitch stability improvements obtained through A3
versus those obtained by a horizontal stabilizer variation.

The pitch change housing, fabricated from 7075-T13 aluminum alloy, is
designed to permit vertical pin bearing replacement at the organizational

-
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Figure 4.1-1
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Figure 4.1-2
sht. 1

36



D210-11723-3

Figure 4.1-2
Sht. 2
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maintenance level. Vertical hinge oil tanks are molded fiberglass. The
blade lead-lag damper is provided with a wider outboard rod end to improve

bearing life.

The rotor hub assembly has an overhaul interval of 2400 hours. The pitch
change bearings have a minimum B-10 life of 2400 hours and therefore are
retired at overhaul. The horizontal hinge pin, the horizontal and vertical
hinge pin bearings have a minimum B-10 life of 1200 hours including the
effects of pin slope. The hub assembly design provides for horizontal and
vertical pin bearing rotation at 1200 hour intervals, AVUM level, thereby
establishing 2400 hour overhaul.

4.2 CH-47D Rotor Blade Description

A complete description of the CH-47D fiberglass rotor blade (design and
fabrication) is presented in Appendix A. Also presented is a summary of
the qualification testing (the wverification of structural integrity, dynamic
properties, flight safety and performance objectives). Blade structural and
dynamic properties are presented in Appendix B.

4.3 347/D Rotor System Installation/RSRA Modifications

As illustrated by figure 2.0-1, the following new components will be needed
to adapt the 347/D rotor system to the RSRA rotor shaft:

a. Shaft Adapter
Material - 4340 Steel - Forged Billet Norm. Temp. - MIL-S-5000,
Cond. E, 33.02 cm DIA x 30.48 cm (13.0 in. DIA. x
12.0 in.)
Note: This component will be machined with an internal spline
to match the RSRA rotor shaft.
b. Support Fitting (provides attachment lugs for connecting the B/V
347 rotating swashplate drive scissors to the shaft adapter)
Material - 4340 Steel Bar, MIL-S-5000, Annealed or Normalized and
Tempered 6.35 cm x 12.7 ecm x 21.59 cm (2.5 in. x 5.0
in. x 8.5 in.)
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c. Flanged Collar (spacer between shaft adapter and shaft extension)
Material - 4340 Steel - Forged Billet Norm. Temp. - MIL-S-5000,
Cond. E, 33.02 cm DIA x 10.16 cm (13.0 in. DIA. x 4.0

in.)

Note: 4 lugs are provided on this collar for the attachment of
the support links to be used in the flap hinge location
variation test (a proposed Phase Il parameter variation
test).

d. Shaft Extension

Material - 4340 Steel - Forged Billet Norm. Temp. - MIL-5-5000,
Cond. E, 29.21 cm DIA x 33.02 cm (11.5 in. DIA. X
13.0 in.) )

Note: This component will be machined with an external spline
to match the B/V 347 rotor hub.

e. Spacer (provides support for hub)

Material - 4340 Steel - Forged Billet Norm. Temp. - MIL-5-5000,

Cond. E, 29.21 cm DIA x 3.5 cm (11.5 in. DIA. x 3.5 in.)

The shaft adapter is mounted onto the RSRA shaft with the existing RSRA
split hub aligning cone (P/N S6110-21059) and pressure plate (P/N S6110-
21073); and, the rotary wing head shaft nut (P/N S$6110-21082) with shaft
key (P/N S6110-21084), shaft key shims (P/N S6110-21086) and shaft nut
bolts (P/N S6110-21085). The above hardware should be new. However,
old parts may be reused following visual and NDT inspection in accordance
with reference 10, page 406.

In addition, the new components needed for the upper control system are

delineated in the following paragraph.

4.4 Control System Modifications

Starting with the RSRA upper control actuators, the following components
will be retained without modification:
a. Control Actuators
b. Control Links (between control actuator output cranks and station-
ary swashplate member)
¢c. Stationary Swashplate Member
40



D210-11723-3

d. Stationary Scissors
e. Ball Slider
f. Rotating Swashplate Bearing

The Model 347 rotating swashplate and rotating drive scissors will be used
with the following new components:
a. Swashplate Adapter (Spacer ring between 347 rotating swashplate
member and the existing RSRA swashplate bearing)
Material - 4340 Steel Plate, AMS 6359 Annealed 7.62 cm x 45.2 X
45.2 (3.0 in. x 18.0 in. x 18.0 in.)
b. Retainer (Rotating Swashplate Bearing)
Material - 4340 Steel Plate, AMS 6359 Annealed 3.17 cm x 48.26 cm
x 48.26 cm (1.25 in. x 19.0 in. x 19.0 in.)
c. Pitch Link Assembly (4) Required
The pitch link assemblies are made up from existing CH-47 turn-
buckle hardware and new extensions. The pitch link extension
material will be;
15-5 PH Stainless Steel Forged Bar Solution Treated per AMS
5659 6.35 cm DIA x 60.96 cm (2.5 in. DIA. x 24.0 in.).
d. Control Bellcranks (Amplifies Control Actuator Output Stroke) (3)
Required
Note: These components will replace the existing bellcranks
(P/N 72402-00413-041 & 042) to further amplify the control
actuator output stroke.

The control bellcrank change is based upon RSRA trim characteristics pre-
sented by figure 4.4-1 (Ref. 11). Figure 4.4-2 is presented to more clearly
visualize these characteristics. The aft C.G. condition is considered because
it requires more forward cyclic control. In the 259 km/hr (140 knot) case,
the angle between the swashplate and the tip path plane (9 1/2°) is the flap-
ping due to forward velocity. For zero velocity the tip path plane would be
parallel to the swashplate. The longitudinal flapping (-2 1/2°) shown exerts
a nose down moment on the fuselage to balance the C.G. offset and the aero-
dynamic nose up moment on the fuselage. The 347 rotor with CH-47 blades
will exert 10% more pitching moment on the fuselage per degree of flapping.
This means that flapping can be reduced by 10% to maintain the moment and
the same total tip plane tilt as required to achieve the forward speed.
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Further discussion of control requirements are detailed in the Stability and
Control Analysis (paragraph 4.10).

Use of the 347/C (CH-47C Blades) rotor system yields similar twist, solidity
and pitching moment per degree of flapping as that of the RSRA rotor and
therefore similar trim.

Even though the 347/D rotor system results in a reduced cyclic throw that is
less than that required for the 347/C or S-61 rotor system, and since it is
probable that the parameter variation test program will require airspeeds
greater than 259 km/hr (140 knots), and use of the 347/C rotor, the cyclic
and collective pitch throws will be kept as near as possible to the original
RSRA values by the addition of the new actuator output cranks.

The 347/D rotor system with the new actuator output crank will result in a 5%
reduction in the RSRA longitudinal and lateral cyclic. The limiting factor is
the amount of swashplate tilt permitted before there is interference with the
transmission housing. Therefore, the resuiting cyclic control motions are as

follows:
- [ ] =
Fwd. Long. = .95(15°) = 14.25° Tot. Long. = 24.7°
Aft Long. = .95(11°) = 10.45°
Lateral = ,95(#89°) = +7.6°

The new actuator output crank changes the effective actuator stroke at the
swashplate from the present stroke of 16.25 cm to 19.68 cm (6.4 inches to
7.75 inches). The resulting total collective pitch range is 14.58° compared to
the present RSRA collective range of 15.5°. This may limit airspeed with the
347/C rotor due to forward stick control margin requirements. Also, the re-
duced collective pitch range will only slightly limit high altitude and high rate
of climb maneuvers.

-

4.5 Transmission Modifications

The 347/D rotor system has been designed to operate at a nominal rotor speed
of 225 rpm. Based on the RSRA systems handbook (reference 12) the RSRA
rotor speed (203 rpm) may be increased by changing the main bevel gear and
pinion mesh from the existing reduction ratio of 3.40 to 3.05.
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This would require removing and replacing the main bevel gear and its driv-
ing pinion cartridge, P/N's S6137-23053-1 and S6137-23054-1, items 10 and 20
illustrated in figure 4.5-1. The tail rotor speed and the speeds of accessory
equipment will be maintained by changing the gear ratio at the bevel mesh
takeoff for the tail rotor shaft. This mesh change would require a change in
the mesh between item 10 and 14 (P/N S6135-20871-1).

4.6 Blade Severance System

Teledyne McCormick Seilph, the supplier of the RSRA emergency escape sys-
tem, has submitted a proposal and quote (Proposal No. B100-80-393), presen-
ted in Appendix C, to conduct design and/or design updating to fully define
the system and modifications, development testing, hardware procurement and
assembly, verification testing and installation on the RSRA.

4.7 Aerodynamic Anlaysis

The primary aerodynamic effect of installing the 347/D rotor system on the
RSRA will be to change the aircraft performance relative to the current test
configuration with the S61 rotor installed. A comparison of the RSRA hover
and forward flight performance with the 347/CH-47D and S61 rotors installed
is presented below.

4.7.1 Hover OGE Performance

The RSRA hover power required at sea level/53°F with the 347/D and S61
rotor systems installed are presented in Figure 4.7.1-1. As shown, the 347/D
rotor power required is less than the S61 installation at gross weight higher
than 9070 kg (20,000 lbs) due to improved airfoils and increased twist. At
weights below 9070 kt (20,000 Ibs) the 347/D power required is higher than
the S61 rotor due to increased profile power caused by the higher blade area
and tip speed of the 347/D rotor.
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The RSRA Standard Day hover ceiling with TS8-GE-5 engines is presented in
Figure 4.7.1-2. At sea level, the RSRA gross weight capability is 725.6 kg
(1,600 Ib) greater than the S61 rotor due to the lower power required of the
347/D rotor and increased transmission limit power available. The 30 minute
transmission limit of 1864.25 kw (2500 hp) with the S61 rotor at 203 RPM in-
creases to 2065.59 kw (2770 hp) for the 347/D rotor operating at 225 RPM.
The tail rotor is assumed to operate at the same rotor speed as the S61
installation.

Hover power required for the 347/D rotor is based on the B92 vortex theory
analyses. Tail rotor power required, download and transmission and access-
ory losses are obtained from reference 11.

4.7.2 Forward Flight Performance

The RSRA level flight power required at sea level/53°F is presented in Fig-
ure 4.7.2-1 for gross weights of 7250 kg (16,000 1b) and 9070 kg (20,000 Ib.)
At 7256 kg (16,000 Ib) the 347/D rotor power required at 140 Kts is higher
than the S61 level due to the increased solidity and tip speed. At 9070 kg
(20,000 1b) the S61 cruise power required is considerably higher than the
347/D rotor due to rotor stall associated with the lower solidity and NACA
0012 airfoil configuration of the S61 rotor blade. The RSRA control system
imposes a limit for the 347/D rotor system installation of 259 km/hr (140 Kts)
noted in this figure and is applicable at all gross weights (see paragraph
4.8).

At minimum power airspeeds the 347/D power required is higher than the S61
power level because of increased solidity and tip speed. Higher minimum
power required will reduce the Standard Day one engine inoperative (OEI)
service ceiling as shown in Figure 4.7.2-2. At 609 m (2,000 ft) the 347/D-
RSRA OEl gross weight capability will be 1496 kg (3,300 Ib) less than the
current S61 RSRA configuration. Comparison of the Hover OGE and OEI
ceiling capability of the two rotors indicates that the S61 maximum takeoff
weight will be limited by hover OGE capability unless an IGE takeoff proce-
dure is used.\\fl‘he 347/D rotor maximum takeoff weight will be limited by OEI]
performance. \
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The 347/D-RSRA power required is derived using the Y92 trim analysis com-
puter program. Y92 is a strip analysis that utilizes two dimensional airfoil
section data defined in the Boeing transonic wind tunnel. Nonuniform down-
wash corrections based on the Vertol B67 forward flight vortex theory are
included in the Y92 analyses. A parasite drag of 6.52m2 (21.4 ft2) or .45 m2
(1.5 ft2) less than the S61 value of 6.97 m (22.9 ft) defined in Reference 11
was used, reflecting a lower hub drag for the four bladed 347/D rotor.

4.8 Structural and Weight Analysis

Based on reference 5, the endurance limits of the RSRA stationary control
system components will restrict the 347/D rotor system, as installed on the
RSRA, to an airspeed of 259.25 km/hr (140 kts.) at flight conditions similar
to those given for the pitch link load data presented by figure 4.8-1. The
CH-47 flight conditions presented, resulted in loading on the forward rotor
comparable to that to be experienced by the 347/D rotor system on the RSRA
at a gross weight of 11337.5 kg (25,000 ib).

In addition, rotor shaft bending limitations will restrict the 347/D rotor blades
to *8 degrees of flapping at a 2.2% hinge offset or *7 degress with a 5% hinge
offset. This is primarily due to the increase in rotor height of 35.56 cm (14
inches). However, this restriction should not represent an important rotor
limitation.

With the installation of the 347/D rotor system, there will be an increase in
the total rotor system weight of approximately 267 kg (590 Ib). This estimate
is based upon a stated weight for the existing RSRA main rotor system of
1046 kg (2307 Ib.) per reference 12. It is assumed that this weight includes
the swashplate assembly, Alpha - 1 linkages, pitch links and instrumentation.

4.9 Dynamics Analysis

.

4.9.1 Introduction
Computer analyses were conducted to determine blade, hub, and control sys-
tem vibratory loads for a single rotor having a Model 347 hub and 4 CH-47D

blades. This study was performed at the following conditions:
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Nominal Rotor Speed = 225 RPM

Vehicle Gross Weight = 8389 kg (18500 LB)
Nondimensional Propulsive Force = .1

Maximum Forward Speed = 277 km/hr (150 KTS)

Trim to Zero Flapping

Rotor blade rotating natural frequencies, flutter, and divergence boundaries
were calculated. In addition, the effect of increasing the blade third flap
frequency on vibratory loads was investigated.

Although dynamic parameter variations such as blade natural frequency are
proposed using CH-47C blades, the quantitative effects shown here for varia-
tion of third flap frequency are expected to be similar for CH-47C and
CH-47D blades in four bladed configurations on the 347 hub at the same flight
conditions on the RSRA.

4.9.2 Analysis Methodology

The computer simulations used for this study are programmed on the Boeing
Vertol IBM 3033 and have been used extensively for research, production
design support, and various correlation studies. Brief descriptions of the
applicable programs are given in the following sections.

4.9.2.1 Blade Natural Frequency Analysis

Blade rotating natural frequencies were computed using a Boeing Vertol pro-
gram called D-01. This lumped mass rotating beam analysis calculates coupled
flap/torsion and uncoupled chord modes and frequencies. The effect of con-
trol system collective pitch stiffness is included.

4.9.2.2 Blade, Hub and Control Loads

Blade, hub and control system loads were calculated using Boeing computer
program C-60. This analysis considers coupled flapwise - torsion deflections
and uncoupled chordwise motions of the rotor blades. The blade is represen-
ted by 20 lumped masses interconnected in series by elastic elements. Bound-
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ary conditions for either articulated or hingeless rotors are applied and the
solution obtained by expanding the variables in a 10-harmonic Fourier series.

Airload calculations include the effects of airfoil section geometry, compressi-
bility, stall, three-dimensional flow, unsteady aerodynamics and nonuniform
inflow. Static airfoil tables are used to account for compressibility, static
stall, and airfoil shape. The unsteady aerodynamic loads are calculated by
modifying the static loads resulting from the airfoil tables to include Theodor-
sen's shed-wake function, dynamic stall effects based on oscillating airfoil
data, and yawed flow across the blade.

The nonuniform inflow calculations are based on a tip and root vortex trailed
from each blade. Through an iterative technique, each trailed vortex is made
compatible with the calculated blade lift distribution, and the lift distribution
is compatible with the nonuniform downwash field. The wvortex wake is
assumed to be rigid and drift relative to the hub with a constant resuitant
velocity composed of thrust-induced uniform downwash and aircraft airspeed.

4.9.2.3 Blade Flutter and Divergence

Critical flutter and divergence speeds were calculated using a rotating beam
analysis with aerodynamics called L-01. The theoretical basis of this program
is the lumped parameter method of analysis employing finite difference equa-
tions to relate the dynamic aercelastic quantities of adjacent rotor stations.
Rotor natural frequencies are obtained by satisfaction of the root boundary
conditions. A classical flutter analysis is made using the coupled flap bend-
ing and torsion modes. The analysis employs generalized coordinates and the
Theodorsen unsteady aerodynamic theory.

4.9.3 Baseline Rotor Loads

Vibratory loads were calculated for the Model 347 baseline hub with four
CH-47D blades at 225 RPM rotor speed, forward speeds of 74 km/hr (40 kt),
148 km/hr (80 kt), 222 km/hr (120 kt), 277 km/hr (150 kt) and .1 nondimen-
sional propulsive force. The rotor was trimmed to zero longitudinal and
lateral flapping. A vehicle gross weight of 8389 kg. (18,500 Ib) was simu-
lated.
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4.9.3.1 Hub Vibratory Loads

4/rev vibratory hub loads versus forward speed are presented in figures
4.9.3-1 through 4.9.3-5. These data show the following trends:

a. Vertical and side forces increase with increasing values of forward
speed.

b. Normal force and pitching moment increase up to 148 km/hr (80
kts), decrease from 148 km/hr (80 kts) to 222 km/hr (120 kts),
and then increase rapidly with increasing forward speed above 222
km/hr (120 kts).

c. Roll moment increases up to 148 km/hr (80 kts) then decreases up
to 277 km/hr (150 kts), the maximum airspeed investigated.

4.9.3.2 Blade Alternating Loads

Alternating blade loads versus nondimensional blade radius at 74 km/hr (40
kts), 148 km/hr (80 kts), 222 km/hr (120 kts), and 277 km/hr (150 kts) for-
ward speed are presented in figures 4.9.3-6 through 4.9.3-8. All blade loads

are well below the endurance limit. These data show the following trends:

a. Alternating flap bending, chord bending, and torsion bending mo-
ments increase with increasing forward speed.

b. Alternating flap bending moments are maximum near .57R and
decrease to zero at the blade tip and flap hinge location.

c. Alternating chord bending moments are also maximum near .57R and
_decrease to zero at the blade tip.

d. Alternating torsion bending moments increase inversely with non-
dimensional blade radius, and are maximum near the pitch arm.
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o 347 HUB/4 CH-47D BLADES
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FIGURE 4.9.3-1 4/REV VERTICAL HUB LOAD VS FORWARD SPEED.
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FIGURE 4:9.3-4 4/REV HUB PITCHING MOMENT VS FORWARD SPEED
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347 HUB/4 CH-47D BLADES
G.W. =g8389kg (18,500 LBS)
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FIGURE 4.9.3-5 4/REV HUB ROLLING MOMENT VS FORWARD SPEED
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347 HUB/4 CH-47D BLADES
G. W. = 8389 kg (18,500 LBS)
X =.10

Blc & Bls =0

ENDURANCE LIMIT
263001 NEWTON-METERS
(59128 IN-LBS) @ .7R

227 km/hr (150
KTS)

22 km/hr (120 KTS)

148 km/hr (80 KTS)
74 kny/hr (40 KTS)

1 [ 1 ]
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FIGURE 4.9.3-6 ALTERNATING FLAP BENDING MOMENT VS N.D. BLADE
RADIUS AT V = 74 (40), 148 (80),222 (120) 277 km/hr
(150 KTS)
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63



D210-11723-3

347 HUB/4 CH-47D BLADES
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4.9.3.3 Control System Loads

Steady and alternating pitch link loads versus forward speed are presented in
figure 4.9.3-9. These data show that both the steady and alternating com-
ponents of the load increase in magnitude with increasing forward speed.

4.9.4 Stability and Divergence

Rotor stability and divergence was investigated for rotor speeds from 150 RPM
to 300 RPM, including the nominal speed of 225 RPM. Blade pitch control
flexibility was varied by *60 percent to determine the sensitivity of this
important parameter. For all conditions analyzed the blade was free from
flutter and static divergence.

4.9.5 Blade Natural Frequencies

The natural frequéncy spectrum for the baseline CH-47D composite blade is
shown in figure 4.9.5-1. The effect of adding tuning weights on the blade
3rd flap frequency was analytically investigated using the D-01 blade natural
frequency computer program. In addition, the effect of this modal frequency
placement on hub, controi system, and blade loads was determined.

4.9.5.1 Effect of Tuning Weights on Blade Frequency

Blade tuning weights were added at .25R and .90R to determine their effect
on the blade 3rd flap frequency. The results of this study are presented in
Figure 4.9.5-2. These data show the following:

a. Adding weight at .25R reduces the 3rd flap frequency. This loca~
tion is anti-nodal, but does not significantly effect the centrifugal
stiffening becuase of its proximity to the axis of ratation.

b. Adding weight at .90R increases the 3rd flap frequency. This loca-

tion is close to a node, but the centrifugal stiffening effect is sig-
nificant because the weight is positioned at an outboard location.
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4.9.5.2 Effect of 3rd Flap Frequency on Rotor Loads

The effect of the third flap mode natural frequency placement on blade and
hub shaking forces was analytically investigated. Calculations were made at
277 km/hr (150 kts) forward speed and 225 RPM, the nominal rotor speed.
4/rev vibratory hub loads versus non-dimensional blade 3rd flap frequency
are presented in figures 4.9.5-3 through 4.9.5-7. These data show the
following trends:

a. Vertical and side forces are maximum when the 3rd flap frequency
is near 5Q and minimum when it is shifted up in frequency to
approximately 5.6Q.

b. Normal force is minimum when the 3rd flap frequency is on 5Q and
increases in magnitude when the mode is raised or lowered in fre-
quency relative to 5.

c. Pitching and rolling moments are minimum when the 3rd flap fre-
quency is near 5.2Q and increase with increasing values of fre-
quency.

As shown in Figure 4.9.5-8, steady and alternating pitch link loads are not
significantly affected by the frequency placement of this mode.

Figure 4.9.5-9 shows alternating flap bending moment versus non-dimensional
blade radius. These data show that flap bending moments are maximum when
the blade 3rd flap frequency is tuned near 5Q and decrease with increasing
values of frequency.

4.10 Stability and Control Analysis

This section evaluates the use of the 347/D or 347/C rotor systems on the
RSRA and how well they meet the significant flying qualities requirements
of specification MIL-H-8501A (Reference 19). This analysis made use of the
Boeing Vertol (BV) computer program Y-92 which contains a strip integration
analysis of the rotor with airfoil tables complete with mach and stall effects.
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The program was completely specified for the RSRA configuration including
the fuselage aerodynamic forces based on data from References 11 and 12.

The match of the BV analysis to Sikorsky for the same S-61 rotor is presen-
ted in figure 4.10-1. In the 74 to 148 km/hr (40 to 80 knot) speed range,
the higher attitude and more forward flapping and stick are all related to the
difference in predicting moments on the fuselage; possibly due to inaccurate
methods of treating rotor downwash effects on the horizontal tail. For con-
sistency, all rotor systems were analyzed and compared using the BV pro-
gram.
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The comparison of longitudinal trim for the S-61 and 347/D rotor systems is
given in figure 4.10-1. The lesser magnitude of aft flapping, due to higher
solidity of the 347/D rotor also results in a slightly larger nose down atti-
tude. The 347/D rotor forward stick margin is as favorable as the basic
rotor except for speeds beyond 296 km/hr (160 knots) which are not in the
expected flight envelope. The unstable stick position gradient in the 60 to
100 airspeed region indicates poor speed stability. However, neither rotor
system is significantly waorse.

The lateral trim for zero sideslip was identical for both rotor systems. Side-
wards flight was not analyzed. However, since rotor flapping is slightly less
for the 347/D rotor system, no serious problems are envisioned except that
tail rotor margins in a sideslip or sideward flight might be reduced and re-
quire a lower lateral flight envelope. Lateral stability in autorotation has had
unstable stick gradients. This should be evaluated during the 347/D-RSRA
system development program.

Control power, damping and stability parameters were reviewed for several
rotor systems and are presented in table 4.10-1. An unexpected result is
that even with the lower flap hinge offset, all 347 rotor configurations have
nearly the same or better controi power than the basic S$-61 rotor system.
This is largely due to the larger blade, greater tip speed and resulting high-
er centrifugal force. Pitch damping was the only parameter that did not meet
the requirements of MiL-H-8501A (Reference 19) with all rotor systems defi-
cient. This problem has been reported in Reference 11 for the S-61 rotor
system. The 347/D rotor system with the 35.5 cm (14 inch) increase in rotor
heighth equals the S-61 characteristics; however, the 347/A rotor system
does not.

Table 4.10-1 also notes the longitudinal stability parameters Zw, Mq and Mw.
The higher solidity of the CH-47D blade causes the higher ZW and less stable
MW which will result in greater gust sensitivity and faster divergence with
SAS failures. The SAS off short period roots are noted and some small im=
provement occurs with the CH-47D blades. The lateral directional dynamics
should be close to that with the S-61 rotor system as the only change is rotor

lateral flapping with sideslip.
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RSRA STABILITY & CONTROL PARAMETERS

TABLE 4.10-1

D210-11723-3

——— e -

s-61 Rotor | 3a7/0 notor | 53*1 R RQTRR, |,341/A RaTOR,
PARAMETER NORMAL HT. INC. WT: - | INe. WY
NO. OF BLADES (b) 5 4 4 4
HINGE OFFSET(e) % .39 2.22 2.22 2.22
ROTOR SPEED rad/sec 21.26 23.56 23,56 23.56
TIP VELOCITY m/sec 201. 213, 213, 313,
(ft/sec) (660.) (706.) (706.) (696.)
LOCK ¥0. 10.71 10.8 10.8
ROTOR RESPONSE FACTOR sec._].g_l .07027 .06288 .06288
MOMENT CAPABILITY eb Cp 123375, 128666. 128666. 97600,
2
MOMENT/DEG. FLAP Nm_ ft-1b 5532, 5657. 6093, 5348,
! deg, ~deg. (2080.) (41727) (4493.) (3344.)
ROTOR SOLIDITY o .078 L1132 L1132 .082
LONGITUDINAL MIL-H-8501A
(HOVER) - -

CONTROL POWR 1/sec?/in .062 127 138 143 .125
DAMPING 1/sec .26 .170 .1339 .165 1333
z, - .873 -1.160

222 km/hr
Mw - .00636 - .0021
SHORT PERIOD -1.049+1,12§ | -1.188+1.65J

LATERAL (HOVER)

CONTROL PWR. .20 .725 .700 .760 .670
DAMPING 1.25 1.74 1.34 1.450 1.275
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The capability to autorotate with the 347/D rotor system was reviewed and
found sufficient. On the RSRA, the 347/D rotor system full down collective
is at -.2 degrees at .75R. This is lower than the zero setting on the CH-47D
helicopter, therefore allowing a higher autorotation rotor speed. The 3-blad-
ed CH-47D rotors have been demonstrated to autorotate at 12698 kg (28,000
Ibs.) minimum for the tandem helicopter and, therefore, would be capable at
6349 kg (14,000 Ilbs) for each 3-bladed rotor or 8435 kg (18,600 Ibs) minimum
for a 4-biladed rotor. The large change in longitudinal stick from powered
flight to autorotation as indicated in figure 21 of reference 11 should be
slightly improved with the 347/D rotor system based on classic equations
due to its higher solidity and equal control power. When the 347/A or
347/C rotor systems are used some deterioration of this condition can be
expected and should be more thoroughly analyzed.

In summary, the stability and control of the RSRA incorporating the 347/D
rotor system with the 35.56 cm (14 inch) rotor heighth extension will closely
exhibit the characteristics of the S-61 rotor system in trim, control power and
control margins. In flight test, some care should be taken to explore SAS
failure effects. Parameter variation of RPM, blade tip shape and solidity must
be more thoroughly investigated for their impact on stability and control.

4.11 Technical Risks

The following potential problems are offered to underscore the most important
concerns to be addressed and analyzed during the 347/D-RSRA program
development phase:

a. Rotor height - aerodynamic instability

Installation of the 347/D rotor system on the RSRA required the hub to
be raised 35.56 cm (14 inches) relative to the current S61 installation.
Raising the rotor creates a potential aerodynamic problem. Experience
on the YUH-61A (UTTAS) aircraft has shown that raising the rotor can
cause unstable and intermittent flow separation on the pylon aft of the
hub that impinges on the tail rotor in certain flight regimes causing
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severe low frequency lateral upsets. For the S-61 rotor, installed close
to the pylon, the current hubcap installation alleviates the impingement
problem. However, Vertol testing (Reference 18) has shown that the
hubcap is ineffective when the rotor is raised.

If a problem is encountered and is severe enough to restrict the flight
envelope, then the pylon upper contour must be modified to achieve a
more stable pressure gradient aft of the hub to prevent separation.
This would require model rotor/fuselage wind tunnel testing to define the
modifications. A rotor/fuselage model rather than a static model is
necessary since the interaction of the fuselage flow field on the rotor
wake has been found to have a significant effect on the separation
phenomena as described in Reference 18.

Drive System Resonances

Rotor/drive system dynamics analyses will require the following RSRA
engine/drive system data:

(1) Torsional stiffness of main rotor shaft, engine shaft and tail rotor
shaft

(2) Torsional inertia of power turbine, tail rotor and all transmissions.
Ground Resonance

Rotor/RSRA system dynamics analyses will require data on the RSRA
landing gear stiffness and damping characteristics as a function of land-
ing gear load is needed.

Structural Deficiencies

Structural (stress) analyses will require the following data:

(1) Critical allowabie rotor shaft moments
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(2) Endurance limits of each component from and including the trans-
mission actuator attachment up to and Iincluding the stationary
swashplate member.

(3) Allowable swashplate thrust and moment on the swashplate bearing.

Hover Performance Test Envelope Reduction