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INTRODUCTION

The use of in-flight variable geometry to benefit aerodynamic
performance characteristics in various flight modes has long
been standard practice with fixed-wing aircraft. Perhaps the
most notable example is the high-~lift flap, but there.are many
other devices, such as variable pitch propellers, variable ]
cowl flaps, speed brakes, jet engine thrust reversers, leading~-
edge slats, variable sweep wings, and retractable lanqing gear.
Control surfaces are variable geometry devices of a different
sort, their primary purpose being to control trim and angular
accelerations rather than modify performance characteristics.
Yot, except for retractable landing gears, helicopters generally
have not used comparable variable geometwy devices for control
of performance. The helicopter main rotor incorporates collec-
tive and cyelic pitch control of the blades, but this variable
geometry feature more nearly resembles the control surfaces of
an airplane than a performance control device.

In-flight variable geometry features in fixed-wing aircraft
provide increased capabilities and improved econaomy. Kigher
cruise speed, lower landing speed, longer range, greater
maneuverability, reduced fuel consumption, and a smoother
ride are all desirable attributes brought about by proper
application of variable gedmetry concepts. While an increase
in complexity usually accompanies these benefits, it is not
necessarily true that acquisition and maintenance costs increasc
correspondingly after everything is considered. Unnecessary
complexity is certainly undesirable. Historically, however,
airplanes and many other products of technology have steadily
increased in complexity over the years. The reason is that
these complex devices really work, and the resulting increased
capability or improved econcriy permits survival in a competi-
tive environment.

The Sikorsky TRAC is an in-~flight variable~diameter rotor 8ys-~
tem designed to extend the capabilities and to improve the
performance of several categcries of high~speed rotary-wing
aircraft. Development of this rotor system began in 1966 at
Sikorsky and has been supported by the Eustis Directorate of
t?e U. S. Army Air Mobility Research and Development Laboratory
since 1968.

Wind tunnel tests of a 9-foot-diameter aeroelastically scaled
rotor model have demonstrated the feasibility and some of the
benefits of the concept. This test program, reported in
Reference (1), achieved all major objectives. The rotor was
demonstrated successfully in every planned operating regime.
Feasibility was established for both the high-speed compound
helicopter and the stowed rotor aircraft confiquration. The
basic blade structurai design and retraction system were

13



verified. Diameter changes were demonstrated at true forward
speeds up to 150 knots at full rotational speed; rotor stops
and starts at minimum diameter were demonstrated at true
forward speeds up to 150 knots; and tests were conducted in
the high-speed compound helicopter mode at true forward speeds
: up to 400 knots. The tests demonstrated many important bene-
2 fits from the variable diameter capability, including improved

E performance and reduced vibration, stresses, and gust response.
4 Other potential advantages of the TRAC rotcr system have been
3 reported in References (2) - (4).

The present investigation is intended tc investigate the
characteristics and long-term potential of the TRAC rotor system
A more thoroughly than past analytical studies have allowed.

B Two main tasks are included, the first of which is the prelim-
inary design of a full-scale flightworthy rotor system. This
rotor is specified to be four-bladed, with an extended diameter
of 56 feet, and a lifting capability in hover at 4000 ft, 95°F,
, of approximately 20,000 pounds. The rotor is appropriate for
wind tunnel testing in the NASA-Ames 40-by 80-foot wind tunnel
and for flight testing on an H-3 (S-61 series) helicopter or
NASA/Army Rotor Systeirs Research Aircraft (RSRA).

soast b

": >

The second major task of the present investigation is to conduct
parametric analyses to determine mission requirements for which
TRAC rotor aircraft are competitive with other rotor VTOL
aircraft configurations, including pure helicop‘er and compound
helicopters with conventional rotor systems. A broad range of
Qes%gg gruise speeds, altitudes, payloads, and ranges are
included.
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GENERAL CONCEPT DESCRIPTION ;

SagiEa
. a s

2 A schematic arrangement of the TRAC rotor blade is shown in
Figure 1. The basic retraction mechanism is a jackscrew which
serves as a primary tension member of the blade. Rotation of
this screw imparts a linear retraction or extension motion to
the retention nut (actually a series of nuts) and, through
tension~torsion straps, to the outboard half of the blade,
which is the main lifting member. A torque tube, which is a
streamlined ellipse in cross section, encloses the jackscrew,
transmits blade pitch control motion to the outboard blade,
and carries bending moments across the sliding joint. When
the rotor diameter is reduced, the outhoard blade slides over
and encloses the torque tube. The outboard blade, with a full
airfoil cross section, comprises the outer half of the radius
when the blade is extended. The blade planform is unusual

in that the effective root cutout is very large; however, even
on a conventional blade the outboard half typically produces
90 percent of the total 1lift in hover, and the large root cut-
out produces only a few percent loss in hover efficiency

: (References 5 and 6). The schematic drawing of Figure 1 does !
not show a number of important features, including the multiple
nut/strap assembly, redundant jackscrew structure, or nut
reaction tube. These items are discussed in detail in the
following section.
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3 The means for actuating the blade jackscrew is shown schemati-

¥ cally in Figure 2. The heart of the mechanism is a differential
{ gear set contained within the rotor head. The differential

? consists of upper and lower bevel gears and one bevel pinion

3 connected to each blade jackscrew through a universal joint.

The universal joint is coincident with the rotor flap and lag
hinges (not shown in the schematic). The upper and lower bevel
gears are each connected by coaxial shafts to a clutch or brake
at the bottom of the transmission., Stopping the lower bevel
gear with respect to the fuselage, while the rotor is turning,
forces the pinions of the differential to roll around the bevel
gear and thus turn the jackscrews and retract the blades.
Braking the upper bevel gear reverses the motion and extends

the blades. With both clutches released, there is no relative
motion and the rotor diameter remains fixed. The basic mechan-
ism is as simple and reliable as an automobile differential.

The gears are fully engaged at all times and the blades are
completely synchronized. No separate power supply is required,
as the system is driven in both directions by rotation of the
main shaft. The rotor diameter is under direct control of the
pilot and is not influenced by aerodynamic forces or torques.

It is mandatory that the clutches be released when the blades
reach the limit of extension or retraction. In normal operation
the clutches are released electrically by means of limit switches;
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however, mechanical safety systems arXe incorporated in the
design to prevent over-retraction or extension in case of
failure of the primary system., Figure 2 does not show a
number of features, including these mechanical safety systems
or a rotor head brake designed to ensure that the diameter
change system is self-locking. These items are also discussed
in detail in the following section.
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DETAILED DESCRIPTION

ROTOR BLADES

A sinplified drawing of the major blade components, showing
retracted and extended positions and major dimensions, is shown
in Figure 3. A biade assembly drawing is shown in Figure 4,

and additional details of the root end assembly are shown in
Figure %. The design is basically similar to the previous
design concept successfully demonstrated with the dynamically
scaled model, reported in Reference 1. B2 photograph of th2 model
blade components is shown in Figure 6. The physical arrangement
and. major components of the model and the present: full-scale
design are the same except that the latter incorporates an
additional nut and pair of tension-torsion straps, plus a
secondary, internal torque tube (nut reaction tube) designed

to react nut torque during blade retractions or extensions,
rather than having the outer torque tube carry this load. The
model tests demonstrated that the nut torque caused a slight
blade twist effect which, in turn, caused a blade flapping
response during retraction. If the nut friction were different
in the four blades, this difference would also cause the blades
to go out of track, causing an increase in vibration level.

The nut reaction tube avoids these potential problems by trans-
mitting the nut torque directly to the main spindle in the
sleeve/spindle assembly. The nut reaction tube will twist in
response to the torsional moment, but an angular clearance

(+ 20° from the mean position) is provided between this tube

and the main torque tube so that no torsional contact results.
This angular clearance also accommodates the pitch motion of the
outer torgue tube relative to the nut reaction tube, which is
fixed in pitch.

The outer blade spar shown in Figure 4 is design number 2
discussed in the section on the evaluation of various blade spar
concepts. This spar and number 6 were thes two preferred spar
concepts. Because number 2 requires a thicker spar wall dimen-
sion than number 6, any structural arrangement that will provide
adequate clearances with design 2 will automatically accommodate
spar design number 6.

The main load path for the blade, consisting of the jackscrew,
nuts, and tension-torsion straps, is fully redundant. The
multiple nut/strap arrangement (six nuis and twelve straps)
distributes thread loads equally and provides a "fail-safe"
arrangement. The hollow jackscrew is also structurally redun-
dant. A central strap, anchored in a low stress area at the
root of the screw by means of an integral flange, passes through
the length of the screw and is retained by a nut at the tip.
This strap is prestressed in tension, putting the screw in
compression at zero centrifugal load and reducing the maximum
stress in the screw at full centrifugal load. The reduced screw
tension will improve the fatigue characteristics of the screw.
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Should a fatigue crack occur, the redundant strap will carry

the deglgn ultimate load. To detect a crack in the screw, the
screw is pressurized in the same manner as utilized in the
Sikorsky BIM crack-detection system on the spars of conventional
rotor blades. A crack through the jackscrew wall would allow
the pressurized air to leak out, and the resulting drop in
pressure will activate a pressure switch to warn the pilot and
to deactivate the diameter-control system., The redundant strap
and retaining nut serve to maintain pressure seals at the two
ends of the screw.

The outboard end of the jackscrew is centered relative to the
torque tube and the nut reaction tube by means of two bearings
mounted on the tip of the redundant strap. One bearing housing
is anchored to the torque tube and the other to the nut reaction
tube. These bearings have been configured to retain any failed
component that might otherwise be thrown out through the blade
by centrifugal action and cause additional damage. Any of four
major components - the jackscrew, redundant strap, nut reaction
tube, and the torque tube - could conceivably fail due to fatigue,
but would be retained by means of the tip bearing arrangement.
It should be noted that if the redundant strap inside the jack-
screw should fail, the portion outboard of the fracture will
translata toward the tip a fraction of an inch so that the
rubber szal at the tip of the jackscrew will fail and the jack-
screw pressurization will be lost. Thus the pressurization
serves to monitor the integrity of the redundant strap as well
as that of the jackscrew.

The jackscrew has a double thread (sometimes referred to as a
"twc-start" thread) because the resulting increased thread pitch
angle increases screw efficiency. It has a left-hand thread
because this makes the outer shaft of the two coaxial diameter-
change shafts {inside the main rotor shaft) serve the function
of the retraction shaft. Because blade retraction corresponds
to larger mechanical torques than does blade extension, it is
desirable to make the outer shaft the retraction shaft. The
jackscrew has a buttress-type thread profile, with the thread
thickness less than the space between threads. This design
minimizes the volume and therefore the weight penalty of the
threads and also permits considerably greater thickness on the
nut threads, which are fabricated from lower strength materials
and which are subjected to greater wear rates.

There are six nuts, individually supported by a pair of tension-
torsion straps, that transfer the centrifugal force from the 12
straps to the jackscrew. iiut number 1, closest to the rotor
head, has one pair of holes, counterbored to retain its pair of
straps. These straps pass freely through holes provided in the
other five nuts. Nut number 2 has two pairs of holes, one pair
of which is to retain its own pair of straps and one pair of
which is to allow straps from nut 1 to pass through. The same
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principle applies to all nuts, and nut number 6, closest to the
blade tip, has six pairs of holes. The two retention straps
for each nut are always diametrically opposite each other to
avoid any moment transfer from the straps to the nuts.

The reason for the multiple nut/strap configuration, which is
similar to that used on the dynamic model blade, is to provide
structural redundancy in case of failure of any component and
also to improve the thread loading distribution. If a single
nut were to be provided with a large number of threads, only

a few threads on each end would actually carry a signiiicant
loading because of elastic deformations which occur in both
screw and nut. The threads in the middle would not carry much
load. This would lead to overloading of the few end threads and
excessive wear or progressive static failure. The problem is
avoided by dividing the nut into a number of pieces with fewer
threads each. The strap geonmetry ensures that each nut carries
a full share of the load because the elastic stretch of the
strap under load is large compared to intial errors in providing
exactly correct strap lengths, particularly when the straps are
“tuned" on the bench, i.e., the assembly loaded to part load
and strap length adjusted as necessary to provide equal tension.

The blade incorporates the necessary features to provide these
adjustments, The twelve tension-torsion straps are threaded at
the tip and anchored into a drilled and tapped anchor block. The
six nuts, twelve straps, and the anchor block constitute a
subassembly which, by means of a bench installation on a jack-
screw, can be adjusted for equal load sharing. Cylindrical
lock nuts avre then installed and the anchor block is bolted to
the blade tip block when the blade assewmbly is completed. Lock
plates, fitting over the squared ends of the tension-torsion
straps, are then installed to be certain that the straps cannot
turn in the anchor block.

The drawing of the six nuts shown in Figure 4 assumes that
thread inserts will be used. In a materials evaluation test
conducted under another Army contract, Reference (7), carbon-
graphite proved to be a highly desirable nut material in several
respects, including low friction and low wear rates at contact
pressures and sliding velocities representative of the full scale
TRAC blade application. However, the material strength is
relatively low, and it would not be suitable as a material for

a one-piece nut. Thus an insert of carbon graphite is shown,
retained by a flange on the inboard end of the nut shell, which
is fabricated from titanium. A safety thread of beryllium
copper is also assumed. This thread does not normally touch

the screw threads, but provides a hackup in case of excessive
wear or failure of the carbhon graphite threads. The beryllium
copper, which has excellent strength and was the second best

of the various nut materials evaluated in the tests mentioned
above, also provides the sliding contact with the inside of the

18

3

- o G o, . . . Y
e i it G 2t o SRS b 2 0¥ R e S e P PP IOk L W "’SY&




nut reaction tube, which fits closely around the nuts. Beryllimm
copper, used successfully in the model rotor tests, is also 2
candidate as the primary nut material., If this material is
selected, no inserts or backup threads will be required; each

nut will be a single piece.

The blade tip block is used to support the outboard blade spar,
the tension-torsion strap anchor block, tip balance weights,

and the tip cap. The tip balance weights are similar to stan- ;
dard Sikorsky blade balancing practice and permit adjustment of
both span and chordwise moment balance. In addifion to the tip
balance weights there are additional Lalance weights provided at
the root end of the outbcoard bhlade spar. This is to permit
adjustment of outboard blade weight in addition te span balance.
Conventional blades do not need to weigh exactly the same in a

1 given rotor; as long as the span balance is the same, the cen-

3 trifugal force will be the same. In the TRAC blade, however.

¢ the outboard blade moves during diametar change, and the weight
of the moving portion must be the same cn each blade of the
rotor, or else the span moment will change by different amounts
4 for different blades, and the rotor will go out of balance.

TR

The bearing slide blocks for the blades are also similar to
those used on the model. The material acsumed is Nylatron GS,

a molybdenum-disulfide filled nylon, which was entirely satis-
factory on the model. Friction and waar properties are good,

it is relatively lightweight, and its elasticity will accemmodate
minor dimensional variations that might occur along the length
of the spar or torque tube.

T AL

T

The TRAC blade is retained at the root end by the sleeve/spindle
assenbly. The primary load path is through the jackscrew,
retained by the jackscrew retention spindle and one set of
angular-contact ball bearings. The nut reaction tube is bolted
directly to the blade main spindle, and the torque tube ig bolted
to an aluminum cuff which is integral with the outer housing

of the sleeve/spindle assembly and which is retained by a second
set of angular-contact ball bearings., Additional details of

the gleeve/spindle assembly are digscussed in the following
section.

ROTOR HEAD
Hub Plates

The rotor hub, shown in the rotor head assembly drawing (Figure
7)., follows the clagsic Sikorsky two-plate design. The lower

hub plate is splined to the main rotor shaft and is retained with
a pair of split-cone members and a mast nut, which is locked and
safetied to the main shaft. This retention system is identical
in principle to most other Sikorsky main rotor hub designs. The
lower hub plate transmits all of the vertical forces from the
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rotor blades to the shaft. The four arms of thiz hub plate have
"inverted omega" cross sections for high bending stiffness and
light weight. The upper and lower hub plates share the centrifu-
gal and tangential (torque) forces equally. The upper plate,
which is essentially a flat ring with four radial arms, is
fastened to the lower plate at the center of the hub through the
differential gear housing.

Hinges

The four hinge members or hinge crogses are mounted between the
upper and lower hub plates, and the flap and lag bearings are
mounted on these hinge members. These bearings are identical to
those used in the CH~53 series helicopters for the same purpcse.
These bearings were used because they have the desired load
capacity and are readily available. The design of these hinge
members differs from most designs in that the flapping bearings
are mounted with a wider than normal separation. This permits

a central hole in the hinge cross to accommodate the jackscrew
drive shaft and the universal joint, which is coincident with
the flap and lag axes. The hole in the hinge member is shaped
to pgrmit a blade lag or lead angle of up to 45 degrees, thus
pernitting the blade to be folded parallel to the fuselage when
the rotor head arms are 45 degrees from the airsraft longitudinal
axis, (See section on lag damper/fold actuator.)

Sleeve/Spindle Assembly

The flapping yoke is a three~piece member which connects the
flapping bearings to the blade spindle through a bolted flange
plate for ease of blade removal. The sleeve/spindle assembly
contgins two concentric sets of angular-contact ball bearings.
The inner set, which uses the S-61 (H-3) series helicopter
pitch-change bearings (except that only five bearings are used
instead of seven), retains the jackscrew and carries the major
portion of the centrifugal load. During a diameter change,
these bearings rotate continuously, but at no time do they
experience any cyclic feathering motion. The outer set of
bearings accommodates collective and cyclic feathering motions.
These bearings carry only a small fraction of the centrifugal
load because they retain only the outer torque tube of the
blade. Because the highly-loaded bearing experiences no cyclic
motion and the cyclic-motion bearing carries only a small cen~
t;xfugal load,; each bearing can be considerably smaller and
lighter than would be required if it had to carry both high
load and cyclic motion. Analysis of these bearings indicate
that a 1000-hour B~10 bearing life can be attained using grease
as a lubricant. O0il lubrication is superior for bearing life,
but grease lubrication is easier and less expensive for experi-

mental, demonstration hardware.
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The blade main spindle is the cylindrical member between the

two conceatric sets of ball bearings. This member is bclted
directly to the flapping yoke, and all klade forces pass through
it. The two sets of ball bearings are supported by this spindle,
andithe nut reaction tube (inner torque tube) is bolted diraectly
to it.

A centrifugally operated flapping lock (labeled "anti-flap/droop
stop” in Piqure 7) is located inside the flapping yoke. This

is a cylindrical member with an external taper that is spring
loaded to contact a mating internal surface in the hinge cross.
At rpm values above 50 percent of normal, the spring is com-
pressed by centrifugal force to unlock the hinge. When rpm is
decreased, the locking member automatically returns to the locked
position. The taper provides a self-centering action so that it
is not necess=ary to have the flapping angle at exactly zero de~
grees in order to function.

A conventional pitch horn is bolted to the outermost sleeve of
the slaeve/spindle assembly. A "delta-three" angle of 30 degrees
provides a pitch-to-flap coupling ratio of -0.577 (one degree of
up flapping produces .577 degrees of down pitch angle). The
delta~-three hinge provides additional flapping stability and
reduces control sensitivity at high rotor advance ratios. The
hinge geometry is similar to that utilized in the TRAC model
taests of Reference 1, except that the delta-three angle of the
model rotor head was 26.5 degrees.

Lag Damper - Blade Fold Actuator

In the present design study the TRAC rotor is fully articulated
and thus requires damping about the lag hinge to avoid potential
ground resonance difficulties. In this respect it is no differ-
ent than conventional articulated rotors. The TRAC rotor uti-
lizes a linear, hydraulic damper in accordance with Sikorsky
standaxd practice. In most Sikorsky main rotor designs the lag
damper is located in the plane of the blades, between the upper
and lower plates in the two-plate hub designs, Because of the
differential gear package and jackscrew drive members located
at the center of the TRAC rotor hub, it was not possible to
locate the dampers in this conventional manner. Instead, the
dampers are located below the lower hub plate as shown in
Figure 7. A plan view in the plane of the dampers is shown in
Figure 8. The housing of the damper is held by a trunion
arrangement supported by a flange on the main rotor shaft. The
piston rod is connected by conventional bearings to a horn or
crank member which is splined to an extension of the vertical
lag hinge member. Thus an angular motion of the blade about
the lag hinge is transformed to an axial displacement of the
damper piston.
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If the rotor were designed for operation only in the extended
blade mode and high~speed compound mode (blades retracted but f
still rotating), the damper would be entirely conventional, 4
consisting of housing, piston with relief valves and orifices, :
and an external reservoir with differential check valve to
accommecdate the changing volume of fluid within the damper as
the piston is displaced. This configuration is the one shown

. in Figure 8. In the present design study, the rotor is intended
; to demonstrate in-flight stopping and blade folding in addition
to the other flight modes. Because the folding motion uses the
lag hinge rather than a special folding hinge, it becomes possi-
ble to combine the lag damping and fold actuation functions in

a single unit and to save weight relative to separate units for
the two functions.
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The folded positions of the blades are shown in Figure 9. This
drawing assumes separate actuator cylinders on top of the rotor
head rather than combined damper/actuator units, but the fold
angles are the same. After rotor stopping but prior to blade
folding, the rotor head is indexed so that the hub arms are

45 degrees to the aircraft longitudinal axis. There are two
positions around the azimuth that will provide the desired fold
positions; the rotor head is indexed by means of a small auxil-
iary drive unit clutched into the tail rotor drive shaft, with
a detent to stop the head in the correct position. Rotor head
2 indexing is a feature found on several Sikorsky helicopters ,
having an automatic blade fold capability. !

ke S o

Two blades are folded forward and two folded aft, so that all
four blades are parallel to the aircraft longitudinal axis. 1In
an actual stowed rotor aircraft design there would be additional
mechanisms for blade stowing (see description of possible sys-
tems in the mission studies portion of this report), but in the
present preliminary design study only rotor stopping and blade
folding are provided.

D wr’*{m,- Pestunrs

While the blades are being folded the rotating control rods

remain connected to both the blade pitch horns and the swash- ‘
plate. The pitch-lag coupling, which is designed to be essen-

tially zero for in-flight lag motions, becomes significant for

large lead or lag motions. This effect is utilized in providing

blade pitch inclination in the folded positions and provides

interblade clearance, allowirn- the blades to "nest" in a nose-

down pitch attitude after initiating the blade fold cycle at

zero pitch.

An integrated damper/actuator unit was invest. jated and is shown
in FPigure 10. It is actuvally a coaxial unit, with a damper
system on the outside that is operationally independent of the
fold actuator on the inside. The damper system is an entirely
conventional hydraulic lag damper which provides a damping force
whenever there is motion of the piston within the cylinder. The
only unigue feature of the damper is the fact the damper piston
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rod is the housing of the coaxial hydraulic actuator. The
piston of this actuator is contained within the damper piston
rod. This piston is integral with its piston rod, which is
connected to and is actually a part of the base of the damper
housing. Thus the location of the actuator piston is fixed
relative to the damper housing. Drilled holes through the
actuator piston rod permit twc oil lines to be connected to
form fluid paths to either side of the piston.

A third small floating piston is at the very center of the unit
to gserve the purpose of providing a mechanical lock when the
desired blade fold position is reached. It accomplishes this
by means of chamfered surfaces which displace three lock dogs
(equally spaced around the periphery) into the recassed groove
provided on the inside surface of the damper piston rod. This
floating piston and lock dog arrangement does not represent

new or unusual technclogy; similar devices have been utilized
in many applications, including use by Sikorsky Aircraft in
landing gear retraction and tail rotor pylon folding systems,

Other components of the system include a follower arm and a
spring~ioad roller and check valve system as shown in Figure 10.
The spring on the roller exerts a force in the direction to hold
the roller away from the follower arm. The system also includes
a rotary fluid coupling (fluid siipring), at the bottom of the
transmission, and a safety valve, shutoff valve, and a direc-
tional control valve, all located within the aircraft fuselage
at a convenient point between the fluid slipring and the hydrau-
lic pressure supply.

The operations of the system is described below:

1. Damping Mode

The rotor turns at full or reduced rpm and the blades are
fully articulated. Damping is provided in a conventional
manner by orifices and relief valves in the damper piston.
Variable volume within the damper housing due to piston
displacement is accommodated by the differential check
valve and the external fluid reservoir. The hydraulic
fluid in the actuator is free to move back and forth in

a circuit which includes lines down the center cf the
rotor shaft, the fluid sliprings, the shutoff valves (in
the unpowered, opsn condition), the directional control
valves, where the two lines are vented together, and also
to the hydraulic system reservoir through the "return"
lirie. During damping motion, oil is pumped back and forth
at low pressiure through this circuit, with the reservoir
serving to accommedate the changing fluid volume within
the actuator cylinder.
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2, Locking the Lag Motion for Rotor Stopping

During the rotor stopping mode, the hinges must be locked
at speeds below approximately 50% rpm to prevent exceasive
blade motions, The flapping motion is locked automatically
by a centrifugally-actuated spring device previously des-
cribed. The lag motion is locked hydraulically, either
manually by the pilot or by an rpm-sensitive switch. The
hydraulic lock is effected simply by ciosing the shutoff
valve in the circuit, preventing any f£fluid flow in either
line. Because an axial motion of the damper/actuator
assembly would require a change in fluid volume within the
actuator cylinder, a hydraulic lock results whenever the
shutoff valve is closed and the blade will stay in what-
ever position it was in just prior to the closing of the
valve, Normally this position will be close to zero lag
angle. Although leakage could allow very slow movement
over a period of many minutes, the hydraulic lock is
adequate for the short period required to stop the rotor.

3. Blade Folding

After the rotor is stopped and indexed to the proper over-
all azimuth position, the pilot activates the fold command,
which affects all three valve units. The safety valve is
energized, so that high pressure hydraulic fluid reaches
the manifold which contains the other two valves. The
directional control valve is energized to direct the high
pressure fluid to the lower fluid line shown in Figure 10
and to connect the other line to the return (reservoir).
The shutoff valve is de-energized to open both lines.

This combination of events directs the high pressure supply
to the line marked "Fold" in Figure 10 and vants the
"Spread" line to the reserveoir. Hydraulic oil flows through
the "Fold" line, through the check valve assembly (the
check valve is held open by the compression spring) and
into the actuator cylinder, where the high pressure forces
the damper piston to move to tne left relative to the
actuator piston, in tuvrn forcing the blade to lag in the
desired direction for the fold position. This motion
continues until the blade is in the full 45° fold position,
where the piston bottoms against the end of the cylinder.
In this position the locking dogs are free to translate
radially outward into the recess in the cylinder wall,

and the floating piston, driven by its compression spring,
drives the dogs into the recess. The motion of the float-
ing piston actuates an electrical microswitch which tells
the pilot that the blade is locked. When all four blades
have been confirmed to be locked, the pilot disconnects
the hydraulic pressure from the circuit and the blades
remain positively locked by purely mechanical means, with
no time limit,
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4, Blade Unfolding

When the pilot wishes to unfold the blades, the "Spread"

command affects three valves as before, except that the

directional control valve connects the high pressure to ,
the "Spread" line and the "Fold" line is connected to N
the return. High pressure oil flows to the check valve
assembly. This pressure is vented to the chamber above

the small piston in this assembly, and this pressure would
overpower the compression spring and close the two check
valves, except that the roller, in contact with the right
end of the follower arm (not as shown in Figure 19) pre-
vents such motion. Thus, the 0il flows through the check
valve assembly and into the actuator, where it is directed
through the piston to the right side of the cylinder. The
high pressure on the right side of the piston first forces
the floating piston to the left, against its compression
spring, thus unlocking the lock dogs. Then the pressure
sexves to force the damper piston rod to the right, and the
lock dogs are displaced radially inward to their original
position by *the chamfered surface on the lock dogs and the
recess. The actuator motion continues, with blades moving
in the desired direction, until the curved recess in the
follower arm allows the roller in the check valve assembly
to drop down and shut off the oil flow. The high pressure
oil then serves to keep the check valves closed and a
hydraulic lock situation is again present, preventing the
blade from moving. It is difficult to ensure that all

four blades will fold or unfold at exactly the same rate,
and so the follower arm/roller/check valve system is
provided to stop each blade individually when it gets to
the desired position (nominally 0° lag). Microscwitches
can be included to provide the pilot with a positive signal
that the Spread cycle is ccmpleted as desired.
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5. Unlocking the Lag Motion After Starting Rotation

The hydraulic lock is held automatically with the blades

at 0° lag as long as the pressure is connected to the
spread line. After the rotor is started and the desired
rotational speed reached, the pilot unlocks the lag motion
by disconnecting the pressure from the system via the
directional control and safety valves. The compression
spring in the check valve assembly returns the check valves
to the open position, and the system is back in the damping
mode described in paragraph 1 above.

It should be noted that the damper/actuator unit shown in Figure
10 folds the blade in the lag direction. Two of these units,
for diametrically opposite blades, are required. The units for
the other two blades are similar except that the actuator is
configured to fold the blades in the lead direction instead,
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This requirement is the same whether separate or integrated
damper and fold actuator units are utilized.

DIAMETER CHANGE SYSTEM

The diameter change system, excluding the blades themselves,

is shown in Figure 1ll. It is comprised of the differential gear
assembly in the rotor head, coaxial shafts, clutches or brakes
below the transmission, a friction brake on top ot the rotor
head, mechanical locking and safety devices, and a diameter
measurement and control system.

Differential Assembly

The differential assembly, shown in Figqures 7 and 11, is located
within the main rotor center housing between the upper and lower
hub plates. It is of a standard spiral bevel type having two
input bevel gears and four output pinions. Gear ratio (pinion
rpm/bevel rpm) is 3:2. The blade retraction input bevel gear
utilizes the upper end of the main rotor shaft as its bearing
support housing. A top cover plate mounted on the upper hub
plate provides access to the internal portion of the rotor hub
and differential assembly and also is the bearing support housing
for the blade extension input bevel gear. The center housing
provides the support and bearing housings for the four output
pinions. The output pinions are lock-spline connected to their
respective output shaft and universal assemblies. The output
shafts are lcose-spline connected to the blade jackscrew at the
blade root.

Design investigation included the possibility of using standard
straight bevel gears since the operation is bidirectional.
However, analysis of operating loads showed that a spiral bevel
gear arrangement with a pressure angle of 20° and spiral angle
of 25° is preferred. The gear loads and load direction are
significantly changed to permit use of much smaller bearing
sizes.

The differential is designed so that complete disassembly of the
differential may be made on the aircraft after blade removal has
been accomplished.

Main Rotor Internal Shafting

Located vithin the S-61 main rotor shaft are three concentric
shafts, as shown in Figures 11 and 12. The two outer shafts,
each connected to one of the two input bevel gears of the
differential, are a direct part of the diameter~-change mechanisim.
They extend down from the differential assembly through the main
rotor shaft to the base of the transmission where each termi-
nates at a clutch disc. The shafts are supported at the upper
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end by their respective bevel gear bearings. These bearings
each consist of a pair of tapered roller bearings. The lower
end of each shaft is supported radially by a needle bearing
which reacts the clutch input torque loads. The outermost
shaft of these two (just inside the main rotor drive shaft) is
the retraction shaft; the inner shaft is the extension shaft).

The third (innermost) shaft is constrained to rotate with the
rotor head and main shaft and provides three functions:

(1) The shaft moves vertically and provides the normal mechani-
cal means of operating the blade position lock. (2) The shaft
moves vertically and operates the mechanical blade overtravel
safety limit stop. (3) The shaft, which is a hollow tube,
provides the passageway for blade-fold hydraulic lines and
electrical instrumentation wires. The lower end of the shaft
is equipped with both hydraulic and electrical sliprings. The
shaft is supported by and actuated through a thrust bearing and
connecting linkage to a lock-actuating cylinder.

Clutch Control System

Two clutch calipers are mounted in "piggy-back" fashion to a
common mounting bracket attached to the lower transmission
housing., The calipers are of standard disc brake type modified
for the special mounting configuration and for use in & hori-
zontal position, which includes relocation of input supply ports
and bleed ports. The calipers are sized for operating static
torque loads since the actual kinetic energy dissipation is
negligible. System hydraulic supply pressures are obtained

from the aircraft main hydraulic system. Each actuating clutch
requires a different operating pressure, because of the specific
torque load requirements, obtained through pressure regulators.
A pressure of 2200 psi is required for the retraction clutch

and a pressure of 650 psi is required for the extension clutch.

A schematic drawing of the clutch control system is shown in
Figure 13, A three-position switch in the cockpit commands
retract or extend operation, with a self-centering spring for
the neutral or stop position (constant diameter operation).

This switch controls the two solenoid valves shown on the right
side of Figure 13, which direct the hydraulic oil through bypass
valves to the retraction or extension clutch as appropriate.

Two solenoid-operxated bypass valves provide automatic cutoff of
the clutch hydraulic pressure when the blades are at their nor-
mal limit of travel. The diameter measurement system, described
in a following section, actuates limit switches which control

these valves. Thus, even if the pilot continues to command a
diameter change after the normal blade travel limit is reached,
the clutch will disengage at the proper point.

28




To provide for malfunction of either the bypass solenoid valves
or the diameter measurement system, a mechanically controlled
bypass valve is also incorporated. A traveling nut safety
device, described in a following section, moves the instrumenta-
tion/lock shaft vertically downward in case the blades extend

or retract beyond normal limits. Before physical limits in

the blades are exceeded, the shaft motion, through a mechanical
connection (shown schematically in Figure 13), will dump the
clutch hydraulic pressures by means of this bypass valve.

Another function of the mechtanically operated bypass valve is
to ensure that the clutches will not operate inadvertently when
the rotor diameter lock is engaged. The pilot must discngags
this lock, by means of another switch which connects with the
lock-control solenoid valve. The instrumentation/lock shaft
must translate far enough to disengage the diameter lock
mechanism on the rotor head before the bypass valves can be
actuated to permit hydraulic pressure to reach the clutch
calipers.

Rotor Diameter Indication

Located at the base of the transmission asserbly between the
two clutch discs is a miniature gear differential that is part
of the mechanical system to measure and control rotor diameter
(Figure 11). The differential senses relative motion of the
retraction and extension shafts, During constant rotor diameter
operation the two shafts rotate in unison at main rotor shaft
speed but during a diameter change there is relative motion
between the shafts. The miniature differential is geared to
the two shafts by means of small ring gears located between
the two clutch discs. One of these gears meshes directly with
one of the spur gear inputs on the miniature differential, and
the other is connected to the other gear input through an idler
gear to reverse the direction. In this manner the centerbody
of the differential does not rotate during constant rotor
diameter operation, but does rotate during a rotor diameter
change. The rotation of the differential centerbody, which

is the output function which averages the two input rotations,
is in one direction during a diameter decrease and in the
opposite direction during a diameter increase. The number of
turns of the centerbody is in direct relationship to the rela-
tive angular displacements of the two shafts,

The output (differential centerbody rotation) is mechanically
geared to a multiple-turn potentiometer used for cockpit display
of rotor diameter. The differential output also operates a
niniature jackscrew with a traveling nut used to operate minimum
and maximum rotor diameter limit switches, that are part of the
clutch control system.
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The diameter measurement and control system is identical in
basic concept to the system utilized in the TRAC dynamic model
tests, Reference 1. The model system was not equipped with the
redundant safety features provided in the present design, but
it functioned exactly as desired during the test program.

Rotor Head Friction Brake

An auxiliary friction device is incorporated on top of the rotor
head to permit control of the overall mechanical efficiency of
the retraction system. A disc brake is utilized, as shown in
Figures 11, 12, and 14, with spring-loaded calipers. The brake
disc is loose spline-connected to the extension shaft and thus,
geared to the rotor head differential gear set. The disc also
functions as part of the diameter lock system, described in the
following section., The reason for adding friction is to avoid
the possibility of an inadvertent, self-actuated diameter in-
crease due to centrifugal force, when the lock system is disen-
gaged. An overall system efficiency of slightly below 50 percent
is desired, because any value less than 50 percent is desired,
because any value less than 50 percent makes the system self-
locking, a highly desirable attribute. The efficiency cf the
jackscrew in the blade will be higher than 50 percent in most
cases, so the external brake is incorporated to add friction
without contributing to heating or wear of the blade components.
Another reason for desiring approximately 50 percent efficiency
is that this value dissipates rotational kinetic energy at just
the right rate to permit diameter reduction without a tendency
to either increase or decrease rotational speed.

The brake disc is of conventional type. It is slotted for con-
trol of distortion due to heat generated during a diameter
change. It should be noted that the brake functions only during
a diameter change, which takes approximately 36 seconds for full
travel at full rotor rpm. At all other times there is no rela-
tive motion between the brake disc and the rotor head.

A rotor head friction brake of similar basic concept was incor-
porated on the wind tunnel model of the TRAC rotor (Reference 1).
This system performed as desired during the tests.

Diameter Lock System

The rotor diameter lock, shown in Figures 11, 12, and 14, is
mounted on top of the rotor head and consists of two locking
pawls and associated support brackets, over-center springs and
connecting linkages. The friction brake disc is a common part
to both the lock mechanism and the rotor head friction brake.
Special slots located on the periphery of the disc mate with
the locking pawls to prevent relative motion between the rotor
head and the diameter change mechanism, mechanically locking
the diameter at a constant value as long as the pawls remain
engaged. Six equally-spaced slots {located midway between the
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longer but narrower distortion-cantrol slots) permit engagement
of the lock at increments of 60 Jegrees of rotation. With the
3:2 gear ratio of the rctor head differential, this corresponds
to 90-degree rotation increments of the pinions and the jack-
screws. This in turn permits the universal joints in the jack-
screw drive shafts to be oriented correctly, with one of the
hinge axes vertical, facilitating the 45-degree fold angle about
the lag hinge, required in the klade fold operation.

During normal operations the lock pawls are operated by vertical
motion of the instrumentation/lock shaft, through the linkage

on top of the rotor head. Kaising the shaft fully releases the
pawls from engagement with the slots in the disc and places the
pawls in an 8-degree over -center position, where they stay during
diameter change operations. When it is desired to reengage the
lock, lowering the shaft brings the pawls back into contact with
the disc. Usually the slcts will not be in correct alignment
initially, and the shaft will not move to the full down position.
llowever, with a momentary diameter change command from the pilot,
the desired alignment will take place and the pawls will snap
into place by action of the over-center spring arrangement and
circular arc slots provided in the locking pawls. The shaft
will translate to the full down position and actuate a position
switch to notify the pilot of a fully-locked condition. It
should be noted that an override spring in series with the lock-
actuating cylinder (Figure 13) permits the piston to travel the
full distance required even when the shaft has not yet moved
fully down. Another position switch, on the actuator, permits
the pilot to verify that the lock command has been executed by
the actuator even though the locking pawls might not have en-
gaged.

Over-Travel Safety Stop System

A mechanical safety system has been incorvorated in the design
to provide automatic locking and shutoff of clutch hydraulic
pressure if, for any reasons, the normal system fails to func-
tion properly. The heart of this safety system is a traveling
nut located between the instrumentation/lcck shaft and the
extension shaft, as shown in Figures 11 and 12. The extension
shaft is internally threaded (double thread, right hand) and
the instrumentation/lock shaft is externally splined. The
traveling nut is threaded externally and splined internally to
mate loosely with the two shafts.

During constant rotor diameter operation there is no relative
motion between the coaxial shafts, but during a diameter change
a relative rotation occurs. The traveling nut is constrained
by the spline to rotate with the instrumentation/lock shaft,
and, because of the threaded interface with the extension shaft,
it is constrained to translate axially, with the direction
dependent on whether the rctor diameter is increasing or de-
creasing. A diameter increase causes the nut to travel upward,
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and a diameter decrease results in the rnut traveling downward.
Before the rotor blades encounter physical limits to diameter
change, the traveling nut reaches limits built into the diameter
change mechanism. During a blade retraction overtravel the nut,
translating downward, directly contacts a shoulder near the
bottom of the lock/instrumentation shaft (Figure 12), forcing
the shaft to move downward and engaging the lock system. Be-
cause of the override springs between the actuating arm and the
lock actuating cylinder (Figure 13), the actuating arm will
displace and cut off clutch hydraulic pressure in the normal
fashion even if the lock actuating cylinder is in the full un-
lock position.

During a blade extension overtravel the traveling nut reaches

B the top of the rotor head and contacts a flanged sleeve which

¥ is loose-splined to the lock/instrumentation shaft (Figure 12).
> This flanged sleeve is mechanically connected through linkages
to the shaft cross beam at the very top of the lock/instrumenta-
tion shaft in such a manner as to ferce the shaft to translate
downward. Just as in the case of blade retraction overtravel,
the locks then engage and the clu*ch hydraulic pressure is cut
off.

It should he noted that during operation of this safety stop
system, the brake disc may be rotating at full rpm relative to
the rotor head. To allow the locking pawls to engage under
these conditions, accelerating ramps are built into the disc
(Figure 14) to allow the pawls to have an appreciable radial
velocity when proper alignment occurs. The over-center springs
are stiff enough and the pawls light enough to permit the pawls
to engage even at full relative rpm. Fortunately, the angular
momentum of the entire retraction system is quite small so that
there is no shock load difficulty.

Once the overtravel safety stop system has engaged, subsequent
disengagement in flight is not possible with the systen as

. designed. It is entirely feasible to incorporate a special

£ electric or hydraulic actuator on the rotor head to retract the
pawls from the brake disc, thus freeing the system to revert to
normal operation in flight. For an experimental demonstration
rotor system, however, this was not felt to be required. If
the rotor becomes locked at minimum diameter by the safety stop
following a system malfunction, a fixed-wing type landing would
. be required, an operation for which the RSRA test vghicle has

; been designed. Unlocking the system and returning it to the

X normal operating condition would then be a ground maintenance
item.

BIM Detection System

Located within the inbcard end of the redundant strap is a BIM
switch for monitoring the condition of the jackscrew at all
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times. The pressurized portion of the jackscrew is ported
through the head of the redundant strap to a pressure switch.

The switch is normaily held in a closed circuit condition by

the pressure. The signal from this detector passes through two
sets of electrical sliprings. One is located on the differential
pinion outpat shaft and the second is the slipring below the main
transmission. The control is such that a pressure drop in the
jackscrew or an open circuit anywhere in the detection system
renders the extension-retraction mechanism incperative. If a
blade jackscrew should fail, the redundant strap will carry the
full centrifugal load, but it probably would not be possible to
change diameter safely. The BIM system safety circuit will
prevent a diameter change if the jackscrew develops a crack

large enough to let the pressura bleed out.

Lubrication

Differential Gear Assembly

; The center portion of the main rotor hub is designed to

3 serve as an oil reservoir. All shaft and gear hub penetra-

E tions are sealed using standard type lip seals for oil
retention and foreign matter exclusion. 7The output pinions

and the retraction shaft tapered roller bearinys are oil-

lubricated. The extension shaft input bevel gear bearings

are grease-lubricated.

Lower Shaft Bearing

The lower extension and retraction shaft needle bearings
are grease lubricated and sealed.

finiature Differential Assembly

The miniature differential bearings and support bracket
idler bearings are prelubed and sealed.

Lock Shaft

" et bt P

The lock shaft actuation thrust bearing is prelubed and
sealed.

Universal Jcint

Jackshaft universal joints are grease-lubricated.

L.ock Mechanisn

All lock mechanism linkages and joints are dry film lubri-
cated. The dry film lubricant has been selected because
of the presence of friction-brake-lining dust in the area
of the lock mechanisms, as well as normal airborne dust
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and abrasive particles.

Mechanism Teardown and Inspection

TSR

The entire design of the blade retraction-extension system was
developed for ease of assembly and disassembly. All shafts are
removable from the top of the rotor head. The extension shaft
and the lock/instrumentation shaft are easily removed for
inspection of the traveling nut. All connections to shaft ends
are through spline connections. The top of the rotor hub has a’
cover that serves also as the extension bevel gear bearing
housing that can be removed for differential gear inspection.

T o R

Clutch calipers, clutch disc, miniature differential, lock
actuating mechanism and control hydraulics are all external and
located at the base of the transmission.
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DESIGN ANALYSIS

PERFORMANCE AND SIZING

In accordance with the contract, the TRAC rotor

steady-state design lift capability in hover :t iggglgthaggan
of approximately 20,000 pounds. The criterion selected'for thé
analysis was a rotor lift of 21,000 pounds, to provide a net
lifting capability of 20,000 pounds with an airframe vertical
drag allowance of 5 percent.

A diameter of 56 ft was tentatively selected as appropriate for
the design requirements. An outer blade chord of 28 in. was
also selected to provide a bhlade aspect ratic identical to that
of the previous preliminary design study and the dynamic model
reported in USAAVLABS Technical Report 73-32, Reference 1,
because of the requirement to not deviate substantially from this
successful baseline design. These dimensions provide a useful
blade area (bR, where b is the number of blades, & is the
thrust-weighted mean chord, and R is the extended radius)
approximately the same as for the standard H-3 rotor system,
which has a useful lifting capacity of 20,000 pounds or somewhat
more, depending on the mission.

A comparison between the TRAC rotor and other Sikorsky rotor
systems in the same general size category is shown in Takle 1.
It can be seen that in most respects the TRAC rotor has dimen-
sional and blade loading parameters which are typical of other
helicopter systems. The important parameter of dimensionless
blade loading, CT/o, is essentially the same as for the H-3 and

H-34 aircraft. The Sikorsky YUH-60A UTTAS is a higher perform-
ance pure helicopter than the other two and for this reason uses
lower values of CT/o. Because the TRAC rotor will be used in

aircraft configurations having wings and auxiliary propulsion
systems, it is not necessary to utilize low CT/G values to

achieve high speeds. In fact, in the mission studies compari-
sons described in the second major section of this report, all
configurations with wings and auxiliary propulsion systems are
agssumed to operate at hover CT/o values of 0.12, substantially

above the value selected for the flightworthy demonstration
rotor. Thus, the present design is conservatively sized for a
20,000-pound lift capability. Rotor thrust at the normal design
tip speed at 4000 ft, 95° F, for a CT/o values of 0.12, is over

24,000 pounds.
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Table 1 indicates that the TRAC rotor utilizes a lower aspect
ratio blade than do the conventional systems because of the

fact that the outer blade half is in compression rather than
tension, and the lower aspect ratio is needed to keep well clear
of the compression buckling condition. Disc loadlng.of the TRAC
rotor is somewhat higher than for the comparison helicopters,
but studies of compound helicopters or stowed rotor configura-
tions have generally shown that optimum disc loadings are h}gher
than for pure helicopters, and the value shown for TRAC is in
line with this general trend. The mission analysis comparison
studies described elsewhere in this report also confirm this
trend.

Calculations of hover performance were made to verify the lifting
capacity of the TRAC rotor. The calculation procedure used was
the Sikorsky -circulation - coupled wake program which utilizes

a prescribed rotor vortex wake geometry which is based on the
spanwise rotor load distribution and which generally agrees with
experimental rotor performance to within + 2 percent of thrust.
Correlation of this method was conducted with the experimental
results reported in References 5 and 6 to verify that the method
would give reliable results for different twist values and high
root cutout values, Generally good correlation results were
obtained. The calculations confirmed that the assumed TRAC rotor
geometry would provide the desired 1lift capacity in hover without
encountering blade stall.

Forward flight performance calculations were also made, utilizing
the Sikorsky Skewed Flow/Generalized Rotor Performance Method,
for flight speeds in the range of 40 to 140 knots. For speeds
below 40 knots, the results were faired into the hover power
requirement. Results of these calculations are shown in Figures
15 and 16 for sea level standard and 4000 ft, 95° F operating
conditions respectively. Rotor lift is held constant at 21,000
pounds and rotor propulsive force corresponds to an airframe
parasite area of 20 ft?, Curves are shown for blade twist values
of 0° and -8° and for tip speeds of 100% normal (tip speed

660 ft/sec) and 105%. At sea level standard conditions, no
significant blade stall is encountered at speeds up to 100 knots
at any condition (blade stall parameter b Cqq as defined in

(e

Reference 8). At the 4000 ft, 95°F condition (Figqure 16), the
100% rpm, zero twist blade case is severely stalled at forward
speeds above 60 knots. However, by the simple expedient of
increasing rotor rpm by 5 percent (within the usual engine rpm
control range) the stall is alleviated sufficiently to aliow an
increase in flight speed of approximately 40 knots for any degree
of stall, Use of blade twist also alleviates stall and reduces
power requirements throughout the spead range. One of the
design criteria assumed for the TRAC rotor was that it should
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be able to operate as a pure helicopter up to at least 100 knots
forward speed. Although this capability is not absolutely
required because of the presence of a wing and auxiliary pro-

; pulsion system on all TRAC rotor configurations under considera-
3 tion in this program, the operational flexibility afforded‘by

4 such a capability is judged highly desirable. This criterion

= is barely met for the untwisted blade twist at 105% rpm at 4000
; ft, 95° F, but the -8° twist provides a comfortable margin at

: the 105% rpm condition. Because of the performance benefits,

E the ~8° twist was selected after the blade design and aeroelastic
A analysis studies established that desirably low vibratory
stresses could be achieved with this twist.
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It was concluded that the rotor dimensions selected are correct
for achievement of program objectives.
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INVESTIGATION OF OUTER BLADE SPAR DESIGN CONCEPTS

Eight distinct design concepts for the outer blade spar were

3 considered during the preliminary design of the full-scale TRAC

: rotor system. Cross section drawings of these concepts are shown
in Figure 17, and the calculated section properties are summa-
rized in Table 2. The external airfoil dimensions (28-inch
chord, 63,A016 airfoil section) were kept constant during this
investigation., Not all of the concepts were developed to the
same degree; some were dropped from consideration before being
refined because preliminary analysis indicated lack of promise.
For this reason the Table 2 comparisons might be slightly mis-

leading with regard to the relative merits of some of th
configurations. ’
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Configurations 2 and 6 were selected as the final candidates for
the preliminary design of the full-scale flightwerthy rotor, with
number 6 considered to be the preferred choice. They are essen-
tially equivalent in mass and stiffness properties which provide
acceptable aeroelastic characteristics for the intended operating
spectrum, and are believed to be satisfactory from the standpoint
of manufacturing feasibility. The choice between the two has no
significant impact on the design of other blade components, rotor
heaq, or retraction system. Configuration 8 was investigated as
a lighter weight solution that has a somewhat higher manufactur~
ing risk at the present time, but is projected to be the pre- :
ferred solution in the 1980 time frame. J

P N

The design constraints on the TRAC outer blade spar are differ-
ent from those on a conventional blade. One difference is the '
requirement that the outer blade spar provide adequate space for /
the inboard blade components when the blade is telescoped.

Another difference is that the TRAC outer blade spar is in com~ .
pression, rather than tension. The compressive force dictates )
that the blade must be stiff enough overall to avoid column :
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buckling, and that the spar wall must be stiff enough to

avoid local buckiing. Thus, the TRAC outer blade utilizes
somewhat thicker than normal blade airfoil sections; the spar
is designed for higher than normal flapwise stiffness; and the
spar wall thickness tends to be greater than for a conventional
blade. Aeroelastic analysis has demonstrated that a key factor
in keeping the outer blade vibratory stresses low is to provide
a high ratio of blade flapwise bending stiffness to unit weight.

Blade configuration number 1 has a structural concept the same !
as that of the dynamic model blades described in Reference 1, i
except that the flapwise stiffness has been increased by the 3
addition of boron fiber/epoxy elements as shown. The boron 3
increases the stiffness to the point where a significant blade
twist, desirable from a performance standpoint, can be intro- ;
duced without incurring excessive vibratory stresses. As .
discussed in the following section, aeroelastic analysis indi- §
cates that the original blade spar structure, without the boron .
stiffening, is satisfactory for an untwisted blade, but not for :
the desired extended-twist value of -8°., Blade configuration 1 3
utilizes an extruded aluminum nose section, machined internally ¢
as required to provide the constant dimensions along the length
to accommodate the bearing slide blocks which are mounted on the
torque tube. The nose section is bonded to the aluminum honey-
comb sandwich which forms the aft spar wall. The boxron/epoxy
elements are preformed and bonded in place with the outer spar
skin. The trailing edge fairing is of generally conventional
construction, but is one continuous structural unit rather than
the multipocket nonstructural trailing edge used on most Sikorsky
aluminum main rotor blades,

Blade configuration 2 is similar to configuration 1, but reduces
weight by extending the honeycomb sandwich construction forward
of the quarter chord line. Whereas spar 1 used the solid alumi-
num extrusiorn to provide chordwise balance about the quarter
chord line, spar 2 utilizes brass (selected because of its
relatively high density and its coefficient of thermal expansion
which is gimilar to that for aluminum), located as far forward
as possible., Fabrication is with formed sheet aluminum skins
and.aluminum flexcore honeycomb precut to the exact thickness
desired. The spar components, including the brass counterweight
and prefabricated boron/epoxy slabs, are bonded together in two
steps in an autoclave, over a solid mandrel which provides the
clgsely-controlled internal contour required. The trailing edge
fairing is of the same relatively standard construction as that
for blade configuration 1. The stiffness-to-weight ratio of
blade 2 is not quite as high as for blade 1, but is high enough
to provide the desired aerocelastic characteristics, and the
welght is less, Blade configuration 2 was selected as one of
the two preferred candidate designs for the present study.
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Blade configuration 3 utilizes an open C-section aluminum extru-
sion, and a second open aluminum channel member to form the rear
spar wall, Because both sections are open, they can be machined
to provide the desired interral dimensions to accommodate the
bearing slide block. However, it is anticipated that there
might be some difficulty in matching the tapered joints between
the two members to a sufficient accuracy along the full length
of the spar to provide a reliable bond. Also, with the wall'
thickness required to avoid local buckling, the spar is consid-
erably heavier than desired. Another disadvantage is that the
stiffness~to-weight ratio is too low to permit the use of blade
twist. This ratio could be increased by adding a high specific
modulus material such as boron or graphite fibers, but only at a
still higher weight penalty.

Blade configuration 4 also utilizes an open aluminum C-section
extrusion., In this case, the section is closed with a steel
channel for chordwise balance and a wet-~layup graphite/epoxy
nose splice to minimize the problems of providing a good bond
in the joint. A layer of unidirectional bcron/epoxy is applied
to the rear spar wall to prevent the elastic axis of the spar
from being too far forward. This configuration is also judged
too heavy and has too low a stiffness-~to-weight ratio.

Blade configuration 5 utilizes a single-piece closed aluminum
D-section spar extrusion. Chordwise balance is achieved by a
solid nose, and beads provide stiffness to avoid local buckling
of the spar wall. Internal broaching can be used if required to
achieve the required dimensional tolerances along the points

of contact with the bearing slide blocks. Fabrication risks are
relatively low, but it is not certain that the aft portion of

the spar has sufficient resistance to vertical shear deformations
in flight. This design is lighter than configurations 3 and 4,
but still heavier than desired, and the stiffness-to-weight ratio
is relatively low.

Blade configuration € utilizes a filament-wound graphite/epoxy
spar. Because of the very high specific modulus (ratio of
modulus of elasticity to density) of graphite, this material
permits lighter weight, thinner spar walls, and higher bending
stiffness~to-weight ratios than does an all-aluminum structure.
The fiber orientation is mixed: 60 percent at + 15° to the span
axis and 40 percent at + 45°. The low-angle fibers provide the
desired beam bending stiffness and the 45° fibers provide tor-
sional stiffness. The spar is wound over a mandrel with the
internal stainless steel abrasion strips already in place. The
external leading-edge abrasion strip and graphite and fiberglass
cover sheets are laid over the wound spar, and this whole sub~-
assembly is cured in an autoclave in a single operation. The
nonstructural leading-edge counterweight, such as lead shot in

a rubber or epoxy matrix, is installed after the mandrel is
removed. The trailing-edge fairing, made with fiberglass skins
and Nomex honeycomb, is also bonded on in a separate operation.
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Blade configuration 6 is relatively light weight and has the
desired stiffness-to-weight ratio. Along with configuration 2,
it was selected as one of two candidate designs fo; the present
study. The cost of graphite fibers has been high in the past,
but has dropped considerably in recent times and 1s expected
to continue to drop for some time, to the point where cost rela-
tive to conventional materials is not a major consideratlgn.
Labor hours should be less than for most other cgnfiguratlons.
For the long term it is expected that this material is to’be
referred over the alternative materials shown in the various
gesigns for the TRAC outer blade spar.

Blade configuration 7 iz similar to blade 6, but assumes a hand
Iayup of the upper and lower spar walls which are precured,
followed by a wet layup of nose and trailing edge splices. The
unidirectional fiber layers are oriented 55 percent at 0° (paral-
lel to span axis) and 45 percent at + 45°. Structural properties
similar to blade design 6 are obtained, but the greater number

of operations plus the four splices in the spar wall suggest that
configuration € is to be preferred.

Blade configuration 8 combines the virtues of blades 2 and 6 and
provides the lightest solution investigated. An extra-high
modulus graphite (available commercially now) provides adequate
stiffness with less material than for blade 6. A sandwich con-
struction provides the necessary wall stiffness to avoid local
buckling. This spar is also filament wound, but in two steps,
with a layer of flex-core honeycomb mounted on the inner graphite
skin and a counterweight installed prior to winding the outer
graphite skin, The internal stainless steel liners, external
abrasion strip, and outer cover are bonded integrally with the
spar in the same manner as fcr blade 6. The fiber orientation
mix is the same as for blade 6. Blade configuration 8 is be-
lieved feasible at present, but because it entails slightly high-
er manufacturing risks and higher material properties than blade
6, it was not considered a candidate for the preliminary design
of the experimental full-scale rotor. Its superior weight pro-
perties make it an appropriate candidate for a 1980 time frame
production prototype.

Fabrication of Spar Samples for Designs 1, 2, and 6

As part of the evaluation of the various spar concepts, full~size
cross section samples of three of the designs were fabricated to
investigate feasibility of manufacture. To evaluate manufactur-
ing problems of blade spar configuration 1, a short sample ( ~ 10
inches) was fabricated and is shown in Figure 18. The aluminum
nose was cbtained from a scrap section eof spar extrusion previ-
ously fabricated for the TRAC design selection test program,
Reference 7. The unidirectional boron/epoxy elements were pre-
fabricated in a separate mold, and the aluminum skins for the
honeycomb sandwich were brake-formed. The components were bonded
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together with AF-126 film adhesive over a wood (pine) @andrel,
under vacuum bag pressure. Although several imperfections were
noted in the finished product, partly due to shrinkage of the
wood mandrel, the general feasibility of manufacture was estab-
lished.
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cated, as shown in Figure 19. As in the sample of spar 1, the
aluminum skins were brake-formed to shape. In production, rolled
or stretch-formed skins would be utilized. The unidirectional

1 boron/epoxy slabs were prefabricated in a closed metal mold. The
E inner skins and the flex-core honeycomb were laid up over 2

E A 2-foot sample length of spar configuration 2 was also fabri-

mahogony mandrel, with AF-126 f£ilm adhesive, and cured under
vacuum bag pressure in one operation. The tapered edges of the
honeycomb were then machined by means of a circular saw blade

in a milling cutter. The brass leading-edge counterweight

] (shaped in a separate operation), the boron/epoxy slabs, and the
! outer aluminum skins were then bonded to the inner components,
in a second operation, using AF-126 adhesive between skins and
other components and FM-37 foaming adhesive between the boron/
epoxy slabs and brass leading-edge piece and the tapered edges
of the honeycomb. The quality of this spar sample, although not
perfect, was considered to be very good for the simple tooling
utilized. It is believed that good quality, full-length spars
of this design concept could be successfully produced.

To evaluate the filament-wound graphite/epoxy spar concept,
design number 5, a 4-foot sample was fabricated and is shown in
Figure 20. The "basket-weave" appearance results automatically
from the winding technique in which a 1/2-inch-wide tape of
graphite fibers is laid down in a helical pattern, back and forth
between one end of the spar and the other. The exposed surface
layers consist of + 45° fibers; there are also internal layers

at + 15° to the span axis. This work was performed to Sikorsky
specifications by a vendor, Fiber Science, Inc. The sample in-
cluded the basic filament-wound structure and the internal stain-
less steel liners, but not the external leading-edge abrasion
strip, the composite cover sheet, or the leading-edge counter-
weight. The spar was wound over a solid plaster mandrel which
was shaped to the desired internal dimensions, and then cured
under vacuum bag pressure. The sample was very successful, with
excellent internal dimensional control, good external dimensions,
and apparent good compaction and uniformity of the composite
structure. The integral bonding of the internal stainless steel
liners was also highly satisfactory. This sample provided con-
vincing evidence that the material and particular fabrication
technique can be used with confidence for production of full
sized blade spars. It is anticipated that the completed spar can
be produced at relatively low cost because of the minimum number
of labor hours required. Based on the sample spar, this design
is judged to be the most promising of the spar concepts investi-
gated, and is the preferred choice for the rotor preliminary
design.
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AEROELASTIC ANALYSES

Preliminary Studies

8 were calculated by means of the aeroelastic analyses
g::ggigggdin Reference 9. These analyses were used initially
to obtain gross effects of blade twist, tip speed, and spar
stiffness on vibratory flapwise stress of the outer glade fgities
the fully extended condition (helicopter mode). Blade pggpd
were scaled up from the previously tested dynamic model ade:ﬂ _
which were of all-aluminum construction. It was established L gt
varying tip speed in the range of 650 to 700 feet per secon ifi
no appreciable effect on calculated loads. Twist had a signifi-
cant effect; vibratory stress at a typical £light speed of 100
knots was increased by nearly 50 percent when twist was changed
from zero to -8 degrees. Because previous studles.had 1ndiga§ed
that spar stiffness-to-weight ratio was important in determining
vibratory stresses, the effects of adding a very high stiffness;
to-weight material was investigated. The replacement of approxi-
mately 20 percent of the aluminum in the spar with unidirectional
boron/epoxy reduced weight slightly and increased the bending
stiffness of the outer blade by more than 60 percent. The aero-
elastic analysis indicated a 50-percent drop in the vibratory
stress. These effects are shown in Figure 21, Althgugh the peak
value shown is only about 4400 psi, correlation studies between
thecry and experiment indicated that the theory gave reasonable
qualitative agreement but underpredicted the stress magnitude.
This is at least partly attributable to fuselage-iqduced flow
field effects present in the model tests, not considered by the
theory. Although the ratio of experimental to predicted stress
varies with the particular operating condition, a factor of 1.5
is believed to be reasonable for the critical conditions for a
twisted blade. Thus, a calculated vibratory stress of 4400 psi
corresponds to 6600 psi, near the allowable fatigue limit for
alumipum, Other operating conditions investigated indicated
stresses well beyond acceptable limits for the all-aluminum blade,
Thus, the two-to-one drop in stress calculated for the boron«-
r2inforced spar is an important factor in permitting the incor-
poration of blade twist into the design.

It should be noted that the boron-stiffened spar also reduced the
calculated vibratory bending moment in the outer blade spar by
approximately 20 percent. The drop in stress and deflection of
approximately 50 percent results partly from thig decreased
moment and partly because of the higher effective structural
moment of inertia of the spar. These calculgtions established

design nc. 1 of this study. As noted in the section on the
design of the outer blade spar, eight designs were considered.
Spar designe 2 and 6, which were selected as most desirable for

this preliminary design study, have essentially equal mass and
stiffness properties.
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Blade Natural Frequencies

The aeroelastic calculations were conducted using spar properties
calculated for blade design 6, but may be considered to apply to
blade 2 as well. Blade physical properties used in the calcu-
lations are tabulated in Table 3. It should be noted that
although the proper mass distribution for tension-torsion straps
] are used in the analysis, the proper stiffness properties could
p not be used. For one thing, the actual blade design incorporates
12 straps, whereas the analysis is limited to two. Also, the
analysis for natural frequencies and mode shapes would not con-
verge when an appropriate representation of equivalent strap
stiffness was incorporated; it was necessary to assume substan-
tially higher strap stiffness values to make the program function.
Thus, the calculated frequencies and loads for the straps are
3 not correct, but it is believed that this fact has a negligible
influence on the behavior of the other blade components.

Calculated natural frequencies for the full-scale TRAC rotor

E: plade are presented in Figures 22 - 24 as a function of rotor

4 speed for three blade length conditions: 100, 80, and 60 percent

: of full diameter, respectively. Because the analysis contains

{ four major elastic structural element items, namely torque tube,

outer blade, jackscrew and straps, each with their own degrees

‘ of freedom, the elastic modes are not as simply defined as for

3 a conventional blade having a single major elastic structural

element. Each natural frequency point has a mode shape similar

to those shown in Reference 9, in which each of the four elastic

- elements participate to a greater or lesser degree. For the

i so-~called "rigid body" modes, flap and lag, all elements move
together except for small deviations about the mean. The torsion
mode is well defined because only the torque tube and outer blade
participate in this mode. The bending modes, however, might have
either a single element showing prominent deflections or several.

; The letters adjacent to the calculation points on Figures 22 - 24

. are a key for identification of the elements which participate

% in that mode. The label B (for blade) indicates that the out-

7 side elements, the torque tube and outer blade, show the pre-

. dominant deflections. These two elements are always coupled,

% with the outer blade usually showing the greatest deflection

. magnitudes. These modes are the most significant ones in deter-

3 mining blade stresses. The label J indicates that the jackscrew

E is the primary participant, and the label S indicates that the

A strap is the primary participant. In some cases, two letters are

% shown - this indicates that the mode is more complex, with both
identified elements participating substantially in the motion.
(The first letter in such cases indicates the element with the

; greater deflection magnitude.) It should be noted that it is

2 not always possible to identify a curve as representingy deflec-

2 tions of only a particular element; as rotor speed changes, the

¢ nature of the vibratory mode can change. Thus, in Figure 22(a)

the third circular-symbol curve above the horizontal axis (having

a frequency of approximately 33 rad/sec at zero rotor speed)
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represents a strap vibratory mode at low rotor speeds but kecomes
a blade mode at higher rotor speeds. Such a change in character
usually results whenever there is a near-coalescence of frequen-
cies of two components in either the flapwise or the edgewise
planes.

Portions of some of the curves shown, such as in Figure 23(b),
are extrapolated from calculated points. This was done because
the computer program would not identify roots to the differential
equations of motion in these regions, even though it is certain
that roots exist. Despite considerable investigation of this
phenomenon, the reason for the lack of success in establishing
roots in these cases was not established. From the nature of

the physical problem, the extrapolated frequencies cannot be

too far wrong.

The variation of natural frequencies of the primary modes with
changing rotor diameter, for the 100-percent rpm condition, is
shown in Figure 25, The bending and torsion frequencies of the
blades (external components) all increase as diameter is reduced,
as would be expected by the reduction in length and addition of
the stiffnesses of the telescoped components. Flapping and lzay
frequencies stay nearly constant. The jackscrew bending fre-
quency, however, reduces as the diameter is decreased, because
of the reduced centrifugal load supplied by the nut and the more
inward location of the point of application of the centrifugal
load.

Analysis of Selected Blade Design

An important part of the evaluation of the selected blade design
was the calculation of vibratory stresses for a range of flight
conditions. The conditions evaluated are summarized in Table 4,
and include a range of forward speed from 100 to 360 knots,
three values of diameter, variations of 1lift and propulsive
force, and evaluations of the effects of gusts and operation at
altitude.

The nominal design operating envelope and structural design en-
velopes are shown in Figure 26. The letters next to the indi-~
cated points reference the cases listed in Table 4. The solid
line connect the points selected as the nominal design operating
envelope. This represents the normal limit operating conditions
assumed for the rotor. At 100 knots, case B, the rotor is
designed to fly as a pure helicopter at a gross weight of 20,000
pounds (21,000 pounds lift specified to allow for an airframe
download), with propulsive force adequate to overcome an airframe
parasite area of 22 ft?, At 150 knots, case D, the lift is
reduced to 10,000 pounds and the propulsive force to zero.

Cases F and G correspond to the diameter reduced to 80 percent,
with lift requirements reduced as forward speed is increased.
Cases J and M represent nominal zero lift conditions {(zero
collective pitch and rotor inflow - calculated lift was slightly
negative) at minimum diameter.
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The dashed line in Figure 26 represents the cases selected to
represent the nominal structural design envelope, and was intend-
ed as a more severe operating envelope to be used for analysis
of blade vibratory stresses, to provide a safety margin beyond
the nominal design operating envelope. The first three cases,
A, C, and E, are for operation in the pure helicopter mode at
an assumed lift or 18,400 pounds. This value, rather than the
higher 1lift previously discussed, was selected because it
corresponds to the design gross weight of the NASA/Army Rotor
Systems Research Aircraft (RSRA) in the pure helicopter mode.
The other cases represent reduced diameter and reduced lift
values following a trend similar to but more demanding than
the nominal design operating envelope. The two highest speed
points, L and Q, correspond to reduced rpm operation.

The maximum calculated blade vibratory flapwise moments for the
cases indicated in Figure 26 are shown in Figure 27. As anti-
cipated, the general trend was for vibratory moment toc increase
with forward speed, particularly at the design dive speed of

36 knots. Surprisingly, one of the points (L) thought to be a
relatively severe operating condition at 300 knots, turned out
to have relatively low stresses. Case J, with a lower lift at
the same speed, had higher stresses. A similar phenomenon
showed up again when the effect of a mild (8 ft/sec) vertical
gust was investigated, as shown in Figure 28. In all cases the
lift increased substantially due to the qgust, but at full rpm
the vibratory blade moments decreased, both at 300 and 360 knots.
Only at 360 knots and reduced rpm did the calculated vibratory
moment increase. Thus, in most cases it is preferable to carry
a positive lift on the rotor to minimize stresses at high flight
speeds. This phenomenon has not been explained but presumably
results from the combination of blade twist and the high advance
ratio cperation.

The effect of altitude on rotor loads is shown in Figure 29.
As anticipated, the magnitudes of both lift and vibratory
moments decrease as altitude is increased. Whereas the blade
vibratory moments are excessive for steady state operation at
360 knots at sea level, they are reduced to acceptable values
at altitude.

The calculated spanwise distribution of vibratory flapwise
moments and stresses are presented in Figure 30 for all of the
conditions listed in Table 4. The calculations were made with
the significant blade modes including flapwise, edgewise, and
torsional degrees of freedom. Only flapwise results are shown
because the edgewise and torsional moments and stresses were
much lower in magnitude. In addition to the basic moment scale,
which is common to all blade components, vibratory stress scales
are also shown in Figure 30. These stress scales apply to the
long-length, minimum stiffness, constant-cross-section portions
of the various components as identified in Table 3.
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in FPiqure 30, the maximum vibratory moment
igczii ggszgesgzzgoard bgade. Howevsr , because of the relatively
high section modulus of the outboard blade relative to that of
the torque tube, the maximum vibratory stress frequently is
higher on the torque tube. Although allowable vibratory
stresses cannot be precisely determined without cgngiderable
fatigue testing of full-scale components, the anticipated .
allowable vibratory stresses are on the order of 7,000-10,000.ps,
for the aluminum torque tube, 15,000-18,000 psi for the graphite;
epoxy outer blade spar, and 15,000-20,000 psi for the steel
jackscrew. On this basis, and allowing a 50 percent increase
above calculated stresses, the outboard blade stresses are
limiting only at 360 knots at sea level; the torque tube )
stresges are acceptable for all of the nominal design operating
envelope points (Figures 26 and 27) at sea level, except at the
maximum speed of 360 knots, but are excessive for some of the
nominal structural design envelope at sea level; and the jack-
screw stresses are acceptable except for 360 knots at sea level.
At 360 knots, operation at altitude above 10,000 feet will pro-
vide acceptable stresses on all components.

3 Additional analyses were conducted of combined stresses in the .
\ outer blade spar and torque tube, and of bearing stresses in the :
sliding blocks of the blade components. These analyses were

routine stress checks and did not indicate any unusual problems

to be overcome. In addition to these checks, stress calculations

were conducted for the blades in the minimum diameter, locked-

3 hinge, zero rctation mode at 150 knots at sea level. At this

£ flight condition a lift corresponding to the maximum lift

coefficient along the full length of the blade could be sustained

without exceeding the static strength limit of the components.

BLADE INTERNAL COMPONENT DESIGN

The design of the blade was an iterative process in which various
assumptions of loads and blade properties were made and then
modified as required to provide adegquate strength and minimum
weight., Description of the blade internal componente is limited
to the final configurations and ignores the iterative process.

The centrifugal load distribution in the various blade components
at full blade extension is shown in Figure 31. The outboard
blade starts at the 50% radial station (14 feet) and extends to
the tip. This component is in compression. At the tip this

load is picked up by the tension-~torsion straps and is delivered
through the set of six nuts to the jackscrew, and finally to

the sleeve/spindle assembly, with each of these components adding
its own centrifugal load. The torque tube and nut reaction tube
are each independently supported by the sleeve/spindle assembly.
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Jackscrew & Redundant Strap

The static design criteria for these members is that thc ultimate t
load (1.5 times centrifugal force at 125% rpm at full blade

extension) must be carried by either the jackscrew or the

redundant strap, so that failure of either one will not result

in system failure. The material assumed is maraging steel, such

e as Vascomax 300, with a minimum ultimate tensile strength of :
280,000 psi. k

Calculated centrifugal force at the nut at 100% rpm and 100%
extension is 56,600 lb, and at the rcot end of the screw the

CF is 67,000 1lb (Figure 31). The ultimate static load at the
root end is 67,000 x 1.5 x 1.25% = 157,000 1lb, and the required
tensile area for both the jackscrew and redundant strap is
157,000/280,000 = 0.561 in.2. The maximum normal working stress
with both members intact is 67,000/(2 x 0.561) = 59,70¢ psi.

If the redundant strap is prelocaded to 10 percent of the normal
centrifugal load of 67,000 lb on assembly, the division of load
between the strap and the jackscrew will be approximately
37,000 and 30,000 lb respectively, and the normal working stress
at 100% rpm and 100% extension will be approximately 66,000 psi
P on the redundant strap and 53,500 psi on the jackscrew. The
ground-air-ground (GAG) cycle stresses can be considered to be
3 a steady stress plus a very low frequency vibratory stress,

[ each of which is one-~half of the above numbers, 33,000 and
26,750 psi for the strap and jackscrew respectively. These

E GAG cycle stress values are considered low for the selected

1 material, even when a stress concentration factor of 3 is
applied to account for the structural discontinuity of the
jackscrew threads.

The threaded portion of the jackscrew has an outside diameter
of 2.000 inches, a pitch diameter of 1.840 inches, and a minor
diameter of 1.680 inches. The internal diameter (bore) of the
jackscrew is 1.452 inches and the diameter of the internal
redundant strap is 0.845 inches. The screw thread is douwble,
b left hand, with three threads to the inch and a lead of 2/3

3 inch. The threads are a buttress type, with a contact face

9 angle of 14-1/2 degrees and the opposing face angle of 22-1/2
degrees. The thread is similar to that recently selected for
full scale laboratory tests of jackscrew/nut combinations,
Reference 7, At the full rotor rpm of 225 and the 3:2 gear
ratio of the differential, the jackscrew rpm is 337.5. This
provides a rate of change of blade length of 3.75 inches per
second and a total time for diameter change between 100% and
60% of 36 seconds.

Sty Ta gt
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The reason for the double thread is the increased screw
efficiency and consequent reduced heat dissipation requirements
in the blade. This effect is illustrated in Figure 32. The
key elementa are coefficient of friction and thread pitch
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(helix) angle; the double thread permits double the pitch angle
for given thread proportions. An overall retraction system
efficiency of slightly below 50% is desired in order to make
the system self-locking, but it is better to introduce friction
by means of the rotor head brake rather than in the jackscrew.

Tension-Torsion Straps

The structural design criterion established for the tension-
torsion straps is that the strap package must carry the full
ultimate load with two straps failed and the remaining 10 straps
lcaded unequally such that the highest strap stress is 110%

cf the mean stress of the remaining straps. For the rotor
overspeed condition of 125% rpm and a factor of safety of 1.5,
the relationship between normal working stress and material
ultimate tensile stress which will satisfy the criterion is

Ultimate tensile stress _ 2 12
Normal working stress @ IN0% ¥pm ~ (1-25)% x 1.5 x §5 x 1.10 = 3.09k.

The material selected for the strap is maraging steel with a
mininum ultimate tensile strength of 280,000 psi; the above
factor permits a normal working stress of 90,500 psi.

At 100% rpm and full extension, the centrifugal force of the
outboard blade, which is the value of the tensiun at the out-
board end of the straps, is 45,100 pounds. The required total
strap area at the tip is 0.498 in.?, or an individual strap
area of .0415 in.?, requiring a strap diameter at the tip
(excluding the enlarged diameter, threaded portion) of 0,230
inch. Inboard of the tip the diameter must be increased on a
long taper to compensate for the increase in centrifugal force
due to the strap mass. At the root end the strap diameter is

0.253 inch.

The straps are anchored in the nuts by means of a .450-inch-
diameter, integral shoulder arrangement, as shown in Figure 33,
to fit in counterbored holes in the nuts. The root end of the
strap just outboard of the shoulder has a diameter of ,350 inch,
to fit snugly in the through-bore in the nut. This diameter is
larger than the main body of the strap to permit passage of the
.350 0.D. threaded tip of the strap during assembly. The in-~
creased diameter of the threaded end permits the full tensile
strength of the strap to be developed, The square tip extension
provides a means for wrenching for length adjustment and also

a means for locking the rotation of the strap, as discussed in
a previous section.

Blade Retention Nuts

Six nuts, each with five threads plus a safety thread (nct
normally in contact) are provided. The centrifugal force at the




nuts at 100% rpm and 100% extension is 56,600 pounds, or an
average of 56,600/30 = 1887 pounds per thread. The nominal
projected contract area per thread is .925 in,?, so that the
nominal contact pressure is 2040 psi. However, it cannot be
assumed that the five threads of each nut carry equal load, even
though the multiple nut/strap configuration provides that each
nutcarries an equal load. Elastic deformations in both the
jackscrew and the nuts will tend to load up the inboard end
threads of each nut and unload the threads toward the tip.
Lapping the nuts against the screw under load will permit a

more even load distribution, and this operation is recommended
to accomplish better thread load sharing. Wear in service will ,
also tend to improve thread load sharing, provided that lubri-

cation breakdown does not occur as a result of excessive initial

contact pressure. In the present analysis it is assumed that

lapping will provide at least an equivalent of 50 percent thread

contact under load, so that the contact pressure of the effective

threads is not more than double the nominal pressure. Thus,

contact pressure = 4080 psi. The corresponding shear stress at

the base of the nut thread is 2400 psi. This compares with an

ultimate shear stress of approximately 8000 psji. for the P-3310 >
carbon~-graphite threads and very much higher values for the

alternate nut material, beryllium copper.

Jackscrew Lubrication

The jackscrew is lubricated with Vitrolube dry film. This
coating, consisting of molybdenum disulphide and other solid
lubricant materials in a vitreous base, proved to be superior

to other lubricants investigated in a materials study conducted
under the Reference 7 contract. It worked very well with both
carbon graphite nut material and beryllium copper. The carbon
graphite by itself is also a good solid lubricant material.

The recommended materials were tested extensively in combination
in the Reference 7 tests at contact pressures (p) up to 6000 psi
and sliding velocities (V) up to 190 feet per minute, for a "pV"
value of 1.14 million. A limited number of overload tests were
also conducted up to 10,000 psi contact pressure, up to pVv
values of 1.9 million. In the present design, the sliding
velocity at the pitch diameter of the screw is 164 feet per
minute at 100% rpm (225 rotor shaft rpm, corresponding to a
jackscrew rotational speed of 337.5 rpm). With a calculated
contact pressure of 4080 psi, the nominal pV for the present
design is 669,000, substantially less than the maximum Reference
7 test values. Based on the referenced tests, it is anticipated
that a coefficient of sliding friction on the order of .05 will
be achieved. If all of the frictional heat were absorbed by the
body of the jackscrew, the rise in temperature would be approxi-
mately 50°F. Thus dissipation of frictional heat is not anti-~
cipated to be a significant problem. Centrifugally pumped
cooling airflow can be readily provided, however, by the simple
technique of providing a small opening at the root of the blade
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(with a filter to keep out dirt) and an exit at the blade tip.
The total pressure drop available from the centrifugal pumping
action is equal to the dynamic pressure corresponding to the
rotor tip speed - over 500 lb/ft2? for the fully extended blade
at full tip speed at sea level.

DIAMETER-CHANGE SYSTEM LOADS

Loads in the diameter-change system are primarily a function of
blade jackscrew torque, which in turn depends on thread pitch
angle, coefficient of friction, applied centrifugal force (which
is dependent on outer blade mass distribution and rotor rpm),
and on whether the blade is being retracted or extended. The
basic equations for jackscrew torque were defined, and the vari-
ation of torque per unit centrifugal force with coefficient of
friction (between jackscrew and nuts) for the selected jackscrew
design is shown in Figure 34. For blade extension, a negative
torque is shown at friction coefficients less than approximately
0.12., This means that centrifugal force would cause the jack-
screw to spin and the blades to extend without the extension
clutch being applied; it is for this reason that the rotor head
friction brake is incorporated to make the system self-locking,

Tests conducted under Reference 7 have indicated that coeffi-
cients of friction in the range of .05 to .10 should be antici-
pated as long as the dry film lubricant utilized remains intact.
As the film gradually breaks down with extended usage, the
friction increases, slowly at first and then rapidly, to approxi-
mately 0.2 at the end of the usable lubricant service life. The
criteria selected for the design of the system, except for the
rotor head friction brake, are C¢ = .10 for normal operation

(assumed 98% of time), Cg = .20 for incipient lubricant break-
down (2% of time) and Cg¢ = .30 for maximum static load calcula-

tion. Because the rotor head friction brake is designed to add
friction when the jackscrew friction is low, a jackscrew/nut
coefficient of friction of only .05 was assumed in sizing the
brake.

The loads are based on a centrifugal force applied to the jack-
screw at the nuts of 57,000 pounds (full extension and full rpm).
Torgques are based on the criteria stated above and the relation-
ship shown in Figure 34, increased by 5 percent to account for
the friction between the nuts and the nut reaction tube, plus

900 in.-1lb for jackscrew bearing friction. The resulting torque
loads per blade are as follows:

For retraction case, torque is 12,800 in.-1lb for normal operation

(98% of the time), 18,500 in.-1lb for incipient lubricant break-
down (2% of time), and 24,400 in.-1lb for maximum static load.
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The corresponding values for the extension cases are zero, 5300,
and 10,500 in.-1b respectively.

The design of the differential gears and bearings is based on
the above loads, with appropriate allowance fcr the decrease in
loads as the blade retracts. The calculated prorated service
life of the gears and bearings was more than double the design
goal of 5000 complete diameter change cycles.

The coaxial shafts and clutch system were designed on the basis
of maximum static loads, plus the rotor head friction brake
torque. The friction brake design torque is 17,800 in.-1lb,
reacted by four spring-loaded calipers, each with two friction
pads. In one retraction or extension, the energy dissipation
by the brake is 1.26 x 10° foot pounds.

ROTOR WEIGHTS SUMMARY

Calculated weights for the TRAC blade and retention system are
summarized in Table 5. The weight of each blade is 337 pounds;
the division of this weight among the various blade components
is illustrated in Figure 35. The outer blade is the heaviest
of the four major assemblies, followed by the torque tube, the
jackscrew, and the nut/strap assembly. The spanwise weight
distribution for the blade and retention system is shown in
Figure 36. Except for the mid-span region, where the blade
segments overlap, the distribution is quite conventional.

Weights for the overall rotor system including blades, rotor
head, and diameter change mechanism are summarized in Table 6.
Total rotor system weight, including blade folding, is 2696
pounds. This value is 13.5 percent of the nominal design lift
capability of 20,000 pounds. However, the rotor as designed
is capable of higher lifts; for a blade loading parameter Cqp/o

of 0.12 at 4000 ft 95°F, rotor lift is 24,000 pounds. The rotor
of weight is 11.2 percent of this higher lift figure. Also shown
in Table 6 are estimated weight savings that should be achievable
if the rotor were designed for a 1980 initial operational capa-
bility (I0C). Most of these savings are based on use of a
lighter outer blade spar (blade design 8 as discussed in the
section on outer blade spar design concepts), which reduces

blade centrifugal loads, rotor head loads, and retraction system
loads. Some additional reduction in diameter change system
weight is obtained by substituting titanium for steei. In total,
the weight reduction is approximately 200 pounds. The 1980 IOC
weights were used as the basis of the weight trending equations
utilized for the parametric mission comparison studies, described
in the other major section of this report.

A comparison between rotor system weights for the TRAC rotor and
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corresponding values for the SH-3H helicopter (which has compara- {
ble total blade area and 1lifting capability ~ see Table 1) is !
shown in Figure 37. The SH-3H is a recent production model of ;
the S~61 series and has a power blade fold system, as does the *
TRAC rotor. The blades of the TRAC rotor (present preliminary
design) are 33% heavier than those of the SH-~3H. Hub, hinge,
and blade retention weight values are similar. Blade fold on
the SH~3H is substantially heavier than for the TRAC rotor
becausz of the need for separate folding hinges, not required
on TRAC. Total rotor weight is 16% heavier than for the SH-3H;
the 1980 IOC estimate is only 7% above the current SH-3H value
(obviously, weight reductions shculd also bes possible for the
H-3H retor). In terms of total rotor wazight per unit effective
blade area (b&R), the values are 11.26 lb/ft? for the present
TRAC deszign, 10.40 for the 1980 TRAC, and 9.88 for the SH-3H.
The value for the YUH-60A UTTAS, without power blade fcld capa-
bility, is 8.12 lb/ft?. Based on the present investigation, it ;
is estimated that the weight penalty for the TRAC rotor systen, )
compared to conventional rotor systems of comparable technology ‘
level, will be on the order of 15 to 25 percent, depending on
the application.
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PHASE I1: AIRCRAFT PARAMETRIC MISSION STUDIES

Parametric analyses were conducted to determine mission require-
ments for which TRAC rotor aircraft are competitive with conven-
tional rotor VIOL aircraft configurations. Prior analyses and
model test results have shown that the variable-diameter TRAC
rotor concept will provide positive aerodynamic benefits and
other benefits in the cruise mode of high-performance rotary-
wing aircraft. However, quantitative comparisons with conven-
tional-rotor aircraft, including proper assessment of structural
weight penalties of the TRAC system, had not previously been
made. The present study is intended to provide a realistic
assessment of the overall merits of the TRAC rotor system and

to identify long-term potential applications.

The conventional roter configurations considered include the
pure helicopter and both full rpm and slowed rotor compound
helicopters. The TRAC rotor configurations include both full
rpm and slowed rotor compounds and the stowed-rotor aircraft
wherein the rotor is stopped and folded away during cruise
flight. Mission variables considered include a substantial
range of design speeds, payloads, ranges, and cruise altitudes.

AIRCRAFT CONFIGURATIONS

There are seven rotary-wing aircraft configurations considered
in this study. All are single main rotor designs, as follows:

1. Current technology pure helicopter. The pure helicopter
derives all 1lift and propulsive force from the main rotor, and
for this reason is relatively restricted in cruise speed and
altitude capability by retreating blade stall limits. By
"current technology" is meant the state of the art corresponding
to helicopters presently in the development cycle, such as the
Sikorsky/Army Utility Tactical Transport Aircraft System, YUH-60A
(UTTAS) .

1A. Helicopter with auxiliary propulsion. A limited evaluation
of this configuration was added to the study. This aircraft
derives all 1ift from the main rotor, but has an auxiliary pro-
peller to provide all or part of the propulsive force in the
cruise mode.

2, Full rpm conventional rotor compound helicopter. The
compound helicopter is derived from a pure helicopter by the
addition of a fixed wing to provide part or all of the lift in
cruise flight and an auxiliary propulsion system (propellers,
fans, or jets) to provide part or all of the propulsive force.
In this manner the limitations of retreating blade stall are
avoided and higher speeds and altitudes can be achieved than for
the pure helicopter. "Full rpm" means an rpm variation of not
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k. more than +5 percent from the design hover rpm value, to avoid
complexities in engine controls, transmission design, accessory
systems, and vibration-controcl systems.

Lol R R g e b

3. Slowed conventional rotor compound helicopter. This
configuration operates at reduced main rotor rpm in cruise
flight to avoid performance and noise penalties with excessive
advancing blade Mach number. Cruise rpm will typically be in

3 the range of 75 or 80 percent of the hover value and represents
4 a compromise between performance considerations and rotor dyna-
2 mics (blade stresses, flapping response, and aeroelastic sta-

3 bility). The slowed rotor compound provides higher speed

- potential than the full rpm compound, at the expense of possible

complexities in engine controls, transmission design, accessory
systems, and vibration-control systems.

4. Full rpm TRAC rotor compound helicopter. The TRAC rotor
achieves a substantially lowered tip 3peed in cruise flight by
means of reduction in diameter, so that the need for reduced
rpm is eliminated except at very high forward speeds. As in
the case of the conventional rotor compound, "full rpm" is

5 taken to mean a variation of not more than +5 percent from

4 the design hover value.

. 5. Slowed TRAC rotor compound helicopter. The highest possible
] cruise speed potential for a compound helicopter is achieved by
. a combination of reduced diameter and reduced rpm, which serves

g to delay advancing blade Mach number limits to the maximum ex-

1 tent.

6. TRAC stowed rotor aircraft. The TRAC rotor makes feasible
the stowed rotor concept, wherein the rotor is stopped in £flight
and folded away into the top of the fuselage, converting the
aircraft from a helicopter at low speeds to a fixed-wing aircraft
at high speeds. This concept would represeant an extremely severe
technological challenge with a conventional rotor system because
of problems with stability, control, and blade aeroelastic behav-
E: ior, but dynamic model tests have demonstrated that the stowed

4 rotor configuratign should be a straightforward development with
the TRAC rotor. This aircraft category will have low drag and
high specific range, with a virtually unlimited speed potential,
at the expense of the additional structural weight and complexity
associated with stowing the rotor in the fuselage.
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ANALYTICAL METHOD AND ASSUMPTIONS

DESIGN MATH MODEL

The parametric mission studies were accomplished with the aid
of the Sikorsky Aircraft Helicopter Design Model (HDM) computer
program. This computerized math model permits a much more
detailed analysis and better optimization of aircraft design
than would otherwise be possible. A general description of HDM
is presented in Appendix A.

GENERAL SPECIFICATIONS AND ASSUMPTIONS

In order to provide consistent ground rules for the parametric
mission studies, a set of general specifications was established.
These specifications, which influenced the studies through the
mechanism of weight trending equations, fuel consumption rates,
etc., were intended to be appropriate for typical Army mission
requirements. The flight profile is generally representative

of a transport mission. It is believed that the comparative
results of this study can be applied to other types of missions
as well; however, no mission evaluation in this sense were
conducted.

The general specifications are listed in Appendix B, In brief,
these specifications call for a single main rotor, with tail
rotor or fan-in-fin, main rotor disc loading nct greater than
15 psf, design limit load factor of 2.5g, retractable landing
gear, and twin engines assuming rubberized characteristics.
Performance requirements include specification of a vertical
rate of climb of 500 feet per minute at design gross weight at
4000 £t 95°F at 95% of intermediate rated power (30 minute
rating). Payloads from 2000 to 10,000 pounds and ranges from
200 to 500 nautical miles were considered.

Various general assumptions were required as inputs to the
helicopter design model, For the most part, these assumptions
follow standard state of the art practice. The important aerc-
dynamic and dynamic assumptions and criteria that might have

an impact on the comparisons between various aircraft configura-
tions are presented in Appendix C. Items included are allowable
blade twist and blade loadings, airframe parasite drag, weight
allowance for vibration control, rotor gust response criteria,
and wing aerodynamic design criteria.

The general weights trending methodology utilized in the present

study is present in Appendix D. Included is a summary of weights
equations developed for the TRAC rotor.
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RANGE OF MISSION VARIABLES

The various combinations of aircraft configuration type and
design mission parameters (payload, range, cruise altitude, and
design cruise speed) which were investigated are summarized in
Table 7. In addition to these combinations, there were a few
additional cases investigated which fell outside the range of
variables indicated. The total number of HDM cases was approxi-
mately 200. For each aircraft configuration, a baseline design
point was specified, as indicated by the circled check marks in
Table 7, at which optimization studies were conducted, including
preliminary design layouts. Baseline mission payload, range,
and cruise altitude were the same for all configurations (5000
pounds, 350 nautical miles, and 4000 £t 95°F respectively).

Each configuration had a range of design cruise speeds, selected
to cover the anticipated range of interest and as limited by
excegsive advancing blade Mach number. As the configurations
progress in sophistication from the pure helicopter, at the top
of Table 7, to the TRAC stowed rotor, at the bottom, the range
of possible design cruise speeds generally increases and so the
number of combinations inveastigated generally increased. The
baseline design speed also increases steadily from one configura-
tion to the next, reflecting the anticipated result that the
optimum cruise speed would increase from one configuration to
the next in some sort of progressive fashion.

A range of disc loadings was investigated for each configuration
at two or more design cruise speeds. Optimum disc lcadings based
on this study were used for the remainder of the design points.
For each aircraft configuration, a parametric variation of each
major mission variable was then made about the baseline mission.
Two additional payloads were investigated for the baseline range
and altitude, two different ranges were investigated for the
baseline payload and altitude, and three different altitudes were
investigated for the baseline payload and range. A range of
design cruise speeds was also investigated for these various
mission combinations. Direct comparisons of the various configu-
rations for identical missions is possible where the range of
design cruise speeds overiap. Many comparisons are also possible
for missions which are identical except for cruise speed.

Based on results of the parametric investigation, a point design
study was made for each of the aircraft configurations, for which
more specific information was developed, including three-view
drawings, performance curves, etc. The point design cases are
indicated by the squared check marks in Table 7. The design
cruise speeds selected were the same as for the baseline points,
but different standard-day cruise altitudes were selected as
more nearly optimum for the various configurations.




RESULTS AND ANALYSIS

DISC LOADING OPTIMIZATION

The initial task in evaluating the various aircraft configura-
tions was to evaluate the effects of disc loading on overall
performance and to select disc loadings for the remainder of the
investigation. The criterion selected was that the optimum disc
loading for a given configuraticn and design cruise speed was
that which resulted in minimum gross weight. The disc loading
optimization study, carried out for 4000 ft 95°F cruise condi-
tions and for the baseline payload and range (5000 1lb and 350
nautical miles, respectively), is summarized in Figure 38. For
each of the seven aircraft configurations, the helicopter design
model calculation was run for at least three disc loading values
at various design cruise speeds. In each case, a minimum gross
weight design solution could be defined, although the "bucket"
of each curve is quite shallow. (If specific engines rather
thgn "rubberized" engines were used in the analysis, the minimum
points would be much more sharply defined.) These results indi-
cate that the results of the investigation are not critically
dependent on the disc loading assumption, as long as a value
reasonably near the optimum is utilized. This also makes the
use of the same disc loading over a range of mission payloads,
ranges, and cruise altitudes a reasonable assumption, even though
it is not entirely accurate. Comparisons between the various
sgggégurations, the main point of the investigation, should be

bl 3

Optimum disc loadings vary from € 1lb/ft? for the pure helicopter
to 15 1b/ft? for the slowed rpm TRAC compound at 350 knots. The
general tgends are shown more clearly in Figure 39, which pre-
sents optimum loadings as a function of cruise speed. Bands
rather Fhan'lines are shown because of the shallowness of the
curves 1in Figure 38, It was found that results were divided into
t@ree separate bands: one for the configurations with high rotor
tip speed in cruise, one for those with reduced tip speed in
cruise, and one for the stowed rotor aircraft. The general up-
ward trend of optimum disc loading with forward speed can be
explglned on the basis of the balance of power required in hover
and in cruise. At high cruise speeds, the cruise power is high
because of the combination of airframe drag and rotor equivalent
drag. When cruise power is high, the same power can be utilized
in hover, permitting higher disc loadings than could be used for
a low-gvailable-power aircraft. Because high disc lcadings tend
to minimize airframe weight, high cruise power favors high disc
loading solutions. This tendency also explains the three sepa-
rate bands. When tip speeds are reduced, rotor drag is reduced
and, therefore, cruise power is lowered, favoring reduced disc
loadings because of the hover power consideration. Simiiarly,
the stowed rotor has the lowest drag in cruise and, therefore,
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for a given cruise speed, lower optimum disc loadings than the
various compound helicopter configurations.

BASELINE STUDIES AT 4000 FT 95°F CRUISE

A summary plot of gross weight, empty weight, and consumed fuel
for the seven configurations for the range of design cruise
speeds investigated is presented in Figure 40. These results
are all for the baseline mission of 5000 lb payload and 350
nautical miles range. As can be seen, comparative trends shown
by the curves of gross weight tend to be repeated in both the
empty weight and consumed fuel data.

As was expected, the pure helicopter, configuration 1, shows the
lightest weights of any of the aircraft, at least up to 175 knots
cruise speed. At 190 knots, the combination of reduced allowable
blade loading, which increases blade area required and thus,
rotor weight, plus high advancing blade tip Mach number, which
increases rotor equivalent drag and hence power required, greatly
reduces the efficiency of the pure helicopter. In terms of pro-
ductivity (payload times speed divided by weight), the best
design cruise speed for the helicopter is 175 knots. This speed
is higher than indicated by some previous studies, resulting from
the relatively low levels of parasite drag utilized in this in-
vestigation (discussed in Appendix C).

Configuration 1A, the helicopter plus auxiliary propulsion
(assumed tc be a pusher propeller), shows an advantage over the
pure helicopter at 190 knots. The basic benefit is the increased
lifting capability of the rotor as it is relieved of the propul-
sive force requirement, so that rotor weight can be reduced.

The full rpm conventional rotor compound, configuration 2, pro-
vides, the lightest solution at 200 and 225 knots. At 200 knots
or higher, a wing is a much more efficient lifting device than

a rotor, so that the weight of the wing is more than offset by
the reductions in rotor system weight and fuel weight that it
permits. Because of the high tip speed, however (assumed 95%

of hover tip speed for this configuration), the drag increases
rapidly with increasing forward speed because of the increasing
advancing tip Mach number encountered. Note that although this
configuration has the lowest empty weight of any of the configqu-
rations analyzed at 225 knots, it has the highest fuel weight
because of the high rotor drag. It should alsc be noted that
the assumed operating temperature, 95°F, tends to favor the high
tip speed configurations relative to the reduced tip speed con-
figurations, because the high temperature results in a relatively
high speed of sound and correspondingly low Mach numbers for any
given speed. On a standard day, much more typical of average
operating conditions, the drag rise due to Mach number occurs at
lower forward speeds, and the empty weight advantage at 225 knots
design cruise speed does not in fact occur. This comparison is
shown in a subsequent section.
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Configuration 3, the reduced rpm conventi
proviges the lightest solution by
for the 4000 £t 95°F condition, but as desi i in-
creases to 300 knots, it is no longer compeggtgzglsgtipiﬁg ;;AC
rotor configurations. One reason for this result ig the minimuan
tip speed imposed by the gust response criteria, discussed Eﬁ
Appendix C. The relatively high tip speed required to provide

adequate blade flapp%ng stability produces high rotor drag due
to high rotor advancing tip Mach number.

ntlonal rotor compound,
a slight margin at 250 knots

The TRAC compound helicopters, configurations 4 and 5, vecome
lighter than the conventional compound solution at forw.rd speeds
ahove 275 knots, because of the greatly reduced rotor drags re-
sulting from the combination of reduced blade area and reduced
tip speed. Consumed fuel is also less than for the conventional
rotor. At the highest compound helicopter speeds, 325 and 350
knots, the reduced rpm TRAC compound (configuration 5) shows an
advantage over the full rpm configuration (4), again because of
the rotor drag factor.

T
=

The stowed TRAC rotor, configuration 6, shows a clear-cut advan-
tage in consumed fuel starting at a design cruise speed of less
than 250 knots and a gross weight advantage starting below 275
knots. At higher speeds these advantages become very large.

The reason is the very large drag advantage obtained by elimina-
ting rotor blades and hub from the airstream completely in cruise
flight. The consequent savings in installed power required and
consumed fuel more than make up the weight penalty in the mecha-
nisms required to stow the rotor. The stowed rotor configuration
has the highest productivity factor (payload times cruise speed
divided by weight, indicated by the diagonal lines in Figure 40)
of any of the aircraft types investigated.

ERCE T A

To illustrate some of the factors involved in obtaining these
results, a more detailed comparison between two of the cases is
presented. The 300-knot conventional slowed rotor compound and
the 300-knot full rpm TRAC compound configurations are compared
in Figures 41 - 43. Disc loading is 13 1b/ft? for each case,

so that this parameter does not enter into the comparison. As
shown in Figure 41, the hover figure of merit is less for the
TRAC rotor, despite a higher value of extended blade twist (-8°
compared to -4° for the conventional rotor). This reduced hover-
ing efficiency results from the large root cutout value (50% of
blade radius), as discussed in Reference 5. The airframe verti-
cal drag, however, is reduced by the relatively low downwash
velocities in the central part of the disc, as discussed in
Reference 6. Because of the reduced blade area and tip speed

in cruise for the TRAC rotor, the rotor lift in cruise is smaller
than for the conventional rotor, and for this reason the required
wing area is higher, despite a lower gross weight for the TRAC
rotor aircraft. The cruise tip speed is lower for the TRAC
rotor, resulting automatically from the reduced diameter in
cruise. The conventional rotor must maintain a higher tip speed
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to provide adequate flapping stability, because of the higher
blade Lock number, as discussed in Appendix C.

The weights of the same two aircraft are compared in Figure 42.
The actual weights, on the left of this figure, show that gross
weight, empty weight, and fuel weight are all less for the TRAC
rotor. The weights expressed as percentage of gross weight are
shown in the center of the figure. The empty weight fraction is
slightly higher for the TRAC rotor case, but the fuel weight
fraction is less. A summary of several major subsystem weight
fractions is shown on the right of the figure. The rotor system
is substantially heavier for the TRAC rotor, and the wing weight
is higher. Most of this increased empty weight fraction is
cancelled by modest weight reductions in drive system, engines,
fuel system, and vibration suppression weights. The fuel weight
reduction is of greater significance than the increase in empty
weight fraction. It is this reduction that results in the de-
crease in actual overall weights.

The drag reduction benefit of the TRAC rotor, which is the key
to the superiority of this configuration over the conventional
rotor compound at 300 knots, is illustrated in Figure 43. The
laryest element of drag at the prescribed cruise speed and
altitude is airframe parasite drag, which includes rotor head
drag. This term is larger for the TRAC rotor aircraft, despite
a lower gross weight, because of the slightly larger rotor head
required to accommodate the differential gear system utilized
to control diameter. Because of the lower rotor 1lift achievable
in cruise, the wing is larger on the TRAC aircraft, and both the
profile and induced drag terms are larger for that reason. The
drag of the rotor itself, however, is greatly reduced by the
small cruise diameter. The actual drag force is reduced and,
just as significant from a performance standpoint, the rotor
shaft power requirement is reduced. As a result, the total
rotor equivalent drag (the sum of the actual drag force and the
drag equivalent of the power) is only about one~third of the
drag of the conventional rotor, which must operate at rpm ap-
proximately 25 percent below the hover value to achieve the
level shown for it. Somewhat lower drags for the conventional
rotor would result at still lower rpm values, but only at the
expense of violating gust response criteria, The low drag af=-
forded by the variable rotor diameter results in lower cruise
power required and reduced fuel consumption,

EFFECT OF ALTITUDE ON PERFORMANCE COMPARISONS

The effects of design cruise altitude (standard day) on the con-
figuration comparisons was investigated to determine if there
were any significant changes from the results calculated for the
4000 ft 95°F cruise condition. It turned out that some of the
qualitative comparisons did change. One reason was the fact that
the high temperature condition produces a relatively high speed
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of sound and correspondingly low Mach numbers, tending to favor
the high tip speed configurations (pure helicopter, helicopter
plus auxiliary propulsion, and full rpm conventional compound)
relative to the other aircraft types. Because the standard day
conditions are, by definition, more typical than hot day condi-
tions, the comparisons conducted for the standard day cruise
are considered more meaningful. It should be noted that the
full required wvertical performance capability at 4000 ft 95°F
was retained for all cases. The other important factor was
that the optimum cruise altitude tends to increase with cruise
speed, so that comparing all configurations at the same altitude
is somewhat misleading.

A summary of the effects of design cruise altitude on gross
weight, empty weight, and consumed fuel is presented in Figure
44, This figure is comparable to the summary comparison shown
in Figure 40, except that multiple design cruise altitudes are
shown and the figure is divided into three parts to avoid an
excessive number of overlapping lines.

For the pure helicopter, design for sea level cruise minimizes
gross weight and empty weight, although minimum fuel consumption
results for a design cruise altitude of 5000 ft. The competi-
tiveness of the pure helicopter decreases rapidly at higher
design altitudes. Comparison with Figure 40 indicates that the
weights are higher at all cruise altitudes for the standard day
than for the 4000 ft 95°F case. This is because of the tempera-
ture effect on Mach numbers as discussed above. The same effect
is apparently true for the helicopter with auxiliary propulsion,
although only the 5000-ft altitude case was calculated.

The full rpm conventional compound helicopter (configuration 2)
shows the temperature/Mach number effect even more strongly. At
225 knots, the gross weight for a sea level standard design is
more than 25 percent heavier than for the 4000 ft 95°F design
condition. The 5000-ft-altitude design had a gross weight
approaching 50,000 pounds, and there was no design solution at
all at 10,000 feet. Whereas at the 4! 00-ft 95°F condition
(Figure 40) the full rpm conventional rotor compound (configura-
tion 2) was substantially lighter than the slowed rotor compound
(3) at 225 knots, at the standard day design conditions the
situaticn is reversed as shown in Figure 44(a). It is concluded
that the full rpm conventional rotor compound is not rzally
compecitive at speeds much above 200 knots.

The slowed conventional rotor compound shows benefits of design-
ing for cruise at altitude not evidenced by the slower aircraft.
An altitude of 10,000 feet is beneficial up to the maximum de-

sign cruise speed of 300 knots, because of the reduction of drag

with decreasing air density. At higher design_altitude, the
lower temperature and higher Mach numbers result in increasing
rotor drag and, hence, weights at the higher cruise speeds. The
restrictions on tip speed imposed by the criteria for blade
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flapping response to gusts, discussed in Appendix C, prevent an
optimum aerodynamic solution at higher altitudes.

The effect of design cruise altitude on the design weights for

the two TRAC compound helicopters is shown in FPigure 44(b). For
these aircraft, the benefits of altitude continue past 10,000
feet to 20,000 feet. At the highest cruise speeds, the reduced
rpm TRAC compound (configuration 5) shows small but distinct
advantages in weights and fuel consumption over the full rpm
cases (configuration 4). The TRAC compounds are superior to the
conventional slowed rotor compound at 250 knots, and the competi-
tive advantage increases at higher design speeds at all altitudes.

The effect of design cruise altitude on the stowed rotor config-
uration is shown in Figure 44(c). This aircraft type has by far
the lowest fuel consumption of any of the aircraft for any given
design speed in the range studied, the lowest gross weights at
design speeds above aboat 260 knots, and the lowest empty weights
at design speeds above about 290 knots., Consumed fuel is lower
for the TRAC stowed rotor at a design speed of 300 knots at
optimum altitude than for the 175-knot helicopter, despite a
higher grogs weight.

The aerodynamic advantages of the TRAC rotor are illustrated in
Figure 45, which presents overall aircraft lift-drag ratio,
equivalent to actual aircraft L/D times propulsive efficiency,
as a function of design cruise speed and altitude. Despite the
general trend for overall L/D to decrease with increasing for-
ward speed, the TRAC configurations, particularly the stowed
rotor, achieve higher overall L/D values and greatly increase
the magnitudes of cruise speeds for which competitive L/D's are
achieved.

VARIATION OF PAYLOAD AND RANGE REQUIREMENTS

Payload and range requirements on each side of the baseline
values wvere investigated to establish whether the comparisons
between aircraft types were significantly affected. Results of
this investigation, all conducted for the 4000~ft 95°F cruise
condition, are presented in Figures 46 and 47. In Figure 46,
values of gross weight, empty weight, and consumed fuel are
presented for the various configurations and various cruise
speeds, all at a constant range of 350 nautical miles;, for pay-
loads from 2000 to 10,000 pounds. In general, the results indi-
cate only minor changes in the relative merits of the various
configurations, depending partly on the design cruise speed con-
gidered. All of the calculations indicate that larger aircraft
become more efficient, i.e., the gross weight, empty weight, and
consumed fuel increase by a substantially smallser percentage than
the increase in payload. Conversely, the smaller design payload
results in less efficient aircraft (lower payload to gross weight
fractions).
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Similar informaticn for the effects of design range, from 200
to 500 nautical miles, are shown in Fiqure 47 for a constant
payload of 5000 pounds. Again, the variations indicate small
changes in the relative merits of the configurations. There is
some evidence that at speeds in the range of 300 to 400 knots,
the stowed rotor configuraticn improves its competitive advan-

tage at longer ranges, as might be expected because its of the
low drag.

It was concluded that configuration comparisons made at baseline
missions are basically valid throughout the spectrum of design
payloads and ranges investigated.
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EVALUATION OF POINT DESIGN AIRCRAFT

STMCPPIHIRIN S TR

As part of the mission studies investigation, a brief point
design study was conducted for each of the basic aircraft con-
figurations of the study. Initial design layouts were updated
in accordance with results of the trending studies and perfor-
mance and operating envelopes were defined. Design conditions
were selected to optimize each of the aircraft types.

Be g

N e

SELECTION OF DESIGN CONDITIONS

B

Each of the point designs selected was intended to represent an
optimum choice for the particular aircraft type, with consistent
ground rules to the extent possible. & standard day rather than
a hot day was selected for all point design studies as being

more typical of required operating conditions. Standard day con-
ditions also provide more realistic comparisons between the high
tip speed and reduced tip speed configurations because of the
relationship between temperature and rotor Mach numbers on rotor
drag, as discussed in the previous section. The altitude vari-
ation information developed in the parametiric mission studies

was utilized to optimize speed and altitude for each configura-
tion. Full vertical performance capability (500 ft/min verti-
cal rate of climb at design gross weight at 95% IRP) was retained
at 4000 ft 95°F conditions for all configurations.
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The point design conditions were selected largely on the basis
of achieving maximum transport productivity consistent with a
reasonable fuel consumption. For this purpose, productivity

was defined as PL x Vg, Where PL is the payload, Vgi, is block

WE

speed (mission range divided by the total mission time including
ground time), and WE is weight empty. Productivity is frequent-
ly used as a measure of cost effectiveness of an aircraft, since
the rate of doing useful work is proportional to payload and ¢
block speed, whereas the cost of the aircraft is generally pro- ;
portional to empty weight. Charts of productivity and consumed :
fuel for the baseline missions (payload of 5000 pounds and range 3
of 350 nautical miles) are presented in Figure 48 for a range of ;
cruise speeds and altitudes for the six basic aircraft configura- ;
tions. The selected points are indicated on each chart.

LT SN S B e

For the pure helicopter, Figure 48(a), only 175 knots cruise j
speed was investigated because the parametric studies at 4000 ft ‘
95°F showed that this would be the optimum speed. The productiv- ,
ity is maximum for a sea level design cruise, and decreases at :
altitude. Despite this, 5000 ft was selected as the design ‘
cruise altitude because a sea level design is simply not realis- f
tic for typical Army missions where some altitude capability is
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required for clearance over the local terrain. Consumed fuel
is minimized by designing for 5000 £t, and a further benefit is
that maneuver capability and operational envelopes will be en-
hanced compared to a sea level design.

Fox the full rpm conventional rotor compound, Configuration 2,
the chart shows that a 200 knot cruise speed is clearly superior
to a 225-knot design. Again, a minimum altitude of 5000 ft was
legislated, but in this case very little penalty in productivity
was involved.

No comparable chart was prepared for the helicopter with auxil-
iary propulsion (Configuration 1A) because fewer parametric vari-
ations were investigated for this aircraft. A point design speed
of 190 knots (the best speed indicated by the 4000-ft 95°F
studies), and a design cruise altitude of 5000 ft were selected.
It is believed that this design point is close to optimum for
this configuration, because it is an intermediate step between
Configurations 1 and 2, both of which are better defined.

Charts for the reduced rpm conventional rctor compound and the
full rpm TRAC rotor compound are shown in Figure 48(b). For

this aircraft, a family of curves resulted which permit a reason-
ably clear-cut choice for the optimum design point. Although

the maximum productivity point and minimum fuel point never coin-
cide, the selected points, slightly below maximum productivity

in the interest of conserving fuel, represent a good compromise.
The selected points are 250 knots at 10,000 ft for the slowed
xotor compound and 300 knots at 20,000 £t for the full rpm TRAC

rotoxr compound.

For the slowed rpm TRAC compound, Figure 48(c), the selected
desiyn point of 350 knots at 20,000 ft is clearly not optimum
from the fuel consumption standpoint; a lower design cruise
speed would be better., However, the 350 knot speed was delib-
erately picked to explore the maximum possible cruise speed for
a compound and to separate the design point from that selected
for the full rpm TRAC cowmpound.

The stowed rotor aircraft design trade-offs, also shown in
Figure 48(c), permit a more reasonable compromise. A design
speed of 400 knots at 20,000 ft was selected.

The design cruise speed and altitude for the seven design points
are summarized in Figure 49. The optimum cruise altitude gen-
erally increases with design cruise speed because of the benefi-
cial effects of reduced density on aircraft drag. The shape of
the curve suggested that even higher cruise altitudes might be

‘beneficial for Configurations 5 and 6. This possibility was

investigated briefly, but there was little apparent benefit
because of a relative deterioration in engine performance capa-
bilities at higher altitudes.
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DESCRIPTION OF POINT DESIGN AIRCRAFT

Three-view drawings of the point design aircraft are shown in
Figures 50 - 56. Not included are drawings oi the helicopter
with auxiliary propulsion (which looks essentially identical to
the full rpm conventional rotor compound, Configuration 2,
except for the absence of a wing and for the number of blades),
or of the reduced rpm TRAC compound {which looks identical to
the full rpm TRAC compound, Configuration 4, except for the
number of blades). Two versions of the stowed TRAC, Configura-
tion 6, are shown. The helicopter design model computer print-
out summaries for the seven point design aircraft, including
major dimensions, physical and aerodynamic attributes, summery
weight statements, mission segment descriptions, and life-cycle
cost information, are presented in Tables 8 - 14.

The 175-knot pure helicopter, Configuration 1, is shown in
Figure 50. It is of conventional main rotor/tail rotor arrange-
ment. Because of the relatively low optimum disc loading,

6 lb/ft?, this aircraft has the largest diameter rotor of the
seven point design aircraft, despite the lowest gross weight.

The 200~knot full rpm conventional rotor compound, Configuration
2, is shown in Figure 51. A pusher propeller, similar in con-
cept to that of the AH-56 Cheyenne design, was assumed. This
arrangement provides the simplest transmission and shafting lay-
out and is entirely satisfactory at the design speed of 200 knots
where the propulsive force and power required are relatively low.
The wing on this aircraft supports about one-half of the weight
in cruise flight. The 190-knot helicopter plus auxiliary pro-
pulsion, Configuration 1A, looks essentially the same as Config-
uration 2 except for the lack of a wing and the number of blades
(five instead of four).

The 250~knot slowed conventional rotor compound, Configuration
3, is shown in Figure 52. Because of the increased propulsive
power relative to that of Configuration 2, the pusher propeller
configuration would be considerably heavier and would not balance
satisfactorily. The best arrangement was to utilize two propul-
sive units on the wings, which are large enough to accommodate
the two engines as well. Shaft-driven shrouded cruise fans,
such as the Hamilton Standard Q-Fan, were assumed. At speeds of
250 knots or above, these fans are nearly as efficient as a pro-
peller, require less rpm reduction, reduce noise, provide better
clearance for main rotor flapping, and reduce hazard to ground
personnel.

The 250-knot compound and all higher speed aircraft were assumed
to have a fan-in-fin anti-torque and directional contcol system,
similar to that demonstrated on the Sikorsky S~-67 Blackhawk
helicopter, Reference 10. The fan-in-fin concept is particularly
appropriate for high-speed compound helicopters because it
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provides reduced drag in cruise relative to a conventional tail
rotor and is not subject to blade flapping instability problems
at the high cruise advance ratios. Although the fan-in-fin
increases hover power slightliy, the higher speed aircraft tend
to have a high installed power to satisfy cruise requirements,
3 so that relatively little compromise is required.

The 300~knot full rpm TRAC rotor compound, Configuration 4, is
shown in Figure 53. This aircraft looks very similar to the

2 conventional compound, except that in cruise the rotor diameter
is only 60 percent of the hover value. Because the TRAC rotor
aircraft operates at 20,000 ft cruis2 altitude, it is assumed
that the fuselage is pressurized, with acpropriate weight
allowances included in the helicopter design model.

I R T

. The 350-knot slowed rpm TRAC rotor compound, Configuration 5,

is similar in appearance and dimensions to Configuration 4,
except that it has six blades instead of five. For this reason,
a separate drawing was not; prepared.

The 400~knot stowed TRAC rotor aircraft, Configuration 6, is
shown in two versions in Figures 54 and 56. Both versions
assume four blades and a fore-and-aft blade fold arrangement
like the one described in the full-scale rotor preliminary
design section of this report. The first version of the stowed
8 rotor agsumes that, after the blades are stopped and folded
3 fore-and-aft, the rotor is stowed by means of an extensible
rotor shaft arrangement, so that the rotor head and blades
translate vertically downward without disturbing the main trans-
mission. The extensible rotor shaft configuration, Figure 55,
utilizes hydraulic pressure to lock, unlock, and to translate
: the moveable members, in a manner similar to that described in
b U.S. Patent No. 3,581,624, Reference ll. The locking arrange-
3 iment, utilizing conical surfaces forced together by the hydrau-
lic pressure, permits carrying the vibratory shaft bending
: moment required without the fretting action that would occur with
E a simple spline. The internal, coaxial diameter change shafts
are active only during diameter changes and even then carry only
torque, not bending moment, so that two-piece shafts with a
simple loose-spline connection provides a satisfactory exten-
sible arrangement.

In order to provide the vertical distance to accommodate the
translation, a low-wing configuration is utilized, with the
main transmission located below the floor of the cabin. The
main rotor driveshaft extends through the fuselage inside a
well which is sealed against the cabin pressurization. 2lthough
the obstruction in the cabin is undesirable from the point of
view of flexibillty of loading bulk cargo, the space around the
well is wide enough to permit relatively casy fore and aft
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movement of passengers, and there are many missions for which
the obstruction would not be objectionable. In stowing the
bladeg, doors on the top of the fuselage open when the rotor
head and shaft translate downwards, then close again after the
rotor is fully down, completely enclosing the blades. The top
of the rotor head is a round fairing which forms part of the
external fuselage contour.

The alternate stowed rotor aircraft configuration, Figure 56,
avoids vertical translation of the rotor after fore-and-aft
blade fold, thus simplifying the rotor system design. Instead,
the upper fuselage fairing is designed to translate vertically
to enclose the blades in cruise, and to retract to a liower
position to expose the rotor for low speed operations. This
configuration has a slightly humpback appearance in cruise, but
the angles are low enough to pexmit avoidance of a significant
drag penalty, and it has the advantage of an unobstructed cargo
compar tment.

The fan-in-fin unit for both stowed rotor configurations is
assumed to have louvers which close off the duct to reduce
parasite drag in cruise flight. The design layouts of this
aircraft were defined in sufficient detail toc allow weight
trending information developed for the added rotor stowing
features, as discussed in Appendix D.

COMPARISON OF AIRCRAFT WEIGHTS AND PERFORMANCE PARAMETERS |

A summary comparison of gross weight, empty weight, and consumed
fuel for the seven point design aircraft is shown in Figure 57.
These data are consistent with the information previously
presented in Figure 44, but represent the near-optimum design
cperating conditions selected for each type. Empty weight and
gross weight generally increase with design cruise speed as
expected, but for the three TRAC rotor aircraft, the speed in-
creases more rapidly than the gross weight such that the produc~
tivity based on cruise speed, indicated by the diagonal lines

in Figure 57, improves relative to the slower aircraft. The
stowed rotor aircraft in particular shows a large gain in pro-
ductivity.

Consumed fuel is surprisingly similar for the various aircraft.
The 175-knot helicopter uses the least fuel of the seven air-
craft shown, but the higher speed aircraft use relatively little
more. For example, the 250, 300, and 400-knot aircraft each
consume less than 25% more fuel than the 175-knot helicopter.
This result stems from the reduced rotor drag and increased
altitude in progressing from the slower to the faster aircraft.
As pointed out in a previous section, if the full rpm TRAC

compound were designed for 250 knots rather than 300, or the
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stowed TRAC designed for 300 knots rather than 400, the consumed
fuel in each case would be reduced to less than that of the
175 knot helicopter.

A comparison of transport productivity is presented in Figure 58.
The upper half of the figure shows prcductivity based on cruise
speed, consistent with Figure 57. Productivity is frequently
based on block speed, which is less than cruise speed (Appendix
C, Figure C-8), and this correction is shown on the lower half
of Figure 58. The productivity values are all decreased, and
the advantage of speed is diminished slightly, but the results
are qualitatively similar. Although the slowed conventional
rotor compound suffers slightly relative to the pure helicopter,
the TRAC rotor aircraft, particularly the stowed rotor, show
productivity advantages as well as the large speed advantage.

A comparison of overall weight fractions, expressed as percent-
ages of gross weight, are presented in Figure 59, Note that
each point on any given curve represents a different aircraft.
The empty weight fraction generally increases as the configura-
tion design cruise speed increases, with corresponding reductions
in payload and useable fuel fractions.

A more detailed breakdown of subsystem weight fractions is shown
in Figure 60. Considering the categories one at a time from the
top of the figure, the engine weight fraction increases with
design cruise speed as would be expected from the variation of
power required with speed. The stowed rotor aircraft engine
weight falls below this general trend because of the substantial
reduction in parasite power ihat results from stowing the rotor.
Empennage and tail rotor weight fraction increases with speed
partly because of the increasing main rotor power and torque.
The vibration suppression weight fraction increases with speed
for the conventional rotor systems, but is reduced for the TRAC
rotor aircraft because of the beneficial effects of diameter
reduction on vibration, as discussed in Appendix C.

The drive system (transmissions and shafting) weight fraction
increases substantially with increasing design cruise speed,
because of the increase in installed power. The main rotor
weight curve exhibite a more complex shape: the pure helicopter
has the heaviest rotor weight fraction because of the require-
ment that it supply all of the 1lift and propulsive force in
cruise. The helicopter with auxiliary propulsion benefits
somewhat from the reduction in propulsive force requirement,
and the conventional rotor compound helicopters benefit greatly
by the unloading of rotor 1lift onto a wing, allowing substanti-
ally lower blade areas. The TRAC rotor compound helicopters
pay a rotor weight penalty for the diameter change capability,
and so the curve turns upward again at the higher speeds. The
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rotor weight fraction for the stcwed rotor configuration is

still higher, partly because of the blade fold system require-
ment and parily because the denominator of the weight fraction,
the gross weight, is less for Configuration 6 than for Configura-
tion 5.

The body weight fraction is relatively constant, except for the
stowed rotor, for which increased body length and the require-
ment for a stowage compartment adds a significant penalty. The
wing weight fraction is nonexistent for the first two configura-
tions (1 and 1A), reasonably constant for the four highest speed
aircraft, and about one-half that value for Configuration 2
because of its smaller wing. The weight fraction for the pro-
peller or fans is zero for the pure helicopter, moderate for

the pusher prop aircraft (1A and 2}, and highest for the com-
pound helicopters with cruise fans. The fan weight for the
stowed rotor is reduced by the relatively low propulsive force
requirements corresponding to the low parasite drag. Finally,
the fuel system weight is directly proportional tc the useable
fuel fraction.

Additional insight into the point design aircraft comparisons
can be obtained by consideration of various rotor aerodynamic
design parameters, presented in F..,ure 61. The disc loading
variation follows the pattern previously established as optimum,
as indicated in the discussion of Figure 39. The blade loading
parameter, Cp/0, follows the assumptions discussed in Appendix
C. Rotor diameter is largest for the pure heélicopter because

of the low disc loading, and smallest for the three TRAC vehicles
because of the higher disc loading. The curves for rotor solid-
ity and blade area follow directly from the disc loading and
blade loading results, and the number of blades is selected on
the basis of the required blade area as well as upper and lower
constraints placed on blade aspect ratio,

The rotor tip speed and advancing blade Mach number comparisons
are shown in Figure 62. Although the assumed tip speed in hover
is the same for all vehicles, the tip speed in cruise decreases
steadily with the design cruise speed. The "full rpm" Configura-
tions 1A and 2 actually operate at 95 percent rpm to minimize
advancing blade Mach number which exceeds 0.9. The reduced tip
speed compounds, Configurations 3, 4, and 5, operate at an ad-
vancing tip Mach number of slightly below 0.9, desirable from

an efficiency standpoint.

Wing area and cruise wing lift are also shown in Figure 62. 1In
the range of 200 to 300 knots, the wing lift curve follows the
pattern of wing area with design cruise speed. Ordinarily, wing
lift per unit area would increase with the square of the speed,
but in this speed range, the cruise altitude is also increasing
with speed. Above 300 knots, altitude is constant so that wing
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: lift per unit area increases. The wing area required for the
b TRAC stcwed rotor follow different ground rules, as discussed
E in Appendix C, but wing loading remains similar to the next
lower speed aircraft.

PERFORMANCE SUMMARIES FOR POINT DESIGN AIRCRAFT

Hover Performance Capability

The effect of altitude on out-~of-ground effect (OGE) hover capa-
bility is shown in Figure 63 for both hot day and standard day
conditions. The hot day temperatures are 50°F higher than for
the standard atmosphere at all altitudes; at 4000 ft the tempera-
: ture is 95°F. At design gross weight, indicated by the square
symbols for each configuration, all aircraft can hover OGE at
above 4000 ft on a hot day. The specification called for 500
feet per minute vertical rate of climb at 4000 ft 95°F; thus
hover at zero rate of climb is possible at higher altitudes.

The variation of hover capability (gross weight for OGE hover)
with altitude varies in the expected manner. For the hot day
conditions, engine power available limits the capability; for
the standard day, engine power is limiting at high altitudes

and transmission power capacity is limiting at low altitudes.
For the standard day, the configurations with low blade loadings
(the pure helicopter and the helicopter plus auxiliary propul-
sion, Configuration 1 and 1lA), can hover at somewhat higher
altitudes at design gross weight than the high-blade~loading
aircraft., At lower altitudes, where the transmission limit is
encountered, the improvement in lifting capability is much less
for these two aircraft types than for the others. This behavior
is explained by the fact that the high blade loading configura-
tions are operating at a Cr/0 below the optimum value (usually
on the order of .09 or .10) for maximum hover figure of merit.
As altitude decreases, the blade loading gets still farther from
optimum. Conversely, the high blade loading aircraft are de-
signed for Cp/c values above the optimum hover value, and so
improve as altitude is decreased.

B AT U
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It is evident from Figure 63 that substantial increases in
payload are available if the hover requirement are relaxed from
the 4000 ft 95°F condition. Assuming that mission fuel require-
ments increase directly proportional to the increase in gross
weight, the payloads available for sea level standard hover
conditions were calculated and are presented in Figure 64. The
corresponding increases in productivity are also shown. The
increases are substantial: from 80 percent increase for the
pure helicopter to as much as 120 percent increase for the TRAC
rotor configurations. The increases for the higher speed air-
craft are larger than for the slower speed aircraft primarily
because the baseline payloads are smaller fractions of the
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gross weight. A constant percentage increase in lift capa-
bility increase represents a larger actual increase of payload.

The productivity advantage of the TRAC rotor aircraft is in-
creased substantially by relaxed hover requirements. The pro-
ductivity (payload times block speed divided by empty weight)
of the 400-knot stowed TRAC aircraft more than doubles, from 84
to 132 ton knots per ton, when the hover requirement is sea
level standard rather than 4000 ft 95°F. Relative to the pure
helicopter, the productivity advantage of the stowed TRAC air-
craft increases from 20 to 45 percent. For most real missions,
the hover requirements will be intermediate to the two condi~-
tions shown, with proportional effects on payload and produc-

tivity.

Power Required Curves

Power requirad curves for each of the seven point design air-
craft are presented in Figure 65, for three altitudes (standard
day) including sea level and the design cruise altitude. Also
shown are power available curves corresponding to 95 percent

of Intermediate Rated Power (IRP), specified as the limit in
hover, and for Maximum Continuous Power (MCP), specified as the
limit in cruise. The design cruise point ic also indicated for
each aircraft. For all configurations except the pure helicop-
ter, the power required curves are broken into low-speed and
high-speed regimes., The reason for this is that a transition
regime exists at medium speeds in which auxiliary propuision

is applied, and, for some configurations, the rotor is slowed
or stopped and stowed. Because there are many possible conver-
sion techniques which influence the power required, no attempt
wage made to define the curves in the intermediate range. It
was established, however, that the aircraft have adequate power
and lift capability to fly through the transition corridor.
Also indicated in Figure 65 are rotor stall limiis and gust
sensitivity limits where applicable.

Operating Envelopes

The allowable flight speed/altitude envelopes of the seven air-
craft at design gross weight are shown in Figure 66 for hoth
standard day and hot day conditions. The maximum Speed bounda-
ries are defined by available power limits except as indicated
for rotor stall (the two wingless aircrafv) and gust sensitivity
as defined in Appendix C (the two slowed rotor compounds). At
very low speeds the pure helicopter has somewhat greater alti~
tude capability than the other aircraft, but at speeds higher
than approximately 100 knots the winged aircraft configurations

are all superior.
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The three TRAC rotor aircraft have much larger flight envelopes
than the lower speed aircraft. The pure helicopter and the
helicopter plus auxiliary propulsion have the smallest overall
envelopes, although the helicopter envelope is much larger than
the envelopes of most current helicopters at design gross weight.
In certain mountainous regions of the world, especially where

hot weather prevails, the speed and altitude capability provided
by the compound helicopter configurations, and particularly the
TRAC compound and TRAC stowed rotor, could prove to be a distinct
and perhaps decisive advantage.

The gust sensitivity limits as defined in Appendix C cut the
allowable flight speed at low altitudes for the two slowed
rotor compounds. These limits c¢an probably be ignored in good
weather, but must be considered for all-weather operation. The
allowable speed for the 350-knot design slowed TRAC compound
(Configuration 5) is cut to less than that for the 300-knot
design full rpm TRAC compound (Configuration 4) at low altitudes.
This limit could be alleviated by reverting to full rpm when
operating at the lower altitudes; speeds at least as high as
that for the nominally lower-speed TRAC compound could then be
allowed.

Maneuver Envelopes

Speed/load factor diagrams for the six basic configurations are
presented in Figure 67. The structural design load factor was
2.5 g's (3.75 g's ultimate) for all aircraft. Curves for maneu-
ver load factor capability at sea level and the design cruise
altitude are also shown. The pure helicopter has the best ma-
neuver capability at low speeds, because of the low blade load-
ing employed, but drops significantly with increasing speed and
has very little margin above 1 g at cruise. The winged aircraft
do very much better; they can all outmaneuver the helicopter at
speeds above approximately 140 knots at sea level, and this
advantage increases with altitude. If exceptionally maneuverable
aircraft were desired, the aerodynamic capability provided by
the wing could be fully utilized by accepting the necessary
penalty in airframe structural weight.

Payload/Range Characteristics

A comparison of payload/range characteristics of the various
point design aircraft, at their respective cruise speeds and
altitudes, is shown in Figure 68. Both 4000 ft 95°F hover con-
ditions and sea level standard hover (OGE) are shown. The

curves for the 4000 ft 95°F condition all pass through the

common point of 5000 pounds payload (design value) and 385 nauti-
cal miles (design range plus 10 prrcent for reserve fuel). For
longer ranges auxiliary tanks are assumed, either two 150-gallon
units for a range extensian of 23(-300 nautical miles, or two
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350-gallon tanks for still greater capability.

At the 4000 ft 95°F condition, the 175-knot pure helicopter has
the lowest consumed fuel for the design mission and therefore
the least payload at zero range. Conversely, it has the longest
range for a given auxiliary tank size. Next in line are the
400~-knot stowed TRAC rotor, the 300-~knot full rpm TRAC compound,
and the 250-knot slowed conventional rotor compound.

When a sea level standard hover condition is available, the pay-
loads increase substantially. There is no longer a common point
because the payloads at the design range increase by different
values for the various configurations, as indicated in Figure 64.
The three TRAC rotor aircraft have the highest payloads for a
given range for the sea level standard hover condition.

It should be noted that the range/payload curves are based on
design cruise speed and not the speed for best range. All of
the aircraft can achieve significantly longer ranges by operat-
ing at less than design cruise speed.

COST COMPARISONS

Aircraft unit acquisition cost and unit life-cycle cost, cal-
culated in accordance with the methods described in Appendix A,
are shown in Figures 69 and 70. These costs are based on the
assumption of a fleet of aircraft capable of a specified rate

of transporting cargo; the number of aircraft required is equiva-
lent to 500 aircraft with a payload of 5000 pounds and a cruise
speed of 300 knots. An 85 percent learning curve was assumed
for the decrease in unit cost with increase in the number of
aircraft produced. Costs are shown in 1974 dollars. Life-cycle
costs are based on a utilization of 800 flight hours per year
and a service life of 15 years.

As anticipated, the aircraft unit costs, both acquisition and
life-cycle costs, are higher for the faster aircraft, partly
because of the higher empty weight, greater installed power, etc.,
and partly because fewer aircraft are built so that there is

less benefit from the learning curve. However, the important
cost is not unit cost but fleet cost.

Fleet acquisition costs and life-cycle costs are shown in Figures
71 and 72, for three different criteria for the number of air-
craft required. The middle value of each bar is consistent with
the two previous figures; i.e., the payload is the design value
of 5000 pounds and the number of aircraft is inversely propor-
tional to cruise speed. On this basis all three TRAC rotor air-
craft, because of the fewer number required, show a fleet life-
cycle cost advantage relative to all of the conventional rotor
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aircraft. The stowed TRAC confiquration is least expensive by
a substantial margin. Fleet acquisition cost is also slightly
less for the stowed TRAC aircraft than for the pure helicopter.

Basing the number of aircraft on cruise speed, however, is not
quite as realistic as using block speed in the equation. The
tops of the bars in Figures 71 and 72 show costs and number of
aircraft based on block speed rather than cruise speed, for the
same 5000-pound payload. The benefits of a high cruise speed
are somewhat diminished by this criterion, but the stowed TRAC
configuration still haa the lowest fleet life-cycle costs.

The most realistic comparison of costs is believed toc result
when the number of aircraft in the fleet is based on payload
capability for typical operating conditions rather than on the
design payload at 4000 £t 95°F conditions. The payload capac-
ity for a sea level standard hover is substantially higher, as
shown previously in Figure 64, but sea level standard is not a
5 typical operating condition, either. For the present compari-
4 sons a payload capability halfway between these two operating
£ conditions, i.e., hover out-of-ground-effect at 2000 ft 77°F,
2 is assumed. The number of aircraft required and fleet life-
3 cycle costs for this criterion are shown by the lowest level on
the bars in Figures 71 and 72. On this basis the stowed TRAC
1 rotor aircraft provides the lowest fieet acquisition costs,
4 followed by the pure helicopter, with the other configurations
more or less equal at a slightly higher level. With regard to
fleet life-cycle costs, all three TRAC rotor aircraft are less
expensive than any of the conventional rotor configurations.
The 400~knot stowed TRAC life-cycle costs are the lowest, being
5 20 percent lower than for the lowest-cost conventional rotor
g aircraft, which is the 250-knot slowed rotor compound, and 21
3 percent lower than for the 175-knot pure helicopter.

Thus, even without crediting high cruise speed with special ad-
vantages that can derive from it, such as increased mission

_ versatility or decreased vulnerability, the TRAC rotor permits

3 increases in transport productivity which will reduce fleet

E life~cycle costs. There are certain missions, of course, for

k: which high cruise speeds are extremely important. For example,
o high speed will contribute directly to the value of an aircraft
in a search-and-rescue mission, for which the probability of

: rescue may be inversely proportional to the time required for

- the rescue aircraft to reach the scene.

Even for missions for which high speed or productivity are of

. secondary importance, there are potential advantages to be gained
ke from the TRAC rotor. The Reference 1 model test results indi-

3 cated that there are potential aircraft reliability and maintaina-
bility benefits to be gained from the reduced blade stresses and
reduced vibration levels demonstrated. The tests also indicated
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improved ride comfort because of low gust sensitivity and
reduced rotor noise levels because of the low advancing blade
Mach number levels, These factors all contribute to the
desirability of the TRAC rotor relative to more conventional

rotor systems.

o
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; CONCLUSIONS | ;

A two-phase analytical investigation was conducted to continue i
, the development and evaluation of the variable-diameter TRAC ;
E rotor system. The first phase of the investigation was a pre- :
: liminary design of a full-scale, flightworthy rotor system

suitable for subsequent wind tunnel testing in the NASA-Ames

40-x 80~foot. wind tunnel and for flight testing on an H-3 heli-

copter or the NASA/Army Rotor Systems Research Aircraft (RSRA). ;
The second phase of the investigation was a comparative para- !
metric analysis to evaluate TRAC rotor compound helicopter and
stowed rotor aircraft concepts relative o conventional-rotor

puzre and compound helicopters.

Conclusions fromn the preliminary design phase of the investiga-~
tion include the following items:

1. The preliminary design of the flightworthy rotor indi- !
cated no serious unresolved problems. Because the
basic concept remains unchanged from the design success-
fully demonstrated with a dynamically scaled model test
(Reference 1), successful full-scale development can be
anticipated.

PR R T,

T AR

2, The selected rotor deeign has four blades and a di-
ameter of 56 feet in the extended condition; chord of
the outer blade is 28 inches; blade twist {extended) is
-8 degrees. This rotor has a lifting capability in
hover at 4000 feet 95°F conditions well in excess of
20 ,000 pounds, and an allowable flight speed in excess
of 300 knots with the rotor at minimum diameter. Thus,
the design is particularly well suited for flight test-
ing on the RSRA in the compound helicopter configura-
tion. The rotor was also designed for in~flight stop-
ping and fore-and-aft blade folding at 150 knots to
demonstrate application to the stowed rotor configura-~
tion. This capability could be demonstrated both in
the NASA Ames 40-x 80-foot wind tunnel and on the RSRA.

3. The blade design provides a fully redundant structure
for the main centrifugal load path, so that the blade
is potentially "fail-safe". In addition to a redundant
strap capable of carrying full ultimate load, down the
center of the jackscrew, a BIM type pressurization sys-
tem is incorporated to monitorx the jackscrew structural
integrity at all times. The multiple nuts and tension-
torsion straps are capable of carrying full ultimate
load after failure of some of the members. Additional
fail-safe features are also incorporated in the blade
design.

77

e, ae g oy bade sl g ktanone o o e B ron | st




4.

(31}

6.

7

9.

.'“’

=i i~ - < ol .
ST NI LN TR At UL e T R

The diameter change mechanism and diameter measurement
gystem are similar to those previously demonstrated in
model tests, except that a locking device and safety
stop system were incorporated tc prevent the possibility
of inadvertent diameter changes or blade overtravel in
case the normal diameter-control system malfunctions.

In case a fatigue crack should develop in a blade jack-
gcrew, a pressure-actuated switch in th BIM system will
prevent actuation of the diameter change clutches.

The rotor head configuration is of conventional articu-
lated design except for the incorporation of some of the
diameter-change components. The hinge and blade reten-
tion system incorporates a number of standard bearings
from production helicopter designs. The lag hinge is
also utilized as a blade fold hinge; no special fold
hinge is required. A design concept for an integrated
lag danper/fold actuator was developed.

A number of outer blade spar structural concepts were
evaluated and sample lengths were fabricated for scme

of the concepts. The preferred spar design employs a
filament-wound graphite/epoxy structure, fabricated over
a shaped mandrel for precise control over internal di-
mensions. This spar concept has the desired combination
of high stiffness, low weight, and ease of fabrication.

At full rpm, the rotor will change diameter from 100 to
60 percent, or the reverse, in 36 seconds. MNo blade
flapping response will result from initiation of a dia-
meter reduction, a problem noted in the Reference 1
medel tests and traced to the applied jackscrew torque
reacting against the blade torque tube, resulting in a
slight blade twist. The present design avoids this
twisting effect by incorporation of a secondary, inter-
nal torgue tube (nut reaction tube) which transmits the
torque directly back to the rotor head.

Aeroelastic analysis of the sslected blade design indi-
cates that flight in the compound helicopter mode up to
300 knots at sea level and up to 360 knots at altitude
can be achieved without exceeding allowable blade com-
nonant vibratory stress limits, The analysis also
shows thx& lower stresses result from moderate positive
rotor lift conditions at high flight speeds than from

zexro rotor lift conditions.

Calculated main rotor group weight, including the di-
ameter change and power blade f£fold mechanisms, in 2696
pounds. A lighter blade spar was investigated which
would permit reduction of rotor weight to 2489 pounds
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for a 1980 IOC design. These figures are 16 percent
and 7 percent heavier than for an H~3 main xotor with
power blade fold, with equivalent blade area and iifting
capatility. The weight penalty for the TRAC rotor,
relative to conventional rotors at comparable technology
levels, is estimated to be in the range of 15 to 25 per-~
cent, depending on the application.

The parametric misgion analysis phase of the investigation in-

cluded comparison of TRAC rotor aircraft (compound helicopters

with either full or slowed rpm and stowed rotor aircraft) with

conventional rotor aircraft (pure helicopter and compound heli-
copter with either full or slowed xpm). Conclusions from this

phase include the following:

10. The TRAC rotor aircraft provide distinct performance,

11.

12.

13.

operating envelope, and fleet life-cycle cost benefits
over conventional rotor aircraft. The 400-knot stowed
TRAC rotor aircraft shows the greatest potential for
high productivity and low fleet costs, followed by the
300~knot full rpm TRAC compound nelicopter. These
benefits are in addition to gpecial advantages that can
derive from high cruise speed, such as increased mis-
sion versatility or reduced vulnerability.

None cof the concepts investigated show any large pro-~
ductivity or cost benefits over the 175-knot pure heli-~
copter for design spseds less than 250 knots. The con~
ventional rotor compound helicopters hava at best only

marginal productivity or costs benefits compared to the

pure helicopter, because the increased block speeds
that they provide do not generally compensate for the
additional weight of wings and auxiliary propulsion
systems. The TRAC rotor permits significantly higher
cruise speeds with relatively little additional weight,
resulting in improved productivity.

Although the TRAC rotor is heavier than a conventional
rotor of equivalent lifting capability and requires a

slightly larger wing, most of the empty weight penalty
is compensated by reductions in engine and drive system

weight, vibration suppression weight, and fuel system
welght. Mission fuel weight is reduced significantly
because of substantially lower rotor drag.

Optimum rotor disc loading increaseas with increasing
design cruise speed. The rate of increase is highest
for the high cruise tip speed aircraft, lower for
reduced tip speed compound helicopters, and lowest for
the stowed rotor configuration.
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19.

The optimum cruise speed for the pure helicopter was
175 knots. This is higher than for some previous
studies because of the low parasite drag assumed,
Above 175 knots, the pure helicopter rapidly becomes
uncompetitive with the other configurations.

The helicopter plus auxiliary propulsion, investigated
briefly, shows a small but distinct performance improve-
ment over the pure helicopter at its optimum speed for
190 knots,

The full-rpm compound helicopter has a small region of
application around 200 knots, but rapidly becomes
unattractive at higher speeds because of excessive rotor
drag caused by high advancing blade Mach numbers. It
should be noted that evaluation of this configuration
at hot day (95°F) conditions indicated favorable charac-
teristics up to a design cruise speed of 225 knots,
whereas for the more typical standard day conditions,
the weights become unacceptable at 225 knots, because

of the differxence in Mach numbers corresponding to the
temperature difference. It was concluded that standard
day cruise mode conditions should be used for more
realistic comparisons between configurations.,

The slowed conventional rotor compound helicopter has
an optimum cruise speed on the order of 250 knots. At
this or higher speeds, it was not possible to design
for the aerodynamically optimum operating conditions of
altitude and tip speed because of rotor gust response
limitations. Even when the gust criteria are satisfied
at design cruise speed and altitude, it is necessary to
restrict operating conditions at low altitudes to avoid
violating the criteria,

The TRAC rotor allows increasing the cruise speeds of
the compound helicopter configuration up to 350 knots.
The low tip speed that results automatically from re-
ducing the diameter reduces blade Mach numbers and rotor
drag, and the low blade Lock number that results from
telescoping the blades alleviates the gust response
procblem. The TRAC compound is superior to the conven-
tional rotor compound at all speeds above 250 knots.
Abhove 300 knots, additional tip speed reduction by
slowing the rotor rpm shows modest additional benefits
to performance and weights, but at the expense of a
reduced operating envelope at low altitudes because of
the gust criteria,

The stowed TRAC rotor configuration has the most attrac-
tive performance over the range of 300 to 400 knots,
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20.

21.

22,

23,

24,

and achieves higher productivities than any other con-
figuration investigated. Design cruise speeds above

400 knots were not investigated but there is no apparent
limitation that would prevent higher speeds.

Despite the higher cruise speeds, the fuel consumption
of the TRAC rotor aircraft is comparable in magnitude
to that of the lower speed aircraft configurations., A
TRAC compound helicopter designed for a cruise speed of
250 knots, or a stowed TRAC rotor aircraft designed for
300 knots, will have lower consumed fuel for the base-~
line mission than the 175-knot pure helicopter, despite
higher gross weights. This results from substantially
superior overall aircraft lift-drag ratios for the TRAC
rotor aircraft configurations.

Comparative performance results obtained for the base-
line mission of 5000 pounds payload and 350 nautical
miles range were generally confirmed for design payloads
from 2000 to 10,000 pounds and for design ranges from
200 to 500 nautical miles.

All aircraft, designed to hover out of ground effect at
4000 feet 95°F, have substantially higher payloads and
productivities if allowed to operate at less stringent
ambient conditions. The increases allowed by a sea
level standard hover out of ground effect ranges from
80 percent for the pure helicopter to as much as 120
percent for thL- TRAC rotor aircraft.

The pure helicopter investigated has a better speed/
altitude operating envelope and better maneuver capa-
bility than most existing heQicoptera because of its
relatively low blade loading. Despi-e this, the winged
aircraft configurations excased the cwpabilities of the
helicopter by substantial margins except at low speeds.
The winged aircraft can all outmaneuver the pure heli-
copter at speeds above approximately 140 knots at sea
level, and this advantage increases with altitude. The
winged aircraft can also operate at higher altitudes at
speeds above approximately 100 knots. The TRAC rotor
aircraft have better speed/altitude operating envelopes
than any of the conventional rotor aircraft.

Despite higher gross weights, the TRAC rotor aircraft
have smaller diameter rotorxrs than the pure helicopter
because of the difference in optimum design disc load~
ing. All of the aircraft studied for the spacified
mission are of comparable overall size.
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25. Two configurations were examined for the stowed TRAC

26.

27.

rotor aircraft. One version utilizes an extensible
main rotor shaft to retract the rotor head and blades
after stopping and folding, and the other version en-
closes the rotor by means of a dual-position upper
fuselage fairing. Neither version requires displace-
ment of the transmission.

Relative aircraft unit costs tend to follow relative
weights, with the pure helicopter being the least
expensive because it is the lightest. Fleet costs,
however, follow a different trend because fewer high-
speed aircraft than low-speed aircraft are required
for a given fleet trangport capability. Pleet life-
cycle costs show the benefit to a greater extent than
acquisition costs. For typical operating conditions,
the TRAC rotor aircraft investigated all have lower
life-cycle costs than the conventional rotor aircraft.
The 400-knot stowed TRAC rotor aircraft has the lowest
fleet life-~cycle costs, 20 percent below the best of
the conventional rotor aircraft.

There are certain missions, e.g., search-and-rescue,
for which the high cruise speeds made possible with
the TRAC rotor will contribute directly to mission
succesd, Even for missions where speed and productiv-
ity are of secondary importance, there are potential
reliability and maintainability benefits resulting
from reduced blade stresses and vibration levels, and
reduced gust sensitivity and reduced noise levels from
the reduced blade area and tip speed in cruise. These
factors all contribute to the desirability of the TRAC
rotor relative to more conventicnal rotor systems.,
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TABLE 1.

COMPARISON OF TRAC ROTOR AERODYNAMIC

PARAMETERS WITH OTHER ROTOR SYSTEMS

TRAC ROTOR -3 H-34 YUH-60A
PRELIM.DESICN| (S-61) (S-58) (UTTAS)
Diameter (2R), ft 56 62 56 53
(fully extendd
2 ed)
Disk area ¢rR%), ft 2463 3019 2063 2206
Number of blades (b) 4 S 4 4
Blade twist, 81, deg -8 -8 -8 ~16
(fully extend
- ed)
Mean blade chord (c), ft 2.14 1.52 1.37 1.73
Blade aspect ratio @%%-) 13.1 20.4 20.5 15.3
be
Solidity (rR) .0972 .0780 L0621 .0831
Effective blade area (b;R), ft2 2344 235.7 153.1 183.3
Typical Rotor Lift (L), 1b 21,000 21,000 13,000 16,000
L 2
Disk Loading (To7) 1b/ft 8.5 7.0 5.3 7.3
L 2
Blade Loading (3zg), 1b/ft 87.7 89.1 84.9 87.3
Normal Tip Speed (R), ft/sec 660 660 649 730
2 2
CT/a' = LARpQR) @
(a} Sea Level Standard 0847 .0861 .0848 .0689
(b) 4000 ft 95°F .1048 . 1065 L1049 .0852
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TABLE 3.

MASS PROPERTIES USED IN AEROELASTIC ANALYSIS

Radi EI XA
S:afiin xx LINV (I/c)yy 6J
v -6 -6 -6
Feet x10 (1/¢) 1 x10 {LE) x1C IB
(Blade w » 3xx‘ - . 0 .
iten Extended)  |(15/in)) | (20-1n.2) [(in.3) | {20-1n.2)(5n.3) |(1v-in.2)(1n sec)
Siceve/ 1.08 - 2.25 9.00 500 12.0 500 _ 12.0 k00 .050
Spindle
Torque, 2.25 - 2.75 1.930 100 5.0 koo 8.0 100 .020
Tube 2.75 - 3.5 0.870 60 3.85 300 6.43 50 .010
3.5 =-15.25 0.452 51.7 3.32 2k6 5.27 k6.5 .0073
15.25 ~ 16.33 0.950 60 3.85 %00 6.k0 50 .015
Outer 1k - 15 1.150 235 5.ko 2000 25.6 119 .1k0
Blagde 15 - 16 0.812 215 §.60 1800 23.0 100 .100
16 - 27 0.650 195 7.80 1630 20.9 98.6 .081
I - 217.62 0.812 215 .60 1800 23.0 100 .100
27.62 - 28 2.00 250 10.00 2000 25.6 3110 .200
Jackscrew 2.25 - 2.5 1.50 20.0 0.725% 20.0 0.725 16.0 .0015
2.5 - 15.5 0.419 5.3k .235 5.3k 0.235 L.35{ .000k
liut/Strap 1k - 25 0.92 10 0.k 15 0.5 8 .0012
15 - 27.62 0.16 - - - - - -
100% Diem | 80% Diam | 60% Diem
Mass Moment of Inertia sbout Flapping Hinge, Slug foe 2373 1661 935
Mirst Mass Moment about Flapping Hinge, Silug ft 138.5 123.3 90.8

Materials:

Torque Tube
Quter Blade
Jackscrew

-  Aluninun, E = 10x106 psi
- Grapnite/Epoxy, E = 11.2x106, G = 2xl(!6 psi
- Maraging Steel, E = 2’.’x106 psi

*For torque tube, W , EI__, and (I/C)xx include contribution from nut

reaction tube.

Other parsmeters neglect nut reaction tube.
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TABLE 5. UNIT WEIGHTS SUMMARY -~ BLADE, RETENTION,
AND HINGE
Blade
Outer Blade Assembly 122.5 1b
Spar and L.E. Counterweights 86.5
Trailing Edge Pocket 2.3
Bearing Blocks 3.4
Tip Block and Misc. 10.3
Torque Tube Assembly 92.6
Outer Torque Tube and Cuff 60.9
Nut Reaction Tube 25.3
Bearing Blocks 6.4
Jackscrew Assembly 84.9
Jackscrew 58.1
Redundant Strap 26.8
Nut/Strap Assembly 37.1
Nut Package (6) 10.%
Tension-Torsion Straps (12) 26.7
Totel Blade 337.1
Hinge and Blade Retention
Main Spindle 4.7
Jackscrew Retention Spindle 3.5
Yoke 34,7
Pitch Horn 8.6
Biade Attachment Hardware 1.3
Flapping Lock 8.0
Blade Pitch Bearing System 22.h
Jackscrew Retention Bearing System 10.5
Flepping Bearing System 21.5
Total Hinge and Retention 125.2 1b
Total Flapping Mass 462.3 1b
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TABLE 6. OVERALL ROTOR SYSTEM WEIGHIS SUMMARY

-

o

TRAC Rotor TRAC Rotor
Present Preliminary Design 1980 10C
Meterial Weight % Saving Weight
Blades -
Quter blede assy. -
Spar (L) Graphi te/Epoxy 346.0 11.0 30L.8
Pocket (L) 89.2 11.9 78.6
Bearing blocks (8) 13.6 - 13.6
Misc. k1.2 - .2
Torque tube assy. -
Outer torque tube (k) Aluminum 2k3.6 - 243.6
lut reaction tube () Steel 101.2 10.6 90.5
Bearing blocks (8§) 25.6 - 2.6
Jackscrew assy. -
Jackscrew (L) Steel 232.% 10.6 207.8
Redundant strap (4) Steel 107.2 10.6 95.8
Tension - torsion straps
(48) Steel 106.8 10.6 95.5
Nut package (2h) 41,6 10.6 37.2
Total - Blades 1348.) 8.5 123k.2
Diameter Change Mechanism
Shafts Steel 93.2 kR 79.8
Gears Steel 51.2 10.6 45,8
Housings Aluminum Lk.9 30.0 31.k
Bearings 15.7 10.6 1k.0
Brakes Steel 108.3 18.8 87.9
Misc. 17.0 - 17.0
Totel - Diam. Change Mech. 330.2 16.5 275.9
Rotor Head -
Hub T3 170.9 4.2 163.7
Hinge & blade retention -
Flap Ti Comp 381.0 .2 365.0
Lead-Lag Ti Comp 167.7 k.2 160.7
Pitch Ti Comp 182.8 .2 175.1
Blade attach. 5.2 - .2
Blade fold 109.3 - 109.3
Total Rotor Head 1016.9 3.7 979.0
Total Rotor Group Weight 2695.6 7.7 2489.1
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TABLE 7. SELECTED OPERATING CONDITIONS FOR PARAMEIRIC
MISSION INVESTIGATIONS
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Operating Conditions for Baseline Designs

Operating Conditions for Selected Peint-Design Investigations

91

PO

e

»




sk e e

TABLE 8. COMPUTER .PRINTOUT SUMMARY FOR POINT DESIGN :
ATRCRAFT -~ CONFIGURATION 1 - PURE HELICOPTER - i
DESIGN CRUISE SPEED 175 KNOTS .

OESIGN -A3TRIBUTLES b

CENERAL uALN ROTOR TAIL ROTOR/FAN )
BLLIGn Goboflb) 19223, RADIUS (FT) 31,93 RADIUS (FT) 4,80 .
FAYLOAD (18) 500L. CHORD (FT} 24234 CHORD (FT) 989
SLIGHT EHPTY (L&) 11260, NO.OF BLADLS 4,0 NO.OF BLADES 4.0 /
;
ULl (L) 243y, ROTOR SOLIDITY 0891 ROTOR SLDLTY/AF $2577
HOVER POWFR (SHP) 2382, T1P SPELED (FPS) 730.0 TIP SPEED (FPS) 700.0
YOVER ¢ CLIMa WP 2558, ASPECT RATIO 16,293 ASPLCT RATIO RTY
MAIN ROTOR OCSIGN HP 2151, CT/STGMA 20680 CT/SIGMA .1223 !
12JL RCTOR CAMT(DEG) e MAIN ROTOR LIFT 19223.1 TAIL ROTOR LIFT .0
HoR.DISL LOACINGIPSF) 6,00 FIGURE OF KERIT . 7251 FIGURE OF MERTT  .6685
.
P4IK G.d. DESIGA WP 2942, BLADE ARCALSO.FT)  285,4 BLADE ARZALSO.FT) 19,3 )
SUKMARY NEIGHT STATEHENT :
SROUP BETGHT T G¥
MAIN ROTOR GROUP 2395, 1507
«ING GROUP 0. .00
1AIL CROUP 341, 1,72
TAIL ROTOR/FAN 131, .62
TAIL SURFACES 210, 1.09
#0DY GROUP 1566. 8.15
ALIGHTING GLAR 565, 2,98 .
FLIGHT CONTROLS 593, 3,08
FNGINE SECTION 136y o1 ,
PROPULSTON GROUP 3154, 16485
ENGINES 697, 3463
A1R INDUCTION 19, W10
EXMAUST SYSTEN 12, +06
LUBRICATING SYSTEW 0, .00
FUEL SYSTEN 470, 2e45
ENGINE CONTROLS 194 10
STARTING SYSTCHM N9, 26
AUXILIAPY PROPULSION PROPELLERS 0. .00
DRIVE SYSTEM 1888, 9,82
AUXILIARY POWER UNIT 193, 1.00
INSTAUKENTS 183, 95 .
HYDRAULTLS 02, w3 N
CLLCTRICAL GROUP 306, 1,59
AVIONICS 325. 1469
ARMAMINT GROUP 0. N0
FURNISHINGS 392, 2400
AJR CONDITIONING AND ANTIAICE bbe oy .
AUXJLIARY GLAR 59, o3
VIBRATION SUPPRESSIGN 209, 1440
TECHNOLOGY SAVINGS 0. 200
CONTIRGENTY 113, 59
VEIGHT EMPTY 11260, $8487 ’
FIXED USEFUL LOAD 525, 2,13
sJLOl 235,
co=PILOT 225,
01L~ENGINL 30,
~IRAPPFD 104
FULL TRAPPED 15,
R1SSICN EOQUIPNENT 0
OTHER FUL, Ce
PAYLOAD $000. 26401
FUCL-USABLE 2039, 12,69 .
52035 WLIGHT 19223,
92 )
9




P
ISR S Ty

E s
;
s
1
: :
& vy
P’ ‘
s :
1
b TARLE 8 - Continued i
p
?"\\ ¢
3 %
;- SILECTED DLSIGN PARAMETERS i
g &
HINGE GFFSET (FT) = 1.5329 HINGE LENGTH. (FT) = 1.5201 :
- MZIN ROTOR BLADE TWISTIDEG)= =-14.3000 MAIN ROTOR DESIGN HP T 2151.146 )
2 KaIN ROTOR RPE T 715.290 MAIN ROTOR DESIGN ADVJRATIOS  .52668 :
: “ATIN ROTOR SHAFT LENGTH(INIZ 63,071 TAIL ROTOR SHAFT LENGTH(IN)IS 14,665
4 TAIL ORIVE SHAFT LENGTH(INIZ 452,921 MAX.TR SUSTAINED THRUST(LEI=  2225.15 4 N
4 TAIL ROTOR RPM = 1367.45 MRE LOCK NUMBER = 8.3163 \
3 HORIZONTAL TAIL AREAISQ.FT)Z 5C.0S895 VERTIGAL TAIL AREA (SO.FT) = 38,7910l
g DESIGN HOV. ANT1-TORQUE HP = 255,862 HOV.ANTI~TORQUE MOMT(FT-LB)= 54345,
3 REC.YAW ACCEL.(RAD/SEC/SEC)= L71543 MAX,SUST.YAW HOMENT(FT-LB) =  83047. H
3 VERTICAL DKAG = .023143 FUSTLAGE WETTCD AREAISQ.FTIZ 409.9811 H
¥ ENGINE SCALE FACTOR = .92749  WING AREA (SQ.FT) = .roeoc
: CR:'ISE PROPULSOR SHAFT WP = «CNC  TOTAL INSTALLED POWEP (HP) = 3617.210 .
4 PROPILSOR RFH : .O00 PROPULSOR DIAMETER (FT) = 00005 ’
3 MAIN GEARBOX INFUT RPH = 20767.08 ENGINE OUTPUT RPM = 20767.08 ,
DELIGN HOVER SHAFT HP Z 25584171 ALTFRNATZ HOVER SHAFT HP = 2558.171 :
4 ECUIV.SLS DESIGN HOVER HP = 3617.210 EQUIV.SLS ALTFRNATE HOV.HP = 3617.210 \
. DESIGN HOVLR LAPSE RATE : «70772 ALTEKNATE HOVER LAPSE RATE = (70722 ;
3 HOV,OVERALL MECH.EFFICIENCY= 840892 HOVER FIXED LOSSES (HP) = 100.0€C00 ~
. DE3.DYNAHIC PRESSILR/SQ.FTIS 100.COG0 ACTUAL CRUISE SPEFD (KTS) = 174.9756 3
DESIGN CRULSE WP = 2239.818 DESIGN CRUISE ROTOR HP = 2081.023 .
: EVUIVLSLS STATIC HP=CRUISE = 2959,916 CRUISE LAPSE RATE = $75672 :
3 CRUISE FIXED LOSSES (HP) = 100.6000 DES.CRUISE PROP.THRUST(LB) = GO :
3 CRUISE TIP SPEED (FPS) = 730.000 DESIGN CRUISE ADV.RATIO =  .up5Q8
¥ DES.CRUISE WING LIFTILE) = «N0 PARASITE DRAG (SQ.FT) = 164371
ULTIMATE LOAD FACTOR z 3.7500 HEAD MOHT.CONST.(FT-LB/DEG)S  4956.2 :
FLANFOPM HOR.TZIL (SQ.FT)= 25,0295 PLANFORH VECR.TAIL (SQ.FT)=  38.7910 :
TL¥y CANT ANGLE -(DEG) z .f0  MAIN ROTOR ASPECT RATIO = 14,2927 '
NUMEER OF ROTORS = 1. MAINROTOR SOLIDITY z .NB90E |
RAIN ROTOR RADIUS = 21.9346 MAIN ROTOP CHORD T 2.23432
MATN ROTOR TIPSPELD = 72L,.N0  HUMBER OF MAIN ROTOR BLADESZ 4.
ROTOR BLADEL CUTOUT/R : ,20000 MR RLADE TAPER RATIO = 1.000
MAIN ROTOR LIFT (LF) : 19223.06 NUMBER OF TAIL ROTOR BLADESS 4. ,
TAIL ROTOR RADIUS (FT) = 4,6883 TAIL ROTOR CHORD (FT) : .9893 :
TAIL ROTORP ASPECT RATIO =  4,94119 TAXIL ROTOR SOLIDITY/AC.FAC.T  +25768
PEXCENT POERyANYI-TORQUE =  10.7425 TAIL ROTOR FH,ANTI~TOROUE = +6685
L HP ANTI-TGRQUL ,6IVeN TR = +0000 TR CT/SIG RATTO,ANTI=TORQUES .1223
TR CT/S1G,MAX.CONT,THRUST = «BBGO0 TR DLoMAX.CONL.THRILR/SQ.FT)I= 29,6409
TR FM,HAX.CONT,THRUST z .66850 AVAILABLE TR ANTI-TOROUE HP= 256409 A
TR AN-TOKOLHOMINT(FT-LK) = 54345.03 TAIL RGTOR TIPSPEED (FPS) =  700.00 .
MAIN GEARBGX DESIGH HP ©  Z941.90 TR HP,MAX.CONT.THRUST = 686423 ;
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‘ TABLE 8 - Ccncluded ;
-~ 1
§
;
%, HISSION  ANALYSIS A
4 N80 0885550835080 8000 5\’
» TCOWS  19223.1 LBS.»  ROTOR RADIUSEZ 31,03 FT.,  PARASITE DRAG: 1644 SU.FT. ;
4 !
Q2
M0Df  GR.WI  TEMP  ALT  OPTN  SPEFD  VLTALL  DIST  TIME  FL.AR.  SKP  FUEL  SFC  WARNG it
% (LbS)  (DEG.FI  (FE) CZR/FPM ) (KTS) (KIS (N.MI) IKIND  1SQ.FT1 sy
4 meme memee seme ece veme | ammes mmmeme mmmm ceme ameee e eee e eeme- .
3
SERMUP 19186, 59, 0. - -- - - 5.8 -- 61509 73.7  J4SNY ’
¢ .
4 HOVER 19133, 59, Q. 1000.000 == - - 2.8 - 2288.6 3607 o667 \
¥
3 cLIng 15076. S0,  2500.  1000.00 3120.0  182,3 10,0 5.0 16437  2070.3  84.2 L4668
E
1 LRUISE 18535,  &1.  5000. .00 175.0  177.2  165.0 S6.6 16437  2212.3  980.3 .uAT6
e CRUISE 17562,  &1.  5C00. .00 175.0  180,2  }365.G 5606 16437 217346 96bed  4AGE ¥
DESCHT  170SS. 50, 2500, =1000.00 120.0  187.1 10.0 5.0 16437 679.1 45,1 L7598 N
HOVER  17¢20.  S9. U. 1000.000 == -- - 2,0 - 1975.7  33.5  JA852 .
.
3 RLSERVE FUEL 110.3)=  222.0 LBS. .
£ IOTAL MISSION FUEL 1S 2482,0 LBS, X
I0TAL MISSION TIME IS 135.1 MINS ?
: ¢
; ’
A
. LIFE CYCLE COST SUMMARY OOLLARS *
e, AOENIRIIERNRORIIERIERO D Isoneve )
4 i
3 DEVELOPKENT COST PER AIRCRAFT 70101.
§ PROTOTYPE COST PER PRODUCTION AIRCRAFT 20768, .
RECURRING PRODUCTION COST 798587,
GFL AVIONICS 100000,
: ENGINE €OST 153361,
(FLYAVAY COST} 11051928.1
INITIAL SPARES 331682,
GROUND SUPPORT EQUIPNENT 63115,
INIT,TRATNING AND TRAVEL 55948,
ACOUISITION COST 15026740 ’
FLIGHT CREV 457200, :
FUEL ¢ OIL 461269, ]
REPLENISHNENT SPARES 1369587,
ORG4D/S46/5- MATNT 513592+
DLPOT MAINTENANCE 505140,
RECURRING TRAINING 293992, .
MAINTENANCE OF GSE 30562. ‘
OPERATING COST 3631382,
N
LIFE CYCLE COST 52248054 P
PRODUCTIVITY 103885
FLEET LIFE CYCLE COST 4479098496, ¢
.
s
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TABLE 9.

COMPUTER PKINTOUT SUMMARY FOR POINT DESIGN

AIRCRAFT - CONFIGURATION 1A - HELICOPTER PLUS
AUXILIARY PROPULSION, DESIGN CRUISE SPEED

120 KNOTS
DLSIGN ATISIBUTES
CEMERAY MATN*ROTOR TAIL ROTOR/FAN

OESIGN GoMulLE) 21429, RADIUS (FT) 29.20 RADIUS (FT) 873
PAYLOAD (18) £000. CHORD (FT) 1.983 CHORD (FT) 763
SEIGHT LEPTY (LAY 12412, NO.OF BLADES $.0 NOJOF BLADES 6.0
FULL (o) 3393, “OTOR SOLIDETY «1084 ROTOR SLOTY/AF «3080
HOVER POWER (SHP) 3083, 118 SPCEO tFPS) 730.0 1IP SPECO (FPS) 700.0
HOVER ¢ CLINE HP 3286, ASPECT RATIO 10,688 ASPECT RAT10 64,202
MAIN ROTOR DESIGN WP 2729 CI/SIGMHA +0750 CY/SIGKA 01294
TAIL ROTOR CANT(DLG) .00 MAIN ROTOR LIFT 218429.4 TAIL ROVOR LIFY .0
Y4R.DISC LOADINGIPSE) 8.L0 FIGURE. OF MERITY v 7362 FIGURE OF MERIT 6393

FAIN G+ OESIGHN WP 3779, BLADE ARFAIS0.FT)  290.3
SUMPARY WEIGHT STATEMENT
GROLP VETONT

#AIN ROTOR GROUP

«ING GROUP

1AIL GROUP
FAIL ROTOR/FAN 18,
TAIL SURFACES 211,

RODY GROUP

ALIGHIING GLAR

FLIGHT CONTROLS

CHGINE STCTION

PPOPULSION GROUP
ENGINES 831,
AIR INDUCTION 23,
CEXHAUST SYSTEM 14,
LUBRICATING SYSTEM 0.
FULL SYSTEM 672,
ENGINE CONTROLS 23,
STARTING SYSTEM sl
AUXILTARY PROPULSION PROPELLERS 409,
ORIVE SYSIEM 2071,

AUXILIARY POMER UNIT

INSTRUMENTS

HYDRALLICS

ELECTRICAL GROUP

AVIONICS

ARMANENT GROUP

FUPHISHIAGS ~

AIR CONDITIONING AND ANTI-ICE

AUXILIARY GEAR

VIBRATION SUPPRESSION

TCCHNQLOGY SAVINGS

CONTINGENCY

VEIGHT EMPIY

FIXED USEFUL LGAD
PiLot 235,
co=-PILOY - 235,
OIL-ENGINE 30.

=TRAPPED 10.

FUEL TRAPPLO 15,
MISSION EQUIFNENT 0.
OTHER FUL. 0.

PAYLOAD

FUEL-USABLE

GROSS wCIGHT

BLADE ARCAISQ.FT) 21,7

3 Gw

2907. ‘13456
. .00
365. 1.70
69

1.01

1564, 7.30
617, 2.88
bul, 3.02
16K, «78
4104, 19.1%
3438

.11

N7

«00

3040

3R]

.28

1.91

9.66

193, +90
133, 85
84, -1
310, 1485
325, 1.52
0. +00
428, 1498
125, o9
$9e .28
208, 97
0. «00
124, 58
12812, $7.92
525, 2438
5C00. 23.33
3893, 15.30

21429,

o Nel Al ook
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TABLE 9 - Continned .
)
- SFLECTED DESIGN PARAMLCTERS 3
A’
o
: HINGE OFFSCT (FT) T 1.4016  WINGE LENGTR (FT) T 1.3899 g
3 MAIR RGTOR BLADZ IXIST(DLG)= =-12,0UN0 MAIN ROTOR DESIGN WP = 2729.313 3
: KAIN ROTOR RPE = 238,771 HAIN ROTOR DESIGN ABV.RATIOZ  .57182 . 3
s HAIN ROTOR SHAFT LENGTH(IN)Z  S7.670 TAIL ROTOR §kAFT LENGTH(INIZ 14,193 3
1 TAIL -DRIVE SHAFT LENGTHIINIZ 417,383 MAX.TR SUSTAINED THRUSTILRIZ  2636.40 1
TAIL RCTOR RPH T 1412,93 MRR LOCK NUMEER T 7.8059 1
HORIZONTAL TAIL ARCA(SC.FT)z 36,15912 VIRTICAL TAIL ARCA (SQ.FT) = 37.85832 3
3 DESIGN HOV, ANTI~TORQUF HP = 3904685 HGV.ANTI-TORGQUL HKOMT(FT-LR}Z 63047, ?
2 REG.YAW ACCEL. (FAD/SES/SECIT 69149 MAX.SUST.YAW MOMENT(FT-LB) = 90645, j
; YERTICAL DRAG *  .U39641 FUSFLAGE WETTED APEA(SO.FTIZ §01.4811 §
. | ENGINE 'SCALE FACTOR Z 1.19127 WING ARECA (SO.FT) :  .00000 :
CRUISE PROPULSOR SHAFT HP = 2120,8%1 TOTAL INSTALLED POMER (HP) = 4645.940
PROPULSOR RPH : 1809.3u2 PROPULSOR DIAMETER (FT) =  9.50000
MAIN GTARBOX INPUT RPHM z 18324.72 ECNGINE OUIPUT RPM T 18324,22
CE’ 16K HOVER ShAFT HP : 3285.712 ALTERNATE HOVER SHATT WP = 3285.712
EUGIV.SLS DESIGN KOVER HP = U645.9u0 EOUIV.SLS ALTERNATE HOV.HP = 4645.939 J
DESIGN HOVER LAPSF RATE =  .70772° ALTERNATC HOVER LAPSE RATE = ,70722 4
HCV.OVERALL PECH.EFFICIENCYZ  .€30661 HOVER FIXED LOSSES (HP) = 100,0000
DES.DYKAMIC PRESSILB/SG.FTIZ 104.4398 ACTUAL CRUISE SPLED (KTS) = 190.0000
| DESIGN CRUISE WP z 3660.152 CESIGN CRUISE ROTOR HP = 1395.074 !
EQUIV.SLS 'STATIC HP-CRUISE = 635,917 CRUISE LAPSE PATL T .78952 ‘
CRUTSE FIXEL LCSSES (HP) = 1CC.00N0 OLS.CRUISE PROP.THRUST(LE) =  2992.06
CRUISE TIP SPELD (FPY) : 694,070 DESIGN CRUISE ADV.RATIO = 46268
DES.CRUISE wING LIFTILE) = A0 PARASITE DRAG (SU.FT) :  15.425
ULTIMATE LOAR FACTOR T 3,7500 HEAD MOMT.CONST.(FT-LB/DEGIT  4910.8 J
CPLANFORM HOR.TAIL (SO.FT3= 17,6796 PLANFORM VER.TAIL (SO.FT)Z 27,8983 ;
“TAIL CANT ANGLL (DEG) : N0 MAIN ROTOR ASPECT RATIO =  14,686u
NUMEEP OF ROTORS z 1. MAINROTOR SOLIDITY = .10837 5
BAIN ROTOP RADIUS = 29.2002 MAIN ROTOR CHORD :  1.58824 J
MAIN ROTOR TIPSPEEL = 730,00 KUMRER OF MAIN ROTOP RLADEST 5. 3
ROTOR BLADE CUTOUT/R :  .26GR0 MR BLADE TAPER RATI0 : 1.000 X
"MAIN ROTOR LIFT (Lb) T Z1429.41 NUMEER OF TAIL ROTOR BLADESZ 6. 3
TLIL ROTOR RADIUS (FT) T 4.7310 TAIL ROTOR CHORD (FT) = 7628 ;
TAIL ROTOR ASPECT RATIO =  6,20178 TAIL ROTOR SOLIDITY/AC.FAC.= 420795 3
PLACENT POWER,ANTI-TJROUE = 12,6742 TAIL ROTOR FHM,ANTI-TORQUE = +6393 2
t HP,ANTI-TOROUEL,GIVEN TR = 6600 TR CT/SIG RATIO,ANTI~TCROUEZ L1294 %
TR CT/SIG,HAX.CONT.THRUST =  ,39CNO0 TR DL MAX.CON.THRILD/SQ.FTIT 37,4941
IR FM,MAX.CCUT,THRUST = 63929 AVATLABLE TR ANTI-TORQUE HPZ  389.90
TR iN-TORQ.MOMENT(FT-LR) = 63G47.50 TAIL ROYOR TIPSPEFD (FPS) =  700.00
AIN GEARBOX DLSIGN HP = 3776457 TR HP,MAX.CONT.THRUST T 1382.42
)r'
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TABLE 9 - Concluded
v
F MISSION ANALYSIS
;, EEDIRLENRISEE00080 8
1 TOGW= 21429.4 LBS., ROFOR RADIUSZ 29.20 FT., PARASITE DRAGZ 15,4 $O.FT.
;- -
i HOGL  GR.wT 1EMP ALt OPIN  SPEEC  VSTALL oISt TIng FLLAR, sWP FulL SFC WARNG B
: MWBS)  (OEG.F)  (FI) (ZR/FPM ) (KTS) (KIS)  INMI) (RIN)  (SQ.FT) (wes) 3
S Pet ceam eee ceme  mmmam cmmmer  mmen eeme aemew cee amem ese  emmes /
. 5
4 «ERHUP 21362, 59. 0. - -- - - 8.6 -~ 79140 94.T L3547 ” g
=) o
HOVER (1311, 59. 0. 1000.000 - -- - 2.0 - 28501 (T3S BN T YU E
*
S cuing 21236, $3.  25CY.  1000.00 129.0 eeeey 10.0 5.0 15.43  2499.3  103.% L4728 2
! CRUISE 20467, 41. 5000, «C0 190,0  seese 165.0 52¢1 15,43 3618.5 1u24.7 L4318 - 4
; CRUISE 19053, 4l. 5600, J0C 190.0  ssees 165.0 52.1  15.43  3558.6 1403.2 4326
d DEICNT 183527, 50,  2500. =1C0C.00 120.0  seess 1049 5.0  15.43  928.8 $9.5 7327 >4
o _ b
: HOVER 1877, 59, 0. 1000.000 -~ -- - 2.0 - 2365.3  #).1 4970 3
h -
1 4
- RESERVE FUEL(10.3)Z  337.3 LBS. £
4
3 TOT5L NISSION FUEL 1S 3490.8 LBS. ;
10TAL HISSION TIML 1S 12642 HINS
3
] \
4 3
LIFE CYCLE COST SUMMARY DOLLARS P
0.00.0,‘.OOOO‘Q.‘.'.... 00000 !
E
OCVELOPHENT COST PER_ AIRCRAFY 80751, ;
PROTOTYPL COST PLR PRODUCTION AIRCWAFT 26936,
{ RECURRING PRODUCTION €OST 969137,
4 GFE AVIONICS 100000, 3
ENGINE COST 107335, )
(FLYAVAY €OST) (1256471400 4
o INIVIAL SPARES L01503. k
3 GROUND SUPPORT LQUIPHEKT 15388, 4
? INITOTRAINING AND TRAVEL 56881, 3
g ACQUISITION C€OST 1790283, &
4 FLIGHT CREW 857200, .
d FUEL * OIL 706083,
REPLENISHNENT SPARES 1493384,
9 ORGeD/S+G/S MAINT 583727,
OEPOY KAINTENANCE 554233, 5
RECURRING TRAINING 299420, 3
i MATHTENANCE Of GSE 33239, .
1 OPLRATING COST 4102246 %
e h
¢ LIFE €YCLE COST 6000175 3
PRODUCTIVITY +03827 k
FLEET LIFC CYCLE COST 8736900608,
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e, TABLE 10, COMPUTER PRINTOUT SUMMARY FOR POINT DESIGN A

( ATRCRAFT - CONFIGURATION 2 - CONVENTIONAL A

3 COMPOUND HELICOPTER - FULL RPM, DESIGN ]

; CRUISE SPEED 200 KNOTS

:

3 DESIGN ATTIRIBUTES

; GENERAL MAIN ROTOR TAIL ROTOR/FAN : %

meenees  EEmemene SReemmmese E:

CLLIGL GawotLD) 21666, RADIYS (F 1) 26426 RADIUS (FYT) Sel9 3
BAYLOAD {(iG? 5000. LHORD (FT) 1.79% CHORD (FT) o868 '

3 <CICHT EHPTY {Lh) 12578, NO.OF BLADES u.g NO.OF "BLADES 640 ,fﬂ

> FLEL (Ls) 3563, ROTOR SOLIDITY «0870 ROTOR SLOTY/AF »3107- é

g HOVER POMIR (iHP) 3903, 112 SPELD IFPS) 130.0 TIP SPEED (FPS) 700.0

jo LOVER ¢ CLIMR HP 4193, ASPLCT RATIO 14,642 ASPECT RATIO 5.913 %

> KAIN ROTOR DESIGN HP 3506, CT/SIGKA +1200 CT/51GnA « 1206 ﬁ

: TAIL ROTOR CANTH{DEG) 00 MAIN ROTOR LIFT 21bbb.l TAIL ROTOR LIFT «0 &

i M,R,DISC LOADINGIPSF) 10,30 FIGURE OF RELRIT v6658 FIGURE OF NERIT 56326 }

1 MAIN GeBos DESIGH HP “822. BLADE ARCA(SO.FTT 188.4 BLADE AREA(SQ.FT} 27.0

i

]
.
.
[l
'
]
1
’
]
'
[
'
[
'
'
.
.
1
]
.
]
]
1
1
1
'
1]
.
'
)
3

SUMMARY VWEIGHT STATEMENY

ki
>

d GROUP VEIGHT 3 GW
A
4 4
MAIN ROICR GROUP 1751, 8.08
) VING GROLP 465, 2.1%
3 TAIL GROLP 76, 2:20 s
TAIL ROTOR/FAN 188, .87 .
TAIL SURFACLCS 288, 1.13 N
1 BODY GROUP . 1571, 7.25
ALIGHTING GEAR 6226 2.87
; FLIGHT CONTROLS 124, 3038
CENGINE SECTION 206, i f
i PROPULSION GROUP a581. 2118 ;
A ENGINES 985, (9131 [
% AIR INDUCTION 28, .13 §
EXHAUSE SYSTEM 18, +08 F
LUBRICATING SYSTEN 0. +00 G
. FUEL SYSTEM 687, 313
ENGINE CONTROLS 28, .13 )
STARTING SYSIEN 75 «34 {
AUXILTARY PROPULSION PROPELLERS 5194 2.67 %
DRIVE SYSTEM 21806, 10,06 .
AUXILIARY ‘POMES UNIT 193. .89
INSTRURENTS 183, ohh
HYORAULICS 89, o8]
€LECTRICAL: GROUP 3104 1,43
AVIONICS 325. 1450 3
ARMAMINT GROUP 0. <00 ;
FURNISHINGS w24, 1.96
AIR CONDITIONING AND ANYIeICE 126w T i
AUXILIARY GEAR 59. .27
VIBRATION SUPPRLSSION 347, 1,60 ‘a
1€CHKOLOGY SAVINGS 0. «00
CONTINGFNCY 126, .58
«CIGHT FRPTY 12578, $8.0%
¥
FIXEQ USEFUL LOAD 525, 2.82 ’
P1LOT 235,
€o=PILOY 235 oy
0L =ENGIAE 30,
=TRAPPED 10,
FUEL TRAPPED 15. o
HISSION EQUIPHMENT 0. Aj
OTHER fUL. 0.
PAYLOAD $360. P3e08
FULL ~usABLE 3563, JTRLH &
3
(055 WEIGKT 216664
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TABLE 10 - Continued

HINCE OFFSE
M1 RGIOP
MiIN ROTOR

C MAIN RCTGP

TAIL CRIVE
iLIL ROTOP
LORIZONTAL
DEZIGN HOV.
REC.YLW ACC

T 7T

BLADE TWIST(DNEG)

RPY

SHAFT LENGTHIIN)Z

SHAFT LENGTH(INIZ

RPM

TAIL APLAASOQLFT)
ANTI-TORQUE HP

LELJERADG/SLC/SEC)

VERTICAL DKAG

LGINE SCALE FACTOR
CRJISE PROPULSOR SHAFT WP
PROPILSOR RPM

VALt GEARBUX INFUT RPH
DESIGN HOVER SHAFT AP
FLUIV.SLS DESILN HOVER HP
DESIGN HOVER LAPSE RATE

HOV.OVERALL FMECH.ZFDICIENCY
DES.DYNAMIC PRESSIL!S/SG.FT)

0L “IGN CRUI'SE HF

ECUIV.SLS STATIC HP-CRUISE
CRUISE FIXLU LOSSES (HP).
CRUISE T11IP SPLEC (FPS)
DFS.CRUISE WING LIFTIL:)
GLTIMATE LOAD FACTOR

“LAKFORM HORJTAIL {(SQ.FT)

TAIL CTANT ANGLE (DLEG)
NUMEEF OF ROTORS

H&AIN ROTOR RADIUS

MAIN ROTOR TIPSPLEUL
ROTCR BLADt CUTOUT/R

HAIN ROTOR LIFT (LB)

TAIL ROTOR RADIUS (FT)
TAIL ROTOR ASPECT RATIO
PLCRCENT POwCR,ANTI-TORCUE
2 HPLANTI-TORQUE,GIVEN TR
TR CT/7SIG4HAXOLONT o THRUST
TR FH,MAXJCONT,THRUST

TR IN-TORO.MORENT(FT~Li)
MAIN GEARBOX DESICN HP

SELECTED DESIGM PAPAMETFRS

1.2605
-12.c00C
265,448
$1.566
386,793
1289.12
47.02951
SC1.784
69606
.L678U3
1.52033
2546,304
1562.613
1622041
4193,310
§929.265
.70722
.83648$
115.7227
38G1.U66
4789.9%6
126.6000
694 .Cn0
10144,26
3.75N0
23.5148
00

).
2642612
739.00
.20C00
21666408
501853
5.97331
12.5992

0090

15000
«63258
72872.17
4822.21

HIKNGE LENGTH

(FT)

MAIN ROTOR NESIGN HP

MAIN ROTOR DESIGN ADV,RATIO=
TAIL ROTOR SHAFT LENGTH(IN)=
MAX.TR SUSTAINED THRUSTILBI=

MR8 LOCK NUMBER
VERTICAL TATIL AREA (SO.FT)

HOV,ANTI-~TOOGUE MOMT(FT-LB)

MAX SUST sYAW MOMENT(FT-Lb)

FUSELAGL WETTED AREA(SCL.FT)

WING ARCA (SQ.FT)

TOTAL INSTALLED PONER (HP)
PROPULSOR DTAMETER (FT)
ENGINE OUTPUT RPH
ALTERNATE HOVER SHAFT HP

COUIV.SLS ALTCRNMNATE

HOV . HP

ALTERNATE HOVER LAPSE RATF

HOVER FIXED LOSSES

(HP)

ACTUAL CRUISE SPEFD (KTS)
DESIGN -CRUISE ROTOR HFP
CRUISE LAPSE RATE

DES.CRUISE PROP.THRUST(LB)

DESIGN CRUISE ADV.RATIO
PARASTTE DRAG (SQ.FT)

HEAD MOMT.CONST. (FT-LEB/DES)
PLANFORM VERWTAIL (SQ.FT}

MAIN ROTOR ASPECT RATIO
MAINROTOR SOLIDITY

“MAIN ROTOR CHORD
NUMRER OF MAIN ROTOR BLADLS

MR BLADE TAPER RATIO

NUMBER OF TAIL ROTOP BLADES

TATL ROTOR CHORD (FT)

FAIL ROTOR SOLIDITY/ACLFAC,

TAIL ROTOR FMANTI-TORQUE

TR CT/Si6 RATIOLANTI-TORQUE=
TR DL MAXSCONSTHRILAR/SQ.FT)S
AVATLABLE TR ANTI-TORQUE HP:

TAIL ROTOR TIPSPEED (FPS)
TR HP,MAX.CONT.THRUST

1.2500
3507.660
$H1671
15556
3064.79
8.05C7
48.70618
72312,
97650,
72,6719
166.70766
5929.268
11.00600
16220.41
4193.310
£929.268
« 70722
170.090400
£00.06000
1114.907
«79355
3389.75
«48703
15,377
2779.4
48.7C62
14,6416
08696
179360
q.
1.000

6o

«8681
«21973
6326
+1206
3642827
501.09
7CG.00
1164.25
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TABLE 10 -~ Concluded

MOD¢

«ARRLP
HOVE N
CLING
CRUISE
CRULSE
DESCHT

nOVER

TOGNZ 21666,

GP. vy
(LS

2160t
215117,
21856,
206178,
19222.
18490,

18449,

1Enp
(DEG.F)

59.
59.
504
4l
L} 0
$0.

$9.

RESERYE FUEL U1D.%)=2 324

T0TAL MISSION FuEL 1S
TOTAL HISSION 1IME IS

HISSION ANALYSIS
$800000000400000000

1 LBSey -ROTOR RADIUSE 26426 Fl., PARASITE DRAG:

ALY oPIN SPELED VSTALL nIsy

(F1) (ZR/FPH } IKTS) {XTS) (NeMD)
ve . - - -
C. 100C.003 .- - =
2500, 2000.08 t50.C ‘0000 6e2
$000. «00 20C.0 [TIYTY 168.7
5000. «00 20C.0 [1TYY} 163.7
25C0. =-20G0.00 150%0 *0090 642
0, 1000.n00 -- - -
o1 LES.

3565.5 LBSS
118.3 MINS

LIFE CYCLE COST SUMKHARY
900900008200 000800 0000

DEVELOPHENT COST PER AIRCRAFT
PROTOTYPL COST PER PRODUCTION ATRCRAFY

RECURRING PRODUCTION COST

GFL AVIONICS

ENGINE CO5T

{FLYAVAY COST)

INITIAL SPARES

GROUND SUPPORY €QUIPHENT

INITLIRATINING AND TRAVEL
ACQUISITION COST

FLIGHT CRLW

FUEL + o1t

PEPLENISHMENT SPARLS

“ORGID/S+6/S MAINT

OEPOT MAINTENANCE

RECURRING TRAINING

MAINTENANCE OF GSC
OPERATING COST

LIFE CvCLE cost
PRODUCTIVITY

FLEET LIFE CYCLE cosT

Ting FLeAR,
{RINY  (SQ.FT)
3.0 ==
2.0 -
2.5 1538
50.6 15.38
$0.6 15.38
2.5 15,38
2.0 .-

ooLLARS
LXIZ 1% 1)

SHP

1009.5
332601
3264.3
3713205
3643,9

887.6

2615.9

85694,
28613,

940163,
160000,
227699,
(126796241
431166
76072,
57015,

1832115,

457200,
769697,
1516716,
559502,
561291,
00201,
33624,

4198437,

6145057,

«03975

4606682688,

15.4 50.FT,

FUEL
{LRS)

120,.8
56.0
6741

1472.0-
1863.6
33,8

48,0

SFC

8547
3,9
597
NN52
472
B7u6

5245

VARG
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TABLE 11.

T O T T

COMPUTER PRINTOUT SUMMARY FOR POINT DESIGN

AIRCRAFT - CONFIGURATION 3 - CONVENTIONAL
COMPOUND HELICOPTER ~ SLOWED, DESIGN CRUISE

SPEED 250 KNOTS

R

TR

T

p=0L N

oals ook

b
4
%
F
3
X

DESIGN ATIRIGVILS

[Ty

GENERAL MAIN ROTOR IAII: ROIOBI'AN
DESIGN GahatLE) 20654, RADIUS (FT) 29.53 RADIUS (FT) 2445 E
HAYLOAD (LB) S00C, CHORD (F1) 1.811 CHORD (FT) csserene
SLIGHT EXPTY (LB) 16136, NG OF BLADES U NO.OF BLADES 13.0
2991, Q0TOR SOLIGITY 0781 ROTOR SLOTY/AF 122040547 e
:
HOVER POMER 1SHP) 4578, YIP SPELD (FPS) 730,0 TIP SPEED 4FPS) 700,0 4
MOVER o CLINE WP 4824, ASPECT QATIO 16,334 ASPECT DATIO sesaseee
3
¥AIN ROTOR CESIGN HP 1849, C1/SIGHA +1200 CT/S16MA .0000
YAIL ROTOR CANT(DEG) 0 MAIN ROTOR LIFY 24658.3 TAIL ROTO? LIFT .0 d
H.P.01SC LOAUINGEPST) 900 FIGURE OF MERIY +6533 FIGURE OF MFRIT 1.0726
AALX Geve DUSIGN WP 5548, BLADE AREACSOLFT) 21349 BLAOE AREA(SQ.FT)sseses
SUMMARY WEIGHT
GROUP VETGHT (91"
=#IH ROTCR GROUP 1978, 8.02
WING GROUP 906, 1.87
1AL GROWP 616 2.50
TAIL ROTOR/FAN 266, 1,08
TAIL SURFACES 350, 1e42 .
EODY GROLP 1973, §.02 J
AUJGHTING GEAR 690, 2480 3
FLIGHE CONTROLS 809, 3.28 -§
ENGINE SECTION 851, 264 i
PROFULSION GROUP 5893, 23.99 E
ENGINES 1087. uoky 2
ATR INDUCTION 0. .00 3
EAHAUST SYSTE™ 20, .08
LUBPICATING SYSICH 0. «00 f
FUEL SYSTEN $76. 2434 1
EAGINE CONTROLS 33, .13 i
STARTING SYSTCM 8S. .35 2
AUXILIARY PROPULSION PROPELLERS 1308, 5.31 7
DRIVE $YSTER 2784, 11,29 3
FUXILIARY POWER UNIT 193, .78
INSTRUKENTS 183, B2 3
HYDRAULICS 96, +39 I
ELECTNICAL GROUP a36, 1.76 3
AvVIONICS 325, 1.32
AFHAMENT GROUP 3. .00
FURNISHINGS 428, 1,72
AR CONDITICNING AND ANTI-ICL 126, oS} E
AYXILIARY GEAR 59, 24
VIBRAYION SUPPRESSION 616, 2.50
TECHNOLOGY SAVINGS c. »00
CONTINGEACY 161, o5
E:
VEIGHT EMPTY 16138, 85,46
3
X
FIXED USEFUL LOAD 525, 2,13 A
PILOT 235
Co-PILOT 238,
01L-ENGINE 30. 4
~TRAPPED 10, o
FUEL SRAPPCO 15, ;
MISSION €OUIPNENT 0.
OTHER FUL. 0. &
PAYLOAD 5000+ 20¢28
FUCL =USABLE 2993, 12413 k
GROSS WEIGHT 2465¢, |
i
3
101 2
i
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A
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A Reproduced' from
4 best available copy.
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%‘ TARLE 11 - Continued
,
L.
SELECTED DECICN PARAVLIFRS
HIN £ GFFSLT (FT) H 1.4765 HILKGE LENGIH (FT) T 1.,4G26
Yol RCTOR RUAUL T&AISTEDOC)T  =4,.G0C  KAIM ROTOP DESIGN H® T IP49.182
%1% ROTOR Ry = 23F,072 MAIN SQT0OR OESIGN ADV.RATIOS Lu1671
MiIh ROTOR SHAFT LENGTH(INL)Z 65,320 TAIL R0TOR SHAFT LEMCTH(IW)= 7.350 ,
TAIL ORIVE SHRAFT LENGTHOINIZ 253,479 MAX, TR SUSTAINED ThRUSTILPIZ 246526
161L ROIOF RPH T 2728.52 MFP LOCK NUMEFR = 7.6793
9 HO JICATAL TAIL AREA(SC.FTIZ (7.19199 VEPTICAL TAIL AREA (SQ.FT) = 33,45122
1 DLEIGN HOV. ENTI-TOPGUE HP = 778,067 HOVANMTI-TURGUE MOMTIFT-LE)Z 85641,
3 Rt=oY2e ACLELL U AB/ZSEC/SECHE 68667 MAY . SUST.YAW MOYINT(FT-LBY =  114759.
1 VERTICAL Duhl E oub545L  FUSELAGL WETTED ARLA(SCGLFTIZ  622.58604 )
1 ENGINE SCALL FaCloR T 1.748%6 WING AREA (SC.FT) = 252.59372
o € JSE PROPLLSCR ShAFT HP = 1775,964 TOTAL INSTALLEDR POWF2 (HP) = (82P.951
PEOFSLSCR NPV z + 390 PROPULSOR DIAMETER (FT) = B,24209
MATN GLARBLY INPUT RPM = SLYl,02 ENGINE OUTPUT RPM T 15123.07
v OE* ICN #iCVEA SHAFT HP L 0n822,92% ALICRNATL HOVER SHAFT HP = 4823,928
E, E2' IV.SLS GESICH HCVER HP = 522,951 EOQUIV,.SLS ALTERNATE HOV.HP = £220.951
3 DE: 16! HOVER LAPSE RATL z Z70722 ALTERNATE HOVER LAPSF RATF T 70722
; HCV . IVERALL PECH.EFFICIENCYS 4797977 HOVER FIALEC LOSSES (HP) z 1£0.0000
DES.DYLAKIC FRESSILE/SU.FT)2 1%3,8167 ACTHAL CRUISE SPEFC (KTS) = 250.GCOO
DEZ!5. CHLISE wt z 2965.562 DFSIGY CRUISE ROTOR uP - 2862.019 s
3 E..lV.5LS STATIC HP-CRUISE = 563,773 CRLISE LAPSE RATE T $ 71276 |
1 CRUISE FIXEL LOSES (HF) T 170.,007°C OQES-CPUISE PROP,THRUST(LE) =  1842.29 p
' CRUISE TIP SFYIQ (FPS) = t25,uN0 DESIGN CRUISE ADV.RATIC = + 80476 3
D: 5 CRUISE wInG LIFT(L=) = 20504,74 PARISITL DRAG (SO.FT) = 12.299 f
CUTIMATE LuAb FACTOK z 3,750 HEAD MOMT,CONST (FT-LR/DER)S 3321.1 :
FLA FORY  HCERLIMIL (SCLFTHIS 22,5976 FLAMNFORE VERLTAIL (SC.FTIT  &83.,45]12 3
1451 CANT ANCLE (DEC) : SN0 MAIN ROTOR ASPCCT ReTIO T 16430649
NUMEES OF RET0 S : 1. PAINROTOR SOLIPITY S .07809
MAIL ROTOR RADIUS T 25,4001 uLIN PCTOF CHORD = 1.81106 B} g
MAIN ROTOR YIPSPIED : 720,70 NUPRLR OF HAYN RQTOR RLADES: U, )
ROT(R ELADL CuTOUT/A z «2LOFC MR RLADE TAPER RATIO = 1.000 1
v IN ROTOR LIFT (Lu) T 20654,33 KUMBLR OF TAIL ROTOR RLADESS 13. G,
T2IL ROTOR RACILS (FT) H 24496  TATL ROTOR CHORD (FT} HITII S TY S 3
TAIL POTOR ASPTCT RATIG Seswnysouse  JAIL R0TOR SOLIDITY/AC.FAC.=1220.05466 ;
PERCENT POLL® ANTI-TORSUE = 17.LCR6 TAIL ROTGR FM,ANTI-TOROQUE = 1,6726 J
Y HEJANTI-TORQUE,GIVEN TR = «OGNG 1P CT/S16 PATIG,ANTI-TOROUES L0069
TF CT/ST1G,MAX,CORT,THRUST = «0US8G TR DL MAXLCOMJTHRILR/SGLFTIS 131,516
TR EM,PAXLLEHT THPUST T 1.F7264 AVAILABLE TR ANTI-TORQUE HP= 776,97
TR AN=TORC MOELNT(FT-LR) = E564G.95 TAIL ROTOR TIPSPEFD (FPS) = 700,00 .
MAIN GEARBOX DLSIGHN WP 2 8547.52 TR HPMAX,CONT,THRUST = j2u2.M E
4
B
)
‘2
3
i
k
102 4
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‘* TABLE 11 -~ Concluded
b
;
& 10Ca2 24654e3 LA%.,  ROIOR PADIUSZ 39.%3 fl., PARASITE DRAGE  12.3 SO.FT,
1" ]
4 root GR.WI 1tnp 18] OPIN, SPLED VSTALL oISt TIME FLAR, spo Fute SFL  WARNG 3
; (651 1DLG.F)  (FI) (ZR/FPR b (KIS)  (KTS)  (N,M]) (HIN)  (SQ.FT) (as) 3
]
3 SIRKUP 2855, 59, « .- -- -- - 8.0 -- 1161.3  139.0 .85 12 4
’? HovEs 244K3, 59, V. 1000.000 == .- - 2.0 -- 365148 64,7 J0Te ’
3 WMl 24391, «l.  S0C0.  20C0.,00 16C.0 roses 15,0 S.0  12.30  2687.7  119.2 L5049 ';
3 WRUISE  237¢l, 2%, 10000, +CC 25C.0 senss 198, 1 38.0  12.30  3894.7 :130.5 .&371 !
A

CRAISE 2kl 1. 10000, .0C 250,0 sesss 15641 38.0 12,30 3510.¢ 1109.% ,43.4 "
iy OFSCNT  22ubl, 41, 5000. =-2000.00 225:C seree 18,7 5.0  12.30 1549.4 9941 JS8u7

WOVER  21WL3. 59, C. 1200.000 -- - - 2.9 -- 3264, $7.8 .50%3 y
J
{ RESLRYE FUEL(10.332 272.0 LS. 7
X

&3

- 10TAL MISSION FUEL IS 2991.7 L85,
TO0TAL MISSION TIME IS 97.9 KINS

e

S Signs sy
ot

&
LIFL CYCLE COST SurMaRy GOLLARS :
; 4203009290000 0050008000 (XX YR A
4 OEVELOPHENT COST PER AIRCRAFT 125240,
g PROTOTYPE COST PER PRODUCTION AJIRCRAFY 49333,
Y RECURPING PROOUCTION COST 1393525, :
A GFE AVIONICS 16000C. !
) ENCINE COST 254700,
(FLYAVAY COST) (1748229,) B
N INITIAL SPAPCS YT
2 GROUND SUPPORT FOUIPHLN? 106894, |
INITLTRATNING AND TRAVEL 59896,
A ACQUISITION COST 2672763,
1 FLIGHT CPCY 457290,
FUEL ¢ OTL 730083,
Y REPLENISHMENT SPARCS 1916894,
09GeU/S+6/S NEINT 683519,
DEPOT MAINTENANCE 712993, 3
RECURRING TRAINING 316974, .
MAINTENANCE OF GSE 41895, R
OPERATASG COST usn15%8. 5
[y
LIFC CYCLL ©OST 7554875,
PROGUCTIVITY «03873 ¥
FLLCT LIFE CYCLL €03 0532920864, K
3
4
b
3
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TABLE 12. COMPUTER PRINTOUT SUMMARY ‘FOR POINT DESIGN
AIRCRAFT - CONFIGURATION 4 - TRAC COMPOUND
HELICOPTER - FULL RPM, DESIGN CRUISE SPEED

DLLIGN ATIRIBUTLS
LENERAL MAIN ROTOR TATL ROTOR/FA™
DLLIGY G.¥etll) 28469, RADIUS (FT) 24,97 RADIVS 7 1T) 2472
FAYLOAC (LE) 5000, CHORD (F1) 1.798 CHOBD (FT) eenssene
wEIGHT €xPTY (LE) 16965, NO.OF BLARES 5.0 NO.OF ALADLS 13.0
FUEL (o) 2979, ROTOR SOLINIY 1166 ROTOR SLDTIY/AF 3113.0612
HOVER POBES (SHP) 6192, 1P SPLED (FPS) 130.0 1IP SPLFD (FPS)
HOVER ¢ CLIMK Wi oulg . ASPECT RATIO 13,489 ASPECT RAT]O dsseres
MAIN ROTOR DESICR WP L1686, (R ¥23{1.TY #1200 CI/SIGN2
1AIL ROYOF CANT(DEGH Y MAIN ROTOR LIFT  25465.9 dAIL ROTCP LIFY
voR,UISC LUADINGIPSFY  13.C0 FIGURE OF »[91l 6117 FIGURE OF MERIE
*alN Gebo LLSION KP 618, BLADE AREALS0.FT)  224.5 BLADE AREALSQ.FT)Iossnss
SUMMARY  WEIGH! STATEMENG
CROUP VEIGHT E R AY
RAIN ROTOR GROUP 2418, 949
VING GROUP 1109. 4,32
1AL GROLP 175, Jed4
TAIL ROTOR/FAN 3217, 1.28
TAIL SURFACES uug, 1.76
ROLY LROUP 1722, 7.5%
ALIGHTING GEaR 708, 2.78
FLIGKT CONTROLS But, 3.1
ENGINE SECTION T19. 2:A2
PROPULSION GROUP 63506 ?25.07
CNGINES 1331, 522
AIR INDUC Y10 0. «00
CanausSt SYSIEY 26, W10
LURPICATING SYSTILm 0. <00
FULL SYSTI(R “T4. 2.2%
CAGINE CONTROLS «l, 216
STARTING SYSTCH 109. 43
AUXILIARY CROPULCJON PROPELLERS 1267, $.37
DRIVE SYSTEM 2939. 11,54
AUXILTARY PONER UNIT 193, 76
INSTRUMENTS 193. 76
HYORAULICS 98, .38
fLECTRIZAL GROUP 313, 1422
IVIONICS 32%. 1.28
ASMAMENT GROUP 0. «no
FURNISHINGS B2 1.66
SIW CONDITIONING AND SNTI-1CE 126, 9
ALAILIIPY GEAR 59, 23
VIBRATION SUPPRESSION 196, 77
TECHNOLOLY SAVIKGS 'n «00
CONTINGENCY 170. b7
«LIGHT FuPTY 16965, 66,81
FIXED USLFUL LO0AD 52%. 2.06
PILOI 23%.
Co-PILOY 235,
TIL-ENGINE 10.
~IRAPPED 0.
FHEL YRAPPED 15
PISSION EQUIPRENT 0.
OTBFR FUL . Ce
PAYLOAD SU00. 16,63
FUEL~USABLL 2979. 11.70
25469,

6RO%S wlIGHT
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TABLE 12 - Continued

SYLECTED DECIGK PARAMEIERS

o

ok Gk £ ekt hail M Sacaldd, o laintiahie

HINE OFFLLT (F 1) < 102426 HINGE LENGIH (FT) S 1.1802
#rIN RQTOK BLAUL TA{ST(DECG)Z -5.0000 MAIN RCTIOR PESICN NP T 5168,31?2
“AIN ROTOR RPM H 279,149 MAIN ROTOR DLSIAN ADV.RATIOSZ 41671
PAIN RCTOR SHAET LENLTIH(IN):E 49,320 TAIL ROINR SHAFT LENGTMCINIT £,167
TALL D lIVE SHAFT LEANSTHUINDZ 24,640 MAXJTR SUSTAINED THRUSTILR)Z 7235.51
210 RCTOR iRPM - 26455,42 MRE LOCK KNUMEER : 1.4)26
HG 1ONTAL TAIL ARLA(SOL.FTI=  7C.2014¢ VERTICAL TAIL ARESA (SCS.FT) = T1,76542
UETIGY 40V, ANTI=-TORQUE HP = 1045,314 HOV.ANTI-TCPCLE MOMT(FT-LR)T 9i2ul.
R.J.¥2w ACCTLLUFAL/SLC/CEC)S «6G0T1 MAX L SUST LYAW MOMENTIFT-LE) = 121«20.
VERTICAL PRAG B «UF2397 FUSFLAGE wLTIFD ARCA(SI.FINZ  SP0.L20C
ERGINE SCPLE F2LTOR = 233578 WINC ARLA (SQ.FT) S 292.24369
CR.ISE PROMULSCR SHAFT uP = 164,965 TOTAL INSTALLED POWER (HP) T 9109,549
PROPOLSOR RPN = JO0C  PROPULSORP DIAMETEP {FT) = G,224u8
MAIN GLARBOX INPUT RPM - 4503C.N0  CACINE QUTPUT RPM/ = 130%¢.21
LE . ICN HOVLR SHAFT WP 2 oly2,475 ALTERNATE HOVER SHAFT HP S bUUT LTy
ECLIV.SLS DESION HOVER P & 6109.,549 EQUIVLSLS ALTERNATE HOV.HP = ¢10°.548
CESIGN HOVER LAPSE RATL B 70722 ALTFRHATE HOVFR LAPSE RATE 2 «70722
HOV.,OVERALL MECH.EFFICIENCYS 02275 HOVE®R FIXED LOSSES (HP) = 108.0000
DES.DYNAMIC PRLSS(LB/SQ.FTIZ  26G.3761 ACTUAL CRUISE SPEEL (KIS3) = 3n0.GOOC
DESIGN CRUISE wnP S 45364556 DESIGN CPUISE ROTOR HP < T71.134
tOQUIV,SLS STATIC HP-CRUISE = 6687.811 CRUISE LAPSE PAYVE H «R2217
CRUISE FIXLD LOSSES (HP) T I00.0LN0 CES.CRUTSE PROP,THRUST(LB) = 1871.52
CRUISE TIP SPCEIC FPS) B 415,000 OFSIGN (RUISE ADV.RATIO s 1.22169
DES.CRUI'E WIKG LIFT(LF) = 244SL.1&  PAFASTIE DPAG (SQ.FT) s 12.886
LLTIMATE LO&D FACTOR = 3.7500 HEAD MCMTLCONST.{FT-LR/DLG)= 1117.8
PLANFORH HOPL.TAIL (SQ.FT)Z 25,1107 PLANFORM  VERLTAIL (SL.FT)S 71,7654
TLIL CAND ANGLE (DEG? H +PC MAIK ROTOR ASPECT R/TIO B 13,6891
NIMBER GF ROTORS B 1. MAINPOTOR SOLIDITY = +11u59
HAIN ROTOR RADIUS = C4.9773 MAIN ROTOF THORN = 1.79796
MAIN RCIOR TIPSSLLD = 720.70 NUMBER GF MAIN ROTOR BLADESE Se
RUTOR ELADL CUTQUT/R H «50GC0 MR RLADE TAPLR PATIO = 1.G0C
MAIN RCIOR LIFT (L) T 25465.94  NUMBER OF TAJL ROTOP PLADESE 13,
TriL ROIOR RADIUS (FT) = 247223  TAIL ROTOR ChORD (FT) AL AL L L L
T2iL PQTOR ASPLCT RATIC Semwsndsens TAIL ROTOR SOLIOITY/AC.FAC.Z1111.00122
PE -CENT POMEZANTI*TORQUE = 1649087 TAIL ROYOR FM(ANTTI-TORQUE = 1.0708
5 HPANTI-TORCUL,GIVEN TR = SO00C YR £1/SI6 RATIO ANTI-TOROUES - 1200
IR CT/91G4M2X.CONT, THRUST = WDCCT0 TR DLyMAX.CONSTHRILP/SOLFTIZ 138.9€51
TR FMyPAX.CONT THRUST H 187051 AVAILABLE TP ANTI-TORQUE HPZ 1045%.31
Hh o N=TORQ«MGMINT(FT~-Lis) = Y724G.58 TaIl ROTOR TIPSPEED (FPS) = 706.00
MATA GEARBOX NESIGN HP H THUCELRS TR HP,MAX,CANT, THRUST H 1448.96
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, TABLE 12 - Concluded
(3
4
A RISSION  ANALYSIS
3 0008684000008 00040
7 TLOWE D5468.9 L85., ROIOR RADIUST 24,97 Fl.,  PARASITE DRRGZ  12.9 SO.FT.
4
3 HODL  GR.aT  TECNP LT OPIN  SPEED  VSTALL  0IST TINE  FL.AR.  SHP  FULL SFC  WARNG
3 IL6S)  (DEG.F) (FTY (ZR/FPH ) (KTS) (XIS)  CeuND) (XIN)  (50.FT) 1nses) o4
3 UARMUP 25376,  S9. c. -- -- -- - 8.0 - 1553.0  185.6 8547
HOVER  25241. 59, G. 1000.000 == -- -- 2.0 = W9BU.S  BU.  LuBUG E
3
CLIM® 25048, 23, 100C0. 2000.00 200.0  esees 33.3 10,0 12,89  3686.9 3004 <4707 3
] CRUISE  24%4l.  =13. 20000, .00 300.0  etess  135.0 2700 12489  444B,0  894.2 L4258 5
: CRUISE  2356). =12. 2C000. .00 300.0  seces 135.0 27,0 12.89  &367.1  879.2 oN2u1 3
3 DESCLT  22vAle  23.  1000C. =2000.00 260.0  ¢é»es 4647 10,0 12489  3434.0  287.9 L4790 i
'g LOVER 22199, 59 4 1000.000 - - -- 2.6 - 8207.1  7%5.8 <5149 i
s
4 RESCRVE FUEL (10,202 27046 LES, °§
4
1 16TAL MISSION FUEL 1S 2978.5 LRS. k:
2 10TAL MISSION TINC IS 26,0 MINS E
A .
S
2
LIFE CYCLE COST SUKRMARY DOLLARS
POPIPFO0S000000 00000800 [XTXX11]
]
: DEVELOPNENT €OST PER AJRCRAFT 155196,
PROTOTYPE COST PER PRCONCTION AIRCRAFY 66629
RECURRING PROGUCTION COST 1547376,
GFC AVIONICS 100000,
ENGINE €OST 321038,
(FLYAVAY COST) 11968414,
INITIAL SPARLS 658831,
GROUND SUPPORT COUIPMENT 118105.
INIT.TRAINING AND TRAVEL 60565,
ACOUISITIAN COST 2601916,
FLIGHT COEV 457200,
FUEL ¢ OIL 884096, {
REPLENISHKENT SPARLS 2007359,
0RGD/SG/S MAINT 712333, k
DEPOT MATINTEMANCE 148238,
RECURRING TRAINING 320870,
MAINTENANCE OF GSC a3017,
OPLRATING £0ST 5173912
LIFE CYCLE Cost 8197653+ 4
PRODUCTIVITY N.ITYH .
FLEET LIFE CYCLE COST 40968266864
E
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TABLE 13.

COHPUTER PRINTOUT 'SUMMARY FOR PCINT DESIGN
AIRCRAFT - CONFIGURATION 5 - ‘TRAC COMPOUND

HELICOPTER .SLOWED DESIGN CRUISE SPEED
350 KNOTS
> L i N
LO<Tan 21TRIBUICS
[ i
GONTRAL HITN, QUTOR TAIL RGICR/FAN
DESICH GuweftnY 28716, RADIVS £} 24440 RADIUS (FT) 3.32
FAYLOAD ‘ILE) SGOU. CHORD (FT) 1.701 CHORD (FT) YTTPITY
SEICNT ERPTY (Lt) 1v287. NO.OF BLADES 6.0 NOLOF BLADES 13,2~
FUEL (Lo) 3907, ROTOR SOLIDITY: .1316 ROTOR SLDIY/AF 871.0294
" HOVER POWIR (sHP) 1769, 117 SPEED-(FFS)  733.0 11P SPEED (FPS) 700.0
VOVIR ¢ CLINE HP icel. ASPLCT RATIO 18,511 ASPECT RATIZ  eesecess
FAIN ROTOR DESIGN WP e4B.. CI/SICHR .1200 CT/s16HR .0000
TAIL ROTOR CANT(DEC) w0 MATN ROTOR LIFT 2471845 TAIL ROTOR LIFY N ]

PeR.DISC LUADINGIPS

FAIN Go8+ GELIGN WP

F) 15.c0 FIGURE OF MEPIT #5642

9220, ALADL ARTA*5C.FI)  252.0

SUN‘!ARV V[lﬁiﬂ ;..YA!(NCNI

YTIGURE OF MERIT  ,9%9%

SBLADE ARCAISQO.FY)svsses

GROLP BEIGHT T 5
HAIN KOTOR GROUP 2629, 9,18
2ING GROLP 1029, 3.58
TAIL.GROUP 1675, 3.7%
TAIL ROZOB,FAN w12, 1.6%
TAIL SURFACES 504, 2410
£00DY LROULP 2020 7.0% N
ALIGHTING GEAR 376, aon
FLIGH] CONTROLS 933, 3.25 :
ERGING SCCTION s1s. 2088 .
PHOPULSIGN CROUE 17280 26490
ENGINTS 1688, S.08
AR INDUCTION 9. .00
EXNAUST SYSTER 34, .12
LUBRICATING SYSIFM 0. 20
FUCL SYSIEM 184, 2.62
: ESGINE FONTROLS 58, 9
CTFOTING SYSTEN 18, .50
RUXJ.L ASY OLOPULSION PROPELLERY 1485, S.17
ORIVE <ystrp 3565, 12,81
AUXILIARY POWLE UNIS 198, NS
INSTRUNFNTS 193, o7
HYDRALL *CS 106, .32
CLLCTNICL' GROUP “la, 158
AvVIONICS 325, 1.13
AGNAMENT GROUP 0. 00
FURNISHINGS °© 424, 1.08
A5 CONDITIONING AND ANTI-1CC 126, N
AUXILTAPY GEWR 59, .21
VIBRATION SUSPRESSION 223, o
TECHNALOGY SAVINGS 0. N0
CONTINGENCY 193, NS
aCIGHT £MPTY 19287, 67,16
FIXED UMEFUL oOAD ' 525, 1ea3
3103 235,
CO-PILGT 238,
CIL-ENGINE 30.
-1RAPPLD 10.
Full TRAVPED 15,
“ISS10N COUIFMINT 'S
CINFR L. de
PRYLOAD 5000, 1%.01
FULL-USABLE 3907, 13.4C
620SS of 1GhT 28718,
Lo7
TR 4 [ . -
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TABLE 13 - Continued

SFLECTED DECIGN PARAMFYERS

HINLE OFFSETY (F12) H 1.2343 HINGE LENGTH (FT) = 1.1726
MAIN ROTOR ELADE T4IST(DEG)T -4,4CN0 MAIN ROTOP NDESIGN HP = bu82.456
Y4LIN ROTOR RPN = 282.380 HAIN ROTOR DLSIGN ADV.RATIO= «41671
“AIN ROTOR SHAFT LENGTHIIR)= 48,756 TAIL ROTOR SHAFT LENGTH(IN)Z 9967
TAIL DRIVE SHAFT LENGTHUIN)E 320.925 MAXL.TR SUSTAINED THRUST(LS):= ug0n7.93
TAIL RCTOR RPN H 2012.03 MRE LOCK NUMBER = 1.4188
HOnIZONTAL TARIL AREA(SQ.FT)IZ 60.96999 VERTICAL TATL ARFA (SQ.FT) = 90,01318
DETIGN HOV. AKNTI-TORQUE HP = 1317.453 HOV.ANTI-TORQUL MOKMT(FT-LB)= 120570.
RLI.YAW ACCCL .t AD/SEC/SEC)= «65607 MAX.SUST.YAW MOMENT(FT-LB) = 147286,
VERIICAL DRAG = «077491 FUSCLAGE WETTED APEA(SC,FT)= 900.000C
EXRGINT SCALE FACTOR H 2.28C0Q1 WING AREA (SQ.FT) T 244081262
CRYISE -PROPULSCR SHAFT MP = 3399.128 'TOTAL INSTALLED POWER (HP) = 12792.037
PROPULSOR RIM H «L00 PROPULSOR DIAMETER (FY) < 4.27252
, MAIN GEARBOX INPUT RPM N 4sC0.00 ENGINE OUTPUT 23PM = 11043414
DELIGN HOVER SnafT WP S 50514131 ALTERNATLC HOVER SHAFT HP = 6061.13€
EQUIV.SLS DESIGN HOVER HP = 11398.3P1 EQUIV.SLS ALTERNATE HOV.HF = 11398.299
OE“IGN HOVER LAPSE RATER H 270722 ALTERNATE HOVER LAPSE RATF = « 70722
"HOV.OVERALL MECH.EFFICIENCY= «604162 HOVER FIXFD LOSSES (HP) = 100.0C00
DES.CYRAMIC PRESSILE/SO.F1¥= 354,4008 ACTUAL CRUTISE SPEED (KTS) = 350.0C00
DESIGN CRULSE HP T 6995.0?2 DESIGN CRUASE ROTOR HP = §3.306
ECUIV.SLS STATIC HP~CRUISE = 12792.037 CRUISE LAPSE RATE H «S4683
CRUEISE FIXED LOSSES (HP) = 100.CO00 DES.CRUISE PROP.THRUST(LB) = 2518.63
CRUISE TIP SFEED (FPS) = 332.000 ODESIGN CRUISE ADV.RATIO = 1.78163
OES.CRUISE WING LIFTILE) = 27569.75 PARASITE DRAG (SOQ.FT) = 13.713
ULTIMATE LOAD FACTOR 5 3.750C HEAD MOMT.CONST.(FT-LR/DEG)= 1458.2
PLANFORM  HORLTAIL (SQ.FT)= 45.4850 PLANFORH VERLTAIL (SQ.FT)= 90.0132
TAIL CANT ANGLE (DEG) = «N0. MAIN ROTOR ASPECT RATIO = 14,5106
NUMBEER OF ROTORS = 1« MAINROTOR SOLIDITY s «13162
MAIN ROTOR RADIUS = 24.6666 MAIN ROTOR CHORD = 1.73128
MAIN ROIOR YIPSPEED H 73G.00 NUMBEF OF MAIN ROTCP BLADESS 6o
RO IOR RLADEL CUTOUT/R H 50000 MR BLADE TAPER RATIO H 1.000
MAIN ROTOR LIFT (L%) T 28718.49 NUMBER OF TAIL ROTOR BLADES= 13.
TAIL RCTOR RAQIUS (FT) = 343223 TAIL ROTOR CHORD (FT) Sheass sy
T#1L ROTOR ASPLCT RATIO Sevesnsnsts TAIL ROTOR SOLIDITY/AULFAC.Z 871.08939
PE<CENT PORER,AMNTI-TORPOUE = 16,9580 TAIL ROTOR FHM ANTI-TORGQUEL = «9596
T HPANTI-TCPOUE,GIVEN TR = »U0300 TP CT/S16G RATIOLANTI-TORQUE= 0000
TR CT/%16G,HAX.CONT . THRUST = 00000 TR DLyMAXACONSTHRILR/SQ.FT)I= 115.5843
TR FMyMAX CONT L TRRUST = #9597 AVAILABLE TP ANTI~TORQUE HP= 1317.45
TR AN=TORQ HMOMERT(FT~L#) = 120570.16 TAIL ROTOR TIPSPEFD (FPS) = 700.00
MAIN GLARBOX DESIGN nP H 927030 TR HP,MAX.COMT,THRUST H 1900.89
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y TABLE 13 - Concluded
‘ MISSION ANALYSIS
3888836360048 080880
T06¥s  28718.5 LBS., ROTOR RADIUSS 28469 FT., PARASITE DRAGZ 13,7 SQ.FT.
4
4 HOOF GRo w1 €8P ALY 0PN SPEED VSTALL D18t TINE FLAR, SHP FUEL SFC  WARNSG
f (L6S)  (DCG.F) (FT) (ZR/FPM ) IKTS) (XTS)  (NJHI) (NIN)  (SQ.FT) 35)
; ce—e maee- ——- - c——— ——— ——anm- ——e - P . —m cem  memae
SARNUP 28588, 59, 3. .- - .- .- 8.0 .- 2177.%  260.6 8547
3 HOVER  284C3. 59, 0. 106U.030 == -= - 2.0 - 61703 108.% 6052 3
: CLINE 28151, 23. 10000,  2000.,00 230.0 [TYTYY 38.3 10,0 13471 N660.1  395.0 L4848 : 4
CRUISE  27389. ~-12. 20000, «60 350.0 ssess 128.7 22,1 13,71 6870.6 11216 8226 k
4 CRUISE 26276, =12, 20000. .00 350.0 [YTTYY 128.7 22.1 13,71 6782+ 1103.6- <8231 3
¢ DESCHT 25493, 23. 1000C. =2000.00 325.0-  seses s6.2 1040 13.71  $945.2  A71.7  .AS3M o
HOVER 25209, 59, 0. 1000.000 == - -- 2.0 -- 5004.9 96,7 5521 |
1 k
8 RESERVE FUEL(1G.X)Z  355.8 LAS,. 3
TOTAL MISSION FUEL IS  3913.9 LRS. N
TOTAL MISSION TIME IS T6.1 MINS
4
k:
=4 .
P LIFC CYCLE COST SUMMARY DOLLARS: 4
:t 200220008009 000000040000 L1121 11) ;
i DEVELOPHENY COST PER AIRCRAFT 196845, 3
N PROTOTYPE COST PER PRODUCTION ATRCRAF! 92849,
: § ECURRING PRODUCTION COST 1829958, 4
‘GFC AVIONICS 100000,
ENGINE C€OSY 221222, ;
(FLYAVAY COST) (235118043 3
INITIAL SPARES 809990, .
3 SROUND SUPPORT LQUIPMENT 18102 . %
INTT.IRAINING AND TRAVEL 62480,
ACQUISITION COST 3360685,
FLIGHT CREV -457200.
FULL + OIL 1312138,
REPLENISHNENT SPARES 2266873,
ORGED/SSE/S HAINT 793202, k
OEPOT MAINTENANCE 7156, P
RECURRING TRATHING 331807, K.
MAINTENANCE OF 6SE 9211, ki
OPERATING COST 6051587, ;
LIFE CYCLE CoST (221 1% 24
PPODUCTIVITY +00837
FLEET LIFE CYCLF COST 8162271808, ;
%
N
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1 TABLE 14. COMPUTER PRINTOUT SUMMARY FOR POINT. DESIGN ;
AIRCRAFT ~ CONFIGURATION 6 - STOWED TRAC
ROTOR AIRCRAFT, DESIGN CRUISE SPEED 400 KNOTS
i.:
3
i GESIGN ATIRIBUTES
24 P L L LY
GENERAL “MAIN R0OTOR TAIL ROTOR/FAN
q
L,
3 DESIGH 6.¥W.(LB) 26662, RADIUS (FT) 25455 RADJUS (FT) 2.77
.
3 PAYLOAD (LB) $000. CHORD (FT) 2,274 CHQRD (FT) ssovsens
F; WEIGHT EMPTY (8) 18201, NOJCF BLADLS [} NO.OF BLADES 13.0
furL (L) 2937, ROTCR SOLIDITY 1133 ROTOR SLOYY/AF 1091,9659
3 HOVER PUWER (SKP) 6355, 11P SPEED (7PS) 730.0 11P SPEED (FPS) 100.9
5 HOVER » CLIME WP 0625, ASPECT RATIO 11,234 ASPECT RATIO susesees
Z’ MAIN ROIOR DESIGN WP 5315, CT/SIGHA +1200 CT/SIGHA «N00Q
iy TAIL ROTOR CANT(DEG) .<o MAIN ROTOR LIFT -26662.4 TAIL ROTOR LIFT .0
t
,’: MeP.DISC LOADING(PSF) 13,00 FIGURE "OF MIRIT .5128 FIGURE OF MERIT 1.0641
| *a1n Gc.8. DESIGN wP 7618, BLADE AREA(SO.FT) 232.5 BLACE AREA(SQ.FTSenesss
h SUMHARY WEIGHT STATEMEN)
I remmemenmemeamamenee s e
o GROUP WEIGHT 3 6w
3
‘5;( MAIN ROTOR SROUP 2902, 10.88
WING GROUP 1032, 3.87
TAIL GROUP L LT 3,55
TAIL ROTOR/FAN 410, 1.54
TAIL SURFACES 536, 2.01
BODY GROLP 2487, 9.33
ALIGRIING GEAR 134, 2.78
FLIGHT CONTPOLS 910, 3.u41
ENGINE SECTION 838, 1e64
PROPULSION GROUP 6706 25.15
; ENGINES 1435, 5.38
AIR INDUCTION 0. +00
3 EXHAUST SYSTEM 28, o1
LUBPICATING SYSTEM o, .00
FLEL SYSIEM 56%. 2:12
ENGINE CONTROLS “S, 17
- STARTING SYSTEM 119, S
! AUXTLIARY PROPULSION PROPELLERS 9lu. 3eeu
g DRIVE SYSTEN 3595, 13,48
R AUXILIARY POWER UMNIT 193, .72
INSTRURENTS 193, 72
HYDRAULICS 101, +38
ELECTRICAL GROUP 310, 1.16
AVIONICS 325. 1.22
APMAMENT GROUP 0. .00
FURNISHINGS w20, 1,59
AIR CONDITIONING AND ANTX-ICE 126, a7
AUXILIARY GELAR 59, 2z
VIBRATION SUPPPLSSION 133, +50
TECHNOLOGY SAVINGS 0. .00
CONTINGENCY 182, 68
WEIGHT ENPTY 18201, 68,26
FIXED USEFUL LOAY 525, 1,97
PILOY 235,
€o-PILOT 26,
OIL~ENGINE 3u. k.
~IRAPPLOD 10,
FUCL TRAPPED 15, ]
HISSION LQUIPKMENT 0, ,;
OIHER FUL . e, E
PAYLOAD 5000, 13.7%
FUCL-USABLE 2937, 11.01 3
£
»
GROSS WEIGHT 26662, x,
kK
g
. L cmdaiary N R T s e o5 SRk et codts 5t an e e tuchid SRl
fh e et Gt wiono e, 2 bam et bt Rl




TABLE 14 - Continued
SFLECTED DESIGN PARAMETERS

HINCF OFFSET (FT) = 1.2775 HIANGE LENGTH (FT) S 1.2137

MAIN ROTGR BLADL TAISTIDEG)= -£.GGN0  MAIN ROTOR DESIGN HP = 5314,506

MAIN ROTOR RFM = 272.830 MAIN ROTOR DESIGN ADV.RATIO=S 41671

PLIN ROTOR SHAFT LENGTH(IN)Z 50,463 TAIL ROTOR SHAFT LENGTH(IN)Z 2,310

TAIL DRIVE SHAFT LENGTH(IN)= 332,159 HMAX.TR SUSTAINED TYHOUST(LR)= 3327.03

TAJL ROTOR KPHM = 2413.11 MRE LOCK NUMBER S 1.3694

HO J7ONTAL TAIL ARPEAUSQ.FT)I= 96.66U072 VERTICAL TATL AREA (SO.FT) = 73.79543

GESIGN KOV, ANTI-TORQUL HP = 1077.684 HOV.ANTI-TGRGUE MOMT(FT-LP)= 102307,

REC.YAL ACCEL.(PAR/SEC/SEC)S +6T7548  MAX,SUST YAW MOMENT(FT-LB) = 122142,

VERTICAL DRAG = +07062C FUSELAGE WETTED ARCA(SOLFTI= 964.0000

ENGINL SCAUT 'FACTOR S 2.60179 wING AREA (SG.FT) s 251.53215% 3

CRUISE PROPULSOR SHAFT HP = 2872.351 TOTAL INSTALLED POWER (HP) = 10145.408 v 3

PROPULSOR RPM = +C0C PROPULSOR CIAMETER (F 1) = 3.46220 R

MAIN GEAKRBGX INPUT RPM T 450G.00 ENGINE OUTPUT RPM T 12406.17

DESIGN HOVER SwAFT HP T 624,684 ALTERNATE HOVER SRAFT HP = (624,683

fOUIV.SLS DESIGN HOVER HP = 967,189 EQUIV.SLS ALTERNATE HOV.HP = 9367.188 ‘

DLSIGN HOVLE LAPSE RATE H 27L722 ALTFRNATE HOVER -LAPSE RATE = 270722 ’

HOV.OVERALL MECH.EFFICIENCYS 602228 HOVER FIXED LOSSES (HP) = 120.6000

DESDYNAMIC PRESS(LR/SOLFT)Z 462.8909 ACTUAL CRUISL SPEEC (KTS) = 40C.00GC Y

DESIGN CRUISL HP = 5846.7P1 DESIGN CRUISE ROTOR HP = 000 3

EQUIVLSLS STATIC HP-CRUISE = 101u5.408 CRUISE LAPSE PATE = 57629 g

CRUISE FIXED 'LOSSES (HP) = IRC.CONM0 DES.CRUISE PROP.THRUSTI(LR) = 1862492 3

CRUTSE TIP SPELD (FPS) H 730.L00 DESIGN CRUISE ARV.RATIO = «92603 %

DES.CRUISE WING LIFT(LR) T Z6662.41 PARASITE DRAG (SQ.FT) = €.655 3

WLTIMATE LOAD FACTOR = 2.7500 HKEAD MOMT.CONST.{FT-LR/DEG)= 1429.5 P

FLALFORM hORJTAIL (SC.FT)= tos3U04  PLANFORM VFR.TAIL (SO.FT)= 73,7954 k

TAXL GANT ANGLE (DEG) = +00 MAIN ROTOR ASPECT RATIO H 11,2336 3

NUMELR ‘OF RCTORS = 1. HMAINROTOR SOLIDITY S «11236 -

PAIN KOTOR RAGIUS z 22.5577 MAIN ROTOR CHORD T 2.27448

MAIN ROTOR TIPSPLED s 730.00 KUMBELR OF MAIN ROTOR BLADESS Y

ROTCA 3LACL CUTOCUT/R s JH0000 PP RLADC TAPER RATIO s 1.C00 3

MAIN ROTOR LIFT (L&) = 26662441 NUVBRER OF TAIL ROTOR BLADEST 13, E

TAIL ROTOR RADIUS (FT) = 247701 TAIL ROTOR CHORD (FT) SHUARRRRE RN %

1AIL ROTOR ASPLCT RATIC Shwvessxsns TAIL ROTOR SOULINITY/AC.FAC.=1071.9659%94 ;

PLRCENT POWER,ANTI-TOROUE = 16.9576 TAIL ROTOR FM,ANTI-TORCUE = 1.0641 :

3 HP,ANTI-VYORQUE ,GIVEN TR = J00N0 TR CT/SIG RATIOLANTI-TORQUES .6002 b

TP CT/SIG,HAX.CONT, THRUST = «00CCO TR DL MAX.CONTHR(LA/SQ.FT}= 138.0132

TR FM HAXCONT,TRRUST = 1.C64406 AVAILABLE TP ANTI-TORQUE HP= 1077.68 3

TP AN-TORQ.MOMENT(FT-LR) 2 1023C7.15 TAIL ROTOR TIPSPLED (FPS) = 700.00 ;

MAIN CEARBOX DESIGN HP T 7616439 TR HP,MAX.CONT.THRUSY = 1499.75 -
3
;
3
3
4
i
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TABLE 14 - Coheluded

~

HISSION  ANALYSIS
POPPEVUNLBNNISS00000 0
T0CVE  26662.4 LBS.,  ROTOR RADIUS. 25.56 FT.,  PARASITE ORAGT 8.7 SOFT4
MODE  GR.WT  TEWP  ALT  OP? SPEFO VSTALL  OIST  TINL  FL.AR.,  SH®  FUEL  SFC  VARNG
(LES)  (DEG.F) (FT) (ZRL PM J (KIS)  (KTS)  (NJKI)  (MIN) (SO.F1) (LAS}
VARKUP 26559,  59. 0. -- -- - - 8.0 -- 1727.3 206,17 L8547
WOVER 26411, 5%, 0. 1000.00 -- - -- 2.0 - 512607 89,4 L49-3
CLIME 26166, 23, 10000, 2000.00 260.0  sesss a3.3 10,0 8.66  S105.31 398.8 .uwou
CRUISE  25577. =12. 20000, J00 400.0  sease  122,1 1843 8466  5758.6  TIS1 o213
CRUISE 28604,  =12. 200C0. .00 40C.0  werse 12241 18,3 8466 5697.9 V65,4 421k
OFSCAT  2429%, 23, 100bT, =2000.0C 375.G  seves 62.5 1000 B.h6  U262.8 34,5 Ju6us
WOYER 20034, 59, ¢. 1000.n0¢ - - - 2.0 == 4378.6 81,1 5293
RESERVE FUEL (10.1)=  266.9 LBS.
10TAL WISSION FUEL IS  2935.9 LBS.
10TAL MISSION TIKC 1S L8.6 MINS
LIFE CYCLE COST SUMMARY DOLLARS
COEINBINNIBEERNNORNS RS 800000
OEVELOPHENT COST PER AIRCRAFY (165864
PROTOTYPE COST PER PRODUCTION AIRCRAFY 96151,
RECURRING PRODUCTION COST 1746919,
GFE AVIONICS 100000,
ENGINE COST 349925,
(FLYAWAY COST) 12196908,)
INITIAL SPARCS 126738,
GROUND SUPPORT EQUIPMENT 131818,
INIT.TRAINING AND TRAVEL 61565,
ACOUISITION COST 3117022,
FLIGHT cocw 457200,
FUEL + aTL 1092125,
REFLENISHMENT SPARES 23148479,
0RG90/S+6/S MAINT 755313,
. DCPOT MATNTENAMCL s0068s5.
RECURRING IRAINING 326691,
MLINTENANCE OF GSE 46688,
OPLRATING COST ss20a81,
LIFE CYCLE C€OST 9057200,
PRODUCTIVITY 05498
FLEET LIFE CYCLE COST 3396449952,
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TORQUE TUBE

Figure 1.

TRAC Rotor Blade Schematic Arrangement.
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Figure 2. TRAC Rotor Head Schematic Arrangement.
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(b) End and Internal Views

Figure 20. Concluded,
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Figure 28, Effect of Vertical Gust on Rotor Loads.
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Figure 30.
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Figure 32. Effect of Thread Pitch Angle on Screw Efficiency.
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JOCKSCREW TORQUE / CENTRIFUGAL FORCE, Q/CF,IN-LB/ LB

(]
m

PITCH DIAMETER 1840 I ,LEAD =0 6667 1N
O 5 - . . - .

0 0l oz 03
COEFFICIENT OF FRICTION, Cy

Figure 34. Torque-Friction Relationship for Jackscreuw.
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KOTOR SYSTEM WEIGHT, LB
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Figure 37,

Rotor System Weight Comparison,
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GROSS WEIGHT, LB

T T T I T T ]
.1 PURE HELICOPTER
IA HELICOPTER + AUX PROPULSION
2 CONV COMPOUND- FULL RPM
36,000 3 CONV COMPOUND- SLOWED
4 TRAC COMPOUND -FULL RPM
5 TRAC COMPOUND-SLOWED ;
& STOWED TRAC
34,000
5- 350 KN
32,000 ]
CONFIGURATION - CRUISE SPEED | _{6-400 kN
— 1)
30,000 = 4-325 KN
N [ |5-325 kN
S =" 3- 300 kN
& =300 KN - a3
28,000 \\ // QKN
\. ;_-4/
6-350 KN 3-275 KN
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¢ 00 KN
4225 KN =S, -
\\\~~___ 3-228 KN
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_..//
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= I -
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N-——r—"'"'//
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| i —
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DISC LOADING ,LB/FT?

Figure 38, [Disk Loading Optimization Results, 350 N.M. Range,
5000 1b Payload, 400 £t 95°F Cruise.
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Figure 40, Aircraft Comperison Summary for 4000 rt 95°F Cruise,
5000 1b Payload, 350 MN.M. Range.
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(c) Design Cruise Speed 250 Knots,

Continued,

Figure 46.
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Figure 50. Three-View Drawing, Configuration 1, 175-Knot Pure Helicopter.
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Three-View Drawing, Configuration 2, 200-Knot Full RPM
Conventional Rotor Compound.

203

A

630°(52'-&") DI

/

N




©50°(54™-2) FUSELAGE LENGTH—




192 (16™-0)

650°(54 ~d) FUSCLAGE LENGTH




20(7-a7

Figure 52. Three-View Drawing, Configuration 3, 250-Knot Slowed
Conventional Rotor Compound.
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Configuration &, 300~Knot Full ppM ;
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Three-View Drawing, Configuration 6, 400-Knot Stowed
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Figure 60. Subsystem Weight Fraction Comparison.
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Figure 62. Comparison of Rotor and Wing Aerodynamic Design Parameters.
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APPENDIX A

HELICOPTER DESIGN MODEL (HDM)

General Application

Preliminary aircraft design is an iterative procedure involving configura-
tion, weights, performence, and handling quelities. An initial configura-~
tion is developed from such design constraints as payload volume, number
of crew, number of engines, limit on rotor size, and mission equipment.
This configuration is used to generate wetted area and drag estimetes for
Sikorsky's computerized mathemstical helicopter design model, HDM
(Reference 12). Other inputs to this program are derived from the system
design specifications.

An intrinsic element of the aircraft design cycle (Figure A-1), HDM mekes
possible rapid trending studies and baseline optimization.

HDM is e digital computer program that specifies, under design constraints,
rotor geometry, component weight breskdown, mission analysis, engine and
gearbox sizing, speed capability, and estimated costs. These outputs
provide the designer with the refinements needed for the next configura-
tion iteration. A closed solution is achieved when consistency exists
among the configuration, performance, weights, mission requirements, and
system design specifications. Thus, HDM plays en important part in
closing the design loop and provides early insight into design sensitiv-
ities. Aside from the derivation of the design peint aircraft, the
extensive trade-off and optimication capesbility of HDM enables trending
away from the baseline coanfiguration, such as was required in this study.
The program was modified as necessary to suit the design constraints of
this study and to obtain the desired level of detail in weights equetions,
engines and gearbox sizing criteria, and aerodynamic performance.

Program Operation

HDM has four basic loops, as shown on the flow chart of Figuxe A-2. The
innermost loop, LO, derives the gross weight to achieve the required pay-
load. Alternsatively gross weight mey be specified, in which case payload
is calculated. The calculations within this loop form the nucleus of the
program. The remaining three loops enable trending, for a single set of
input data, on what are considered the three primery design constraints.
These are blade loading CT/y (CTSIG), disc loading (DL), and the percent
of power (PCTPR) provided at the engine shaft output that will be availe-
ble for the antitorque device.

CTSIG, DL, and PCTPR can be selected as single inputs or as a required
range (initial, final, and incremental values), so that repeated passes
are made around the appropriate loop (Ll, L2, L3) to create a matrix of
design points. TFor each range of any of these three variables, the
interpolated value to produce the optimum aircraft can be selected, based
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twist, swept tips, etc. In the case of the TRAC rotor, the effects of
the large root cutout were incorporated, based on the existing model test
data of root cutout effects.

- Forward Flight

Forwerd flight rotor performance chara.teristics in the high-speed (greater
than 180-knots) regime were derived from curve data generated by the
Sikorsky Generalized Rotor Performance program, similar to that used in
the preparation of the performance charts in Reference 8, except that the
effects of radial flow are also included for increased accuracy. For
compound configurations, it was assumed that rotor 1lift could be defined
by an allowable maximum CT/o as related to the advance ratio, as described
in Appendix C. The required wing lift was then the difference between

the gross weight at that stage of the mission end the rotor 1ift so
derived. By entering wing incidence/Cr/Cp curve data, wing angle of
attack and profile drag and induced drag coefficients were determined.

The wing area required had previously been established at an earlier stage
of the prcgram with the same maximum rotor CT/O approach, applied for the
critical speed/altitude/temperature condition. With rotor CT/o, advance
ratio, and tip Mach number known, and tip path plane attitude assumed,

the rotor performance curve data were entered to provide rotor power
required and inplane drag force. Total propulsive force required was
accumulated from parasite drag, wing drag, and rotor drag components.

Performence curves for two cla.ses of propulsive devices are included in
HDM. For propellers, maps of propulsive efficiency are represented as
functions of thrust coefficiert, activity factor, advance ratio, and
integrated 1ift coefficient (lieference 13). For fans, thrust/SHP ratios
are calculated as functions of fan pressure ratio and flight speed. Total
engine shaft horsepower required is computed as the sum of rotor power,
thrust power, tail rotor/fan power, and accessory power, as affected by
the mechanical inefficiencies of the drive system.

At low flight speeds (less then 180-knots), the Sikorsky Non-Dimensional
Rotor Performance (NDRP) semi-empiricsl method was used., The analysis

is based on an energy approach, modified to account for blade interference,
Reynoids number, Mach number, and skewed flow effects.

- Engines

Shaft engine performance input data consist of the sea level standard SFC
vs horsepower curve, and specifications of static maximum continuous,
intermediate and takeoff power ratings at three altitudes and temperatures.
At any general altitude and temperature, the quantity SHP/S Yo is
computed, where § is the ambient pressure ratio and 6 is the gbsolute
temperature ratio to sea level stendard values. The input SFC curve is
entered at this adjusted SHP value. The engine ratings are interpolated.
In forward flight, engine ratings are boosted by the supercharging bene-
fits of ram air, and SFC is reduced. These two effects are expressed by
empirically-derived equations from existing engine data. In this study,

a rubberized PLT-27 engine was used as the basis for fuel flow calculations.
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Cnce the engine scale factor had been determined for the critical
verformance criterion, the baseline engine SFC vs horsepower curve was
adjusted proportionately, so that the SFC compu*ed subsequently was con-
stant for & given fraction of intermediate power, regardless of required
engine size.

- Cost Model

Life-cycle cost (LCC) of a militaxry helicopter is the summetion of the
costs of development, prototype fabricetion, production, ground support
equipment, crew training, meintenance, spares, and fuel. Development and
production costs are statistically trended from existing hardware, as a
function c¢f component weights already calculated. The effect of production
vclume on component costs (dollars per pound) is accounted by a standard
learning curve technique. Prototype costs are derived from the production
costs by means of the learning curve adjustment for the relatively very
small number produced. Operational costs are computed mainly from pub-
lished Army statistical data, Reference 14, and given operational charac-
teristics such as utilization (flight hours per year), service life, and
number of crew and majintenance personnel. An adjusted life-cycle cost

was also computed on the assumption that the actual number of aircraft
required was inversely proportional to the cruise speed and payload capa-
city, i.e., the total ton-nautical miles of work in & given time was con-
stant. Productivity is also computed, defined as peyload x block speed *
weight empty. Block speed was computed on the assumptions that warm-up,
takeoff, and landing times were accountable towards trip time, and that
climb (at 66% of cruise speed) and descent (at 90% to 93.5% of cruise
speed) were accountable towards distance travelled.

A flow chart of the LCC subroutine is shown in Figure A-3. Algebraic
representation of the components of each facet of life-cycle cost is
discussed in the following paragraphs.

Development Cost (CDEV)

).8 6

CDEV = [6.5 x CFDEV x (WE/1000 + DCON] x 10

Where: CFDEV = Complexity factor
WE = Weight Empty
DCON = 15.0
Prototype Cost (CPROTO) (Per Production Aircraft)

)ACLF x CFLY x (ggROIO)

CPROTO = [QPROTO
\PBASE PRDRUN
Where: QPROTO = Quantity of Prototypes
PBASE = Base Production Quantity
CFLY = Unit Flyaway Cost (See below)
PRDRUN = Production Quantity

ACLF = 1log, 0 (ACLR)/loglO 2
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on minimum gross weight, or minimum cost.

Engine size and transmission rating can be selected from one of the
following options:

1. Specified engine

2. BSufficient for the design hover point
3. SBufficient for an elternate hover point
4. Sufficient for the design cruise point
5. Greater of 2 and 3

6. Grestest of 2, 3, and k4.

In this study, the design hover requirement sized the helicopter power-
plant. For the high-speed compound helicopter and TRAC configurations,
the selected cruise speed, in most cases, was critical in sizing the
powerplant, whereas the hover requirements sized the main gearbox.

The mission analysis routine provides sufficient flexibility for division
of a mission into discrete elements at the required altitudes, teumpera-
tures, and speeds. The mission profile can contein as many as 50 segments,
or many missions can be stacked to a total of 50 segments to be processed
sequentially. Speed can be specified in knots, or coded as speed required
to produce maximum range, meximum endurance, rotor drag divergence thresh-
hold, or speed required to match a geerbox design power or some engine
rating. Proper account is taken of fuel burn-off and the loading or off~
loading of passengers or cargo.

Component weights are evaluated by a set of statistical weight equations,
modified to suit a specific aircraft type. Rotor group weight estimates
account for blade aspect ratio, design dive speed, and hinge offset effects.
The drive system is divided into individual shaft lengths and gearboxes,

and weight estimates reflect the transmitted horsepower and rotational
speeds of each component. Parametric weight trending equations for the
TRAC rotor and stowing mechanism were developed and added to the weight
subroutine, as described in Appendix IV.

Performance Methodology

~ Hover

The helicopter design model utilizes the Figure of Merit Ratio (FMR)
method for calculating hover performance. This semiempirical method,
based on extensive hover test data, has proved to be particularly reliable
at high rotor loading conditions (high CT/U), for which many theoretical
methods give optimistic results. The FMR method can be corrected to
account for special rotor physical characteristics such as nonlinear
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ACIR = Learning Curve (.85)

Acquisition Cost (CACQ)

CACQ

Where: CGSE

= CFLY + CGSE + CITR + CISP

Ground Support Equipment Cast
CFLY x PCTGSE

CITR Initial Training and Trave.. ..ost
(# Flignht Crew Officers and [ \isted Men)
x (Respective Salaries)

CISP = Initisl Spares Cost

CS8TRPR = Airframe and Dynamic System Cost
CENG = Engine Cost per Aircraft
CAVI = Avionics Cost per Aircraft

Total Meintenance Enlisted Marnpower Regquirement

= (2.3178 + .000665 x WE) x 1.h x <g17?ég

UTIL = Annual Utilization (flt. hours/year)
OMHFH = Maintenance Burden Factor

x OMHFH

Officer Manpower = .0t x Enlisted Manpower

CFLY = I (Component Weights) x (Component $/1b)
+ Engine Cost + Avionics Cost + Auxiliary Propulsion Cost
Component $/1b = ($/1b) x {pRORUN) ACHF
PRASE PBASE

Engine Cost = 190 x ENG x SHP'8

ENG # Engines

1]

4]

SHP Installed horsepower, each engine

Auxiliary Propulsion Cost:
Propellers: CAUXP = 5600 x Propeller Diameter x (# Propeliers)

Prop~Fans:

CAURP = 145.58 x (Design hp) 3"

. Aty
X # Propulsors x # Alrcrafﬁq
500 /

.076

(Pressure Ratio -1)

x 1000 x (# Propulsors)
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Operating Cost (COP)

COP = CREPL + CFC + CFUEL + CM + CRIR + CGSEM

Where:

it

CREPL Replenishment Spares Cost

(7.25L + .0073 x WE) x UTIL x SVLIFE x 1.276

SVLIFE = Service Life (years)

CFC = TFlight Crew Cast
= (# Officers and Enlisted Men) x (Respective Selaries) x SVLIFE

CFUEL

Fuel Cost

Consumed Fuel per Mission x UTIL x SVLIFE x ($/gallon)
Mission Time

CM = CMORG + CMDEP

CMORG Orgenizetional Maintenance Cost

= (# Enlisted Men and Officers) x Respective Salaries x SVLIFE

CMDEP = Depot Maintenance Cost
= (,1569 + .000263 x WE) x 13.5 x UTIL x SVLIFE

CRTR = Recurring Training and Travel Cost
= [(# Enlisted Crew + # Enlisted Maintenance) x .35 x 2540 +
(# Officers Crew + # Officers Masintenance x .15 x L41580] x SVLIFE
CGSEM = Ground Support Equipment Meintenance Cost

.03 x CM.

il

Life Cycle Cost (I.CC)

LCC = CDEV + CPROTO + CACQ + COP

Fleet Life Cycle Cost = LCC x PRDRUN.
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Figure A-2. HDM Flow Diagram.
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APPENDIX B

GENERAL SPECIFICATIONS

In order to provide consistent ground rules for the parametric mission

studies, a set of general specifications was established. These specifica-
tions, which influenced the studies through the mechanism of weight trending
equations, fuel consumption rates, etc., were intended to be appropriate for
typical Army transport mission requirements. Vhere applicable, UTTAS design

technology was assumed, e.g., ballistic tolerance and crashworthiness require-
ments.,

PHYSICAL CHARACTERISTICS

Rotor System

Main Rotor - Single rotor, fully articulated. Disc loading not more

than 15 psf. Manual folding (pecwer blade folding for stowed rotor
configuration).

Tail Rotor - Conventional tail rotor or fan-in-fin ss appropriate.

Body Group

Two crew, side-by-side. TFifth through ninety-fifth percentile aviator
accommodation. Visibility per MIL-STD-850, paragraph 8. Individual
ingress and egress. Cabin with load-carrying floor; access through

side doors only. Mission usable cabin volume 100 £t3 per thousand
pounds of payload.

Design load factors (limit): + 2.5, - 0.5 g
Landing Gear

Wheeled main gear. Auxiliery gear either nose or tail wheel. Brakes

and parking brake provided. Safe rate of sink 10 fps. Fully retracta-
ble.

Propulsion
Generel: Fire warning and extinguishing systems. Self-starting from

-12° F to 120° F. Engine air particle separator; no IR suppression

requirements. Engine anti-ice for continuous operation in moderate
icing.

Engine Technology: T-700/PLT 27 level as projected for 1980 time
frame.

Size: Rubberized.
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Number of engines: Two.
Auxiliary propulsion: Propellers or prop-fens as appropriste.

Fuel System

Crashworthy. Gravity, pressure, and closed circuit refueling. 20% of
total capacity sealed against 12.Tmm, remainder 7.62mm. JPh, JP5 fuels.

Auxiliary Power Unit

Required for self-starting, ground checkout, and other functions as
desired.

Flight Controls

Dual cockpit contrcls. Redundant controls from cockpit to power
operated flight controls (including fixed wing controls and TRAC
diameter control). SAS and FAS or full AFCS. No fly-by-wire for
primary flight controls.
Pcwer boost: Dual hydraulic system plus separate utility system.
Drive System
Rotor brake. Main gearbox (MGB) capable of operating 30 minutes at
cruise power after sustaining a single 7.62mm hit. MGB rating 1.2
times HOGE power required at 400C ft 95° F. Each input rated at mex.
engine power that may be transmitted in case of one engine failure.
TGB, IGB: grease lubricated.
Instruments

Basic and IFR per AR-95-1. Special instrumentation as required for
each configuration.

Hydraulics
Per MIL-H-5440.

Electrical
Two independent power sources, each capable of supplying the full load.

Furnishings
Soundproofing, insulation for crew compartment. Two armored crew seats.

Cabin pressurizetion for cruise above 10,000 ft.
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Environmental Systems

Heating and ventilating only for crew compartment and cebin. Windshield

anti-ice, defog, defrost, and rain removal.

Anti-icing: wing leading edges and critical rotor system components
as aporopriate to the configuration, for moderate icing conditions.

PERFORMANCE

Design Mission

8 minutes at idle power (both engines)

2 minutes hover out of ground effect (HOGE)

Cruise (see item below), Range 200 to 500 NM.

2 minutes HOGE

Reserve fuel weight equal to 10% of the fuel weight required for the
above listed mission segments.

Fuel Capacity

For design mission. Use 105% SFC.

Performence at Design Gross Weight, 4000 £t 95° F

500 fpm vertical rate of climb at zero wind and not more than 95%
Intermediate Rated Power (IRP) (30 minute rating)

Performance at Cruise Altitude

Cruise at design altitude at not more than Max. Continuous Power (MCP).
Cruise altitudes 40600 £t 95° F, and from SL to 20,000 ft; standard
temperature.

Altitude for Takeoff and Landing

4000 £t 95° ¥ when this condition specified for cruise.
Sea level for standerd day operation, independent of cruise altitunde.

Climb and Descent

Part of cruise distance. Not more than MCP and not faster than V

cruise
Maximum climb and descent rates 2000 fpm.

Handling Qualities

Generally in compliance with MIL-H-~8501A and MIL-F-8785E.
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Weights
Peyload from 2000 to 10,000 1b.

Design Gross Weight {DGW) is that required for the design mission with
the appropriate payload.

Unit weights: Crew member 235 1b.
Fuel -~ JP-l4 at 6.5 1b/gallon
0il - 7.5 1lb/gallon
Hydr. Fluid - 7.0 1b/gallon

Contingency. None for pure helicopter, 1% of weight empty for other
configurations.

Technology Status. Compatible with 1980 initial operational capability
(10C).

Vibration

Not to exceed *.C5g in any direction on crew stations and cabin floor
in steady cruise or hover.

Noise

Not to exceed 95 dB sideline noise at 500 feet on take-off.

EQUIPMENT

Communicaticns (Commerciel type)

Intercon
1 UHF radio

VHF radio: 1 Transmitter
2 Receivers

1 HF radio

KY 28

APX T2

Wiring, antennas, and installation

Navigation
ADF

VOR/ILS

Gyrocompeass
yroeomp 253
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Lights ‘
Anti-collisicn
Position
Landing/Hover Light
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APPENDIX C

AERODYNAMIC AND DYNAMIC CRITERIA

Aliowable Blade Twist

The assumed velues of blade twist are shown in Figure C-1, A high value

of twist is generally desirable because of the increased hovering figure of
merit it provides; however, the allowable values of blade twist generslly
decrease with increasing forward speed and advance ratio because of the
adverse effects of twist on blade stresses, rotor-induced vibrations in
torward flight, and in-plane rotor drag. The values for the conventional
rotor configurations are based on previous studies and experience, and the
values for the TRAC rotor configurations are based cn the present full-scale
preliminary design study, with trends sssumed similar to those for the con-
ventional rotor, The reduced rpm cornfigurations have lower allowable blade
twist values than do the full rpm cases, beceuse of the increased advance
ratio for a given forward speed. Although it appears that higher twist
values are allowsd for the TRAC rotor than for the conventional rotor, it
should be noted that the TRAC twist values are the hover or extended values.
In high-speed cruise, the actual twist value is only 60 percernt of values
shown. The twist for the stowed rotor is dependent only on the conversion
speed (assumed 150 knots equivalent air speed in this study), and not on
design cruise speed.

Allowable Blade Loading

Assumed vealues of the dimensionless blade loading parameter, CT/o’ are shown

in Figure C-2, along with a few typical flight test date points and some
enalytical limits as background informwetion. Rotor lift capability decreases

substantially with increasing advance ratio. It is also a function of the
level of propulsive force produced, if any. For the configurations with
wings, a relatively high value (0.12) of the blade loading parsmeter was
assumed for hover and low speeds in order to minimize the rotor blade area

and, therefore, rotor weight. it intermediate advance ratios. the assumed
CT/o values decrease in accordance with well-estabiished trends. At the

highest advance ratios, the trend was extrapolated to a constant but low
level of CT/O despite the fact that there are considerable model test data

and analytical results suggesting that higher values are possible. The
reason for this conservatism is that at high forward speeds, high rotor 1ift
incurs stress and vibration penelties, and in any case the wing is a much
more efficient 1ift producer then the rotor at high speeds.

The rotor 1ift capability for the configurations without wings are also
indicated in Figure C-2 by the circled points. The 1ift capability of the
pure helicopter drops quite rapidly with increasing advance ratio because
of retreating blade stall, the increase of parasite drag with forward speed,
the decrease in assumed blade twist with increasing advance ratio, and the
concern about effect of rotor lift on blade stress and vibration. The

255

e




helicopter with auxiliary propulsion can operate at higher blade loading
levels than the pure helicopter because the rotor propulsive force unloaduiiy
provided alleviates the retreating blade stall problem to a certain extent.

Airframe Parasite Drag

Assumed levels of parasite area as a function of gross weight are shown in
Figure C-3, along with representative curves for existing aircraft and
estimates for achievable values from References 16 - 18 as background
information. It should be noted that this parasite area includes the drag
of the rotor head but not of the rotor blades, and does not include any
wing drag, either profile or induced. The average drag of production
helicopters is far higher than is permissible for truly high performance
rotary-wing aircraft. There have been a few relatively low-drag helicopters,
such as the Sikorsky S~67 "Blackhawk', and the assumed curve for the pure
helicopters (configuration 1) in this study is representative of that

state of the art. OSubstantial improvements beyond *hat level are possible.
as pointed out in the references indicated, and as design cruise speed

is increased, the weight penalty required to achieve still lower drag levels
becomes increasingly balanced by savings in installed power and/or fuel
required. Thus, the helicopter plus auxiliary propulsion and the full-rpm
compound helicopter, (1A and 2) which cruise at somewhat higher speeds than
the pure helicopters, are credited with lower parasite drag curves but
higher weight penslties for drag reduction. The higher speed compound
helicopters (configurations 3, 4 and 5) have still lower psrasite drag
curves because with their high design cruise speeds it pays to make the
aircraft as clean as technology will permit. Note that the TRAC compound
helicopters (4 and 5) are penalized relative to the conventional rotor (3)
because the differential gear unit in the rotor head increases the Irontal
erea of the rotor head somewhat. The cleanest configuration, of course,

is the TRAC stowed rotor (6) which eliminates the penalty of the exposed
rotor system altogether, although there is a residual drag corresponding

to the stowage volume required to enclose the rotor system in cruise flight.

Although the paresite drag levels assumed in this investigation represent

a challenge to tne helicopter industry and the develcoping agencies to
achieve, it is firmly believed that these levels are achievable with proper
attention in the design and development stages of the airerait. These
general levels must be achieved to mske high-speed rotary-wing aircraft of
any kind economically attractive. The assumptions are still quite conser-
vative relative to demonstrated achievements in the fixeé-wing sireraft
field, as typified by the lowest curve on Figure C-3.

Vibration Control Weight

The assumed weight fractions required to contrecl vibration to the required
values (.05 g in cruise) are shown in Figure C-4, Basic rotor-induced
vibration levels increase very repidly with speed at high forward speeds,

as pointed out in References 19 and 2C. At constant 1ift the increase with
advance ratio is much greater than a linear relationship. For this reason,
the assumption was made that the vibration control weight fraction increases
linearly with forward speed despite the reduction in rotor lift with forward
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speed that occurs in the compound helicopter configurations. The slowed
rotor compound configuration was penalized 25 percent relative to the full
rpm configuration to account for the higher advance ratios encountered at
any given forward speed and the fact that the airframe must be "detuned" at
two frequencies rather than just one. The TRAC compound configurations are
assumed to require one-halt of the weight allowance required by the conven-
tional rotors. This is a conservative assumption because wind tunnel test
data on the TRAC dynamically scaled rotor system, Leference 1, showed that
the reduction in diameter reduced vibration levels by a factor of three,
despite the corresponding increase in advance ratio. The stowed TRAC
configuration has nc need for a vibration control weight allowance in cruise
flight, but a residual 0.5 percent of gross weight was assumed to provide
an allowance for vibration control in low speed flight.

Values shown in Figure C-l are based on 4-bladed rotors. Sikorsky experi-

ence has shown that the vibration levels are quite strongly a function of

blaede number, with & reusonable statistical fit pro--ided by an inverse

square relationship. Thus, in the present study, the factor (502 is applied
n

to the Figure C-li data for a number of blades (n) other than four.

Rotor Gust Response Criteris

The high-speed compound helicopter configurations must be designed and
operated to ensure that the rotor flapping motion is stable enough in a gust
environment to prevent rotor blade/airframe contact. Suach contact must be
prevented from happening even once during the life of the aircraft, sc the
gust considered must be a severe one. An unrelieved vertical gust of

50 ft/sec was assumed in the present study.

A series of calculetions were made for hypothetical rotors cf varying Lock
number, utilizing the Sikorsky Generaiized Rotor Performance computer pro-
gram. Blade Lock number, proportiona. to the ratio of aerodynamic flapping
moment to blade flapping inertia, is a primery parameter in determining
flapping response to a gust. The calculations covered a range of tip speeds
and advance ratios representative of the current study. A "delta-three"
angle of 30 degrees, corresponding to & pitch/flap coupling ratio of -0.57T,
was assumed, because of the known benefits of this coupling on flapping
response. In each calculation, the time history of blade flapping moticn
was examined after impcsition of the assumed gust, and the maximum value,
usuelly occurring in the first or second revolution, was recorded. It was
established that down-flapping angles over the nose dvue to a down-gust were
invariably lorger than those over the teil due to an up-gust, so that the
down-gust is more critical, assuming equal clearance angles over nose and
tail. The down--gust is also the critical case with regard to laveral
clearances (wing tips). Resulis of the calculations are presented in
Figure III-5. The adverse effects of high advance ratio and the beneficial
effects of low blade Lock number are evident.

The calculations also established that the maximum flapping angle was, to

a resonable approximation, inversely proportional to the rotor tip speed for
& given advance ratio and blade Lock number. Put another way, the product
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of tip speed and flapping response angle is essentially independent of tip
speed Tor a given advance ratio and Lock number. This relstionship, which
permits a simplification of the problem, is shown in Figure C-6.

The criterion for flapping selected in the present study was 12 degrees.
This is a degree or two less than the clearance angles provided in the point
design aircraft studies, but the margin is believed necessary for the
uncertainties of tlade elastic response (not considered in this analysis)

or of aircraft pitching and rolling response, which could serve to reduce
physical clearances during the transient following the severe gust encoun-
ters. Another condition imposed is that the rotor rpm, and therefore

tip speed, be permitted to drop by 10 percent of the nominal design cruise
value, because in a highly turbulent environment, rotor rpm control might
be particularly difficult.

Buzsed on the assumed flapping criterion (12° mex flapping angle for a

50 ft/sec verticel gust at 90% of design cruise tip speed), the relationship
between Lock number, nominal design cruise tip speed, and maximum forward
speed was derived, as shown in Figure C-T. As can be 3een, high design
cruise speeds require either high tip speeds (with associated very high
advancing tip Mach numbers) or low blade Lock aumbers. In some cases
investigated for the compound helicopter configurations, the cruise tip
speeds desired from a performance stendpcint could not be allowed because
the gust reponse criteria were not met. In ihese cases, the design cruise
tip speed was increased until the criteria were satisfied. (An alternate
procedure, not investigated, would be to increase blade weight to reduce
Lock number.)

One final condition was imposed because of the fact that blade Lock nwaber
changes with altitude. Neglecting any change in gust megnitude with alti-
tude, the gust response problem is more severe at low altitudes (high Lock
number) then at high sltitudes (low Lock number). Requiring the aircraft
to operate at the same true sirspeed at sea level as at the design altitude
imposes a severe minimum tip speed restriction that degrades the cruise
performence at the design point. The two reduced rpm aircraft configura-
ticns (both conventional and TRAC rotor compounds) were affected by this
consideration. Tor this reason, the condition was imposed that the aircraft
must be only capable of operating at a constant equivalent airspeed from
sea level to the design cruise altitude. (This would not impose operating
difficulties for the pilot beceuse this requirement corresponds to a
constant indicated airspeed, i.e., a constant red line limit. It does
however, impose operating envelope restrictions.) Even with the assumption
of a constant equivalent airspeed, it was discovered that sea level opera-
tion determined the minimum allowable tip speed. For the affected aircraft,
performence penalties in cruise were still encountered.

Wing Aerodynamic Design Criteris

Conservative assumptions were made for wing aerodynamic design. The aspect
ratio was optimized for the baseline conventional slowed rotor compound
helicopter design, considering the influence of hover vertical drag and
cruise induced drag on the resulting design. An aspect ratio of 6 was
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flected as optimum, and this value was used for all other configurations.
Although this assumption mey not be completely accurate, it is believed
adequate to get the correct trends in the parametric study conducted. A
taper ratio of 0.7 was selected, and it was assumed that the minimum profile
drag coefficient is .0079, span efficiency factor is 0.8, with & meximum
L/p of 21.8 at an optimum 1ift coefficient of 0.37. In sizing the wing,

the rotor 1lift in cruise was first determined as previously discussed, and
then the wing area selected to provide the remaining required 1lift at a
trimmed 1ift coefficient of 0.52, at which the wing L/p is 18.6.

For the stowed rotor aircraft, a different wing sizing technique vas
required. It was assumed that the conversion speed at ‘which the rotor is
stopped and stowed is 150 knots equivalent airspeed. A 20-percent stall
margin was assumed, i.e., stall speed = 150/1.2 = 125 knots EAS. A trimmed
overall CLmaxOf 2.0 was assumed, which should be achievable with e relatively

simple single-slotted flap. Lift coefficient required at 150 knots EAS is
1.39. The resultant wing loading is 106 1b/ft2 for all of the stowed rotor
designs. Cruise wing lift coefficient is then determined by flight dynamic
pressure.

Block Speeds

Aircraft block speeds are less then c¢ruise speeds because of the time spent
in the mission on the ground or in hover. The mission profile specifies

12 minutes, or 0.2 hour, of such "unproductive" time. Another source of
increased mission time is the reduced forward speeds assumed in climb to or
descent from cruise altitude. The assumptions in this study were that rate
of climb or descent is no greater than 2000 feet per minute; climb speed is
66 percent of design cruise speed; and average descent speed is 90 percent
of cruise speed for cruise altitudes of 10,000 feet or less, or 93.5 percent
of cruise speed for an altitude of 20,000 feet. Altitude cruise missions
were assumed to start and end at sea level. With these assumptions, the
variation of block speed with cruise speed and altitude is shown in

Figure C-8, For the L4000 ft 95° F missions, the entire mission was
assumed to be at a constant gltitude, so that block speed is the same as
that shown for sea level in FigureC-8.
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APPENDIX D

PARAMETRIC WEIGHYS METHODOLOGY

Subsystem weights for pure helicopters and conventional compounds are
estimated from standard 3ikcrsky statistical trends normalized to YUH~-60A
ULTAS hardware, with modifications to account for the effect of advanced
technology for 1980 IOC (Initial Operating Capability). Weight estimates
of rotor components unique to the TRAC concept are derived from anelytical
equations correlated to the 56-foot-diameter preliminary design TRAC
rotor, corrected for prototype structural conservatism and technology
improvements by 1980 IOC. Equipment weights are taken from UTTAS and
include only minor modifications for the difference between compounds znd
pure helicopters and for differences noted in the general specification,
Appendix B.

Subsystems whose weight trends very with the aircraft configuration are
discussed below.

1. MAIN ROTOR GROUP

a) Pure Helicovter and Conventional Rotor Compounds -~ The pure
helicopter and conventional rotor compound helicopters utilize
articulated rotors with titanium~spar blades and elastomeric
hinge/titenium head design. Tnis rotor head concept is employed
on the Sikorsky UTTAS (YUH-604).

The parametric eguation shown uses rotor radius, blade chord,

tip sveed, advance ratio, blade aspect ratio, and a stress con-
servatism factor as parameters. 8ince the basic equation predicts
the weight for an aluminum blade, a technology factor of 0.878 is
used to reflect a 12.2% weight savings achieved on the UPTAS ti-
tanium blade. For the compound rotor the structural design
advance ratio is defined at 150 knots, representative of the
condition of maximum rotor structural loading. A stress conserv-
atism factor (1+MS) of 1.66 was selected for the IRB blades,

based on the CH-53 and UITAS.

Weight for the titanium rotor hub is derived by applring a

weight savings of 14.1% over a conventional steel hub (11.1%

based on UTTAS lesign and 3% for technology improvement by 1980).
Elastomeric hinge weight is based on the UTTAS design except that
the spindle is changed from steel to titanium to yield a weight
saving of 11.3% in total hinge weight over UTTAS and 24.5% saving
cvor a conventional steel hinge. Weight penalties for the artic-
wating hub fairing for drag reduction based on the S~67 Blackhawk,
and for manual blade fold at 4.3% of blade weight, based on UTTAS,
ave added.
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b) TRAC Compound -
(1) Blades

Parametric equations derived from analysis of blade loading
are used to estimate the component weights of a TRAC blade,
accounted in the following groups:

* Outer blade assembly, including spar, pocket, beering
blocks attached to spar, and miscellaneous items such
as paint, tips, and balance weights.

+ Torque tube assembly, including outer torque tube, nut
reaction tube, cuff, and bearing blocks.

» fPension-torsion straps, including tip block and hard-
were.

» Jackscrew assembly, including jackscrew, redundant
strap, Jackscrew spindle, jackscrew tip bearing and
BIM,

» Retraction nut assembly.

The 56-foot TRAC rotor developed in the preliminary design
gsection of this report is used as a base for determining
coefficients to the blade equations after modifications are
made to reflect technology improvements by 1980 TOC. The
preliminary design weights and assumed percentage savings for
1980 are summarized in Table 6.

(i) Outer blade assembly - The outer (lifting) section of the
blade is retained by internal tension straps, and so is in
compression under its own centrifugal force field. The
paremetric weight equation for the outer blade assembly is:

w = Xy ox (1) Cip (—) (100\)( )( ,}x (.0718+0.16p2) + k, x (100) (D-1)
[1-.0007147 (1415) (%0) :l [(%) Lo ‘0216@}30) (%go) J

Where: wb = unit weight of outer blade assy., 1lb

k, = 0.k47 = correlation constant for spar weight
kz = 3.755 = correlation constant for pocket weight
X, = blade root cutout radius ratio (extended blade) = 0.5
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x = 1l-x = (length of outer blade)/R = 0.5
MS = conservatism factor, 0.891
t/c = airfoil thickness to chord ratio

R = blade radius, ft (extended blade)
¢ = outer blade chord, ft
AR = blade aspect ratio, R/,

IR = normal tip speed, fps

u = design advance ratio
Cy, = mean lift coefficient = 2(C /)

m 3 N
CT = rotor thrust coefficient

o = rotor solidity ratio

As for conventional compound rotors, the design structural
advance ratio is defined at 150 knots, representative of the
condition for maximum rotor structural loading. The first
term in the equation accounts fer the weight of a graphite/
honeycomb sandwich spar of high modulus and of constant wall
thickness. A trade-off analysis shows that this spar is
11..9% lighter than an equivalent solid graphite/epoxy spar
such as was used in the preliminary design. The second term
in the equeation accounts for the weight of a structural
pocket, bearing blocks and miscellaneous items. It should
be noted that composites are used to advantage here in
reducing weight because blade coning is not a critical design
consideration, as for conventional articulated blades for
vhich maximum coning angle sometimes dictates minimum blade
weights,

(ii) Torque tube assembly - The sluminum torque tube is a stream-
lined ellipse in cross section, enclosing the jackscrew., It
transmits blade pitch control motion to the outboard blade
and carries bending moments across the sliding joint. The
inner steel torgue tube reacts nut torque during retractions
and provides a degree of structural redundancy. Aluminum
and steel were selected for torque tube materials rather than
titanium because of fabrication complexities associated with
titanium. The parametric equation for estimating the weight
of the torque tube assembly is:




2 2
T (x-x) (1418) €, (%'r\) (%)) ('11%0) (5;—0) (0.136 + .075u2)

s7 (B (AR\° D-2
ous7 (2)° () (p-2)
l + v 't 77 A} 7
)
Where: WT = unit weight of torque tube essy., 1b
kT = correlation constant = 1.897
x, = radius ratio, radius of tip of outer torque tube to
extended blade radius

xo = radius ratio, blade cuff radius to extended blade radius
bT = gemi-minor axis cf torque tube section = 0.346(t/¢) ¢, £t

MS, Clm 9R, R, ¢, p, AR, and t/c sre blade paresmeters as defined
? for the outer blade assembly.

No weight saving over preliminary design estimates is assuned

for the torque tube assembly for 1980 IOC. Torque tube design

is not strongly dependent on outer blade weight because it
carries only its own centrifugal loads.

(iii)Tension-torsion straps -~ The tension-torsion straps carry
the centrifugal loads of the outboard blade. For sizing and
weight estimstion, a 25% rotor overspeed condition is used
with a factor of safety of 1.5, with two straps feiled. The

straps (12 per blade) are fabricated from high strength, steel
alloy (Vascomex 300) with an ultimatc tensile stress allowable

of 280,000 psi. The parametric weight equation is given by

k. W [ar7? 2
= -x1)
" s ® [100] (1-x) (D-3)
8
1 - 0.00452 [_@]2 (1-x2)
100
Where: WS = unit weight (per blade) of tension-torsion straps, 1b
k, = correlation constant = 0.00569
Wb = unit weight of outer blade, lb
fR = normal tip speed, fps
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Where:

x)

(1v)

= blade root cutout radius ratio = 0.5

The diameter of each strep is tapered along its length to
keep the centrifugal working stress constant spanwise.
Weight includes root and tip reinforcements for attachment
to nut and tip block, respectively.

Jackscrew assembly - The jackscrew and redundant strap carry
the entire centrifugel force of the outer blade. The strap
provides structural redundancy for fail-safety and is
designed to carry the entire centraifugal lcad in case of
failure in the jackscrew. High-strength steel (Vascomax 300)
is used. The weight trending equation is given by

k (w +W ) [QB_.]Z o,

Js b s’ [100 (%27 %0) (1 + ) (D-})
- -2 - 2 QR

1 - .00k52 (%52 - x2) [100

W15

ks

(v)

= unit weight of jackscrew assy., 1b

correlation constant = 0.0171
= unit weight of outer blade, 1b
= unit weight of tension-torsion straps

= normal tip speed, fps

= radius ratio, jackscrew tip radius to extended blade
radius = 0,543

= blade attachment face radius ratio = 0.0643
= blade root cutcut radius = 0.5

The jackscrew assembly is also designed for an overspeed
condition at 125% rpm and a factor of safety of 1.5. Weight
includes 1.0 1b (per blade) for 2 BIM system.

Retraction nut assembly - The jackscrew/nut combination uses

multiple nute (6 per blade) with individual straps (2 per
nut) connectec to the tip block of the outer blade. Titanium
with a carbon insert and beryllium copper base is used. The
parametric weight equation is tased on the allowable bearing
stress between the surfaces of the jackscrew and nut threads.
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Where:

Where:

W

(2)

= radius ratio

= radius ratio

W o= 5 P W (D-5)
R (xg - xo)

= unit weight of nut package, 1lb
= correlation constant = 49,32

= pitch of threads, ft

= unit weight of Jackscrew assy., 1b

= rotor radius (extended), ft

0.5k3

0.0643

Diameter change mechanism -

The drive mechanism is a differential geer unit located with-
in the main rotor shaft and hub. It actuates the power screw,
Which, in turn, retrscts or extends the nuts and straps, impar-
ting retraction or extension motion to the outer blade. A
weight summary of the drive mechanism is shown in Table 6.

The weights are taken to be a function of design torque. The
coefficient is determined by indexing to the 1980 IOC

weight estimate (Table 6), and the expenent is taken from
historical data on drive systems.

0.75
Wy, = 168.33 HPpy (D-6)
I,

total weight of drive mechanism, 1b

design horsepower

output rpm of jackscrew = 1.5 main rotor rpm

The design horsepower of the drive mechanism for blade
retraction is that required to overccme the average centri-
fugal force of the outer blade, straps,and nuts av full
rotor rpm for & specified retraction time (30 seconds). It
is given by:
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2
e
() = x) [100}1.

= design horsepowver

[
l.(wb +W) @ +xg) o+ WUk xg)] (D-T7)

= correlation constant = 3.64l
= Dblade root cutout r<dius ratio = 0.50

= radius ratio, cuff outboard end radius to extended blade
radius = 0,090

(9R) = retraction tip speed, fps

(3)

= retraction time, sec.

= Jackscrew dynamic efficiency
= unit weight of outer bladz, 1lb
= unit weight (psr blade) of tension-torsion straps, 1b

= unit weight (per blade) of retraction nut package, 1b

Weight is saved in the diameter-change mechanism if the main
rotor is slowed before blade retraction to perhaps 80% rpm.
Advantage of this is taken for both the slowed TRAC rotor
compouw..d and the stowed TRAC aircraft. Weight of diameter-
change mechanism for stowed TRAC rotor includes corrections
for increased length in the retracticn, extension and
locking shafts.

Hub and hinges -

Weight trending equations based on UTTAS design points are
used to predict hub and hinge weights for a TRAC rotor head,
*rith coefficients modified to reflect the TRAC configurc.ion
and 1980 I0C technology. The TRAC rotor hub preliminary
design consists of upper and lower titanium plates which
enclose the differential gear unit and universal joint. A
weight saving of 4.2% over the preliminary design value is
taken for 198C IOC in conseyuence to the 8.5% blade weight
saving. The weight trending equation is given by:

'.b W, e OR 2 0.75
W. = 16.81 bT ] [“'] (p-8)
hub [L~_166§~ 100 ]

274

Frctmra s ndo KO mdonl o e eI B

-

e AT I TRRT L dk  de

[TIN

o




Where:

Where:

Where:

¥ ub

wa

The trending equation for the unit hinge weight is:

%
s

WBF

wBF

weight of hub, 1lb

number of blades

rotor radius, ft

normal tip speed, fps
flapping hinge offset, ft

unit blade weight, 1bv

Wy g Wg & Wyg o Wy

2 0.875
46.0 L [Eyg ] EﬁiJ
100R

unit hinge weight, lb

hinge length, ft
rotor radius, ft
normal. tip speed, fps

unit blade weight, 1lb

(D-9)

For drag reduction, a weighit penalty for en articulating
hub fairing trended from the S-67 Blackhawk is used for the

reduced and full rotor rpm TRAC compounds.

Fer the stowed

TRAC rotor aircraft, weight penalties for conventional hub

fairing and for in-fligrt power blade r'old are added.

The

latter is based on a preliminary design study and is given

by:

1

0.247 EHR%.

Ly

weight penalty for power blade fold, 1b

extended rotor dirameter

Retraction ratio =

retracted rotor diameter
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2.

Where:

Where:

Wy

unit weight of TRAC blade, 1b

1]

number of blades

The weight penaity for power blade fold is less for TRAC
than for conventional rotors partly because the blade area
and moment arm sve reduced by the diameter reduntion and
partly because the TRAC blades fold fore and aft about the
lag hinge and do not require separate fold hinges.

FLIGHT CONTROLS GROUP

a)

b)

Pure Helicopter

Pure helicopter flight controls weight estimates are
nbtained for redundant mechanical systems from the
relation

. SGW 0.875
1.0 [ ..z___] (D-11)
171600

flight controls weight, 1b

wltimate load factor

structural design gross weight, 1b

The equation includes dual cockpit controls, redundant
controls from cockpit to power operated flight controls,
SAS and FAS, and power boost. The use of composite sta-
tionary and rotating swashplates with fiberglass bell-
eranks saves 7% of total flight controls weight.

Compound

To estimate the flight controls weight for the compound,
the pure helicopter equation is used as sbove, but with

an effective N, SGW to account for the fact that the rotor
is not fully loaded at cruise speed. This is based on the
CH-53 blade loading at a limit load fector of 3.0. The
resulting equation is

0.875
= 1h.04 | 0.663 [EﬁfJ [QR + Wy (D-12)
100 (100

= flight controls weight, 1b
= number of blades
= rotor radius, ft

= blade chord, ft
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R normal tip speed, fps

delte weigat for fixed-wing controls, 1lb

cf

Fixed-wing controls for rudder, elevator, and flaperon are
scaled from the Fairchild A-10. A new coefficient is then
determined for the combined helicopter and fixed-wing con-
trols. The resulting equation is

277 0.875
Wpe = 16.38 [0.663 (%)(J%%” (D-13)

This equation yields a flight controls weight which is approxi-
mately 31% heavier than that of & pure helicopter.

¢) Stowed TRAC

For the stowed TRAC rotor aircraft, an additional weight
increment of 40 1b is added to account for increased size
of stationary and rotating scissors and additional servo
supports.,

DRIVE SYSTEM

Drive system weight is broken down into contributions from
individual geerboxes and shafts, each weight being caleoulated
to take proper account of shaft rpm and transmiited horse-
power, following established trends. Separate equations are
used for main gearbox, intermediate gearbox, tail gearbox, main
rotor shaft and tail rotor shaft. Weight trending varies among
the concepts studies according to each specific drive systenm
configuratiion. For exawple, the full rpm conventional rotor
compound is unique in the family of compounds studied, in that
it has a single propeller for auxiliary propulsion, driven from
e gearbox common to the tail rotor, as in the AH~5hA. For the
slowed rotor compounds, a two-speed main gearbox, scaled {rom
corresponding gearboxes designed for the Sikorsky S-65-200
commercial compound project, was employed on the reduced rpm
compounds. Drive system weights for reduced rpm compounds also
include corrections for wing-mounted take-off gearboxes and
wing cross-shafting. Rotor brakes, incorporated in all conven-
tional rotor but not the TRAC rotor designs {vecause the diam-
eter -change clutches can also serve the rotor brake function),
are estimated frem

e\ / 5 7 0.875
- ovb QR 1)
Weg = 1.49k [(1000) 16‘0‘) :l (D-1k)

where wb is the weight of a single rotor blade, b is the number
of blades, and QR is the normal tip speed.
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4, POWERFLANT

All rubberized engines in this study were scaled from the
Lycoming PLT-27 advanced technology turboshaft engine. Assum-
ing engines for all designs to include air particle separators
and libe system, the engine weight trend can be written

0 (D-15)

( g = 367.k BSF "
per engine, where ESF = engine scale factor. The exponent is
based on current technology engine weight versus shaft horse-
3 power trends, and presumes that each rubberized engine devel-
oped in this study is of PLT-27 technology level, but is not
necessarily of the PLT-27 family. Engine manufacturers pro-
Jected growth-engine weight relations do assume a descent from
& physicel engine, and thus contain exponents often signifi-
cantly higher than that assumed here.

TN P

For real engine analysis, all engine weights data employed wss
provided to Sikorsky by the appropriate eugine manufacturer,
adjusted to include the weight of an inlet particle separator
and integral lubrication if not included in the basic engine
weight.

5. WING GROUP

The North American trending equation was used for wing weight
estimation, givea by

516 0,127

. k, S, 0725 pp 0.436(x y. SGW) Se518 09 00) (D-16)
(200 t} 0+18% (100 cos A,p5) 0+8%6
c
Where: Wy = wing weight, 1b

k, = correlation and technology factor = 0.686
S, = theoretical planform area, ££2
AR = aspect ratio = b2/Sw
b = wing span, ft

t/ec = root thickness to chord ratio

A,25 = sweep at 25% chord, degrees
A = taper ratio = cy/cp
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¢g = chord at tip, Tt

e, = chord at root, ft ?
]

N, = ultimate load factor
&
SGW = structural design gross weight, 1b §
r = wing iift ratio = Ly £
N, SGW :
5
P
L, = ultimate wing lift, 1b 3
For a compound helicopter, lift is shared bevween the main }
rotor and wing. The wing 1lift ratio represents a modifica- %
tion to the fixed-wing equation. The equation coefficient g
is determined by indexing tc the current weight of the K
RSRA wing. A weight saving of 9% is estimated for tech- ‘
nology improvement by 1980 IOC, with the use of composite 9
spars and Kevlar fairings. 3
:
6. BOLY GROUP @
Body group weights for all configurations are estimated from 3
standard Sikorsky body group trends, normalized to YUH-60A UTTAS. 3
A weight saving of 9.4% is estimated for technology improvement )
by 1980 I0OC with limited usage of composites in heavily loaded b
areas (such as primary structure in the transmission bay) and £
with the use of Kevlar fairings and titanium fittings. TFor the 5
stowed TRAC rotor aircraft, weight increments are added for the j
following features: E
a) Rotor stowage compartment doors, trended from %
:
Wpr = 6.0 Re (p-17) 1
Where: R = rotor radius, extended, ft %
i
] = outer blade chord, ft g
Wpgr = weight of doors, 1b
H
b) Enclosure for main rotor shaft. 3
i
c) Supports for stowed blades. j
3
d) Removal of main rotor pylon from eguation weight, estimated !
at 1.0 pound per square foct of wetted area, ?
é
3
{
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T. FIXED EQUIPMENT WEIGHTS

The following equipment weights are adopted from UTTAS with
minor modifications for compound configurations according
to the general specifications of Appendix B.

determined from W
L = de-iced wing span

(3) Air conditioning (53 1b) plus anti-icing

= 1.25b + 33, where

(4) Discussed in Appendix C,

(5) Based cn 1% of weight empty

(2) For cruise flight below 10,000 feet use 392 1b

CONFIGURATION
Full Slowed Full Slowed
Pure Convent. Convent. TRAC TRAC Stowed
ITEM Helo. Comp. Comp. Comp. Comp. TRAC
APU 193 193 193 193 193 193
Instrument? 183 182 183 193 193 193
Hydraulics 1) - - - - - -
IElectrical 306 310 434 310 L3k 310
lAvionics 325 325 325 325 325 325
Furnishings 392 n2u(2)  no Lok L2k Lol
Air Cond. & Anti-Ice 86 (3) (3) (3) (3) (3)
Aux, Gear 59 59 59 59 59 59
Vibration Suppress.(h) - - - - - -
Contingency 0 (s) (5) (5) (5) (5)
tes (1) Based ight trend Wy = 12.75( Do} °*®3
Fo es ased on weight trend Wy = 12. (1555)
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LIST OF SYMBOLS

a airfoil lift curve slope, per radian
b number of blades
,/ b Coa blade stall parametex
o

Cf coefficient of friction
Cy, wing lift coefficient, wing 1lift

r2p V2s
Cpga drag torque coefficient for one blade,

drag torque/wR 2p( QR)%R
Crp Rotor thrust coefficient, 535?§%E§T2
CF centrifugal force
c rotor blade chord
c mean chord, .fg cridr
g rldr

E Young's modulus of elasticity
EAS equivalent airspeed
e flapping hinge offset
£ parasite area, parasite drag/l/ZpV2
G shear modulus
GH gross weight
HP horsepower
Ig torsional mass moment of inertia per unit length
Iyx flapwise area moment of inertia
Iyy edgewise area moment of inertia
I blade mass moment of inertia about flapping hinge
IRP Intermediate Rated Power
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LIST QF SYMBOLS (conTiNuED)

J tersional area moment of inertia
L rotor 1lift

L/D lift-drag ratio

MCP Maximum Continuous Power

Myx flapwise bending moment

M1,0,90 advancing blade tip Mach number

P power

PF rotor propulsive force

PL payload

Q jackscrew torque

R rotor radius (extended radius for TRAC blade)
r distance from center of rotation to spanwise station
S wing area

SL sea level

\ forward speed

Vg, Block speed

Ver design crnise speed

W weight

WE empty weight

w welght per unit length

B blade flapping angle

Y Lock number, J&ETE_Bi

€ wing span efficiency factor

Np propulsive efficiency

T collective pitch at 75% radius
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LIST OF SYMBCLS (coNTINUED)

blade twist

rotor inflow ratio
advance ratio, VAR
air density_
solidity,-#%

rotor angulaxr velocity

natural frequency
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