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1.0 SUMMARY

1.1 Task I

This report summarizes the Task I accomplishments as required by coniract
DA LL-177-AMC-25(T) and reported in Hiller Aircraft Company, Reports

No. 64-42 through 64-50 (see Reference 1 - 9). Task I, as defined in the
work statement cf the subject contract, requires the completion of a
rotor system parametric design study and a rotor system preliminary design
(w1th appropriate design studies) for a heavy-lift tip turbojet system
wvhich will meet the followirg mission requirements and design obJjectives:

Mission Description

a) Payload (outbound) - 12 tons

b) Radius - 50 nautical miles

¢) Cruising speed-(i) outbound, 60 knots; (ii) inbound (no payload) -
100 knots

d) Take-off and destination elevation - sea level

e) Cruising altitude - sea level

f) Atmospheric condition - sea level, standard atmosphere

e¢) Hovering time (out-of-ground effect) - (i) at take-off, 3 minutes;
(11) at destination, 2 minutes

h) Reserve fuel (percent initial fuel) - 10 percent

1) Hovering capability - (i) altitude, 6000 feet, (ii) temperature,

95°F.

Design Objectives

a) Design gross weight - 60,000 - 80,000 pounds
b) Design maximum speed - 125 miles per hour

¢) Minimum flight load factor + 2.5 and - 0.5
d) Rotor tip environment - 235g

1.2 Task II

Task II of the subject contract requires an analysis and design of such
modifications as may be required to permit satisfactory continuous opera-
tion of the Continental (CAE) Model 357-1 (Modified J69-T-29) engine in
a helicopter rotor tip environment. A summary of the accomplishrents
under this task may be found in Continental Aviation and Engineering
Corporation Reports 942, 943, and CAE Engine Specification No. 2253.

(See References 17 - 19).




2.0 CONCLUSTONS

2.1 Parametric Design Study

2.1.1 Structural and Dynamic iLimitations

Previous parametiic design studies for helicopters with conventional rotcrs
have consistently produced cptimum configurations which consist of rotor
biades with aspect ratios (radius/chord) of 18-22. Thus, it was con-
sidered apprcpriate, prior tc c¢onducting the parametric study, to examine
aspect ratio limits which might be imposed by the unccnventional high

tip weight concentrated at the rotor tip. Both static deflection ard
fundamental in-plane frequency requirements were examined in this regard.

The requirements for rotor static droop, not to exceed 10 percent of rotor
radius, and for the fundamental rotating in-plane frequency (uncoupled),
not to be less than 1.3 times normal operating speed, both produce a maxi-
mum allowable aspect ratio range cf 9-11; the range depends on rctor
radius and tip weight-to-tlade weight ratios. However, since the rotor
blades optimized at aspect ratios less than 9, the static droop and in-
plane frequency requirements did not, in fact, impose additional con-
straints on the study.

2.1.2 Optimum Configuration and Design Parameters

2.1.2.1 Optimum Helicopter with Generalized Engines

Within the scope of the parametric design study, the optimum helicopter
was found to be one which utilized the minimum number of blades and
engines.

Considering the two airframe configurations {i.e., crane and transport),
both with identical rotor configurations and engine arrangements, the
crane fuselage with external cargo was found to result in a lower gross
weight than the transport fuselage with internal cargo.

Since an articulated rotor was found to be inappropriate for tip turbo-

jet application due to engine-out unbalance ccndition (see Reference 6)

and in consideration of the fact that the means (root spring restraint)

of providing additional control power to a universally mounted rotor are
not applicable to a two-blade rotor (see Reference 9), the optimum

(gross weight = 63,200 pounds ) helicopter configuration was thus determined
to consist of:

a) A three-blade, 55.83-foot-radius, universally mounted rotor.
b) A single-engine installation at each blade tip.
¢) A crane-type fuselage.

The values of the design parameters for this configuration are presented
in Table 3 of Section 3.0 of this volume.

n




2.1.2.2 Optimum Parameters for Particular Configurations

The effect of confipgurati:r. on minimun orocs we ot "o o wn ‘nofable &
of Section 3.0. It is concluded tnat :he gr.ce welght increased with
the following ascending crder of engine arrangements.

a) Single engine per blade {minimum number of blades) - lcwest gross
weight).

b) Side-by-side engine arrangemern: (minimum number of blades) two engines
per blade.

c) Over-under engine arrangement, twc engines per blade - highest
gross weight.

2.1.2.3 Optimum Helicopter With CAE 357-1 Engine

With the present limit on the rctor tip centrifugal force envircrmment of
235g, a rotor having three blades, & 55.8-foot radius, over-under
engines (six), and crane-type fuselage is the optimum (minimum gross
weight of 64,250 pounds) configuration which utilized the CAE 357-1
engine. This model is referred to as the 1119. However, the 357-1
engine must be available with a military, static-sea-level-thrust rating
of 1,500 pounds wkich is an 11.8 percent growth of the 357-1 engine
version considered by Continental Aviation and Fngineering Corp. in Task
II of this study.

A four-blade, eight-engine, rotor r'onngurat"on with a gross weight of
72,104 pounds is required to meet the i ission requirements and the hot
day hover requirements (6,000 feet, 95 F.) with a 1,700-pound, static-
sea-level rating for the 357-1 engine. This model is referred to as 1108.

A conplete listing of the component weignts and design psrameters of
the above three- and four-blade configurations is presented in Table 4
of Section 3.0 of this volume.

2.1.3 Nonoptimum and Nonlimited Configurations

2.1.3.1 Weight Penalties

Reference 1 indicated that for the generalized engine parametric study
the optimum configuration is three blades and three engines with a crane-
type fuselage. The following penaltiies result from using engine arrange-
ments other than the coptimum, depending on the number of blades and the
condition being considered.

Single engine per blade . ., . . . . no weight penalty
Side-by-side engine arrangement . . 1,900 to 3,400 pounds
Over-under engine arrangement . . . 3,080 to 4,800 pounds

The greatest percentage of the penalty is fuel weight since the primary
effect of using the nonoptimum configurations is to increase the



nacelle drag. It is also possible 10 observe the differences in the use
of the nonoptimum number of blades {Reference 1) and to determive the
range of these values from Table 2 as follows:

Two blades . . . . . . . 3,000- to 6,400-pound decrease
Three blades . . . . . . no weight penalty
Four blades . . . . . . 3,700- to 7,850-pound penalty

The weight penalties for mcre blades than optimum are compounded from
fuel weight for the additional drag of the blade profile, the nacelles,
and the weight of the additional blade.

Use of the transport fuselage with internal cargo results in a weight
penalty as discussed in Reference 1 as follows:

Crane-type fuselage . . no weight penalty

Transport-type fuselage. 1,000- to 1,700-pound weight penalty

2.1.3.2 Effects of Engine-Rotor Tip "g" Field

Results of the parametric design study indicate that configuration gross
wveight varies inversely with rotor tip acceleration. This variation is
shown in Reference 1 (Volume II), which indicates that configuration
gross weight continues to decrease up to a limiting value of rotor tip

g 5 at vhich point the advancing blade compressibility limit occurs.

2.1.3.3 Changing Rotor Lift Coefficient and/or Tip Speed Ranges

It does not appear that changing the upper limit of the design rotor mean
1lift coefficient, CLTO, range would be of any significant benefit, since

only small reductions in gross weight may be obtained above a LTO of 0.50,
vhich is the maximum value considered acceptable. For the optimum three-
blade configurations, the design rotor mean lift coefficients all occur
between .375 and .50. Reducing the lower limit on the hover tip speed

for 235g tip acceleration limit, to 598 feet per second would realize a
reduction of 3,400 pounds for the optimum three-blade, three-engine con-
figuration. A lower limit on the tip speed of 565 feet per second would
be necessary to take maximum benefit of the weight reduction indicated

for the four-blade configurations.

Increasing the upper limit on tip speed would not appear to be desirable
since the rotor is presently limited to Ti3 feet per second tip speed by
advancing blade compressibility at 125 miles per hour. However, increasing
the hover tip speed and tip acceleration limit would allow the hover
requirement at 6,000 feet, 95° F. to be met with a smaller engine for a
given rotor radius; but the forward flight tip speed would have to be
limited to T43 feet per second or less.




2.1.4 In-Flight Engine Shutdown for Reduced Fuel Consumption

While not included as an integral portion of the parametric design study,
the effects of engine shutdown in cruise on fuel consumption were

studied for the Model 1108. Effects of engine cold drag on power required
were combined with the effects of increased operating power level (per
engine) on specific fuel consumption. The resulting net effect was a
better than three percent reduction in required fuel per nonoperating
engine without provisions for fairing to minimize cold drag.

2.2 Design Layout Studies

2.2.1 State-of-the-Art Feasibility

Development of a heavy-lift tip turbojet helicopter of 60,000 to 80,000
pounds gross weight is concluded to be within the state-of-the-art of
all technologies associated with the design and fabrication of a rotor-
crafv of this type.

Conventional flight ccntrols which utilize hydraulic boost cylinders are
employed on the Model 1108 helicopter; the rotor suspension is a standard
universal mounting system; all design aspects of the electrical system,
including rotor tip located components, are considered to be basically
conventional and require minimum development programs; and the attachment
of the turbojet engines and nacelles to the rotor tips requires only the
application of current structural design techniques.

2.2,2 Design Features

While several different rotor suspension systems were studied, it was
concluded that the most desirable (i.e., weight, cost, maintainability,
etc. ) configuration employed & simple full gimbal support system.

Design studies indicate (see Section 4.0} that a hollow rotor mast can

be designed to accommodate the transfer of system fluids and electrical
power from the stationary airframe to the rotating engines, this design
being compatible with the dynamic and structural support requirements of
the rotor. These design studies further indicated that it is practical
and, in fact, preferable to store all fluids and to originate all elec-
trical power in the fuselage, and to transfer these to the rotor mast and
rotor blades by a system of rotating manifolds, swivels, and slip rings.

Studies of primary and secondary power sources for tail rotor, electrical,
hydraulic, and accessory requirements indicate that the optimum design
(minimum weight) is accomplished by employing an auxiliary power unit

and providing a small mast-driven gearbox.



The optimum powe. plant configuratrion, ‘rom an installsticn point of
view, is quite evidently a single-e-<gine nacelle. Fcr twin-engine tip
installations, the cver-under ccnfiguration is superior tc the side-by-
side configuration a&s regards structurel design, elecirizal. and fuel
line installation.

2.2.3 Power Management S*udies

Studies of tbe power management requirements of a multiengine heavy-
1lift tip turbojet rotcr system concliude that such & system should be
optionally manual or esutoratic, snould include fail-safe and back-up
features for all its functicns, snd that the rejuired design is well
within availsble equipment cstate-of-the-art.

2.2.4 Materials

Design/Dynatnics studie:s indicate that ‘rctor btlade structural requirements
are established by in-plane and out-cf -piane frequency criteria, and

not by centrifugal restraint cf the tlade-engine combination of bending
considerations. Thus, high stiffness-to-weight ratio materials are
sought for optimum design. 3tructural design studies conclude that
extensive use of titaniur allcys in the rotor blades, hut, and mast will
yield the required structure for minimum weight consistent with the
dynamic criteria and the requirements for high endurance limits and
corrosion resistance.

2.3 Static and Dynamic loads

An investigation was conducted to determine the loading conditions that
would produce the critical design loads for the tip turbojet rotor system.
The investigation includes all of the possible design loading conditions
and presents either analytically or graphically the magnitude of these
loads. The following conclusions pertain to the relative importance cf
the different static and dynamic lcading conditions.

2.3.1 Critical Static Design Loads

2.3.1.1 Centrifugal Load

The critical centrifugal limit loading for the rotor system is due to a
rotor speed of 105 percent of the design maximwn speed {[€50 feet per
second). The critical centrifugal limit loading for the rotor system
attachments is due to & rotor speed of 125 percent of the design maximum
speed.

2.3.1.2 Rotor Blade Torque

Design torque for the rotor blade is & nose down torque. This is due
primarily to the gyroscopic moment caused by the tip engines. For the




maximum limit design torque condition, three conditions are combined
giving a conservative loading. These conditions include tip engine gyro-
scopic moment, rigid coning torque, and centrifugal centering torque.

2.3.1.3 Aerodynamic Loading

The rotor blade airloads were analyzed using Cornell Aercnautical Labora-
tory (CAL) airload program. This program produces the steady plus first
through seventh harmonic alternating lift and drag airloads. An iterative
procedure was necessary to obtain the proper steady airload, which corre-
sponds with the proper thrust for different fliglit conditions. The inflow
distribution and collective pitch were the two inpute changed for the
iterative process.

2.3.1.4 Flapwise Bending Moments

The 2.5¢g pullup is the condition which yields the largest steady bending
moment in combination with its complement of harmonic moments. The lg
forward flight conditions yield the harmonic bending moments of the
longest duration (i.e., for fatigue considerations). The -0.5g hover
condition produces the largest negative in-flight bending moment at the
root of the blade while negative static droop moments are critical at
blade sections outboard of the root retention.

2.3.1.5 Chordwise Bending Moments

The largest steady chordwise bending moment occurs with two engines
inoperative. Only the flight conditions which produce the maximum
harmonic chordwise coupled bending moments were presented in the design
loads report. These steady and hamonic chordwise loads are combined to
produce a conservative design condition.

2.3.2 Dynamic (Transient) Design loads

2.3.2.1 Gust

Gust load factors were derived by two separate methods. First, consider-
ing the rotor blades to be rigid and treating the hovering rotor as
having undergone an instantaneous change in inflow equal to the gust
velocity. Second, considering the rotor blade to be flexible and using
the direct analog camputer simulation method (Reference 3). Considering
the blade as rigid gives a load factor greater than the design maximum
of 2.5g while consideration of the flexible blade reduces the load
factor to 2.25g. The rigid rotor analysis is considered to be too con-
servative and therefore the analog computer simulaticn of the flexible
blade will be used for design loading.

2.3.2.2 (Cyclic Pitch Transient

The direct analog computer studies simulated a whirling of the cyclic
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stick at a critical frequency which is considered to be within the
pilot's capability. This condition results in the maximum positive and
negative chordwise bending moments.

2.3.2.3 Collective Pitch Transient

An exporential collective pitch input of 0.0l radian was used to deter-
mine the blade response using the direct analog computer. The transient
collective pitch in-plane bending moment is less than that resulting

from the transient cyclic pitch condition. The pitching (torsionai)
deflection at the tip is similar in character to the flapwise deflection
curve insofar as there is no transient overshoot from the initial tip
angle to the final steady-state value. Therefore, the transient torsional
moments on the blade will be noncritical for the collective pitch input
condition.

2.3.2.4 Dynamic Tip Environment

The maximum g loadings at the tip occur during a forwurd flight condition,
and a 40-foot-per-second gust during hover. This tip acceleration environ-
ment wvas determined by considering the second harmonic motion of tke

blade and the deflection at the tip, then differentiating the motion

twice to produce acceleration.

2.4 Structural Analysis

A static and fatigue stress analysis was conducted for the Model 1108
rotor system utilizing the static and dynamic loads which were developed
in Reference 3. The following conclusions pertain to the primary
structural components of the rotor system and indicate which of the
various loading conditions are design-critical.

2.4.1 Component Critical Static Design Conditions

2.4.1.1 Engine Mount System and Attachment

The critical engine mount system ana attachment loading occurs during
the rotor limit speed condition, and during the rotor overspeed opera-
tion, both-engines-operating condition. The critical engine mount areas
are the attachment bolts and lugs and the heat expansion fitting.

2.4.1.2 Miin Rotor Blade Tip and Attachments

The critical main rotor blade tip and attaclments loading occurs during
the rotor limit speed condition, and during the rotor overspeed operation,
two engines condition. The critical areas are the attachment lugs.



2.4.1.3 Main Rotor Blade Typical Section

The critical mein rotor blade typical section is at rotor station 170.00
during the static droop condition due to compressive buckling stress.

2.4.1.4 Main Rotor Blade Root Retention Structure

The critical main rotor blade root retention structure loading occurs
during the rotor limit speed condition. The critical areas are the
tension-torsion strap and its retention bolt.

2.4.1.5 Stub Blsde and Retention

The critical stub blade loading occurs during the transient cyclic stick
whirl condition. The adjustable link attachment lug is critical.

2.4.1.6 Ma‘- Rotor Hub Assembly

The critical main rotor hub assembly loading occurs during forward flight,
L1 miles per hour; 2.5g's, 562 feet per second tip velocity condition.
The critical hub areas are the blade retention lugs and pins.

2.4.1.7 Gimbal and Attachments

The critical gimbal and attachments loading occurs during the 2.5g's
loading condition. The critical areas are the bearings and Section
17-17 as defined on page 87 of Reference k.

2.4,1.8 Restraint Spring Assembly

The outside spring fiber stress is critical.

2.4.1.9 Static Margins of Safety

A summary of the critical static margins of safety is presented in tabu-
lar form on page 5 of Reference L.

2.4.2 Component Critical Fatigue Design Conditions

The "stop-start" cycle produces the critical main rotor system fatigue
design conditions. The rotor components which experience service life
limiting stresses during this cycle are the engine-to-mount attachment
bolts; pins, and lugs, and the tension-torsion strap assembly.

The alternating stresses developed during a steady-state, in-trim, normal
flight condition are below the rotor system component material endurance
1imit and nondamaging.



2.5 Dynamic, and Aercelastic Studies

The dynamic and aeroelastic behavior of the fcur-bladed, universally
mounted teetering rotor system proposed for the heavy-lift tip turbcjet
helicopter is discussed and evaluated in Reference 4. Conclusions
concerning the dynamic adequacy of the rotor system are outlined in the
following paragraphs for all phases of the dynamic investigations.

2.5.1 Uncoupled and Coupled Rotor Blade Frequencies

A comparigon of uncoupled and coupled rotor blade frequencies, calculated
using independent methods, indicates that flapwise frequencies can be
satisfactorily approximated using an uncoupled model of the rotor blade
whereas coupling has a more pronounced effect on in-plane frequencies.
The frequency of primary interest from both a loading and dynamic point
of view 1s the first cyclic in-plane frequency. The flapwise/in-plane
coupling increases with collective pitch to reduce this first in-plane
frequency by 16 percent from minimum to maximum collective pitch settings.

The natural frequency study presented in Reference 1 shows that the first
six coupled cyclic and collective modes avoid resonance with their
respective airload excitation harmonics throughout the collective pitch
range.

2.5.2 Periodic Engine Thrust

The thrust of the tip engines will vary periodically with rotor azimuth
position for all helicopter fiight conditions except hover and vertical
flight. The magnitude and phasing of this thrust variation will depend
largely upon the engine-governor dynamics, which have not been thoroughly
investigated at this time. The quantitative effect of engine inlet
velocity changes on the engine alone is to change the engine thrust by a
much smaller amount than the periodic variation of engine nacelle drag,
and so the thrust variation should not be of primary concern.

2.5.3 Vibrations Resulting From One Engine Inoperative

The loss of one engine in flight would cause an in-plane circular motion
of the rotor system and an cut-of-track condition. The in-plane motion
at one cycle per rotor revolution would result from a rotor system center
of gravity movement away from the centerline of rotation due to unsym-
metrical in-plane bending of the four blades. The rotating load due to
this center of gravity displacement is in phase with the rotating un-
balanced engine thrust vector. Analytical studies performed in References
4 and 6 indicate that the net load for a hover condition at design gross
weight will be between 1,000 and 2,300 pounds for one or two erngines out.
This is a small load when compared with the gross weight of the aircraft.
With an adequate rotor isolation system, this rotating force should be
virtually unfelt in the fuselage.
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An out-of-track condition would result from a pitch angle change on only
the one blade supporting the inoperative engine. Analytical studies
performed in Reference 4 indicate that the helicopter roughness which
would result, however, is not expected to be more severe than that caused
by occasional out-of-track conditions for smaller helicopters.

2.5.4 Mechanical Instability

Ground resonance, which is caused by a first cyclic in-plane natural
frequency which is less than one cycle per rotor revolution, will be
avoided with the proposed helicopter by designing the rotor blades to
have a first cyclic in-plane frequency well above one cycle per revolu-
tion. Increasing collective pitch tends to lower this frequency due to
flapwise/in-plane coupling and so design steps have been taken to assure
a frequency margin throughout the collective pitch range. The influence
of the engine rotating parts is shown to have negligible effect upon this
frequency.

2.5.5 Torsicnal Divergence

The prospective location of the rotor blade shear center ahead of the
rotor section center of pressure produces a design in which the pure
torsional divergence problem is nonexistent. The torsgsional stiffnesses
of the proposed rotor blade and root control spring, however, are large
enough that the divergence tip speed would be far above normal rotor
speed even if the shear center were located 15 percent of the chord aft
of the center of pressure.

2.5.6 Special Dynamic Considerations

Due to the low first cyclic in-plaw- natural frequency of the rotor
blades, it is well within pilot capability to perform a cyclic stick
whirl which will excite this mcde. This condition cannot be avoided and
so 1s considered a design condition.

The possibility of carrying cargo which is slung beneath the helicopter
has been investigated from the standpoint of dynamic coupling with rotor
blade frequencies. The frequency of oscillation of such a sling load
would be so far below any frequencies of the rotor system that no effects
on :'otor dynamics are to be expected.

2.5.7 Rotor Blade Flutter

The Model 1108 rotor gystem, as presently designed, possesses positive
damping for all modes of vibration investigated in Reference 4. A
variation of parameters study on blade flutter points out the following
damping changes as functions of parameter changes.

11




a) The second cyclic mode (first in-plane mode) would be the first
mode to become unstable with decreasing root control spring
stiffness. This spring would have to be abcut 0.1 of its design
stiffness to approach the stability bvoundary.

b) A chordwise movement of the blade tip mass from the nominal design
location (0.22 chord) affects the damping of various modes in
different ways. In no case does the blade flutter for center of
gravity locations between the 16 percent and 28 percent chord points.

c) An increase in pitch-flap coupling (63 angle) decreases the aero-
dynamic damping of the second cyclic mode. For a structural
damping factor of .03, however, this mode should be stable for
53 angles up to 45 degrees.

d) Tbe aerodynamic damping is relatively unchanged with small chord-
wise variations in blade shear center.

e) The rotational speed and direction of rotation of the engine
rotating parts have a negligible effect upon flutter boundaries.

f) Increased blade chord provides an increase in aerodynamic damping
for a majority of the modes of vibration but has a slight de-
stabiiizing effect on the second cyclic, sixth cyclic, and the
sixth collective modes.

g) A flapwise blade stiffness increase at the roct of the blade has
negligible effect on damping.

2.6 Weight and Balance Studies

Weight and balance studies of the Model 1108 were conducted in Reference
6. These studies resulted in the following conclusions.

2.6.1 Empty Weight

The empty weight of the Mcdel 1108 helicopter was determined to be 34,700
pounds. A summary of group weights is presented in Section 8.0 of this
volume, and it is observed that rotor system weight is 16,398 pounds, or
47.3 percent of empty weight. Fctor system weight is 100 percent calcu-
lated from preliminary design drawings while the remainder of the Model
1108 empty weight is 1l1.3 percent calculated, 29.2 percent estimated, and
12,2 percent actual weight.

2.6.2 Aircraft Belance

Accomplishing a proper aircraft balance, both longitudinal and lateral,
will present no unusual conditions or restrictions due to the type of
load-carrying procedure that is anticipated. The disposable items of

12



useful load {i.e., fuel and cargo) may be centered on or about the main
rotor centerline of rotation resulting in a minimum requirement for
allovable center-of-gravity control.

2.6.3 Rotor Balance

Rotor out-of-balance studies indicate that articulated rotor systems
containing lag hinges are unsuited for K tip turbojet propulsion due to
the large rotor in-plane forces which occur as a result of inoperative
engines. Conclusions regarding rotor unbalance for the Model 1108 with
inoperative engines are presented in paragraph 2.5.3 of this volume.,

2.7 Wind-Tunnel Studies

The nacelle installation on the tip turbojet rotor is provided to reduce
the engine external drag to a minimum while maintaining smooth, even flow
to the engine compressor inlet, regardless of the external environment.
The environment of the tip turbojet nacelle consists of cyclic angle of
attack changes to twelve degrees, cyclic sideslip angle changes to
eighteen degrees, and cyclic- Mach number variations between .35 and .75.

2.T.1 Engine-Stacking Configuration

Three engine-stacking configurations were evaluated by means of wind-
tunnel tests described in Section 9.0 of this volume. The configurations
tested were a single engine, a vertical placement of two engines (over-
under), and e horizontal placement of two engines (side by side).

2.7.2 Nacelle Inlet Configurations

Four inlet configurations (based on NACA 1 - series inlets) vere tested.
One configuration employed a 30-degree conical spike, or an NACA 1-30-40
(Parabolic) centerbody. The centerbody effectively prevents internal

lip separation to angles of sideslip (or attack) of 20 degrees. Either
centerbody improved the inlet flow conditions such that acceptable velocity
profiles and low inlet losses were maintained.

With dual engines the downstream engine of any peair experiences the highest
inlet total pressure loss and the greatest nonuniformity of velocity.

The side-by-side engine copnfiguration experiences the lowest losses in
pitch and the highest losses in yaw, while the over-under configuration
experiences the lowest losses in yaw and the highest losses in pitch.

Since the anticipated maximum pitch angle is 12 degrees and the anticipated
maximum yaw angle is 18 degrees, the over-under configuration produces
minimum inlet losses for the dual engine configuration.

2.7.3 Nacelle Drag

The tip turbojet engine (or engines) and engine mounts determine the
nacelle diamever. The length and fairing between blade and nacelle are then




the only free variable. If the nacelle length is increased beyond the
optimum length, the drag increases Que to skin friction; but if the
length is decreased below the optimum, large increases in drag result
from flow separation. The addition of the rotor blade on the side of the
nacelle produces additional expansion on the airfoil, and this double
expansion on the nacelle and blade cause separation and large increases
in drag as though the nacelle length to diameter ratio were too small.

The tip turbojet wind-tunnel nacelle had a length to diameter ratio of
three and was tested at a Reynolds Number of 1.8 x 10°. The drag coef-
ficient (based on frontal area) under these conditions should be Cp =
.05 whereas the measured values were between .13 and .2 which indicates
excessive separation did occur. The drag comparisons between configu-
rations are valid regardless of the overall drag level. For equivalent
installed power, the single engine configuration produces the minimum
drag and net integrated side force of all three configurations, but the
side-by-side configuration is a very close second. The over-under con-
figuration has higher drag and a substantislly higher net integrated
side force than the other configurations.

2.7.4 Nacelle Drag Reduction

Increasing nacelle length would reduce separation and decrease drag as
shown by NACA tests of a nacelle on a wing with 4/D = 5 and Cp = .05k.
large increases in nacelle length are undesirable and believed to be
unnecessary. The separation is known to be locally induced since the
nacelle alone would have low drag. The local separation can be reduced
by various proven rethods.

a) Vortex generators which would remove energy from the freestream
and add this energy to the boundary layer.

b) Addition of a speed pod which provides volume in the local area
and decreases the rate of expansion. This has the same effect
on the local area as increasing length has on the overall nacelle.

c) Changing the position of the btlade maximum thickness/chord ratio
relative to the nacelle maximum diameter/length ratio, so as to
decrease the rate of expansion.

d) Boundary layer control which removes or re-energizes the bound-
ary layer so that greater expansion can take place without
separation. See Reference (11) Figures 2.10, 2.11,and 2.12.

Any of the above items are cspable of reducing the drag, but items &) and
b) are considered the most deisrable. The speed pod should result in a
nacelle drag between that of the isolated nacelle and the NACA nacelle-
wing data. The use of boundary layer control is particularly attractive
due to the proximity of the energy source. This could result in a drag
coefficient below that for the isolated nacelle.
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2.8 Performance Anal ysis

Model 1103 performance is calculated in Reference 8 and summarized in
Section 10.0 of this volume. Performance calculations employed con-
ventional prediction methods with exception of the additional treatment
required to agcount for the tip-mounted nacelle.

Prediction of the additional power required by the nacelle was accomplished
by defining the relative pitch and yaw angle environment of the nacelle,

as functions of rotor aximuth and tip speed ratio, and combining this
environment with predicted force coefficients. It is concluded that the
presence of a tip-mounted nacelle simply adds 1) an additional term to
rotor profile power due to the tangential nacelle forces and 2) an
additional power term due to a net radial (fore and aft)in-plane force.
Using wind-tunnel drag data in the performance calculations would result

in approximately 15- to 20-percent increase in the rotor horsepower required.

2.9 Stability and Control Studies

2.9.1 MIL-H-8501A Feasibility

The heavy-1lift, tip-mounted turbojet, univergally mounted rotor configu-
ration is feasible as regards flight stability and controllability. Basis
for stability and controllability evaluation was MIL-H-8501A, as well as
additional, more stringent criter.a when it was deemed applicable.

It is concluded that the control power criteria of MIL-H-8501A is not
adequate for helicopters of the Model 1108 weight class. A more appro-
priste criteria is one based on flight test studies of helicopter angular
acceleration due to control input. These studies (reported in NASA TN
D-58) indicate desirable levels of control power to be two to three times
that required by MIL-H-8501A.
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3.C PARAMETRIC DESIGN STUDY

3.1 Objectives

e e

3.1.1 Introduction

The obJjectives of this study are to determine the optimum design param-
eters of a heavy-lift helicopter pcwered ty turbojet engines installed
at the rotor blade tips. The design parameters that yield a minimum
gross weight configuration, capable of meeting performance requireuents
within the design limitations, are considered optimum.

These optimum design pvarameters were found for each configuration consid-
ered by determining the minimum gross weight required to meet the fuel
requirements of the mission set forth in Section 3.1.2, for each combina-
tion of the design parameters in Section 3.2. Meeting the hover require-
ment in the performance specification was ensured by selecting required
power using a generalized method of engine size determination. A side
study was made to ensure that each solution would meet the maximum for-
ward speed requirement, and have a design mean 1ift coefficient not
exceeding .5.

3.1.2 Mission Requirements

a) Payload (outbound only) . . . . . . . 12 tons
b) Radius . « « .+ + ¢ ¢ s o 0 e 0o 50 nautical miles
¢) Cruising speed:
1. Outboard . . . o « o o ¢ o = « & 60 lmots
2. Inmbound . .« . . ¢ ¢ s o o o o 10C knots
d) Atmospheric condition . . . . . . . Sea level standard
e) Hovering time (out-of-ground effect)
l. At take-off . . . ¢« ¢ ¢ ¢ o o o & 3 minutes
2. At destination (with payload) . . 2 minutes
f) Fuelreserve . . . « « « o o o o o & 1C% percent of initial fuel

3.1.3 Performance Specifications
a) Hover capability (CGE):

1. Altitude . & ¢ o ¢ o ¢ ¢ ¢ o o 6,000 feet
2. Temperature « . « « o« o « « o o & +95° Fahrenheit
b) Design maximum speed . . . . . . . . 125 miles per hour

3.1.4 Design Objectives and Limitations

a) Maximum tip acceleration at outboard

engine centerline . . . . « . . . . . 235g
b) Tip speed . . ¢ ¢ ¢ o o . . . . . 650 to 750 feet per second
c) Gross weight . . . . . . . . . . .. 60,000 to 80,000 pounds
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d)

e)

Design mean 1lift coefficient at sea level

(cho) ettt ieii i e e .30 to .60
Engine thrust, weight, and fuel consumption
DASEA ON tuviviieneereeaeecasnscoaasoaansanns CAE 357-1 turbojet

3.2 Design Parameters

The variable design parameters used with each configuration (see Section
3.3) are as follous:

a)
b)

c)

Chord, ¢ = 6.0, €.5, 7.C, 7.5 feet
Hover tip speed, VTH = 550, €00, 650, 700, 743, 750 feet per second

Centrifugal force gravity field at centerline of outboard engine in
gravity units, g.

3.3 Configurations

Table 1 lists the eight configurations considered in the parametric de-
sign study.

TABLE 1
CONFIGURATIONS
Number | Engine Fuselage Equizalent Drag Ares
of | Arrange- Landin square feet)
Blades | ment Type Loading Gea.rg
!
{
2 S Crane External | Fixed Outbound: 200
Inbound: 100
3 S Crane External | Fixed Outbound: 200
Inbound: 100
11 S'S " " n 11 L1} 1n o
" O'U n " 1] 1] ” "nn
Outbound: 200
4 S Crane | External | Fixed Inbound : 100
" S'S " n" 11 n n "nan
n O'U " 1] n " " un
Retract- Outbound:
L 0-U Transport | Internal able Inbound: 50
hmr
S = one engine per blade.
S-S = side-by-side mounting of two engines per bleade.
0-U = Over-under mounting of two engines per blade.
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3.4 Optimum Configurations and Design Parameters

3.4.1 Generalized Engines

The generalized or "rubber" engines are based on the CAE 357-1 version
of the J69-T-29 engine. The results of the parametric study with the
generalized engines indicate that the lowest gross weight machine is
obtained with the minimum permissible number of blades and the minimum
number of engines per blade. The study also indicates that a configura-
tion with a transpert fuselage had a higher gross weight than a like con-
figuration which utilized a crane-type fuselage.

The two blade rotor configuration is not considered appropriate because

of control power consideraticns. The results of the Parametric Analysis
indicate that the optimum configuration for the prescribed mission (see

Section 3.1.2) is a heliccpter with the following characteristics:

&) Three blades
b) A single engine per blade
c¢) A crane-type fuselage

The optimum design parameters for all eight configurations considered are
presented in Table 2.

Table 2 is composed of three parts:

2a) This table lists the cptimum design parameters which fall
within the limitations of Section 3.1.h.

2b) The tip speed is optimized in this table without the limita-
tions of Section 3.1.4 imposed.

2c) This table lists the optimum design parameters corresponding to
a hover tip speed of 743 feet per second. (The adva..c.ng blade
compressibility 1limit occurs with this hover tip speed at a
helicopter forward speed of 125 miles per hour.) The g limita-
tions of Section 3.1.4 are allowed tc be exceeded in this table.

Detailed charactieristics for the optimum three-bladed confieurations of
Tables 2a and 2b are provided in Table 3.
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TABLE 3

OPTIMUM CONFIGURATION DETAILS
GENERALIZED ENGINES

Configuration | Configuration
(a) (b)
Design gross weight, W., pounds ....... .. 63,200 59,800
Hover tip speed at cengerllne of engine,

Vg, fPS «onienniiiant Cetetieererne €50 598
Chord length, c, feet .c.ovvevennieenannss €.91 6.82
Main rotor radius, R (from centerline of

rotor to centerline of engine shaft),

feet ciieeeiiiiinnncnnananns 000000000000 55.83 T3
'm" field at engine centerline, g ..... 235 235
Design mean 1ift coefficient, CLy  ..... 376 0.50
Cruise tip speed, Vpy, fPs -............. 642 598
Number of main rotor blades, b .......... 3 3
Number of engines, n .....cceeeeeennenn a0 3 3

One engine at tip
Engine arrangement ....... 00000 000C DooOGC of eacH blade
Solidity, 0 «.eucinnnnn Ceeeeerncecaanans 1162 .138
Total engine rated thrust, pounds ....... 10,868 12,148
Rated thrust per engine, pounds ......... 3, 623 h 0h9
Weight per engine, pounds ....... creeerae T35 815
Net thrust, F,, available per engine at

S.L. standard atmosphere and 598 fps,

pounds ...c.iiiiiaean.. ceeeee Ceeeeenean 3,304 3,670
Net thrust, F%, available per engine at

6000 ft., 95° F. std. hot day,

POUNAS covevecicrencaconannss 550000600000 2,270 2,510
MRT sfc at 598 fps and S.L. standard

atmosphere, 1b/hr/lb.thrust ............ 1.260 1.260
75 percent NRP sfc at 598 fps and S.L.

std. atmosphere, 1b/hr/l1b.thrust ....... 1.416 1.416
Maximum engine diameter, inches ......... 31.9 33.16
Maximum nacelle diameter, inches ........ 37.9 39.4
Engine length, inches ...... et 60.6 63.0
Nacelle length, inches ....... Ceeeeaeeees 86.2 89.6
Empty weigh., pounds ........... e 27,826 2,007
Fuel weight, pounds .......o.cvevevnnneennn 10,77k 11,193
Payload, POUNAS . .eeoeeeeereenneonnsenncss 2k ,000 2k ;000
Crew and oil, POUNAS «.eveevnnerrennnns .. 600 600

Configuration (a): Optimum configuration within limitations of Section

3.1.4.

Configuration (b): Optimum Configuration for tip speed not limited by

Section 3.1.4.

(An empty weight breakdown for the above two configurations is given in

Table 5.)

—— —
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3.4.2 CAE 357-1 Version of the J69-T-29 Engine

As the Continental CAE 257-1 engire is one of the generalized engines
used in the parametric study, a maximum thrust {17CO-pound rating) limit
line provided the necessary restrictions to allow the rotor design
parameters to be determined for use with this engine. The description,
performance, and installation of the CAE 357-1 engine is presented in
the tip turbojet design layout study, Volume III. This version of the
heavy-1lift helicopter is designated as Model 1108.

An over-under engine installation arrangement was used for Model 1108
rather than side-by-side engine arrangement because of the anticipated
difficulties asscciated with unequal inlet air distribution between
engines at high advance ratios. At that time it was realized that the
nacelle drag effect woculd be increased by using the over-under arrange-
ment.

The parametric study indicated that, within the allowable design variables
specified in Section 3.1.4, an optimum solution could be found which had
excess thrust available. This configuration was identical to Model 1108
except that the rotor blade chord was 5.5 feet.

Rotor design studies shcwed the minimum chord which would provide clear-
ance for engine service lines is 6.5 feet. ‘the design studies also
showed blade weight decreases with increasing chord but the new blade
weight was 1,800 pounds greater than assumed in the parametric study.

The increase in blade chord and rotor weight required more power for
hover so that the 1,700 pound rated thrust of the CAE 357-1 engine was
marginal to provide HOGE capability at 6,000 feet, 95° F. To reduce
gross weight, some consideration has been given to cruise on six of the
engines with the cruise tip speed reduced to the optimum of sS40 feet per
second. This realized an 800-pound fuel weight reduction. However,
performance for the Model 1108 as listed in Reference (8) is computed on
the basis of all eight engines running, as ability to shutdown and
relight engines in flight has not been provided. A total of 600 pounds
wvas removed from other components where savings cculd be achieved over
the statistical estimates (see Table 5 for final weight breakdown of this
configuration compared to estimates used in the generalized ergine study).
The major differences between the final weight conditions and the
parametric study weight are that the generalized helicopters were con-
sidered to be fitted with two auxiliary power units while the hardware
engine versions were considered to have one. Also, three crew members
were included in the generalized engine study and only two crew members
in the CAE engine study.

The configuration details of the Model 1108 are summarized in Table k.
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By increasing the 235g tip environment to 282g for 6,000 feet, 95° F.
HOGE, the Model 1108 could be made to meet all requirements with eight
of the 1,700-pound rated thrust versions of the 357-1 engines without
reducing tip speed below cruise tip speed or shutting down engines dur-
ing cruise. The tip acceleration during cruise and sea level hover
would be below the 235g limit presently imposed.

A three-blade, six engine, over-under crane configuration could be
built to meet the hover and mission requirements with an 11.8 percent
increase in the CAE 357-1 engine thrust rating. This solution is
designated as Model 1119, and is listed with Model 1108 in Table k.
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TABLE 4
OPTIMUM CONFIGURATION DETAILS
CAE 357-1 ENGINE

' Model 1108 Model 1119
Gross Weight, Wg, POUNds «.c.ccvevocccccncas 72,10k 64,250
Hover tip speed at centerline of engine,

, Vs FePeBe coecescescacsconcnns ceeaceccces 650 650
Chord length, ¢, feet c.eeecvcecevcscaccccas 6.5 6.5
Main rotor radius, R (from centerline of

rotor to centerline of engine shaft), feet. 55.83 55.83
"n" field at engine centerline, g c.ccceceee 235 235
Design mean lift coefficient, CLro 50 0000CO0 329 ko5
Cruise tip speed, f.P.Seececercocscoccoccccss 592 639
Optimum tip speed, f.PeSeeeescseorsrsccsoosss 540 590
Number of main rotor blades,  .ceecececccsss it 3
Number of engines, N c.ccececccccccoscoceasans 8 6

One over the
Engine arrangement .....cc0c00000 esssssesssss ;0therat each' Over-under
blade tip at each tip
FHLEEAR?, @ 0000000000600000000000000T000000 .148 .111
Tctal engine rated thrust, pounds eeecececese 13,600 11,400
Rated thrust per engine, pounds .c.....ccce0. 1,700 1,900
Weight per engine, POUNAS ceccecvesacccccase 365 428
Net thrust, F,, available per engine at S.L.
std. atmosphere and 650 f.p.s. pounds...... 1,550 1,730

Net thrust, F,, available per engine at
6,000 ft, 95° F. std. hot day and 650 f.p.s.

POUNAS coossccoctvcccccocsssssssssssccccnns 1,057 1,195
MRT sfc at 592 f.p.s. and S.L. std. atmos-

phere, 1b/hr/lb. thrust ceeceeceeecccosaans 1.256 1.256
T5 percent NRT sfc at 592 f.p.s. and S.L.

std. atmosprere, 1b/hr/lb. thrust cccessees 1.41k 1.414
Maximum engine diameter, inches .cccccccce.. 25.25 25.25
Maximum nacelle height, inches ......c.c0.. 57.00 57.00
Maximum nacelle width ccceceeccecoccccccccnss 30.00 30.00
Engine length, INChes ceccececeecscccccsnass 47.97 47.97
Nacelle length, inches c.eeececcceescoccanss 68.3 68.3
Empty welght, POUNAS ceveecovecccecccsccsses 34, 700 28,11k
Fuel weight, POUNAS eicesevecssascccccscsans 12,924 11,676
Payload, POUNGAS eeeseseecscososcoscscosocsans 2k,000 2k,000
Crew 8nd 01l secececcscccccooccoscccocsonoss 480 460

Model 1108: CAE 357-1 rated thrust.

Model 1119: CAE 357-1 engine with 11.8 percent growth in thrust.
(The weight breakdowns for the above configurations are given in
Table 5.)
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3.5 Overload and/or Growth Versions

3.5.1 Overload Configuraticns

3.5.1.1 Model 1108

The requirement tc HOGE at 6,000 feet,95° F. at the mission gross weight
necessitates the installation of power that is greatly in excess of the
power required to HOGE at sea level standard. This excess power can be
used to advantage, however, for overlcad missions under standard condi-
tions. Table 6 illustrates the payload and range possibilities of the
four-bladed Model 1108 under overiocad conditions.

TABLE 6
PAYLOAD AND RANGE CAPABILITIES
Payload WG Radius Allowable
(tons) (1b.) HOGE (naut. Flt. Load
mile) Factor
12 72,104 6,000 £t/95° F. 50 +2.5
20 90,100 6,000 ft (std. temp.) 50 +2.0
26 103,200 1,000 ft {(std. temp.) 50 +1.75
30 104,900 Sea level (std. temp.) 35 +1.72

3.5.1.2 Model 1119

The payload and range capabilities of the Model 1119 are shown in the
following table. The sea level heavy-lift capability, because of the
large amount of installed power, is evident as it was for the Model 1108.

TABLE T
PAYLOAD AND RANGE CAPABILITIES

Payload Radius Allowable
(tons) (1b.) HOGE (naut. Flt. Load
mile) Factor

12 64,250 6,000 ft/95° F. 50 +2.5

20 82,850 5,500 ft (std. temp.) 50 +1.93

25 94,650 500 ft (std. temp.) c +1.68

28 95,650 Sea level (std. temp. ) 35 +1.67
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4.0 DESIGN LAYOUT STUDIES

4.1 Introguction

Optimizing the design of a tip turbolet rotor system entailed the care-
ful blending of its aerodynamic, propulsion, dynamic, structural, mechan-
ical, and subsystem characteristics. With this in mind, the initial
design layouts were develcped concurrently with the analytical studies.
As areas of concern wvere resolved, the layouts established the configu-
rations as described in the. following paragraphs. All designs were
reviewed to assure that the basic design criteria were met. In addition,
minimum weight, low cost, reliability,and ease of maintenance were

given thorough consideration.

4.2 Rotor System

A main rotor system that met all the requirements was designed consider-
ing rotor basic geometry, structural arrangement, retention, hub, mast,
control and turbojet engine attachment at the tip. The rotor assembly
is shown in Figures 1 and 2.

L.2.1 Hub Assembly

Four types of hubs for mounting the rotor were evaluated and the gimbal-
type hub was chosen. This choice was principally in the interest of
economy associated with reduced development risk plus the simplicity
associated with designing the hub in a large size. Paragraphs 4.2.1.1
through 4.2.1.4 summarize the justifications for this decision.

4.2.1.1 Rigid Rotor Retention

The rigid rotor hub was eliminated because its structural integrity had
not been proven and though mechanically simple as a hub it became complex
when the rotor support and aircraft isolation system were included.

h.2.1.2 Articulated Rotor Retention

The articulated rotor hub suspension was eliminated because 1) it required
heavy droop stops in connection with flapwise articulation, 2) adverse
vibration from in-plane blade lag (in the event of an engine failure)

with chordwise articulation and 3) ground resonance problems accompany this
system, and relatively complex hinge retention at hub.

4.2.1.3 Teetering (See-Saw) Rotor Suspension

The teetering rotor hub suspension was eliminated because it is only
applicable to a two-blade rotor system and the dynamics plus control-
lability analyses indicated that at least three blades would be required.
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4.2.1.4 Universal Rotor Suspension

The gimbal (or universal) rotor hub incorpora.ed details which tend to
diminish the number of unknowns and is backed by a substantial amount
of supporting data. The addition of an elastic restraint in combina-
tion with the gimbal mounting of the hub produces an arrangement that
combines the features desired for satisfactory control and low vibration
and stress levels at an acceptable weight. A constant velocity universal
joint was also studied for this application but, because of its inherent
complexity, greater weight, and negligible vibration improvement, it was
discarded in favor of the simple, conventional gimbal ring suspension.

4.2.2 Rotor Blade Assembly

By process of iteration the many design requirements were evaluated on
their merit and compared on the basis of low weight in order to define
the root and tip retention, basic section,and materials requirement.
Configurations evolved met the requirements for in-plane and flapwise
stiffness, attachments, end fixity, centrifugal force, chordwise and
flapwise weight distribution, manufacturability, etc.

L4L.2.2.1 Rotor Blade Retention

Rotor blade retention is very closely integrated with hub design. Six
types of rotor retention arrangements were evaluated and the stub blade
type was chosen as having the most features in its favor. Paragraphs

4.2.2.1.1 through 4.2.2.1.6 summarize the justification for the choice.

4,2.2.1.1 Internal Strap

The internal tension-torsion strap hollow cylinder type retention con-
figuration with roller bearings for pitch was eliminated because the
rather long slender tube would not provide the in-plane stiffness needed
without increasing the flapwise stiffness considerably above the flapwise
requirement. This is because the cylindrical shape is symmetrical about
its axis. When attempting to shape or machine the cylinder to provide
different stiffnesses in different planes, the cost and weight become
excessive.

4.2.2.1.2 Modified Internal Strap

The modified internal tension-torsion strap retention arrangement wss
similar to that of L4.2.2.1.1 above except the hollow cylinder was changed
to a hollow and shorter transition between the bladc and the hub. How-
ever, this configuration was eliminated because the weight was high and
because it was questionable whether the associated large hub forging

could be manufactured with existing equipment.
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L,2,2.1.3 External Strap In-Plane

The in-plane external tension-torsion strap retention was arranged much
like the internal strap configuration except that two tension-torsion
straps were located externally in the chord plane, one on each side of
the rotor centerline. This configuration was eliminated because of high
weight plus nonlinearity and complexity difficulties encountered from
the feathering restraint not being on the feathering axis.

4.2.2.1.4 Laminated Rubber

The rubber laminated bearing retention scheme, which featured thin
laminations of metal and rubber located in a hollow cylinder (or tran-
sition) that carried all loads except centrifugal, provided in-plane and
flapping stiffness, and allowed motion for pitch change. This configu-
ration was eliminated because of the high weight associated with the
large laminated bearings, high pitch control loads, and the unproven
reliability of the laminated bearing.

4.2.2.1.5 Flexure Hinge

The flexural hinge retention system is composed of fcour ciagonally
opposed straps which extend from the hub to the rotor carrying all loads
and deflections except centrifugal. In order to accommodate the loals,
the rotor hub must be large enough to provide attachment of the widely
displaced straps. This ccnfiguration was eliminated because cf high
weight of hub, difficulty of exact matching of the four straps, plus the
complexity, nonlinear, and interaction of in-plane, flapping, and pitch
characteristics.

h'2.2.1'6 Stub B]-ade

The stub blade retention system features one tension-torsion strap and
two bearings displaced spanwise on the feathering axis. Axial centrifugal
force is taken by the strap and the bearings define feathering moticn as
well as carry nonaxial loads from the blade to the hub. The signifi-
cant difference between this system and the internal strap (in a tube)

is that one portion of the bearing support is part of the hub and the
other portion is part of the blade and they complement each other on a
hinge basis (rather than concentric tubes) so that in-plane and flapping
stiffness can be appropriately distributed at low weight. For aerodynamic
improvement the inboard portion is an airfoil stape and is thus called
the "stub blade". Stiffness, or spring rate;, of the bearings and bearing
supports must be experimnentally substantiated tefore optimization of the
retention system geometry. In summary, the stub blade retention method
was selected in preference to other configuraticns since it is superior
from the standpoint of low weight, manufacturing feasibility, cost,
versatility of design, growth potential, and aerodynamic cleanliness.
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4.2.2.2 Blade Section

Design of the basic btlade required individual optimization of each design
criteria since the arbitrary use of a scaled-up version of an existing
blade showed a prohibitive weight penalty. Through the use of structural
optimization dats and data for the first approximation of the weights of
spar cayps, webs, and skins, it was possible to determine from the para-
metric design study, stiffness parameters which define the btlade section
properties. Because of the structural, and thus weight advantages at the
roct and tip of the blade, plus the manufacturability benefits, the con-
stant chord blade was adcpted. The comparatively small increase in
aerodynamic efficiency of a tapered blade chord was not considered
sufficient to offset the nontapered advantages. Since tue stiffness
required is a function of the mass distrihtuticn, the net cross-sectional
areas required to resist the centrifugal lcads was computed for several
blade stations. Stiffness, mass distribution, and natural frequency were
found and checked against that required. This process was repeated until
further changes did not show significant weight saving. Skin thicknesses
wvere based on conservative torsional stiffness data that assures flutter-
free operaticn throughout the complete feathering range spectrum.

A basic NACA 0015 airfoil represents the blade section contour. The
actual blade secticn evolved to be a three-cell structure. The front
cell from O to 5 percent fcrms the leading edge, is nonstructural, and is
a (full-span) removable panel for fuel, oil, and electrical systems access.
The middle cell from S5 percent to approximately 50 percent chord is a

box structure composed of front and rear spar attached by skin panels.
The aft cell from 50 percent to 100 percent chord, consists of skin
panels supported by aluminum honeycomb and & load-carrying trailing edge.
The primary means cf attachment of the main and aft cells to each other
will employ fatigue resistant bending plus mechanical fasteners only if
required to provide redundancy. The fewest number of parts consistent
with the manufacturing technique were planned. All parts can be manufac-
tured with existing equipment through the use of special tools and jigs.
A detailed comparison of many materials showed that for minimum weight
structure the material that snows the best stiffness and fatigue prop-
erties for the rotor system is titanium. The wide acceptance of titanium
for major components of high-speed aircraft and the routine type pro-
cedures for present-day fabrication, leave nc questicn that titanium
will be satisfactory in this application.

4.2.3 Rotor Mast

The rotor mast, in addition to its conventional function of carrying,
lifting, bending, torgue and spring restraint loads, was required to act
as a transfer device from static tc rcotating for electrical and engine
fluid systems, and to drive an accessory gearbox. Primarily in the
interests of low weight, the main rotor mast driven gearbox will only
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drive minimum accessories and tail rotor in the event of an auxiliary
pover unit (APU) failure. Primary tail rotor and accessory drive is by
the auxiliary pcwer unit. For whirl stand installation the mast will be
mounted rigidly by two sets of bearings. For a flight installation
elastomeric isolation components will be added.

L.2.4 Flight Contrcis

The flight controls are of a conventional hydraulically operated type
witbh three dual toost cylinders and dual system throughout the safety.
A spring restraint system can be incorpcrated, if required, between
the rotor shaft and mast to provide satisfactory stcbility and control.

4.2.5 Hwydraulic System

The two separate hydraulic systems, mentiored above for controls, are
3,000 p.s.i. systems; one powered by the main rotor-driven gearbox and
the other by the APU. Additional capacity was designed into the
hydraulic system to acccomodate landing gear, wheel braking, and steer-
ing and cargo hoist requirements.

4.3 Power Plant Installation

The design layouts determined the installation of the turbojet engines
(normal requirements) at the rctor tip while meeting other special
environmental conditions such as gyroscopic moments, centrifugal loads,
orientation relative to rotor tlade, airflow paths, fluid and electrical
system service, and close control cof weight and center of gravity.

4.3.1 Engine Installation

The engine considered for the Model 1108 is the Continetal Model 357-1,
a modified J69-T-29, rated at 1,700 pounds maximum military rated
thrust. Design studies were made for three types of engine installation:
1) single engine on & blade tip, 2) two engines on a blade tip located
one above the other vertically (over-under) and 3) two engines on a
blade tip located one beside the other horizontally (side-by-side). As
far as installation design was concerr.ed, the single engine per blade
proved to be the mcst advantageous. When two engines are needed, the
over-under configuration is preferred to the side-by-side from the
overall installation point of view (with the possible exception of aero-
dynamic effects).

The engine mount design required close coordination with Continental
Aviation and Engineering Corp. to produce a mutually satisfactory inter-
face. Primary loads are transferred from the engine to the tlade by the
main mount that attaches to two points on the inboard side of each of the
two engines on one blade. These points were chosen because they are on
a relatively rigid part of the engine Structure and approximately on the




transverse plane of the engine center of gravity. A single point (per
engine) mount attaches to the aft portion of each engine for stabiliza-
tion and allows for engine growth due to temperature. This mount con-
figuration was designed to meet all loads and combination of loads plus
proper location relative to blade, supporting systems, and cowling.

L.3.2 Nacelle Design

Design of the nacelle for the engines was based on external lines,
structural integrity, position relative to blade, inlet, exhaust, com-
patibility with firewall, accessories serviceability, cooling air flow
paths, and materials. The cowl was attached to the rotor biade &nd is
hinged to open for easy service. A study layout defined an inlet, body,
and exhaust configuration that gave the best compromise between external
aerodynamics and design for best overall air inlet distribution through-
out the operating range. Firewalls, within the cowl, were placed so that
engines were isolated from each other and engine accessory compartments
were separated from the engine hot compartments. Fiberglass was used
where compound shepes were involved, aluminum for skin panels, and
titanium where high temperatures would not permit fiberglass or aluminum.

4.3.3 Engine Cooling

Engine compartments have air passing through to maintain campartment
temperature limits. The air is supplied through the use of ram inlet
bleed in the forward part and an ejector in the aft part of the nacelle.
Cooling air passages and radiation shields were designed so that the
rotor blade and its attachments, as well as the engine and its components,
would be maintained within the specified limits. Engine ¢il is cooled by
an oil-to-air radiator submerged in the rotor blade, which takes air from
the higher pressure area under the blade and discharges the air in a
lower pressure area on top of the blade. Engine compartment and engine
0il cocoling may be furnished, for static operation on the ground, by

the ejector and a portable electric blower as applicable.

4.3.4 Engine Control and Power Management

The philosophy of the control of the helicopter rotor and the tip turbo-
Jet engines is to govern the speed of the rotor and let engine thrust
correct off-speed conditions by & signal from the rotor governor. After
studying many engine control schemes it was decided to give ‘the pilot the
control of rotor pitch in the collective stick and let the governor main-
tain the main rotor speed as desired from the rotor speed selector control.
However, it was found that a "coarse" bias control relationship between
collective stick position and engine thrust (engine r.p.m.), and between
collective stick position and governor (governor droop compensation),

did improve overall response time. Also the pilot has been provided
with engine thrust trim controls and a twist grip control with "off,"
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"idle-start”sand "run" positions. The resultant "power management system"
enables the vilot to control and coordinate all operating engines with

a minimum of manual inputs to the system. It contains fail-safe features
and back-up systems ccnsistent with the high degree of safety and con-
trollability demanded of primary flight/engiiie controls. The systems,
both basic and back-up, are combined electronic and electro-mechanical.
There are three modes of operation; manual, automatic, and mixed. Manual
is used for engine start and shutdown, static ground running, and as a
back-up for the automatic system. The automatic system is used in normal
operation. The mixed, a comtination of autcmatic and manual, is used

to permit manual operation of & portion of the autcmatic system ir case
of partial automatic malfunction. These modes of operation are available
to the pilot on a selection hasis.

Inasmuch as all modes reguire electrical power, this system will be fed
from the essential electrical bus. The primary AC generator supplies
power to this bus, with the secondary generator as a back-up power source.
In case of APU failure, the standby generator driven by the main rotor
gearbox will be switched to the essential bus. All components in the
manual system are separate from the automatic system, including the
separate actuators, so a single faiiure cannot disable the power manage-
ment system.

Oscillatory engine thrust and rotor drag may be encountered within a
revolution of the rotor. Many factors, such as inertia of rotating com-
ponents, control response, inlet velocity, engine attitude, etc., could
contribute to such oscillations. These effects will be studied individ-
ually and concurrently in future programs; therefore, if warranted, the
existing power management system incorporates provisions for cycling
power control for any mode required.

4.3.5 Fuel and Lubrication Systems

Fuel and oil will be supplied to the engines from their own tank and tank
pump at the foot of the rotor mast (nonrotating). Flow paths will
continue across a rotating joint, up through the inside of the mast,
distributed to the blades, and out the blades to the engines. The air-
frame pumps will feed fuel and oil to the rotor hub and centrifugal

force, due to rotation, will supply the pressure required at the engines.
Adequate pressure will be supplied from the pumps to sustain static engine
operation on the ground. Plumbing for carrying fuel and oil through the
rotor blade will be in the leading edge cell (O to 5 percent chord) and

be attached to the front spar. The leading edge nose section is removable
for access to these and other engine systems. Materials, location
relative to blade neutral axis, and attachments have been designed to
satisfy the centrifugal force, blade flapping, and blade static droop
requirements.
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Since fuel is consumed at the rotor tip, this system was designed for
continuous flow during operation. However, since the lubricating oil has
storage at the tip, the o0il system was designed to replenish only on
demand so that the engine integral 0il tank will always be full and

there will not be any unbalance of 0il weight from one engine to another
and/or orie blade to another. Being a demand system,; both engines at

the tip of one rotor tlade needed only one o0il replenishment line from
the hub.

The fuel supply was designed to furnish twc complete feed systems from
the tank(s) to the rotor hub. One engine at the rotor tip of each blade
will normally receive fuel frar one of the systems through the mast,
wvhile the other engine will normally receive fuel from the other system
through the mast. (Note that this provides each engine with a separate
line from the hub.) Since the two systems that go through the mast have
an emergency crossfeed valve at the roter hub (after going through the
mast), either system can supply all engines with fuel in case of mal-
function of the other.

Fuel and oil systems were designed for complete control with back-up
and fail-safe features throughout.

4.3.6 Starting System

Turbojet engine starting received extensive study by the contractor and
Continental Aviation and Engineering Corp. to assure that the starting
system which evolved would be practical, efricient, and optimum for the
purpose. The methods of engine starting considered were electrical
cranking, hydraulic cranking, cartridge cranking, windmill starting by
cranking the main rotor, and air impingement cranking. On a comparison
basis, five out of the six modes of starting were eliminated because of
one or more undesirable characteristics such as high weight at rotor tip,
high overall weight; high pressure plumbing in the rotor, and complexity.
The air impingement cranking system design showed the greatest advantsge
in all characteristics. A single impingement sir duct was routed from a
nonrotating APU to one tip engine on each blade much in the same manner
as the fuel and oil except that only one engine in each blade received
impingement air to minimize weight at the tip and to simplify air starting
controls. Other engines would be started by windmilling after the air
impingement supplied engines had the rctor up to "lite-off" speed. For
static ground starting, a ground supply attach connection was furnished
on the one engine at each blcde which did not have a blade-supplied
impingement air system.

4.3.7 Auxiliary Power Unit

Reference has been made to an APU. The total drive system was designed to
include a source of auxiliary power other than the main propulsion engines;
and though the industry-accepted nomenclature for this device is
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"Auxiliary Power Unit", it functions as a primary power unit in normal
operation and only for emergency operation (APU failure) will the
essential components be driven from the main rotor shaft. Under nomal
operation the APU provides power for tail rotor, two AC generators, and
the hydraulic pump(s).

4.4 Flectrical System

L4.4.1 Power Distribution (Including Slip Kings)

The power distribution system is supplied by two separate sources. The
auxiliary power unit (APU) is the primary source, and the main rotor
accessory geurcese is the secondary, or emergency, source. The AFU
drives two 30-kilovolt-ampere, LOO-cycle generators as primary electric
power generation sources. One generator (primary) supplies AC power to
the essential bus and the other generator (secondary) supplies AC power
to the main bus. These two buses are separated by a power relay which
allows tbe secondary generator to be switched to the essential bus in case
of primary generator failure. This system was chosen over the more com-
Plicated parallel bus system. The APU also provides DC power from its
starter generator and emergency DC power from its battery.

An emergency, or standby, electrical source consists of a 15KVA, 400-
cycle generator driven from the main rotor accessory gearbox. If a
failure occurs in the APU, this generator will provide AC power to the
essential bus which feeds the primary flight electrical equipment. In
this system consideration will be given either to a two-speed gearbox or
a constant speed drive unit between the main rotor gearbox and the genera-
tor, to provide for constant generator speed if different rotor speeds

are used for cruise and hover. Final selection will be evaluated in
deteil design, which is not within the scope of this study.

b.4.1.” Slip Rings

The slip ring assemtly is a primary item in the electrical distribution
system. It distributes control and instrumentation power to the engine
nacelles and is located at the base of the main rotor drive shaft.
Approximately 320 rings are required. Thorough investigation has
indicated that a modular "platter" type assembly will give highest
reliability, low noise level, and long service life. It is most efficient
from a space standpoint which allows wide rings and block-type brushes.
This type has the rings arranged concentrically on the tops and on the
bottoms of a series of discs;, with two or more silver-graphite block
brushes per ring.

4.4.3 Main and Auxiliary Power Unit Instrumentation

4L.4,3.1 Power Plant Instrumentation System
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The engine monitoring system has two basic systems: a) the primary, which
is concerned with engine shaft speeds and turbine inlet temperature and

b) the secondary, whick monitors oil temperature, oil pressure, and fuel
pressure. The components of these systems which operate in the high g
environment have been extensively discussed with several prominent manu-
facturers, This has led to the conclusion that existing standard units,
nemely, the rotary tachometer generators, pressure synchros,and resistance-
type temperature bulbs can be used without modification. Early centri-
fuge testing in the next program phase will determine the velidity cf

this conclusion.

Each tip turbojet is provided with a group of sensors or transmitters
with the exception of fuel pressure units. The fuel pressure is
measured at each fuel system manifold located at the top of the rotor
mast. It is considered unnecessary to indicate pressures at the engines
because of the very large pressure increment provided by centrifugal
force.

4.,4.3.2 Auxiliary Power Unit Instrumentation

The instrumentation systems of the APU consists of a tachometer, oil
temperature, oil pressure, and turbine inlct temperature. These
instruments are of standard design and the same as those used for the
main engines with the exception of the turbine inlet temperatures system
where a direct reading thermocouple is used in place of a servo-type
system.
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5.0 STATZC AND DYNAMIC LOADS

Structural design criteria pertinent tc & heavy-lift tip turbojet rotor
system are outlined in Keference 3. These criteria descrite a four-
bladed rotor employing two turbojet engines at each blade tip. The
static and dynamic in-plane, flapwise, and torsional tlade loads have
been developed for all regimes of sieady-state and transient flight
ccnditions considered critical for rotor design.

5.1 Structural Design Criteria

5.1.1 General Contents

The structural dasigr. criteria presented in Reference 3 are for a heavy-
1lift tip turbojet rotor system which is intended for use on a cargo heli-
copter having a payload of zL,000 pounds and a design gross weight of
72,000 pounds. The centerline of the tip-mounted engines, which are ar-
ranged in an over-under configuration, is located at a radius of 56 feet
from the centerline of rotor rotation, and the design hovering tip speed
is 650 feet per second. The rotor blades are connected to a universally
teetering hut through a retention system which allows the blades to
feather while supporting centrifugal load.

The design criteria further describe the proposed control system, fuel
and oil systems, electrical system, and mechanical drive system as they
affect rotor design. Dimensional data are presented which are necessary
for blade design. The utesdy and transient flight conditions to be used
for rotor blade design are summarized with load factor limitations being
applicable to a cargo-type helicopter.

5.1.2 Criteria Peculiar to Tip Turbeiet Configuration

The design criteria which pertain to the mounting and loading enviromnment
of the tip-mounted turbojet engines have been developed specifically for
the J69-T-29 engine designed by the Continental Aviation and Engineering
Corp. and designated Model 357-1 by that company. These criteria
establish a maximum steady centrifugel load factor of 235g normal to

the tip path plane axis with a rotor overspeed condition which produces
a 259g load for no more than one minute with a cumulative operating time
of thirty minutes per 1,000 hours of operation. A load factor of 367g
normal to the tip path plane axis is to be used for nonrotating parts of
the engine and blade attachment hardware. Dynami¢ and transient loadings
on the engine are to bte rationally determined.

5.2 Steady-State Design Loads

The rotor system steady-state design loads are defined as those loads
which might be expected to occur for extended periods of time. These
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loads have been developed using anslytical procedures, digital computers;
and direct anslcg computers using the same blade mass and stiffness proper-
ties which were used for the blade flutter snalysis.

5.2.1 Centrifugal Loads

The mass of the rotor tlade and its two tip-mounted engines creates a
centrifugal force of 586,000 pounds at tne centerline of rotation for the
design hovering tip speed of 65C feet per second. This centrifugal force
diminishes to 281,00C pounds at the engine centerline for a total tip
weight of 1,200 1lbs including engines and nacelle. Centrifugal force
loadings et any cther tip speeds can bte calculated as these loads times
the ratio of the squares of the tip speeds.

5.2.2 Rotor Flade Torques {Contrsl Lcads;

Engine gyrosccrics, blade aerodynamics, and engine/blade mass properties
combine to produce torque loadings on the rotor blades and pitch control
mechanism. For the rotor design &s presently proposed, the blade torque
is always negative (nose down) so long as the rotor is st eiiher cruise

or hover tip speed. The only possibility for pcsitive torque results

with only the lower engine operating at zerc tip speed .no gyroscopics),
and this positive torque is small <-cmpared with the design negative torque.
Since each flight conditicn entails a different engine turbine speed and
collective pitch setting, a fictitious condition has been assumed which
neglects all pcsitive torque inpute and assumes all rotor parameters which
contribute negative torque to te at their design limits. This analysis
prcduces a conservative design torque of -183,000 inch-pcunds at the
centerline of rotation and -122,C00C inch-pcunds at the centerline of the
engines.

5.2.3 Aerodynamic Loads

Airloads were generated for ten flignt conditions using a Control Data
1604A digital computer and an airload program develcped at Cornell
Aeronautical Laboratory for the U, 5. Army under Contract DA UL-177-TC-698,
dated November 1962. This program uses &ssumed inflow distributions and
considers the influence of bound &nd shed vortices from all of the bl-des
to adjust these inflow distributicns to finel values from which the air-
loads are calculated. The most important aspect of this program is not
the calculation of the steady airloads, since these can be determined
with reasonable accuracy, using blade element theory, but the generation
of the first seven harmonic sine and cosine airloads in both the lift and
drag directions. Figures 3 through 12 present the lift and drag airloads
for 1g forward rflight at 1li4 miles per hour. The remaining conditions
investigated have been examined, and the airlcads for other critical
flight conditions are similarly presented in Reference 3.
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S5.2.4 Rotor Blade Bending Moments

The direct analog camputer simulation of the tip turbojet rotor blade,
vhich is reported in Reference 5, offered e unique method for obtaining
barmmonic bending moments from the airloads descrived in Section 5.2.3.
Since the direct analog camputer simulation represented a completely
coupled model of the rotor blade, the intluence of flapwise eirloads on
in-plane bending moments, and vice versa, could be obtained with ease.
The computer model was used to compile a complete set of dynamic influence
coefficients by applying unit harmonic loads independently at several ra-
disl positions along the blade and tabulating the resulting flapwise and
in-plane bending maments for each load at several other blade stations.
Baving applied these unit lcads in ooth the flapwise and in-plane direc-
tions for airloads up to and including the eighth harmonic, the influence
coefficients could now be applied to the actual harmonic airloads to
obtain design bending moments. The critical bending moments which result
from this study are plotted in Reference 3 in much the same manner as are
the airloads in Figures 2 through 12. It is evident from these studies
that in-plane bending moments resulting from airload harmonics above three
cycles per revolution are negligible in comparison with the first three
harmonics. I+ is also evident that the seventh harmonic flapwice bending
moments are more severe than several lcower harmonics. This phenomenon
results from the proximity of the third flapwise cyclic natural frequency
to seven cycles per revolution of the rotor.

While the 2.5g pullup condition creates the largest positive steady
bending moments in the flapwise direction, the static droop condition
produces the largest negative flapwise bending outboard of r/R = 0.2.
T?e -0.5g flight condition causes critical negative bending inboard of
r/R - 0.2.

5.3 Dynamic (Transient) Loads

The rotor system dynamic loads are defined as those loads which are tran-
sient in application and experience peak magnitudes for only a limited
period of time. The gust and control motion conditions which cause these
loads were simulated on the direct analog computer and blade response was
measured.

5.3.1 Gust Loads

The transient respcnse to & sharp edged (step) 40 foot per second gust
was recorded for *hree values of suspended (fuselage) weight varying from
infinity to minimum flying weight. For each fuselege mass, the flapwise
and in-plane bending moments were measured at four blade stations. Addi-
tional measurements provided vertical force at the hub (for the determin-
ation of gust-load factor) and vertical and in-plane accelerations of the
tip mass. The gust condition does not result in critical blade bending
moments although the flapwise moments approach those of the 2.5g pullup
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condition in magnitude. The transient accelerations of the tip mass were
maximum for minimum flying weight and were measured to be 8.35g vertically
and 1.95g horizontally. For the design gross weight conditior, the load
factor caused by the gust is calculated to be 2.25g.

5.3.2 Rotor Response Due to Cyclic and Collective Control Inputs

Steady-state inputs of cyclic and collective pitch were simulated on the
direct analog computer ana resulted in noncritical transient bending
moments in both the flapwise and in-plane directions. An investigation
of cyclic stick whirl, however, revealed transient in-plene bending
moments far in excess of those created by any other flight condition.
The very low rotor angular velocity and correspondingly low first in-
plane rctating natural frequency make it possible for the pilot to
inadvertently whirl the cyclic stick at a frequency which would excite
this first in-plane mode and produce large bending mcments. The peak
bending moment was measured at the critical whirling freguency to be
+3,500,000 inch-pounds at r/R = .025. Since the bending moments were
not measured at any other blade station, a quarter cosine mode shape was
assumed for this response and the resulting in-plane bending moment
variation with radius taker to be £3,500,000 cos (nr/2R) inch-pounds.
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6.0 STRUCTURAL ANALYSIS

6.1 Structural Philoscphy

The philosophy adopted for the structural analysis phase of the prelimi-
nary design program is one of insuring that optimum load paths are devel-
oped, that service-proven structural design practiles are employed, and
that structural materials and methods conform to the state of the art.
Sufficient stress analysis has been performed to substantiate the basic
design concept and is presented in Reference 4 in detail.

In general, static loads {for the purpose of analysis) ccnsist of loads
arising from dead weight considerations, transient loadings whose occur-
rence is so seldom as to preclude them from fe :e consideration, and

loads resulting from possible operation far beyond the operating limits.

The static analysis of Reference 4 provides a measure of the basic strength
of the principal components and attachments of the rotor system design.

It will also serve as a guide in the future developmen* of the rotor system
by defining areas of overstrength as well as areas where additionul detail
design effort must be expended.

Fatigue load: are defined as loads which are periodic by nature and of
sufficient amplitude and frequency as to induce failure of a material at
stress levels less than its static capabilities.

The fatigue analysis of Reference U4 considers only the fundamental fatigue
conditions required to provide assurance that proper consideration is
given to this aspect of the structural design. An accurate prediction of
component life depends upon measured flight strain data, component fatigue
test data, and a detailed knowledge of the flight spectrum.

6.2 Critical Static Design Conditions

The conditions found to be critical during Phase I of this program are
listed below.

1) Design maximum rotor speed - one engine out. Tip speed of 650 feet
per second.

2) Rotor limit speed: A tip speed of 125 percent of the design maximum
rotor speed; only the centrifugal force component is considere: ‘“iere.
3) Rotor overspeed - both engines on. A rotor tip speed of 105 percent

of the design maximum rotor speed.

L) Pullup: The rotor tip speed is 562 feet per second, forward velocity
is 41 miles per hour, and the vertical load factor is 2.5g.
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5) Cyclic stick whirl: An arbitrary condition which arises when, in
hover, the pilot moves the cyclic stick in a circular path at a
particular frequency.

6) Static droop: The blade is considered a cantilever beam loaded
by its own weight (ig).

6.2.1 Engine Mount System and Attachments

The critical engine mount system and attachment luading occurs during the
rotor limit speed condition, and during the rotor overspeed operation -
both-engines-operating condition. The critical engine mount areas are
the attachment bolts and lugs and the heat expansion fitting.

6.2.2 Main Rotor Blade Tip and Attachments

The critical main rotor blade tip, and attachments, loading occurs d»ring
tie rotor limit speed condition and during the rotor overspeed operatior. -
two engines condition. The critical areas are the attachment lugs.

6.2.3 Main Rotor Blade Typical Section

The critical main rotor blade typical section is at rotor station 170.00
and occure during the static droop condition due to compressive buckling
stress.

6.2.4 Main Rotor ©#lade Root Retention Structure

The critical main rotor blade root retention structure loading occurs
during the rotor limit speed condition. The critical areas are the
tension-torsion strap and its retention bolt.

6.2.5 Stub Blade and Retention

The critical stub blade loading occurs during the transient cyclic stick
whirl condition. The adjustable link attachment lug is the critical
camponent.

6.2.6 Main Rotor Hub Assembly

The critical main rotor hub assembly loading occurs during the pullup
condition. The critical hub areas are the blade retention lugs and pins.

6.2.7 Rotor Head Gimbal and Attachments

The critical gimbal and attachments loading results from the pullup
condition. The critical areas are the bearings and the rotor shaft
bearing lugs.
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6.3 Critical Fatigue Conditions

The alternating stresses developed during a steady-state, in-irim, normal
1g flight condition are below the rotor system component material
endurance limit and therefore nondamaging.

The start-stop condition is the critical main rotor system fatigue design
condition considered in the Phase I analysis. The critical rotor system
compounents during the start-stop condition are the engine-to-mount attech-
ment heat-expansion fitting, the rotor system component attachment bolts,
pins, and lugs, and the tension-torsion strap assembly.
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7.0 DYNAMIC, AEROELASTIC, AND FIUTTER STUDIES

Studies have been conducted concerning the dynamic behavior of the rotor
system for a heavy-lift tip turbojet helicopter. A description of the
rotor parameters used in these studies can be found in Reference 5. A
majority of the work wvas performed on a direct analog computer on which

a completely coupled simulation of the rotor blade was analyzed for natural
Irequencies, flutter boundaries and transient loading pkenomena. Com-
plementary analyses pertaining to the effects of tip-mounted turbojet
engines were performed to supplement the data compiled from the analog
computer studies.

T.1 Rotor Blac¢ Frequency Placement

T.1.1 Design Criteria

The flapwise, in-jlane, and torsional natural frequencies of the rotor
blades have been placed so as not to coincide with blade airload har-
monics which create a resonant condition. This criteria is applied to
frequencies as high as about eight cycles per revolution of the main
rotor assuming that airload excitations above this value are negligible.
The criteria governing the first in-plane rotating natural frequency not
only considers avoidance of one-cycle-per-revolution airload excitation
but also the phenomenon called ground resonance. To avoid airload
resonance, the first in-plane uncoupled rotating natural frequency shall
not be less than 1.3 cycles per revolution and any coupling effects
throughout the collective pitch range shall not reduce this frequency
below 1.1 cycles per revolution. If airload resonance is avoided in the
above manner, freedcm from ground resonance is assured.

T.1.2 Uncoupled and Coupled Frequencies

Rotor blade frequencies have been estimated by two independent methods;
an uncoupled approach which neglects aerodynamic effects and a coupled
approach which includes aerodynamic and gyroscopic effects. The com-
pletely coupled study, of course, ylelds frequencies which best approxi-
mate those which will result on the actual helicopter but a comparison
of the two methods was considered appropriate to show the effect of coupling
flapwise, in-plane,and torsional motions. 1In general, it is indicated
that the first flapwise and in-plane natural frequencies can be accu-
rately chleéulated as uncoupled modes if the blades are at a low-pitch
setting. Higher uncoupled modes show less correlation as do all fre-
quencies for the blades at high-pitch settings.

The results of these studies indicate that all natural frequencies

are free from resonance with their airload harmonic excitations. It
is also eviden: that the frequency margins of some modes vary with
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collective pitch and care must be taken to avoid resonance throughout

the pitch range. Figure 13, on page 57, shows the effects of collective
pitch on four coupled frequencies. The first cyclic in-plane mode, which
is of concern for the avoidance of ground resonance, deteriorates from

a frequency of 1.34 cycles per revolution at minimum pitch to 1.15

cycles per revolution at maximum pitch.

T.2 Periodic Engine-Nacelle Thrust

During all forward flight conditions the aerodynamic environment of the
tip-mour.ited turbojet engines and their nacelles will vary periodicelly
resulting in both an engine thrust variation with blade azimuth positicn
and a nacelle drag variation. It is difficult to treat the engine thrust
oscillation accurately since the engines are to be governed, but pre-
liminary estimates indicate that the change in engine thrust with azimuth
will be less than the change of nacelle drag. Since the nacelle drag
variation has been accounted for in the first harmonic in-plane airloads,
and these loads create no design problem, any variation of engine thrust
is assumed to be noncritical.

T.3 Rotor Dynamics with One Engine Inoperative

The symmetry which exists for the four rotor blades when all eight tip
engines are properly operating is obviously destroyed if any one engine
fails and the remaining seven continue to operate. Using a hover con-
dition to illustrate this effect, it is not difficult to visualize a
plan view of the rctor in which one blade has an in-plane deflected shape
different from the other three. The center of gravity of the entire
rotor system, then, would be offset from the centerline of rotation and
a rotating force vector would result due both to centrifugel force and
the unbalanced engine thrust vector. Analyses of this condition for

one and two engines inoperative indicate that this total rotating force
is small compared with helicopter gross weight, and adequate rotor
isolation would insure that this excitation would be virtually unfelt in
the fuselage.

Another effect of a one- or two-engine-out condition would be for one rotor
blade to change pitch due to the loss of gyroscopic torque at the tip;
thus, this blade would have effectively a twist angle different than the
other three blades. The result would be an out-of-track condition which
would induce some degree of roughness to the helicopter. Analyses con-
ducted in Reference 5 indicate that this out-of-track condition is not
expected to be more severe than out-of-track conditions which occasionally
result with smaller helicopters.

T.4 Mechanical Instability

Ground resonance, which can occur when the first in-plane rotating natural
frequency is less than one cycle per revolution of the main rotor, will be
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avoided by designing the rctcr blades to have a first in-plane frequency
well above one cycle per revolution. Section T.1.2 shows that a frequency
margin is maintained throughout the collective pitch range but is smaller
at maximum pitch than a minimum pitch.

T.-5 Torsional Divergence

Torsional divergence of a lifting aercdynamic surface occurs when the
rate of change of torgue from external sources exceeds the rate of change
of torgque due to structural stiffness. In its simplest form, this
problem is analyzed as a pure torsional prcblem; and divergence can

occur only if the blade section center of pressure is located forward of
the blade shear center. Such is not the case with the proposed tip turbo-
Jet blade and so torsional divergence will not occur. The torsional
stability of the rotor blade, including effects of flapwise and in-plane
deflections, is further assured as a result of the direct analog computer
study revorted in Reference 5. If etatic jinstability were present in

the rotor, it would have become evident during these studies.

7.6 Dynamic Phenomena Peculiar to large Tip Turbojet Rotors

A rotor system of the size proposed for Model 1108 can be expected to
have dynamric considerations which are not necessary to investigate for
smaller rotor systems. These considerations arise primarily from the
very low rotor angular velocities which are required to obtain a
desirable tip speed.

T7.6.1 Low Rotor Natural Frequencies

Having established a first in-plane natural frequency whicb is adequate
for aveidance of ground resonance, it is found that inadvertant whirling
of the cyclic control at a frzquency well within pilot capability will
excite this first in-plane mode and cause large chordwise loads in the
blades. This condition cannot be avoided without providing cyclic

stick wairl limitations and so the rotor blades will be designed for this
condition.

T.6.2 Effects of Sling Loads on Rotor Dynamics

It is presently envisioned that the cargo or useful load can be carried
either as a rigidly attached load or a sling suspended load. All dynamic
calculations have been made assuming that the design gross weight included
a 12-ton cargo rigidly connected to the fuselage and, hence, an integral
part of the fuselage. An investigation of the dynamic behavior of a
sling suespended cargo verifies that the cargo and sling behave much like
a simple pendulum. The sling length was varied from 16 feet to 200 feet
with a cargo weight of 24,000 pounds and the frequency of the slung cargo
was found to vary between 1.3 radians per second and 0.4 radians per
second. Since the design minimum rotor speed is greater than 10 radians

5k




per second and all rotor-blade Irequencies exceed one cycle per revolution
of the roctor, it is concluded that the sling length would never be short
enough to produce frequencies which would affect the dynamics of the

rotor blades.

T.7 Rotor Blade Flutter

A variation of parameters study of rotor blade flutter boundaries has
been conducted on a direct analcg computer for a completely coupled simu-
lation of the propcsed rotor blades. The stability of the rotor blades
wvas determined by measuring the aerodynamic damping present for each
mode of vibration. No attempt has been made to include structural damp-
ing in the rotor blade simulation, and so it is possible tc have a small
amount of negative aerody-.amic demping present for any mode and still be
flutter-free due to an offsetting umount of structural damping. Signifi-
cant rotor parameters have been varied independently, and in some cases
varied in combination, to determine the values at which flutter would be
likely to occur.

T-7T.1 Effects of Tip Rotating Mass

The rotating parts of the tip-mounted turbojet engines produce coupling
betwveen pitching and lead-.ag motions of the blade. The effects of this
coupling were investigated by varying the angular speed of these rotating
parts from three times the maximum design value in the proposed direction
(counterclockwise viewed from the rear) to three times the design value
in the opposite direction. The effect of tip engine speed on aerodynamic
damping for all modes of vibration is small when »ompared with the case
when the engine speed is zero.

-

T.T7.2 Effects of Tip Mass Location

The chordwise location of the center of gravity of the tip mass was varied
between the 16-percent chordpoint and the 28-percent chordpoint, or #6
percent at the chord from the proposed design location. Figure 1l on

page 58 indicated that the tip mass location affects the aerodynamic damp-
ing of different modes in different ways. The two modes which are most
affected are found to be the second collective mode and the second cyclic
mode, with both modes becoming more sensitive to tip mass location as the
root control spring stiffness becomes smaller. The present design location
at the 22-percent chordpoint effects a compromise between the extremes
investigated and will insure stability for control spring stiffnesses as

- low as 0.1 of the design value if a structural damping factor of G = .03

is assumed to be present.

T.7.3 Effects of Elastic Axis Location

The only mode of vibration which is critical for elastic axis location is
the second cyclic mode as shown in Figure 15 on page 59. The other
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modes are not of immediate interest since they all possess positive aero-
dynamic damping when using nominal blade parameters. The tendency toward
a more stable second cyclic mode is indicated for a more forward elastic
axjs location. Even though the assumed structural damping is sufficient
to guarantee stability of this mode, the elastic axis for the proposed
blade design is estimated to be forward of the quarter chord (at approxi-
mately 19 percent) and, hence, in the proper direction to reduce aero-
dynamic instability of this mcde.

7.7.4 Effects of 83 {Pitch-Flap Coupling)

A variation of 83 angle (pitch-flap coupling) affects only the second
cyclic mode adversely and results in the largest negative aerodynamic
damping at maximum ccllective pitch setting. Figure 15, page 59, shows
this effect for 83 angles up to 45 degrees. Even though a structural
damping factor of G = .03 wo'ld guarantee avoidance of flutter throughout
this 83 range, no advantage to large 53 angles is foreseen and design
values “in excess of 10 degrees are not anticpated.

T.7T.-5 Effects of Control System Stiffness

The influence of root control spring stiffness on blade flutter is best
shown in Figure 1k, page 58 for the second cyclic and second collective
modes, the only modes for which aerodynamic damping becomes more negative
(destabilizing) with increasing control spring flexibility. If the
structural damping factor is again assumed to be G = .03, a control spring
stiffness at least equal to the blade torsional stiffness is required to
avoid flutter in the second cyclic mode. This requirement is easily met
since the design goal at present is for a stiffness ratio of 10:1 (flexi-
bility ratio of 1:10).

T7.7.6 Model 1108 Flutter Status

The rotor iade flutter analysis of Reference 5 shows that no single
instance of flutter was found to exist for any operating condition or
any moderate variation of rotor design parameters. The principal deter-
rents to flutter are the very high blade and control spring torsional
stiffnesses in combination with a blade which is mass balanced near the
quarter chord.
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8.0 WEIGHT AND BALANCE STUDIES

8.1 Weight Studies

The final weight breakdown for the Model 1108 is the result of the para-
metric study, with the limiting factors involved by the use of actual
hardware engines, plus such components on which design layouts have been

completed.

The actual wveight status of the components comprising the "final" empty
weight configuration is as follows:

Rotor Group

Tail Group

Body Grou

Landing Gear Group

Flight Controls Group

Pylon Group

Engine Section Group

Engines
Fuel System

Auxiliary Power Units

Gearboxes and Drives

(Blades, retention, hub). Weights calculated fram
design layouts and semi-detailed drawings.

(Tail rotor and stabilizer). Weights computed by
means of statistical equationms.

(Primary and secondary structure, and provisions
for equipment). Weights computed by means of
statistical equations.

‘(Wheels, struts, mechanism). Weights camputed by

means of statistical equations.

(Cockpit controls, linkage rotating and nonrotat-
ing items, boost systems, and tail rotor controls).
Weights computed by means of statistical equations.

(Rotor support structure and isolation provisions).
Weights computed by means of statistical equations.

(Nacelle fairing, engine mounts, starting system,
provisions for oil and fuel lines, oil coolers,
inlet and exhaust provisions, engine controls,
electrical provisions). Weight calculated from
layouts and semi-detailed drawings.

Weight of Continental 357-1 was used for this study.

Welght of fuel system was computed as a fixed per-
centage of fuel required for the mission.

Actual weights of selected units were used.
(AiResearch GTCP 100-5k4).

(Equipment drives and gearboxes). Weights calcu-
lated from layouts.
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Engine Controle Weight calculated fram layouts.

Starting System (Lines, valves,and ducts). Weight calculated from
design layouts.

Instrument Group (Instrument, installation, and wiring and piping).
Weights evaluated by design requirements.

Electrical Group (Wiring, relays, inverters, batteries, etc.).
Weights evaluated by design requirements.

Electronics Group (Radios, antennas, intercom). Weights evaluated by
design requirements.

Furnishings Group (Crew seats, belts, reels, pyrotechnics, air condi-
tioning, emergencv equipment). Weights computed by
mesns of statistical equations.

In view of the fact that the primary purpose of the subject study was to
investigate the feasibility of the tip turbine rotor system concept, much
design time was utilized in "sizing" the rotor group. The final decision
to employ a four-blade, eight-engine rotor configuraticn was dictated by
the requirement that the Continental 357-1 engine (1700 pounds thrust) be
utilized. Therefore, the major weight study effort was directed toward
the satisfactory preliminary design of a four-blade rotor system utiliz-
ing the most efficient design techniques and the optimum combination of
structural materials available.

After numerous design studies which considered combinations of steel,
titanium and aluminum, and after investigations dealing with the most

efficient chordwise mass distribution for providing required chordwise
EI values, the following blade and hub construction was decided on:

Engine Nacelles

Engine nacelle skins
Titanium Engine nacelle firewall
Engine-mount installation

Center body and supports
Splice plates

Alumium Frames and doors
Honeycomb structures
Channels and ducts

Hub Assembly

Bearings - pins and retainers
Rotor mast and gimbal ring
Hub plates
Center shaft
Retention pins

L Drag link assembly

Titanium
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Steel - Gimbal bearings

Blades

Ribs - retention

1/b and o/b bearing supports - retention

Blade retention webs and supports - retention

Leading and trailing edge buildup - retention

Leading edge nose cap and extrusion - retention
Titanium Skins and nose plates - retention

Trailing edge skins - blade

Trailing edge caps - blade

Trailing edge extrusion - blade

Blade ribs - blade

Leading edge skins - blade

Root and tip fittings - blade

Leading edge cover - blade

CREe Bushings and bearings - retention
Trailing edge core - retention
Aluminum Leading edge filler - blade

Inner sandwich skin - trailing edge - blade
Core - blade

8.2 Balance Studies

8.2.1 Rotor Balance Considerations

In selecting a type of rotor system to fulfill the requirements of a
heavy-1lift helicopter, it is necessary to consider the size of rotor
and type of propulsion employed. In the case of the subject design,
turbojet engines are mounted on the blade tips thereby changing the
blade mass characteristics from those considered to be a conventional
system.

In a rotor system of the size proposed, complexity of hub and flight
controls, and hence weight, is dictated by the number of blades in the
system. In this regard then, the rotor with the minimum number cf blades
will be the optimum. Further to this selection, a study had to be con-

ducted regarding the merits of both articulated and universally mounted
systems.
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In steady flight with constant angular velocity, thrust and centrifugal
moments are equal to drag moments and the blades are in equilibrium in

the rotor plane. Theoretically, at this stage there should be no tendency
for dissimilarity of blade geometry within the system. Each blade has
identical thrust, drag, and centrifugal forces acting upon it; and the
entire system is balanced. However, if one or two engines lost power

or failed completely, the effect on the system would be to upset the
balance of the rotor, and the blades would seek new equilibrium positions.

It is apparent that a rotor system with articulation, free to hinge about
& lag axis, would rotate about that axis until a new equilibrium point was
reached, which in this case would be the drag moments being balanced by
blade centrifugal moments only. In order to determine the magnitude of
such a lag angle change, a generalized equation was derived from inputs
that were taken from the rotor geometry in a one-blade power loss condi-
tion. The inputs are as follows:

The equilibrium equation with engines out may be rated as

D(3/4R - eR) - CFyp(Z,) - CFyp(Z,) = 0

CF,
Wy

Cl"wB
D
C2

<Y | =

1 ‘C Z,
I Y g rotation
N
(Fy~Dy) _— 3/4R ' ——
I R(1-e) .L— €R  —a
- R ' ~

Figure 16. Blade Lag Relationship
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Using the equation to investigate the effects of a power loss indicates
that the articulated system will have a blade angular displacement which
produced an in-plane unbslance of approximately twelve times greater than
the rigid system. The elastic deflection due to one- and two-engine-out
conditions on the universaily mounted rotor produces in-plane of the bal-
ance forces of 1,011 pounds and 2,31C pounds, respectively, while the same
conditions of the articulated rotor produce dorces of 13,715 pounds and
27,431 pounds. By virtue of this, the decision was made to eliminate the
articulated system from further study and adopt a universally mounted
rotor system.

8.2.2 Aircraft Balance

Experience at Hiller Aircraft Company has indicated that a helicopter
employing & universally mounted rotor is generally zt a disadvantage when
the center of gravity travel is compared to that of a helicopter with an
articulated system. However, when a helicopter of the size of the Model
1108 is considered, the linear center-of -gravity travel of universally
mounted rotor system becomes sufficiently extensive to encompass all
loading variations.

Due to the configuration of Model 1108, it is readily apparent that the
load-carrying capabilities are restricted to a pod-type cargo slung be-
tween the fore and aft landing gears, and by virtue of this arrangement,
the cargo center of gravity may always be confined to a location below
the centerline of rotation.

For purposes of balance control, it is considered feasible to design the
fuel system center of gravity to coincide with the centerline of rotation,
thereby minimizing adverse balance effects due to the fuel consumption.
The new w=ight, being only 1.1 percent of the empty weight, will have a
negligible effect on the longitudinal balance and need not be considered
further.

In order to eliminate undesirable balance characteristics, the empty
weight balance was computed so that the center-of-gravity in the empty
condition was as close to the centerline of rotation as possible.

The total available center-of-gravity range as computed in Reference 6

indicates that 12,7 inches is available for loading variations. It is

expected that this range will be expanded with the incorporation of the
rotor spring restraint system.

A weight and balance breakdown showing horizontal and vertical centers of

gravity has been compiled and indicates the feasibility of the mission
loading within the confines of the computed center-of-gravity range.
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9.0 WIND-TUNNEL STUDIES

Wind-tunnel tests were conducted to provide design information which would

assist in the design of a turbojet installation at the tip of a rotor blade

The results of these tests are presented in Reference 7 and are sumaarized
in the paragraphs below.

9.1 Engine Stacking Configurations

The tip turbojet wind-tunnel studies were conducted at the United States
Naval Postgraduate School, Monterey, California, using a 1/: scale par-
tial span model (Figure 1) which was tested at Ry = 1.8 x 10°. The
nacelle test configurations were mounted on a short blade of 0015 airfoil
section which was attached to a supporting structure outside of the test
section. This supporting structure allowed freedom of movement imn both
the pitch and yaw planes (Figure 18 ). The reference pitch axis was the
blade quarter chord; and, for yaw the reference axis was a vertical axis
Just outside of the tunnel wall.

The loads were transmitted from the nacelle and blade throush strain-
g&ge balances to Lhe supporting structure. One balance was mounted in
the nacelle, parallel to the nacelle axis, and measured nacelle forces
only, The second balance was mounted in the wing parallel to the quarter
chord axis and measured the combined forces of the nacelle and wing.
Static pressure taps were located on the wing and cn the forebody and
afterbody of all nacelle configurations to aid in the evaluation of the
wing and nacelle lift distribution.

Three-engine stacking configurations were tested through a range of pitch
and yaw angles to determine which configuration would be most suitable
for a tip turbojet nacelle. The nacelle configurations tested were a
single engine, a vertical placement of two engines, and a side-by-side
placement of two engines. The single engine nacelle was sized in model
scale to represent the geometric proportions of the Continental J-69
engine. The vertical and horizontal multiple engine configurations were
also patterned to enclose the J-69 engine.

For an equivalent installed power, the single-engine configuration pro-
duced the minimum drag and net integrated side force of all three config-
urations.

Of the two multiple-engine configurations, the over-under engine config-
uration had a higher drag coefficient than that of the side-by-side con-
figuration. It had in addition a higher side force coefficient. This
gide force coefficient, when integrated around the rotor disk, produces

a downstream drag force which adds to the overall power required. The
vertical configuration, while exhibiting higher drag, was nevertheless
selected for the design layout studies due to considerations of structural
mounting, weight,and improved inlet flow conditions.

65



9.2 Nacelle Inlet Configuration

Four single racelle configurations were tested. They are identified as
1-40-100, 1-40-115, 1-40-130,and 1-50-100. Figure 19 shows cross sec-
tions of these nacelles, illustrating their relative size and common
dimensions. The above code numbers identify the forebody contour which,
along with the ordinates of the nose shape, are based on data taken from
NACA Report No. 920. The afterbody contours (aft of the maximum diameter)
are identical for all nacelles and are based on data for a modified NACA
111 body taken from NACA TR 1038.

Two centertody inlet shepes were tested with nacelle 1-50-100 only. This
nacelle shape was selected to give the same inlet area with the center-
body instslied as the -40O series. One centerbody was a conical shape and
the other an NACA 1-30-k0 series spinner. Each engine inlet had a total

pressure survey rake for measuring compressor inlet velocity profile and
net inlet pressure recovery.

At nominal pitch angles (less than 69) and zero yaw angle, the inlet flow
conditions for all configurations are acceptable. As the nacelle is
yawed, the distribution becomes more distorted and the inlet losses rapidly
increase. As would be expected, the side-by-side engine configuration
as compared to the over/under configuration shows the lowest losses in
pitch (a:max = 12°) and the highest losses in yaw (Bmax = 20°). In posi-
tive pitch attitudes,the bottom engine has the best flow distribution and
in right and left yaw attitudes the upstream engine of the side-by-side
configuration always exhibits the best flow conditions. Since the inlet
losses increase rapidly with both pitch and yaw angle, it is desirable to
favor the configuration whose critical distortion plane has the least in-
let flow angle change. The maximum inlet flow angle in pitch is a = 12°
and in yaw, for an assumed value of p = .364, B = 20°., Therefore, the
over/under configuration shows a lower integrated inlet loss and a more
favorable velocity distribution. The addition of either centerbody im-
proved the inlet flow conditions such that acceptable velocity profiles
and low inlet losses were maintained throughout the full pitch and yaw
range.

9.3 Nacelle Drag - Measured Versus Predicted

Since the results of the wind-tunnel program were not available early

enough to be used in the parametric study, it was necessary to use data
which was available from NACA tests and reference texts. A conservative
drag polar was selected and this drag polar was applied to the pitch and
side-slip angles independently as a simplifying conservative assumption.

A comparison of the nacelle drag coefficients from wind-tunnel data to
those used in the parametric study are shown in Figures 20 through 22
for two single nacelle configurations, a twin over/under nacelle and a
twin side-by-side nacelle, respectively. In order that the effect of
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both yaw and pitch on drag can be seen, separate graphs are presented
where alternate augles are held constant and the other varied.

The results of this comparison show that the drag cf the wind-tunnel
models is approximately double that used in the parametric study for the
entire @ range and the positive B range. The fact that the drag coeffi-
cient curve for varying yaw angle is not symmetrical about B = O, as as-
sumed in the parametric study, is due to the presence of the rotor biadz
on the inboard side of the nacelle.

As a result of engine mount studies and the desire to maintain minimum
nacelle volume and weight, the maximum thickness of the blade and nacelle
fell at approximately the same blade chordwise station. The combined
diffusion along the aft end of the nacelle and blade caused local separa-
tion and excessive drag. This had the same effect as though the £/D of
the nac;lle were too small and iarge increases in drag resulted (Fig-
ure 23).

The results of the tunnel tests define the character of the nacelle drag
and the problem areas, and should not be considered to be the final con-
figuration or the lowest achievable drag coefficient. The drag coeffi-
cleits asused in the pasrametric study are achievable as shown from the
data presented in Figure 23 This source data is taken from the text
Fluid Dynamic Drag by Hoerner and is based on tests of similar shapes,
fineness ratio, and Reynolds Number. Based on a comparison against

Reynolds Number (Figure 2k4) a similar reduction in drag coefficient is
evident.

The necessary area of nacelle redesign as noted from the tuft flow photo-
graphs is the Jjuncture between the nacelle and wing. The flow in this
area is largely separated due to the three-dimensional diverging flow
angle, caused by the simultaneous curvature of the nacelle and blade.

It is felt that further tests using a "speed pod"-type fairing, boundary
layer control utilizing the engine exhaust for pumping power, or vortex
generators will reduce the separated area to a minimum and bring the drag

coefficient below the predicted values. .
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Figure 18b.Model Support Structure.
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10.0 PERFORMANCE ANALYSIS - MODEL 1108

The performance calculation methods utilized for the Hiller Aircraft
Model 1108 tip turbojet-powered helicopter are consistent with standard
rotary wing industry performance procedures (Reference 11) with the
exception of the determinations of main rotor profile power, power
available, and the tail rotor power. These items were necessarily altered
to reflect the use of tip turbojet propulsion.

The standard main rotor profile power term was obtained by calculating the
hover profile power and then multiplying by ) which increases the hover
profile power to account for the differential velocity on the advancing
and retreating blades during forward flight. The nacelle profile power
term vas calculated in a similar manner, except that the K,y factor
includes not only the increase in profile power cdue to the differential
velocity, but also that due to the integrated side load on the nacelle.
The total profile power for the tip turvojet rotor was thus obtained

by adding the standard blade profile teim to the similar nacelle temrm.

The power available was calculated by the equatiorn:
anTn Vzwan

HPy, = -
Ay © 550 ~ 32.2(1100)
where:
Fn = Engine net thrust at VTV as supplied by the manufacturer
n = NHumber of engines operating(eisht enginss operating for all
performance

V = Freestream helicopter velocity
Vi = Tip speed (for hover or forward flight)
Wy = Engine air flow as supplied by the manufacturer

The second term in the available horsepower eguation is the rotor ram
drag horsepower. This is obtained by integrating over one revolution
the drag component of the radial force caused by turning the engine
air flow through the yaw angle of attack.

The tail rotor on a tip-driven helicopter is required basically for ma-
neuvering rather than for torque compensation of the main rotor. The tail
rotor power 1is, therefore, a very small percentage of the total power and
for simplification was added as a constant value in the miscellaneous
power term.

Main rotor tip stall and compressibility calculations were performed
using the standard methods. The nacelles have been designed with a

critical Mach number versus argle of attack curve which is less restricting
than that of the NACA 00i: &irfoil main rotor blades.

[
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The performance summary data listed in Table & were calculated using a tip
speed of 650 feet per second and an A, value of 200 square feet except
as noted.

78




[

3
*pajou se 3daoxs -s-d-3 059 = a> *‘pajou sw 3dsoxs sSuUOIITPUCO pIASVPUWIS PUS _3J OO = w<

2
‘JUN X0 wywp duwmxozaad TV :ajof

(-a1) 34Bram ssoxn

- 0gfst o0oofze 000°2¢ (-33) NTTYO PDTA28
oGL oGL‘s 00141 00292 (-33) Lwp prepuwys
- 393739 punoxP-Jo-4n0 JITTR Iaa0g

- . 0909 = (*33) "dgSh = LYO
- 3933}9 punoIB-30-3N0 FUTTIRP IaoH

- ont‘T qté‘z 006¢S (cam/13) “I'S 3% QRIS JO NV "IN
- 0561 oto‘¢ ono0°‘9 (‘am/ax) “1°S 3% QEIT® 3O ez T

(s30ux) i
Tt ot 00T <6 *8°d 7 266 = VA - I8 3¢ paads JarsIn)
Aoo._”unﬁ Nt o
- ¢t Lt (oo2="V) €€T| (sromx) ~-s-d-J 26€ = "A - °I°S 3% paads -xwy
000°cot 00T 06 wotr‘al 0g9‘Ly

w1

19



11.0 STABILITY AND CONTROL STUDIES

The purpose of the analysis reported herein was to evaluate the feasi-
bility of the tip turbo concept fram a stability and control standpoint.
A crane configuration fuselage was mated to the Model 1108 rotor system
as a model for analysis. This helicopter configuration was not intended
as an optimum design, but as a realistic configuration suitable for eval-
uating the flying characteristics. This contiguration was evaluated from
hover to 108-1/2 knots for both the design gross weight and the return
mission gross weight.

The Military Specification for Helicopter Flying Qualities (MIL-H-8501A)
was used as a guide for stability and control criteria. Specific items
checked against this spacification were:. control position and body
attitude as a function of forward speed; body attitude response at hover;
maneuver response at hover and forward speed; response to artificial
disturbance at forward speed; and stick-fixed dynamics. All of the
requirements were met or exceeded. In many cases the Model 1108 was com-
pared to additional criteria, other than MIL-H-8501A, which were felt to
be more applicable to a heavy-l1ift helicopter. Control power criteris,
used as a design objective for this report, far exceeds the requirements
of MIL-H-8501A.

All of the analysis is shown for the helicopter configuration alone,
with no addition of stability augmentation. While augmentation is not
required to satisfy the criteria, it is shown that augmentation will be
required to achieve preferred handling qualities.

11.1 Configuration Description

The stability and control analysis was based on the configuration shown

on Figure 25 This configuration is not intended to be the optimum heli-
copter design for the Model 1108 rotor system. It was selected to

provide a realistic configuration for stability and control analysis. The
dimensions and characteristics are summarized below:

Main Rotor:

Airfoil section (constant) . . + . . . . . . . . . . .NACA 0015
Chord (constant), ft. . « &« ¢« & o ¢ o o o o o o o o & 6.5
Diameter, ft o « « v « o ¢ o « o o o o b 4. e .. 111.8
Number of blades « « « o o o & o o o o o o o o o + o » L
SOLIQILY = o v o o o o o o o e e e e e e e e e e .. 0.148
Tip speed, ft/sec - HOVEr . « « o v « o o o o o o o & 650
-Cruise . . .+ . . i i e 0 40 e e 600
Twist, degrees . . « o o ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o o o ¢ ¢ o o 10
TYPE ¢ « o o o o s s s o o o s o o o « o o o o s o s o Teetering
80




e fe

Collective pitch movement, degrees . . . . . . . . .
Lateral cyclic movement, degrees .
Longitudinal cyclic movement, degrees . . . . . . .

Spring restraint per blade, lb-ft/rad . . . . . .

Tail Rotors: (characteristics per rotor)

Chord (constant), ft. . « « - « & & ¢« ¢ ¢ ¢ o « o &

Diameter, ft. . . . . c o c
Moment arm, ft. (main rotor hub to tail rotor @_ .
Number of blades . . . . . . 5 00 0 08 c
Number of tail rotors (See Figure 25 for arrangement)
Solidity . . . « « « « . . . o c 5 0 0 0 c

Tip speed, ft/sec. O 08 00000 O0O0OGOOO GO a0 a
Wist , degrees L] L L L L 2 L L] L] . . L . L] L] L L L] .

Collective pitch movement, degrees . . . . . . . . .
Stabilizer:

Area, ft2. O 0 0000000 OGO GOO0OO0OO0O0 0 G
Aspect ratio . . . . D 000 0O0O0O0OCO OO OO OO C
Chord (constant), ft. e e e e e e e e e e e e e
Incidence, degrees . . . c 5 000000006 0 c
Moment arm, ft. (main rotor hub to stabil.zer

quarter chord) . e e e e e e e e e e e e e e
Span, ft. . . . & o ¢ 0 ¢ i i 0 et e e e e e e e

Fuselage:

Equivalent flat plate area, fte-
Including cargo pod . « . ¢ ¢« ¢ ¢ 4 ¢ ¢ o 0 o .
Cargo pod removed . . . + &« o & & o o o 1+ o

Tip Turbo Engines:

Inlet area, £t° " (both engines) . e e e e e
*Lift curve slope of nacelle, (aC /5a )gp Per rad. . .

M)unt ing L] . L] . L] . [ L] . & . . E] . L] . . . L] . .
Number of engines per blade . . . . . . . . . . . .

*Profile drag,

Cagy *

Mass Properties

15
12
2

' o

374,000

0.98
8.0
38.0

0.39

200
100

2.08
4.5

Over-Under
2

.282+}.1250°

% Based on inlet area.
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Blade mass properties, per blade.

(including effect of engines at blade tip)

Mass, SBLUEE « « o o « o o o o o o o o o o o o s + o o 108.7
Distance of c.g.outboard of hub, ft. . . . poee 29.4
Flapping moment of inertia about hub, slug-ft- . . . . 138,700

Helicopter mass properties:

(See Table 9.)

11.2 Compliance with MIL-H-8501A

Longitudinal Trim Conditions

The Model 1108 has adenuate control power to provide trimmed, level flight
over the desired speed range. A reasonable body attitude is maintained at
all speeds, and sufficient margin of control is available for maneuvering.

Longitudinal cyclic position and fuselage attitude are shown in Figure 26
for level forward flight. The curves are smooth, with no objectionable
reversal in slope. The most critical condition for control margin is
trimmed level flight at maximum speed, with the aft center of gravity
loading. Two degrees of control travel are available beyond trim at this
flight condition. This provides a margin of 20 percent of the available
control in hovering.

The slope of the cyclic control position is stable over the desired
speed range for the normal gross weight. The light gross weight has a
stable slope, except for a small region of neutral stability from hover
to 20 knots forward. Control force stability with respect to speed
follows as a consequence of the control position stability through the
use of an irreversible control system.

Pitch Attitude Response at Hover

The response to control input has been designed to provide desirable
handling qualities. In order to achieve the desirable characteristics,

it was necessary to include a spring system to restrain the flapping mo-
tion of the main rotor tlades. A spring restraint of 374,000 foot-pounds
per radian per blade was found adequate. This amount of spring restraint
is equivalent to a flapping hinge offset of 1-1/2 percent of blade radius.
The resulting design provides attitude response characteristics which ex-
ceed the requirements of MIL-H-8501A (Referencel2). The control power
criteria, used as the design objective, is discussed in Section 11.3,
Table 10 compares the Model 1108 response with the requirements of Reference

12.
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(Does not include effect

‘\\--.‘ of spring restraint)
3 2

-4

-6

-10

-2
Long.
cyclic

-L
6

1,2
deg.

-8

-10

-ii“-_ Velocity (knots)

€0 1\30 100
>
™~

71,700 Mid
71,700 Aft
39,200 Mid

N
N
W(1b) c.g. \\
\
\

= body attitude

8¢

€0 g0 100
Velocity (knots)

Figure 26. Longitudinal Trim Conditions
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TABLE 10
PITCH ATTITUDE RESPONSE

(HOVER IN STILL AIR, SEA LEVEL, MID c.g.)

Angular Displacement in Pitch

Gross Leagitudinal at the End of One Second
"’aﬁ';t cyc;;;uft“k Model 1105 | MIL-H-8501A Requirement
Aal, (D2g. ) Aa),(Deg.)
39,200 One inch b.6 1.3 L5
1,700 displacement L.6 1.1 (AQ, = a——=—or
#71,700 | from trim. 5.6 1.1 ) 1 </wg 1000
39,200 Maximum 22.8 5.2 180
71,700 displacement 26.7 h.5 tAa, = e———
#71,700 from trim. 32.1 4.3 = R/ Wg*1000

#Load suspended from c.g. by sling. (All other conditions have

rigidly attached load.

Longitudinal Maneuver Control

The Model 1108 satisfies the maneuver stipulations of MIL-H-8501A for

hover and forward speed. These requirements specify the point of in-

flection in time histories of normal acceleration and angular velocity
following step control displacements.

Longitudinal Response to Artificial Disturbance

The response to an artificial input indicates the pilot should have
adequate time for corrective action following an attitude disturbance.
The MIL-H-8501A requirement specifies the maximum deviation of normal
acceleration from the steady trim value, due to an impulse control input.

Ilongitudinal Stick-Fixed Dynami-s

The longitudinal stick-fixed dynamiecs satisfy the requirements of Refer-
ence 12 without the aid of stability augmentation. Some stability augmen-
tation will be required to achieve desirable handling qualities beyond
the basic requirements of Reference 12 (MIL-H-8501A).

The dynamic behavior has been determined by examining the roots of the

characteristie equation of the longitudinal dynamics. Table 1l presents
the roots of the characteristic equation, plus the time and number of

\!
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cycles to double or half amplitude. The rcquirements of Reference 12

are included for comparison. The modes of motion are presented for hover,
maximum speed, and an intermediate speed, for both the light and fully
loaded gross weights. The data is presented for the nominal cemter of
gravity, with the addition of one aft center of gravity point for com-
parison. All of the short period and aperiodic roots are well damped.

The long period roots are either lightly damped or slowly divergent.
Reference 12 allows some divergence for the long period roots, if the
time to double amplitude is greater than 10 seconds. The time to double
amplitude for the divergent roots far exceeds this requirement.

Roll Response at Hover

The roll angle response in hover is similar to the pitch attitude re-
sponse in hover. The spring restraint system affects the roll and pitch
axes equslly, except for the difference in fuselage inertias. Table 12
compares the Model 1108 roll response with the requirements of Reference
12.

TABLE )2
ROLL ANGLE RESPONSE

Angular Displacement in Roll
Gross Lateral at the End of 1/2 Second
Weight Cyclic Stick | Mydel 1108 | MIL-H-8501A Requirement
(1b.) Input A, (Deg- ) A, (Deg. )
39,200 One-inch 1.8 0.2 » 27
71,700 displacement 1.4 0. = —
*71,700 from trim. 2.1 0.6 .,3/ W5+1000
39,200 Maximum 10.6 2.4 . 81
71,700 displacement 8.5 1.9 = M
*71,700 from trim. 12.4 1.9 x/ Wg*1000

*load suspended from c.g. by sling. (All other conditions have
rigidly attached load.)

Directional Response at Hover

The yaw angle developed after ome second of step rudder pedal input is
given in Table 13 on the following page. The change in yaw angle, required
by Reference 12, is also indicated. The required yaw angle is achieved
for each condition, although the response for one-inch pedal input is
marginal.

- r——— . — - —
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TABLE 13
YAW ANGLE RESPCNSE

| 5cRoss WEIGHT = 71,7CC LB.)

Angular Displacement in Yaw

Rudder at the End of 1 Second
Pedal Lt
: Condition Model 1108 MiL-E-8501A Requirement
nput Av, (Deg.) Ay, (Deg. )
Full left 330
No wind. -11.8 -7.9 DAY = ———
pedal. A +1000
JG+1000
o noon 35-knot wind 4.3 _2.6
from right. *7 B G 110
1 inch left | No wind. -2.9 -2.6 1\5/ W*1000
Full right 350
No wind. 10.3 7.9 | AV = —22—
pedal. %/ W +100C
"o ouwoon 55'kn°t wind 3.2 2.6 110
from left. oo o AV = 3
1 inch right| No wind. 2.l 2.6 W; +1000
w

Lateral-Directional Stick-Fixed Dynamics

The lateral-directional behavior has been determined in the same manner
as classical fixed-wing sirplane stability. Three degrees of freedom
have been considered: roll, yaw, and sideslip. The equations of motion
combine tc form a fourth order characteristic equation of the lateral-
directional dynamics. The roots of this equation correspond to the
following modes of motion:

Hover: a. Long period roll oscillation
b. Aperiodic yaw mode
c. Aperiodic roll mode

Forward Speedz a. Dutch-roll oscillation
b. Aperiodic spiral mode
c. Aperiodic roll mode

The characteristics of these modes are presented in Table 14 for the light
and normal gross weight loadings. The speed range is covered by three
flight conditions. All of the conditions are for the mid center-of-gravity
loading. The aft center-of-gravity loading is also shown at maximum speed
for comparison. Table 14 shows all of the modes to be stable, except for
the long period hover mode for the fully loaded gross weight. Each mode

is more fully discussed in the test following the table.
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Long Period Roll Oscillation in Hover

This mode is the lateral counterpart to the long period oscillation occur-
ring in the longitudinal motion. As in the longitudinal case, it i- a
function of speed stability and angular velocity damping.

There is no direct military specification requirement for the damping of
this mode. The requirement of paragraph 3.2.11 of Reference 12 is the
only related reference to dynamic characteristics. This requirement
applies to longitudinal behavior in forward flight, but may be considered
applicable to the closely related roll mode. It states that for long
period oscillations (10- to 20-second periods), the oscillation may be
divergent, but double amplitude shall not be achieved in less than 10
seconds.

Table 1k shows this motion to be lightly damped for the light gross weight.
The motion is divergent for the fully loaded configuration, but requires
20.T7 seconds to achieve double amplitude. The behavicr of the long period
hover oscillation therefore appears to be satisfactory.

Aperiodic Yaw Mode in Hover

This mode corresponds to the yaw rate damping in hover. Paragraph 3.3.19
of Reference 12 states: "The yaw angular velocity damping should prefer-
ably be at least 27(I,)'7 foot pounds per radian per second.” Table 15
compares the yaw dampiung for the Model 1108 with this requirement.

TABLE 15

YAW RATE DAMPING IN HOVER
e Aq

MIL-H-8501A Requirement

Cne T
Gross .7 27(12) Model 1108
Weight 27(12) -1
A
_ft.-1b. Yaw Damping Yaw Damping
1b. rad./sec. per Sec. per Sec.
?w e = |
39,200 74,100 .91 1.31
71,700 95)500 .81 080

IR S e
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Aperiodic Roll Mode in iHover and Forward Speed

This mode corresponds to the roll rate damping. Reference 12 has a require-
ment for the amount of this damping in hover. The requirement for flight
at forward speed is not specified. Table 16 shows these minimum require-
ments tc be easily satisfied.

TABLE 16
ROLL RATE DAMPING
MIL-H-8501A Requirement
Gross o7
: Velocity 18(1_) Model 1108
Weight Red x
18(1'x) S
X
ft.-1b. roll damping | roll deamping
= 350 rad./sec. per sec. per Sec.
39,200 0 47,006 .62 2.06
l 60.0 N.A. N.A. 2.65
108.5 " N.A. N.A. 1.78
71,700 0 85,000 .48 1.18
l 60.0 N.A. N.A. 1.69
108.5 N.A. N.A. 1.22

Spiral and Dutch Roll Modes at Forward Speed

There is no requirement for the behavior of these modes in Reference 12.
Reference 14 provides recommended requirements for lateral-directional
handling qualities. These requirements are recommended for inclusion

in military specifications for helicopters intended for instrument flight.

The requirements recommended by Reference 1% page 19, for dutch-roll and
spiral mode behavior are as follows:

a. "At landing approach speeds and above, the lateral oscillation known
as dutch roll shall be well enough damped to lie on the favorable
side of the acceptable-marginal boundary of 'Figure 5 herein.' It
shall in no case be less than corresponds to half amplitude in two
cycles."




b. "A spiral divergence shall in no case be strorzer than corresponds
to double amplitude in 7 seconds. Although convergence in this
mode is desirable, slow divergence is permitted, provided the dutch-
roll damping is sufficient."

The Model 1108 dutch-roll and spiral modes, listed in Table 1k, are sum-
marized below. The dutch-roll mode shows more damping than the minimum
recommended requirement. The dutch-roll oscillation converges to half
amplitude in well under two cycles. The spiral mode is stable at both
speeds investigated.

The spiral and dutch-roll characteristics fall in the "marginal’ region
of the applicable "Figure 5" of item a. This demonstrates that although
the basic configuration is flyable without augmentation, stability aug-
mentation will be required to provide acceptable handling qualities.

:::zerII//III/IIIlL
2.0 Recommended 1limit (Ref. 3)

O Wg = 39,200 1b.

1.5} Model 1108 l A Ve =T1.700 To.

Cycles to
half ampli-
tUde, C& lco o

St —Cr
3= =
2 1 1 | 1 I I 91
%% \/ 40 60 80 100
Forward velocity, knots

Figure 27. Dutch-Roll Mode.

Spiral _ Staple
rOOt : ‘/6"
per sec.
o VYV Lo 60 80 100
Forward velocity, knots

Figure 28. Spiral Mode
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11.3 Increased Control Requirements for Heavy-Lift Helicopters

The control power regquirements of Reference 2, are felt to be unrealistic
for heavy-welight helicopters. This military specification states control
pover requirements in terms of a minimum allowable displacement of heli-
copter attitude resulting from a step control application. The required
attitude displacement is given by:

““1}______13__
I

where K depends on the magnitude of control input and the axis of interest.
This formula has provided an adequate criteria as a function of gross
weight for nominal weight helicopters, but is not adequate for very heavy
gross weights.,

degrees

The angular acceleration due to a gi.ven control input is considered to be
a more basic criteria. Since the angular acceleration is determined by
dividing the control moment by the helicopter inertia, weight effects are
inherently accounted for. Preferred levels of angular acceleration and
damping have been Cetermined from helicopter flight test, and are pre-
sented in Reference 4. This information has been used as a design
objective for the Model 1108. The Reference 14 bcundaries will next be
substantiated by comparison with additional NASA references. The Model
1108 characteristics wiil then be compared with the Reference 1% boundaries
and the requirements of MIL-H-8501A.

Comparison of Plilot Opinion Boundaries

Pilot opinion boundaries for roll and pitch handling qualities are shown
in Figures 29and 30. These boundaries were taken from three separate
NASA studies, described below.

Reference 1, NASA TN D-58: A flight test research program conducted
with the S-51 helicopter. The boundaries are related to character-
istics for visual and instrument flight operations.

Reference 15, NASA TN D-792¢ A piloted simulator investigation
to establish attitude control requirements for hovering flight.

Boundaries are given in terms of the "Cooper Pilot Opinion Rating
System."

Reference 16 NASA TN D-1328: A flight test program conducted with

the X-1LA VTOL research vehicle to establish handling qualities require-
ments durlng hovering under visual flight conditions. Boundaries are
given in terms of the "Cooper Pilot Opinion Rating System."

A direct comparison of these pllot opinion boundaries is not possible

\




because of the differences in test vehicles and rating systems. TL»
latter two references relate to handling qualities, generally, whereas
the first reference differentiates between instrument and visual flight
operations. Regardless of the cited differences existing in the three
references, the latter two references do substantiate the preferred level
of contiol power established by the first. One exception to this is the
low level of control power indicated by Reference 16 for the pitch axis.

No apperent reason is available for this discrepancy.

It seems reasonable to interpret the "desirable” (good nandling qualities
for instrument flight operations; bcundary of Reference l4as indicative of
preferred characteristics for precision visual flying. This should be an
optimum criteria for design, and was used as a design objective for the
Model 1108.

Model 1108 Control Power

Model 1108 control power and damping, for several loading conditions, are
shown on Figures 31 through 34. Also shown on these figures are pilot
opinion boundaries of NASA TN D-58, and curves corresponding to the
requirements of MIL-H-8501A, are derived as follows:

For a single degree of freedom system with rate damping and a step input
forecing function, we have,

5 = -E-e-[e(D)t - (D)t - 1]

where, & = angular displgcement at time, t., radians.
F = magnitude of step input forcing function, rad/secz.
D = rate damping, rad/sec® - _1
rad/sec sec.
t = time from initiation of step input, seconds.
for 5 = S , deg., from MIL-H-8501A, we have

\3/ W + 1000

) HE o

This equation provides a relationship of damping versus control power,
at constant gross weight, corresponding to the requirements of MIL-H-8501A.

Figures 32 and 34 show that the military specification requirement

brackets the "desirable" boundary for gross weights of 2,000 to 10,000
pounds, but specifies too little control power for the heavier gross weights.
The Model 1108 has been designed to provide control power approaching the

95
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"desirable” boundary, as an optimum, rather than the minimum military
specification requirement.

Figures 31 through 34 show the Model 1108 to meet the control power
obJective, with the spring restraint system included in the design. The
spring restraint also has a significant effect on the damping. Even with-
out the spring restraint, the control power would meet the MIL-H-8501A
requirement. Pitch and roll damping, while not within the desirable
boundary, exceeds the MIL-H-8501A requirements. J3ome stability augment::tion
should be added to achieve preferable damping.
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Bouncary Descriptive Pilot Opinion Reference

@ "Desirable” - "good handling qualities
for instrument flight operations"
"Acceptable” - "acceptable for instrument NASA TN D-55 (Ref.t)
flight operations”  (S-51 flight test)
@ "Marginal” - “acceptable for visual flight
operations only"

(:) “Satisfactory for normal operation™ NASA TN D-792 (Ref.9)
(Cooper Rating = 3-1/2) (simulator test)
NASA ™ D-1328 (Ref.1C)
@ ---Same as above--- (X-1LA flight test)
4 ¥
-3 -
Roll
damping, -2 r
per sec.
-1 F
0 I I ) |
0 1 2 3 L

Maximum roll control power, rad/sec2

Figure 29. Pilot Opinion Comparison, Roll Axis.
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Boundary Descriptive Pilot Opinion Reference
(:) "Desirable” - "good handling qualities

for instrument flight operations"
@ “"Acceptable"” - "acceptable for instru- | !('l‘: ?‘e;l-‘leqng;sg’)
ment flight operations (S-51 flight test)
(§> "Marginal” - "acceptable for visuai
flight operations only”

(:) “Satisfactory for normal operation” NASA TN D-792,
(Cooper Rating = 3-1/2) (R ference 9)
(simulator test)
NASA TN D-1328

(:) ---Same as above--- (Reference 10)
(X-14A flight test)

-3¢

Pitch -2}

damping,
per sec.

3

Maximum pitch control pecwer, rad/sec2

Figure 30. Pilot Opinion Comparison, Pitch Axis.
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Boundary Descriptive Pilot Opinion Reference
@ "Desirable"” - "good handling qualities
for instrument flight t "
r ght operations NASA TN D-58

“Acceptable"” - "acceptable for instrument
flight operations"

“Marginal” - "acceptable for visual
flignt operations only"

(Reference 8)
(S-51 flight test)

e - Lﬁ |
2l
8.
"y
3 :!0 :to @
Roll
demping, »
per sec.
&
-2} g' Yodel 1108 Data
© Spring Gross
) Restraint Weight ILoad
SI on off (Ib)
N @®@ O 39,200 None
-1f l @ 0O 71,700 Rigid
® O 7,700 Sling
g ©
1 2
%o 0/ 2

Maximum roll control power, rad/sec?

Figure 31. Maximum Control Power, Roll Axis.
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Boundary Descriptive Pilot Opinion Reference

@ "Desirable” - "good handling qualities
for instrument flight operations”

® “Acceptable - "acceptable for instrument NASA TN D-58, Ref. $
flight operations" q (S-51 flight test)

© "Marginal” - “acceptable for visuel flight
operations only"

MIL-H-8501A Requirement

AL
Model 1108 Data
Spring Gross
Restraint Weight Load
> on Off (1v)
Roll : O 39,200 None
demping 0 71,700 Rigid
per sec: ® O 71,700 Sling
2L
1 F
g
0 : A A -
o 0T .2 n 6
Roll control poger gradient,
rad/sec”/in.

Figure 32. Control Power Gradient, Roll Axis.
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Bounaary Descriptive Pilot Opinion Reference

(® ‘"Desirable" - "good handling gqualities for
instrument flight operations”
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Figure 33, Maximum Control Power, Pitch Axis.

101

—m —m— A - mE— g - e =




Boundary Descriptive Pilot Opinion

Reference

(® "Desirable" - "good handling qualities for
instrument flight operations”

"Acceptable” - “acceptable for instrument
flight operations"

© "Marginal” - "acceptable for visual flight
operations only"

NASA TN D-58
{Reference 8)
(s-51 flight test)

Model 1108 Data:

Spring Gross
Restraint Weight ILoad
On Off (1v.)
® O 39,200 None
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MIL-H 8501AAreqm t B O 71,700 Rigid
sl YA ~ & O 71,700 Sling
2%
Pitch
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per sec.
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Pitch control power gradient,
rad/ sece/ in.

Figure 34. Control Power Gradient, Piteh Axis.,
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