USAAYLABS TECHNICAL REPORT 68-40

STOPPED-STOWED ROTOR COMPOSITE
RESEARCH AIRCRAFT

January 199

U. S. ARMY AVIATION MATERIEL LABORATORIES
FORT EUSTIS, VIRGINIA

CONTRACT DA 44-177-AMC-372(T)
LOCKHEED-CALIFORNIA COMPANY

A DIVISION OF LOCKHEED AIRCRAFT CORPORATION

BURBANK, CALIFORNIA D C
Pt e | 1§ MAR 25980 BJ
distribution is unlimited. L

- : CIOTNIU &
: S —— ~A/
.. gl E




Disclaimers

The findings in this report are not to be construed as an official Depart-
ment of the Army position unless so designated by other authorized
documents.

When Government drawings, specifications, or other data are used for
any purpose other than in connection with 2 definitely related Govern-
ment procurernent operation, the United States Government thereby
incurs no responsibility nor any obligation whatsoever; and the fact that
the Government may have formulated, furnished, or in any way supplied
the said drawings, specifications, or other data ic rnt o ha »oonrded

by implication or otherwise as in any manner licensing the holder or

any other person or corporation, or conveying any rights or permission,
to manufacture, use, or sell any patented invention that may in any way
be related thereto.

Trade names cited in this report do not constitute an official endorsement
or approval of the use of such commercial hardware or software.

Disposition Instructions

Destroy this report when no longer needed. Do not return it to the
originator.

(MOCESSIOR for
imu WHITE ST
Yung Wk SERRE

" 1onouncED

0o T
L kAR TN/ avk
BT, 1 AYML. ad/erd




NTIS DISCLAIMER

% This document has been reproduced from the very best copy that
was furnished by the Source Agency. Although NTIS realizes that
parts of this document may be illegible, it is being released in
order to make available as much information as possible.



DEFARTMENT OF THE ARMY

U8 ARMY AVIATION MATRRIEL LASORATOMES
PORT SUSTIE. VIRGINIA 20004

This report 15 & summary of tha prelimimary design study of a Stopped-
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SUMMARY

This summry r-port describes the preliminary design of the Army VTOL
Rotary Wing Composite Research Aircreft (CRA). The vehicle is configured
to meet the requirements, and satisfy the objectives,of this program.

This CRA design was the result of combining the most desirable features of
& helicopter with those of a fixed-vwing alrcraft. The vehicle derived was
capable of hovering as a helicopter with low rotor downwesh velocity and
yet cruise at high speed with economy and little noise or vibration. Use
of the rigid-rotor system supplied positive control moments, iu-flight
rotor stop/start capability, and a simple blade-folding/stowing mechanism.

The CRA can fly up to the conversion speed in the helicopter mode <iranafer
1ift and control o the conventional fixed-wing surfaces, siop the rotor,
fold the blades and retract the rotor and blades into the top of the
fuseiage. This process is reversible to convert frou the fixed-wing con-
figuration to the heliconter.

The results of this study indicate that the CRA is feasible and additionsal
study and development should be undertaken.
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FOREWORD

The Compcsite Research Aircraft Review draft report was submitted

June 1, 1966 to the U. S. Army Aviation Materiel Imboratories in response
to the Statement of Work for Contract DA 4L-177-AMC-372(T). This report
consisted of three volumes: I, Technical; IT, Management; and III, Cost.
The technical volume was composed of Parts A through P (Data Item 15-004-R),
tound in separate books.

Selected portions of these books have been combined and are reproiuced
herein to provide & summary and condensation of all technical information
in a single document.
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INTRODUCTION

It bas long been recognized that the relatively low disc loading of the
helicopter has the most efficient hover capabllities of the VTOL (Verticel
Tekeoff and landiag) type aircraft. It is also recognized that the simple
fixed-wing aircraft has the most efficient 1lift producing system in the
300- to -400~kno* speed range, The cbjective is to combine these charac~
teristics into cne research aircraft which will provide a VTOL aircruft
with significantly increased productivity, increased range, reduced fuel
logistics, and low noise level.

The need for a vehicle of this type has been recognized for many years.

In 1950, the Air Force conducted a design competition to evaluate three
types of high-speed VTOL aircraft: the XV-1, XV-2, and XV-3. Hovever, the
forward speed was limited to only 200 miles per hour. The XV-1l, designed
and tested by McDonnell Aircraft Corporation, was a compound aireraft with
a gross weight of epproximately SO00 pounds, and the rotor wms driven by a
pressure jet system and the vehicle was propelled forward by a pusher pro-
peller. The XV-2 program was limited to a study and wind tunnel test of a
stopped-rotor configuration and was conducted by Sikorsky Aircraft Corpora-
tion. The XV-3 consisted of a tilt rotor configuration with & gross weight
of 5000 pounds, and was tested by Bell Helicopter Corporation.

It is generally agreed that the resulte of this program establiched the
technical feasibility of the concepts that were flight tected; that 1s, the
XV-1 campound and the XV-3 tilt rotor. The stopped-rotor concept, however,
was not carried through a flight test program and therefore has not hed the
opportunity of a demonstrated acceptance.

Recent development of the rigid-rotor system, which eliminates the need for
conventional flapping and lead-lag hinges, offers an opportunity for
developing & successful stopped-and stowed-rotor concept. Such programs
as the XH-51A helicopter and the testing on a modified compound XH-S1A,
vhich led to the award of the Advanced Aerial Fire Support System (AAFSS),
form the basis for the design, as presented in this report, of a stopped-
rotor system.

Recently, technical feasibility of the stopped-rotor concept was positively
confirmed with the successful campletion of a wind tunnel test program
using & full-scale 33-foot-dlameter rotor in the MASA-Ames L0 X 80-foot
wind tunnel, reference BuWeps Contract, HOw 66-02B6-f. FRotor start und
stop testing, with blade folding and extending, was performed in the tummel
tests. Start/stop tests were made at wind tunnel speeds and rotor angles
of attack of 80 knots from O to 12 degrees, 100 knots from O to 6 degrees,
120 knots from O to 2 degrees, and 140 knots at O degrees. A total of 55
start/stops were successfully completed. In conjunction with the start/
stop tests, blade folding and extending tests were conducted at speeds up
to 140 kmots.



Barly testing on this full-size rotor showed that the control system must
be stiff during the rotor start and stop phase. Tests with this original
model produced blede-bending moments that resulted in blade permanent set.
Bubsequent to these tests, however, the control system was relesigned and
the control actuators were located closely coupled with the swash plate
enabling the wind tunnel program to be successfully completed.

Results of these tests can be used to substantiate the analysis and design
of the stowed-r-otor concept. This wind tunnel test vehicle was designed

to transition at a forward speed of 120 knots with a margin over transi-
tion to 140 knots.

Mha nualiminawmr 3

A0S PreLdminaly design of .he Canposite Research Alrcraft (CR:A.) incor-
porates design features of this test rotor. Control actuators are close
coupled with the swashplate. A eluple fold mechanism developed on the

test rotor has also been employed. These tested mechanical design features,
coupled with the succeesful completion of the wind tunnel tests, provide a
high degree of confidence that the stowed-rotor concept will be success-
fully developed.

The following sections of this report summarize the application of the
stopped rotor into a composite aircraft configuration.



PART 1
DESTGN CONCEPT

SECTION 1
COMPOSITE AIRCRAFT CONCEPT

For many years, attention has been directed toward a composite aircraft
which would exhibit the VTOL capability of the helicopter and the high
forward speed capability and cruise efficiency of the fixed-wing aircraft.
A number of military missions exist where vertical takeoff requiring low
rotor disc loading in conjunction with maximum forward speed and/or cruise
efficiency greater than that of existing helicopters would greatly enhance
overall mission effectiveness. Prime exanples are logisties, ground troop
transport, surveillance, target acquisition, and ASW missions.

During the past 20 years, the helicopter has performed those missions which
require VIOL capability. However, helicopter operation in these missions
has been inefficient, particularly with regard to high operating costs and
low forward speeds. Application of the shaft turbine tc¢ the helicopter
and improvements in mechanical design have contributed greatly to reducing
direct operating costs; and while forward speed capasbility has improved,
significant increases are not in evidence in operational helicopters.

The fundamental characteristics of the helicopter speed constraints have
been identified and understood for meny years. These constraints are pri-
marily associated with compressivility effects on the advancirg rotor blade
and stall effects on the retreating rotor blade. Whils both phenomensa
increase power required by the main rotor, it is their profound effect on
aircraft vibration and rotor stress levels that represents the practical
forward speed constraint.

In view of the forward speed requirements of a composite aircraft, i.e., in
ex2ess of 300 knots, it is apparent that a successful composite concept
must be one in which the forward speed constraints of thecouvantional rotor
nre completely removed. While there are a number of configurations which
acccmplish the combination of VI'COL and high-speed capability, there are a
limited rumber of concepts which exhibit VICL capabilities in conjunction
with Ltow disc loading, i.e., less than 10. The low disc loading require-
ment, which evolves from the need for operational capatility fromunprepared
sites and with low noise signature, clearly indicates the use of s conven-
tional shaft-driven roter in the VTOL mode.

The requirement for maximum forward speed and/or cruise efficiency com-
parable to that of the conventional fixed-wing airplane implies overall
configuretion lift-to-drag ratios of 10 or greater; thus, in the high-
speed flight mode, the composite aircreft must closely resemble convern-
tional fixed-wing airplanes.



The most successful direct means of relieving, but not eliminating, the
helicopter rotor speed constraints are represented by the compound heli-
copter. In this configuration a fixed wing is inscalled to provide lift
at high forward speed, and a separate forward propulsion device is provi-
ded. While this relief of the rotor speed constraints allows the compound
helicopter to fly at speeds much in excess of tke conventional helicopter,
such unloaded rotors still exhibit a fundamental limit:tion on forward
flight speed.

Thus, the stowed rotor concept evolves as a means of removing the forward
flight limitations of the unloaded compound ro-or. Stopping and starting
a conventional rotor in forward flight has been demonstrated successfully
by many investigators. Recently, Lockheed has conducted extensive wind
tunnel tests to establish optimum starting and stopping procedures for the
rigid-rotor system, and the aercelastic design criteria imposed by such
optimum procedures. Folding a stopped rotor inm flight requires automatic
folding provisions identical to those required for folding helicopter
rotors aboard Navy alrcraft carriers. Finally, stowing the fclded rotor
requires s mechanical linkage similar to that used for retracting a con-
ventional aircraft landing gear. Feasibility of the entire stopping,
folding, starting cycle with the rigid rotor has been recently verified in
the Ames 40- x BO-foot Wind Tunnel at forward speeds of 80, 120,and 140
knots. The mechanical design evolved for folding and stowing coupled with
the success of the wind tunnel tests provides a high confidenze level in
the successful completion of this CRA concept. :

The stowed-rotor configuration retains the excellent hovering capability of
the helicopter; and, by relieving the rotor of any forward speed lift or
propulsion assignment, the configuration exhibita goocd high-speed charec-
teristics. Forward speed potential for this concept is comparable to
fixed-wing aircraft and simply depends upon the nature of the forward
propulsion means, i.e., propellers or turbcfans.

This concept not only offers an crportunity for removing the forward flight
limitations, but i¢ retains the capability for flying in the compound mode
above the transition speeds for stowing. Thus, in a mission application
requiring a high dash speed, it is possible to fly the stowed rotor concept
up to forwerd speeds in excess of 200 knots without requiring any form of
conversion. This nonconversion characteristic is possible by using a
combination of separate 1ift and propulsion devices that facilitate a

_high-speed -flight similar to a compound configuration while still providing
ths stowing feature required for higher speed operation in the airplane
node, ’

Any meaningful concept selection must be based on evaluations which con-
sider the basic objectives and final utilization of a composite aircraft.
These bagic objectives are to obtain, in a single vehicle, the transport
productivity, range capability, and high-speed potential of the fixed-wing
aireéraft and the low-speed capability (hover endurance) of the helicopter.
Purther, these composite aircraft performance characteristics are to be



available in special environments where low noise levels must be maintained
and where operation from unprepared sites is mandatory. Finelly, the
intended operating environment intreduces fuel logistics as a significant
consideration. e

Thus, concept selection must be based on the basic premise that many mis-
sion profiles will evolve for the composite vehicle, each with variled
requirements for: ‘

e High transport productivity
@ High-speed capability
& VTOL performance (hovering endurance)

As such, the optirum composite aircraft concept must be one which is free
from fundamentel constraints on these three basic performance requirements.
The stowed rotor concept is free from such constraints and displays the
versatility required to yield productive configuration solutions to mission
profiles which emphasize, to varying degrees, the three basic performance
requirements.

When considering the transport productivity of various vehicles, it is
common practice to compare the product of payload and cruise velocity
divided by empty weight. Such a comparison may be meaningful if the
vehicles being compared are very similar in configuration. While the
assumption is generally accepted thot payload times velocity is a measure
of effectiveness, empty weight is only a measure of "flyaway cost” when
configurations are essentially identical. The true measure of transport
preductivity must reflect all operating costs attendant to transporting a
pound of payload at a given cruise velocity.

In the case of the stopped-folded-stowed rotor concept, it is clear that
direct operating costs associated with the main and tail rotors and their
control systems will not be comparable to conventionel rotary-wing compo-
nents, since they are utilized for a fraction of the total mission time.
Further, the weight fractions (i.e., portion of empty weight) of these
components are substantially reduced, since they are not required to
cperate at forward speeds or thrust levels required in conventional rotary-
wing flight. While configurations which utilize rotary-wing compcnents in
both the VIOL and forward-flight modes exhibit lower total propulsion
system weight fractions, they do exhibit direct operating costs similar to
those of the helicopter.

Consideration of the high forward speed performance objectives of the com-
posite aireraft, with respect to concept selection, is largely a matter of
propulsive systems. Those composite aircraft concepts which utilize com-

mon VIOL lifting and forward-flight propulsive means (for acceptable disc

logdings) have fundamental forward-speed limitations, while those concepts
which separate these functions are limited only by the forward propulsion

means selected.



Finelly, VTOL performance and low noise level requirements for the composite
aircraft can be considered as directly dependent on rotor disc loading; low
disc loadings produce efficient hover performance and low noise levels (for
shaft-driven rotors). The stowed-rotor concept has no low disc-loading
constreint.

Thus, the stopped-stowed rigid-rotor concept utilized in the design of the
CRA is a concept which has no basic aerodynamic constraints. This pro-
vides the capability to optimize contiguration development for missions
which involve, to varying degrees, requirements for high transport produc-
tivity, high=-speed capability, and high VTOL performsmnce.



SECTION 2
VEHICLE DESCRIPTION

COMPONENT DESIGN PHILOSOPHY

The design philusophy employed during the preliminary studies of the com-
posite aircraft is divided into two approaches: (1) to design s light~
weight vehicle optimized in accordance with the requirements of the
Contract DALL-177-AMC-372(T), and (2) to design a research vehicle theat
utilizes off-the-shelf equipment, where n»o:ssible.

The optimum vehicle design is used to determine the design gross weight
that may be expected in an operationel configuration. The research vehicle
design uses off-the-shelf equirment tc minimize cost and development risk.

With this approach, both the design gross weight and the empty weight are
the same for both the optimum vehicle and the research vehicle. Differ-
ences between tine component weights of the optimum design and the off-the-
shelf equipment are compensated for by adjusting fixed equipment weight in
the research vehicle. For example, the required fixed eguipment weight in
the optimum design provides for 900 pounds of avionics equipment, whereas
the research vehicle avionics should not exceed 350 pounds. The total
weight differences between the optimum components and the off-the-shelf
components is estimated to be 361 pounds.

The CRA research aircraft is designed to include the fcllowing off-the-
shelf componernts:

® C-140 nose gear

& P-3A fuel system

® F-104 brake system

® XC-142 propeller gearbox

® XC-142 propeller hub

@® Available hydraulic components

® Available electric components

® AH-56A T64-GE-16 engines
The rotor assembly employs @ unique stowing requirement and, therefore,
does not provide for the use of off-the-shelf equipment. All components
relating to the main rotor, transmission assemblies, drive system, and
flight control system are optimized for both the research and the optimum

vehicle., Therefore, de lopment of this dyraimic system on the research
aircraft will be appliceole to future operational vehirles.

7



Since the design of the composite aircraft incorporates criteria of both
the helicopter and the fixed-wing airplane, criteria compromises are pos-
sible. For example, the rotor is not designed for conventicnal helicopter
forward-speed flight conditions, since unloading of the rotor occurs,
starting at speeds below 100 knots. Also, the propeller, wing, and landing
gear are not designed for sirplane type takeoff and landing conditions,
thereby providing means for designing lightweight components. Many other
criterion compromises are possibie which result in a vehicle weight that is
less than the weight of combining the conventional helicopter components
with the conventional sirplane components in accordance with normal design
practices.

GENERAI DESCRIPTION

The genersal arrangement of the CRA vehicle is presented in Figure 1; the
inboard profile is presented in Figure 2. This vehicle has a gross weight
of 24,500 pounds and a maximum speed of 358 knots at sea level, hovers at
6800 feet on a 95°F day, and includes features msking it suitable for a
variety of tasks.

Primary power is derived from two T64-GE-16 engines, one mounted in a
nacelle under each wing. The engine power is transmitted through a gear-
box to 10-foot-diameter 4-bladed propellers for forward thrust. Engine
pover is also transmitted through gearboxes and shafting to the main
transmission to power the main rotor and the antitorque tail rotor.

A major feature of the vehicle is the 60-foot-diameter, 3-bladed main
rotor. This rotor is capable of being stopped, folded, and stowed in the
top of the fuselage, thus allowing high-speed airplane mode operations.
The stopping and folding operation is initiated at approximately 140 knots
by declutching and braking the rotor to a stopped position with one blade
trailing aft. The other two blades are then mechanically folded to a con-
tiguous aft trailing position. The entire rotor hub and mast assembly is
then lowered into the fuselage compartment. Doors, one at each side of the
transmission, and articulated by the transmission stowage mechanism, cover
the hub and forward part of the rotor blades in the stowed attitude.

The empennage and tail rotor are conventional components, if individually
considered. The tail rotor is similar to the AH-564 tail rotor and is
conventionally powered by shafting and #~arboxes. It provides the anti-
torque coutrol for helicopter cperatinas. The same control system used for
control of the tail rotor is conrecied to the rudder, which is atteched to
the vertical fin in a normal airplane manner. The horizontal stabilizer
and elevator are conventional and similar to other airplane installations.

The wing 1s sized to achieve a lift-to-drag (L/D) ratio of 10, as required
by the contract. As such, it has a 50-foot span with a 279-square-foot
area. The wing is positioned for optimum center of gravity location in
&ll rotor phases (rotating, stopped, folded, and stowed) and for reasonable

w
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" loading regimes in the cabin. An integral fuel tank 1s included in the
wing main structural box outside the fuselage. Slotted flaps and conven-
tionsl ailerons are installed on the trailing edge of the wing. The rlaps
can be deflected to minimize the rotor downwash effects during VIOL
operations.

_The fuselage is a typical high-wing unpressurized structure as shown in
Figure 2. The forebody contains the flight station with accommodation for
a pilot and a copilot. Crew visibility is good with the maximm smount of
transparent area provided. The forebody includes the nosewheel well and
space for the APU and electronic equipment. Immediately aft of the flight
station is a cargo compartment with approximetely 500 cubic feet of capacity
and with flooring capable of 175 pounds per square foot loading. Both the
floor and the supporting structure are designed to accept the later incor-
peration of tiedown fittings if desired. There is available volume in the
cargo compartment of 670 cubic feet.

The main rotor transmissicn, the wing ¢

shafting, the hydraulic service center, an the rotor-stowing mechanism
and compartment are contained in the fuselage midbody over the cargo
compartment .

]
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The portion of the aftbody including the vertical and horizontal stabilizers

is designed as an integrally fabricated structure and supports the tail
rotor drive mechanism.

A tricycle landing gear is provided with a forward-retracting, swivelling
nose wheel and two main wheels which retract inwardly into the belly of the

fuselage. Main wheel brakes are utilized for ground steering during taxi-
ing and conventional airplene takeoffs and landings.

VEHICLE CHARACTERISTICS

A summary of the aircraft characteristics for the CRA ispresented inTable I.

TABLE I. GENERAL CHARACTERISTICS
MAIN ROTOR
Type Rigid
Number of Blades 3
Rotor Diameter 60 Tt
Disc Area 2830 aq ft




TABLE I - Continued

TAIL

Blade Chord
Blade Airfoll Section
Root (R.S. 72)
Tip
Blade Twist
Blade Sweep (from R.S. 25)
Coning Angle

Solidity

Angle of Incidence of Rotor Plane

to Fuselage Reference Line

Feathering Axis

Feathering Bearings (Blade Station)

Inboard

Outboard
Fold Joint (Blade Station)
Rotor Polar Moment of Inertia
Collective Pitch Range
Cycle Pitch Range
ROTOR
Type
Number of Elades
Rotor Diameter
Disc Area

Blade Chord

32 in.

NASA 63A021
NASA 63A010

0 deg

1.5 deg forard
3.8 deg

0.085

=3 deg

30% chord

13.3 in.

25.3 in.

11.25 in.
13,000 slug—fte
0 to 15 deg

+8 deg

Teeter

L

13.5 ft
143 aq £t

16 in.




TABLE I - Continued

WING

Blade Airfoil Section
Root at 17% R
Tip
Blade Twist
Blade Sweep
Coning Angle
Solidity
Feathering Axis
Rotor Polar [oment of Inertia
Collective Pitch Range
Teeter Angle Range
Location of Hub Centerline
Fuselage Sta.
Butt Line

Water Line

Area

Span

Chord
Root
Tip
MAC

L.E. of MAC

Tsper Ratio

NASA 63A022.3
NASA 634012

0 deg

O deg

0 deg

0.251

37% chord
83.6 slug-ft2
-10 to +26 deg

+6 deg

580
96 L
202

279 sq ft

50 ft

107 in.

27 in,

7% in,

Fus. Sta. 248.2

0.25

13




TAELE I - Continued

Sweep of 1/4 Chord
Dihedral
Twist
Angle of Incidence at Root
Angle or Incidence at Tip
Airfoil Section
Root
Tip
~ HORIZONTAL TAIL
Area
Spen
Chord
Root
Tip
MAC
L.E. of MAC
Taper Ratio
Atrfoll Section
Root
Tip
Dihedral
Incidence

Distance from

w\c“/h to mca/h

=0° 30 min
0 deg

-3 1/2 deg
+1/2 deg

=3 deg

NASA 64AS18

NASA 64AT12

58 sq ft

180 in.

55 1in.

- 37 in.

46.59 1in.
Fus. Sta. 662

0.67

NASA 642018
NASA 64A012
0 deg
0 deg

407 in.
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TABLE I - Continued

Elevator
Ares
Mean Chord, Ce
Hinge Line Location
Deflection Range
Up
Down
VERTICAL TAIL
Area (Total to Top of Fus.)
Span
Choxd

Root

L.E. of MAC
Taper Ratio
Airfoil Section
Root
Tip
Offset

Distance from

MACw/h ta .MACv/h

32.3% chord
16 sq £t
14.21 in.

75% chord

20 deg

30 deg

6h 3q £t

10 ft 9 in.

107 in.

36 in.

77.% in.

Fus. Sta. 642.1

0031}

NASA 648018
NASA ALAO12
O deg

394.6 *n.
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TARLE I - Contimed

Rudder 29.6% chord
Arei 17 8q £t
Mean Chord, Cr 23.59 in.
Hinge Line Location 75% chord

Deflection Range

Left 15 deg
Right 15 deg
AILERORS 32.3% chord
Ares (Per Side) 6.25 aq £t
Mean Chord, ca 10.3 in.
Span 7 ft 6 in.

Spanwise Location

Inboard w.3. B.L. 210
Cutboard W.5. B.L. 300
Hinge Line Location 75% chord

Deflection Renge

Up 11 deg
Down 11 deg
FLaps .
Type _ Slotted
Area 21.2 sq ft
Chord 19.06 in.
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TARLE 1 - Contimued

Spanwise Location
Inboard
Outhoard

Deflection

Span

FUSELAGE

Length

Nose

Maximum Width

LANDING GEAR

Axle Location, Static

ire Size

Moment of Inertia of
Rotating Assem,

Strut Strcke

Strut, Extension under
Static Load

Spring Pate of Tire
Tirection of Fetraction

Angle of F.R.L. to Ground,
Static

Main

275
60

32

28 x 9 Type VII

44 .6 paf

10 in.

2 in.
820C 1b/in.
Inboard

0 deg

W.3. B.L. 43.75
wW.S. B.L. 210
15 gdeg

166 in.

689 in.
Fus. Sta. 23

82.5 in.

Nose

115.5
2.3
29.8

18 x 4,4 Type VII

4.2 pst

12 in.

2 in.
5600 1b/in.

Forvard
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TABLE I - Continued

POWER PLANT
Engine Designation T64-GE-16
Number of Engines 2
Maximum Hor sepower 3435
Loqation, W.S. 108
PROPELLERS
Number 2
Diameter 10 ft
Disc Area 78.5 £t°

Location of Hub

F.s. 195.5
W.S. 108
W.L. 100
Activity Factor 120
Clearance, Blade Tip to Fuselage T in,
Poler Moment of Inertia 660 1b-£t°
20.5 slug-ft
Number cf Blades 4
' MAINTAINABILITY PROGRAM

The systems and components of this aircraft have been designed with a high
degres of maintainability as ome of the prime objectives. Use of parts

and coumponents with a service history of reliable operation, plus qualified
equipment currently being used on other aircraft such as the P-3B or F-104%,
insurec high initial relisbility; this simplifies the overall maintenance
of the vehicle. Since this is a resesrch aircraft, the accent has been
‘Placec on developing the stowed rotor comcept. During the follow-oOn phase,
every offort will be made to further develop the areas needed to improve
aaintainubility, with special emphasis on the newly developed systems and
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Figure 2. Inboard Profile.
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dynamic components; for example, improvements in the Inspectability and ease
of installation of the main rotor blades. Methods will be developed through
redesign, as needed, to provide for simple cross-shaft clutch installation
and removal procedures. Studies and trade-offs will be carried out todeter-
mine if the tail drive shaft installation can be further simplified. Gear-
box designs will be further improved to el:minate the use of dry lubed’
splines and gear journals as bearing inne: races.

Access and Inspection

Accessibility has been stressed throughout the aireraft design. The
service center concept has been utilized, grouping like components or those
with similar maintenance requirements, to minimize lost time by reducing
the number of access doors to be opened during maintenance and by elimina-~
ting tae need to move from place to place while troubleshooting. Hinged
leading edges, hinged spanwise panels in the lower wing trailing edge sur-
face, and tank cover pa2acliz provide generous access to controls, fuel
system, und drive shei'ting in the wings. Hinged side ccwls and quickly
removahle pzusls provide full access to the engines and pylon structure.
Main rctor heed and bilsde stowage compartment dcors provide access to main
and tail rotor drive cystem components. All cormponents are arranged so
that they can be serviced and maintained while installed and so that they
are accessible for replacement.

Servicigg

The fuel tanks may be servicad through gravity fillers on the wing upper
surface. Engine oil level can be checked by an exposed sight gage on each
tank located in the engine support pylons. Filler access is through quick
fastening doors on the pylons. Hydraulic oil level can be checked by observ-
ing level indicators on the hydraulic power package units. Main gearbox,
intermediate gearbox, and tail rotor gearbox oil levels are checked by
observing their respective sight gages. FEngine, hydraulic, and gearbox oil
can be replenished directly from l-quart csus.

uel System

E

Remmovable covers on the underside of each wing provide access tc the
interior for maintenarce. A dual-element boost/scavenge pump in each surge
box supplies fuel to its respective engine, crossfeed system, and surge
box. Access cover plates are located in the wing upper surface directly
over the pumps, The pumps can be replaced without draining the tanks. The
emergency shutoff, tank shutoff, and cross-feed shutoff valves are access-
ible by opening the hinged wing leading edges; valve bodies are replaced
without defueling. Tank drain valves in the low point of each tank allow
drainage of water or residual fuel. Valve design permits primary seaus to
be replaced without defueling. Boost/scavenge pumps and cross-feed and
tank shut-off valves are interchangeable within the system.
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Wing

Access panels are provided at all inspection, maintenance, replacement, and
attachment points. The wing leading edge from the fuselage to the nacelle
pylon is hinged downwaerd, exposing the cross-shaft, cross-shaft gearbox,
fuel system shutoff and cross-feed valves, and front beam. The rear beam
and flap and alleron controls are completely exposed by opening hinged
access doors located in the lower skin surface aft of the rear beam.

Power Plant

The power plant installation consists of two nacelle-mounted T6U4 turboprop
engines driving propellers. Each propeller reduction gearbox provides a
power takeoff for driving the main rotor gearbox through use of cress-
shafting routed through the pylon and wing leading edges. Use of standard
hardware and proven components has been maximized. The power plants are
configured for interchangeability to either position. To reduce engine
replacement time, all fluid lines are equipped with self-sealing quick dis-
connects. All cable-actua*ed controls terminate at quadrants at the
9.E.C. disconnect points, permitting push-pull rod actuation of the engine
components. Thls avoids the disconnection of control cables with a
resultant disruption of system rigging at the time of engine change. Rig-
ging pinholes zre provided to permit the control system to be locked in a
neutral positiom, thareby permitting quick system checkout and adjustment.

Main Rotor and Transmissions

Stainless steel construnticn and leading-edge abrasion strips provide for
minimum main rotor blade ma.ntenance,

The rigid main rotor, by virtue of .ts design and construction, insures a
ririmum of asscmbly/disassembly prohlems and asscociated maintenance and
inspection tasks. BRlade radial thrust lcads are carried by lamiflex bear-
ings having no maintenance or lubrication requirements. Accessible and
adequate grease points are provided for blade feathering bearings.

The blade fold and locking mechanism is comparat}vely simple, utilizing a
ninimim of units. ©One hydraulic rotary actuator and drum using a multiple
cable agsembly simultaneously rotates the bledes to a trailing position.
Teflon bearing surfaces are provided on the hiubt to minimize friction during
blade folding cperations.

The main transmission lubrication system provides filters furnished with
throw-away elements and pop-out-type filter bypess indicators. low-pressure
screens are installed in the inlets to the pressure pumps to prevent damage
or fallure resulting from tank couteminant ingestion, Each discharge jet is
provided with a screen capable of filtering out contaminants of a size suf-
fici'snt to clog the orifice. & [llter in the scavenge line from the dual
claten assembly prevents clutch disc throw-off from contaminating the rest
of the systems. The oil tank filler and sight gage locations provide for
ease of servicing. ’ g
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Shafting and Aft Gearboxes

Steel tail-rotor drive-shafting, joined by dry hyperbolic steel couplings
vhich have no maintenance or lubrication requirements, connects the gear-
boxes. Shaft-support bearings and ball splines have been provided with
grease fittings for ease of lubrication. Intermediate and tiil gearboxes
have been provided with an accessible filter and chip detector. Tip £eals
run on wear rings protecting the gear shafts. Eoth lip seals and gear
shaft plug seals are replaceable without box removal or disassembly. The
lube pumps are standard "off-the-shelf” items, replaceable as a package
when necessary.

Tail Rotor 3
Greace fittings have been provided for lubrication or hub trunnionandblade
cuff bearings. Pitch change links have Te¢ilon-lined rod-end tearings
requiring no lubrication or meintenance. The titanium skin on the tail
rotor blades i3 protected from abrasion by nickel cladding the outer half
(span-wise) of the leading edge. The replaceable tip caps are protected
from abrasion in the same manner.

Fuselgse

The simple skin, stringer, and frame construction is meintsined and repaired
by standard skills and methods. Numerous access dnors and openings are
provided to service, inspect, and maintain the structure and installed
components. '

Quick-fastening exterior doors provide access to controls and electronic
equipment located beneath the cockpit floor.

Main rotor hut and blade stowage compartment doors providé access to the
main and tail rotor drives and control system.

Access to the tail cone is provided for inspection of controls, drive shaft-
ing, structure, and empennage. A walkway has been provided in the aft
fuselage secticn to prevent structural demege by maintenance personnel.

Console and Instrument Panel

Instruments are face-mounted, allowing removal witnout the need to work
behind the panel. MS-type quick disconnects are used for electrical con-
nections. Tre iastrument panel is hinged at the bottom and can be tilted
aft, providing unrestricted access to the area behind the panel. Radio
control panels located in the console are gquickly removed through the use
of cam locks and quick-disconnect type electrical connections. Removable
panels provide access to the propeller quadrant, power quadrant, and
cables.
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Electrical System

The &lectrical system uses standard component.s arranged for maximum
accessibility. The primary source of power is supplied by one 20-kva ac
brushless generator mounted on the No. 2 engine propeller gearbox. Quick
attach/detach mounting provides for rapid change using only standard hand
tools. A further malntenance man-hour saving is realized by the elimina-
tion of periodic brush inspection and replacement requirements.

One 200-ampere transformer rectifier provides 28 vdc. The use of solid-
state circuitry in these units provides a raximum of reliability.

Emergency ac and dc power is provided by a three-phase, 115 vac, 250-volt-
ampere inverter and a 22 amp-hour nickel-cadmium battery. Battery and
inverter are accessible through a hinged door on the nose of the fuselage.

Hydraulic Power

Hyfiraulic power is supplied to the helicopter flisht control and aircraft
utility systems by two completely self-contained power packages. This con-
cept groups all system and mairntenance items into ome unit, (i.e., reser-
voir, sight gege, filters, clogged filter indicator:, system bleeder, etc.).
The thrcw-away filters are readily accessible and are sized to prevent their
inadvertent interuhange. A quick attach/detach clamp provides for easy
removal and installstion of the corplete packege. Propeller pitch control
power is supplied by both hydraulic systems. The hydraulic engine starters
receive power from a ground unit through self-sealirg quick disconnects and
the utility system.

The control system is an integrated helicopter/fixed-wing srrangement ' .t
is both mechanically and hydraulically actuated. The cable-actuated f.r-
tion employs a maximum of straight runs to minimize the maintenence and
inspection potential. Readily accessible clip-lrcked turnbuckles are used
on all cables, reducing time required for safetying. That portion of the
syrtem, used in both helicopter and fixed-wing modes, employs push-pull
tubes and cranks, providing a minimum of inspection and maintenance. To
prevent the inadvertent crossing of controls, adjacenl identical connectors
have been reversed. Accessible rigging pinholes have been provided fc.
lockin_ the control system in a neutrsl position, thus permitting quick
system chec xout, adjustment, and/or component replacement.

Landigg Gear

The landing gear is a2 tricycle type designed to meet the requirements of
prevared field end minimum maintenance.

The main landing gear is a single-wheel-per-side configuration, swinging
inboard on retraction to lie flat urder the floor structure, in the bottom
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of the fuselage. The complete main gear installation is interchangeable

and may be installed on either side. A standard eir-oil shock strut with
a readily accessible servicing point is used. For wheel or trzke change,
a Jack pad is provided on the base of the shock strut in mddition to the

towing/tiedown provisions.

A dual-wheel nose gear fitted with a standard air 0il str-at =etracts for-
ward into the nose. When the nose gear is extended, the op2n nose gear
doors provide unobstructed access for servicing. A jack pad is provided
between the wheels; but if only & singie wheel change is necessary, the
needed elevation is obtained by rolling the opposite wheel up on an
inclined block. A quick-disconnect feature on the scissors, with stowing
provisions, provides a 360° turning radius for tcwing.
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PART 2
PERFORMANCE

SECTION 3
AERODYNAMIC DESCRIPTION

This section contains a discussion of the trade-off studies that were used
to establish the various parameters which affect performance. Section b
contains an analysis of the performance of the CRA thrcughout the flight
spectrum. The flying qualities of the CRA are presented in Part 5 of this
report, entitled "Stability, Control, and Flying Qualities.”

The configuration which has been selected for the Composite Research iAir-
cyaft satisfies all of the requirements in the Statement of Work. The most
important of these requirements are:

® The capability to hover out of ground effect aut 6000 feet on «
95°F day.

® Maximm speed of at least 300 knotg, with LOO knots desired

® MNaximm lift-to-drag (L/D) ratlo based on total engine power of at
least 10

® Disc loading of 10 psf or less

A summary of the welghts for each important design condition is presented
in Table II.

TABLE II. WEIGHT SUMMARY

) —— —
Condition welght (1b)
Empty Weight 17,961
Structural Design Gross Weight 2L ,500
Overload Gross Weight 28,800
Ferry Takeoff 30,000
Hover IGE SL STD 21,200
Hover OGE SIL STD 28,500
Hover OGE 6000 ft, 95°7 2+,900
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The various dimensions, areas, and other parumeters necessury to describe
the aerodynumie characteristics of tne CRA are shown in Table I, General
Churacteristics.

OPTIVIZATION UF THF CONFIGURATICN

Selention of the Transition Opeed

An importunt decision which affects many components in the selection of the
speed at which to make the transition. £ low trunsition speed is desirable
to minimize the structurul weight of the blades, which must have an sero-
elastic divergence speed above the selected transition speed. & high
trunsition speed is desirable to minimize the area and the weight of the
wing, which must be large enough to support the entire weight of the air-
craft at the transition speed with 2 margin of 1ift capability to allow for
maneuvering and gust effects.

A trade-off study was conducted in which the additional structural weight
required to stabilize the stopped blade was determined as a function of the
speed for aercelastic divergence, and the wing area and weight were deter-
mined as a function of transition speed. The results of this study showed
that the sum of rotor and wing weights was & minimum when the transition
speed was selected in the 120- to1lhkO-knot range. The rotor blades were
designed to be stiff enough to have a divergence speed of 168 knots and the
wing to have a stall speed, flaps down, of 102 knots, thus providing adequate
margin at both ends of the transition range.

Majin Rotor

The design requirements of the main rotor ure:

® To provide the czpability to hover at the design gross weight st
H000 ft, 95°F;

® To have aercelastic stability when stopped during the transition
® To be capable of being folded and stored.

The selection of the various parameters is discussed in the followving
paragraphs.

Disc Loading

A low disc loading is desirsble when considering requirements for good
hovering capability, safe power-off landings, and minimum down-wash
velocities, A high disc loading is desirable when considering
requirements for small overall size and light empty weight. For the
CRA, the upper limit on disc loading is specified as 10 psf by the
Statement of Work. In selecting the disc lcading for the CRA, as low
a disc loading as possible was chosen in oracer to minimize the opera-
tional problems without unduly penalizing the empty weight. These
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considerations led to the selection of the disc loading of 8.7 psf
with a corresponding rotor radius of 30 feet.

Rotor Tip Speed

The effect of tip speed on the rotor solidity required to hover 24,500
pounds at 6000 feet, 95°F with two T6L is shown in Figure 3, From
this figure, it may be seen that the lowest solidity, and thus the
lowest rotor weight, occurs at a tip speed of about 750 fps. At the
transition speed of 140 knots, this tip speed results in an advancing
tip Mach mmber of 0.88, which is considered to be acceptable for an
unloaded rotor with n tip thickness of 10% of the chord, For these
reasons, the tip speed of 754 fps, corresponding to 24O rpm, was
selected for the CRA,

Airfoil Sections

Thick airfoils, especially at the root of the main rotor blades, are
degirable to obtain sufficient stiffness to prevent aeroelastic
divergence for & minimum blade weight. Moderately thin airfoils,
especially near the blade tip, are desirable for optimum hovering per-
formance and high critical Mach number, Thege two features have been
cambined on the CRA blades by tapering the thickness ratin from 21 per-
cent at the 20 percent radius station to 10 percent at the tip. The
KASA 63 Airfoil Series has been selected for this rotor because of its
high drag divergence Mach mumber and its high maximum 1ift coefficient,

Number of Bleades

A large rumber of blades is desirable for high hover efficiency. A
small number of blades is desirable for individual blade stiffness
and ease of fclding and stowing. Two-bladed rigid rotors for stopped
rotors were. studied, but associated dynamic problems are so difficult
Lat further consideration is unwarranted, Design studies of stowed
rotor aircraft comparing four-bladed rotors with three-bladed rotors
have shown that with four blades, the weight penalty required for
sufficient stiffness to prevent aerocelastic divergence and the mech-
anical problems of folding and stowing four blades far outweight the
increase in hovering efficliency, For these reasons, a three-bladed
rotor has been selected for the CRA.

Twist

High twist is desirable for maximum hovering efficiency. Low twist is
desirable for ease of stowage and blade fabrication and for minimun
serodynamic. loads during the rotor ctopp’ng process. A nontwisted
blade has been selected for the CRA in order to minimize the potential
problems during stopping and folding. :

Solidity

Low solidity is desirable from a rotor stowing standpoint; high soli-
dity is desirable for obtaining minimum blade weight with suffieilent
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Figure 3. Effect of Tip Speed on Solidity Required.
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stiffness to prevent serocelestic divergence; and a particular value
of solidity which permits the rotor to operate at its highesi figure
of merit is desirsble for optimum hovering efficiency.

Figure 3 shows thet the zelected tip speed of 754 fps corresponds to
a solidity of ebout 0.085., This solidity, which corresponds to the
lowest blade weight, was chosen for the CRA, The chord which corres-
ponds to this solidity is 32 inches. These blades can be stowed
without undue design problems,

The design requirements of the wing are:

¢ To carry the full weight of the aircraft at transition speed

o To achieve an L/D of 10 based on total power

® To have a sufficiently high drag divergence Mach number so that
speeds of approximately LOO knots can be achieved without sub-
stantial compressibility peralties,

The selection ¢f velues for the various parameters is discussed in the
following paragraphs.

Flap Configuration

A flap vhich gives the highest possible increment in maximmm 1lift
coefficient is desirsble to minimi:ze wing size, wing weight, wing
download in hover, and wing drag at high speed. Lockheed has made
design studies of wings with no flaps, plain flaps, slotted flaps,
and Powler flaps and has determined that slotted fleps offer the best
overall compromige between minirmum wing weight and minimum complexity
for the research mission of the aircraft. The flap configuration
selected is shown in the general arrangement drawing (Figure 1) as a
partial-span single-slotted flap, extending from the fuselage sides to
the silerons. This type of flap 1s capable of developing a maximum
1ift coerficient of 2.5 at the Reynolde number corresponding to the
transition speed.

W Span

A large wing span is desirable to produce high performance in the air-
plane flight mode. A amall wing span is desirable to minimize wing
structural weight and wing download in hover. The decisiorn on which
wving span to use was made after & study of the effect of span on the
1ift-to=drag ratio, The Statement of Work specifies that the lift-
to-drag ratio, based on total power, be at least 10 in the airplane
mode. An expression for the wing span, b, can be derived from simple
airplane performance equations as a function of the required maximum
lift-to-drag ratio and the drag characteristics of the aircraft:
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This equation has been solved ror the span, b, &¢ & function of the
parasite dra; uwrea, 5, Jor un L’D max of 10, « . ing eguivclent flat
plate area, C3 3, of L sq r't, an ericiency, e. ot 3.85, aund 2 pro-
pulsive erriciency) n, of 0.8x. The results ure showr in Figure b
and were used us 5u1&e in Lhe selection ot' the span, The wind
cunnel tests reported ir Reference 1 were perrorred wica « model with
a short wing cf LO-root span which produced z racirum nirplane lirt-
to-drag ratio of about N.7, or a vulue of cbout 6.1 wher un estimated
propulsive efticiency ot 83 percent wus uccountec for. Jeveral design
changes were male ui'ter ihe tunnel tests were completed. CUne change
which increased the .rag was the substitution of partial doors cver
the stowed roto.s hub and bludes for tne full doors simuleted on the
model. To obtain @ total lift-to-drag ratio of 10 with Ddartial

doors, 4“wo desi;n chunges were made: the wing was cumbecel so thut
the minimum profile drag cccurred at o 1lift coefficient of atout C.7,
which is close tc the lift coerficient for maximum 1lift to drag ratio;
and the wing spen wus increused from LO to 50 feet. A complete dis-
cussion of the proced:re used Lo establish camber and span and to
estimate the total 1rag is presented in the section on drag estimation.

Wing Arec

The wing area was selected to provide a flaps-down stall speed suffi-
ciently below the minimun transition speed of 120 knots to allow a
safe margin. A margin of 15 percent on speed =7as selected as ade-
quate, giving & stall speed of 10z xnots at a lif% coefficient of 2.5
and a correspondirg wing area of 279 square fest for the CRA,

Wing Airfoil Sections

Thin airfoils are desirable to prevent compressibility losses at high
speed. Thick airfoils are desirable to minimize wing structural
welght and to produce high maximum lift coefficients. At the ma:imum
estimated speed of about 360 knots at sea level, the Mach m'iber is
0.55. Wind tunnel tests of the C-130 model with NASA 63 series air-
foils varying from an 18 percent thickness ratio at the root to a 12
percent thickness ratic at the tip have showi that, up to a Mach num-
ber of 0,55, no significant drag divergence could be mzasured, The
thickness distribution of the C-130 was considered to oe direc.ly
applicable to the CRA rrom a structural standpoint; thus, a thickness
ratio distribution tapering from L8 percent at the roct to 12 percent
at the tip znd the NASA 63 series has been selected for the CRA.
Highly cambered sections were selected so that minimum profile drag
would occur at the high 1ift coefficients corresponding to the maxi-
mum lift-to-drag ratio. The cirrfoil sections selectec for the CRA
wing are the NASA 63A518 at the root and the NASA 63A712 at the tip.
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Wing Twist

The wings are twisted to proiuce good stelling characteristics by
delaying stall uz the tip until the roct portion has stalled. Jind
tunnel tests on the C-120 wing indicuted that a twist of -3 degrees
was sufiiecient. .Jirce the CRA uses similar zirfoills Put with higher
camber, slichtly more twi-t is felt to be necessary ani s0 a twist U
~-3.5 degrees is used.

Pronellers

In the selection of the optimum propeller Tor the CRA, three critiesld flighs
conditions were considered:

e larimum sprced, where the highest possible thrust st military
horsepower was desired,

e peed lor muximum lir't-io-drag ralio, where the smullest possible
value of power r'or iLhe required thrust wus desired.

e llover, wnere the smallest possible value of power dissipated was
desired,

The “irst two requirements wre similur in that they both correspond to the
highest possible propeller ef.’iciency but at two dilferent cirspeeds.

_iwreter

4 large propeller diemeter is desirable for obtaining tne nighest
possible proneller efTicierncy. A small propeller Clameter is desirable
for mainteining propeller tip clearance between the rotor and the
ground and for minimum weight in the propeller and the propeller gear-
box. The effect o propeller diameter on the maximum theoretical
efficiency &t speeds of 200 and 4OC knots is shown in Figure 5. It
may be shovn that inereusing the diameter above 10 reet resulis in
only small increases in efficiency. Figure 5 also shows the effect

of propeller diameter on the sum of propeller and propeller gearbox
weight, On the basis of these curves, and on consideration of clear-
ance problems, a propeller diameter of 10 feet was selected as the
maximum practical ro-~ the CRA,

Tip Speed

A high propeller tip speed is desiratble to minimize the weigat of the
p:opeller and the propeller earbox., A low tip speed is desirable to
minimize noise, compressibility losses at high speeds, and power
losses at hover. Figure & shows the effect of tip speed on the maxi-
mum allowable forwerd speed. For a maximum speed goal of 400 knots,
a tip speed of about 800 fps is the maximum allowuble. The tip speed
has beer. seleclted to minimize the propeller and gearbox weight, which
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is also shown on Figure G, The power dissipscc:. by ezch propeller in
hover is shown on the btottom of Figure 6. It may be seen that low
tip speeds reguire less pcwer, bubt the weight advantage with high tip
speed was considercd &3 the prime consideration in selecting the
desi :n cip speed oi' 309 fps.

umber of Bladess

% high number of blades is desiruble to maximize the prope.ler effi-
ciency in forward Ilight snd o minimize noise. A low number of
bludes is acsircble to minimize weight, cost, ana complexity, For
the CiA « tour-ilcde: propeiler was chosen vo take zdvantage of the
hich efricie.icy carpured with that o three-bladed propellers,

Activitly ructar

A low totul wecivity facuvor is desirable to minimize propeller weight
uni power ciissijpated u hover. A moderztely high tolal activity fac-
tor is desirarle .o obtain high efficiency at forwurd flight. Figure
7 snows the erffext of propeller zctivity ractor on efficiency at the
spced for maximum lift-to-drz; ratio, 160 nots, und at the maximum
speed, *G0 wnots, Also shown in Fimure 7 is the effect of activity
lactor on the power dissipated in hover., An zctivity facter of 120
per blade has been chosen ror the CRA as the best compromise for the
three [light conditions shown.

Teil ROtO?

The tail rotor must provide both sufficient antitorque moment and cdequate
directional control while the CR: is flying in the helicopter mode. The
design objectives for the tail roter involve satisfying these requirements
with minirmum power and minimur weight.

Diameter

To mirimize the power required by the tail rotor, it is desirable to
use as large a diameter as possible, However, design problems rele-
vant to obtaining suitable ground and rovor clearance and minimum
weight place restraints on tail rotor diameter. Figure 8 shows the
effect of the tail rotor design parameters on power and on weight.
The design decision was Lo select a diameter of 13.5 feet as the best
compromise.

Tip Soeed

Fron Figure £, it may be seen that for a diameter of 13.5 feet, a tip
spe-l of about 650 rps is optimum for minimizing both power and weight.
A tip speed of 638 fps was actually selected to maintain a gear ratio
between the main rotor and the tail rotor which would insure that,
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Horizontal Stabiliser

The horizontal stubilizer must be sdequute to trim und conlrol %the uircraft
while flying in the airplane mode.

Tail Length

The horizontul stabilizer has been pluce: huliwey up the verticul
stabilizer and hzs been used to carry the tuil rotor., This urrange-
ment dictutes that the tull length for the horizontul stubilizer be
approximately equal to the total of the muin rotor uni tail rotor
rzdii in order to provide cleurance between the two rotors. On the
CRA, lhe tail length betwecen the quarter choruds of the wing wnd the
horizontal stabilizers ic 33.7 feet.

Area

The horizontal stubilizer cres was selected to provide u siutie nurgin
of approxirmately 3.00 with the most ur't cenver-oi-pravity position in
the airplune mode. An cree of S8 square reet was verified us giving
this margin by the win' tunnel tests reporie: in <el'erence 1, Fur-
ther discussion of the horizontul stribilizer is presented in Purt 5.
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inducedl veloeivy. and o=dlmenaional airtrzil -~haracteriesi

e 1oeal blale anslc of wtwacs. nlesness ratio. and M

airfoilr iabta woic wre woedl 1 i procren are tuded

whirl oocer cestr roportod Lo Reterercor Do a0 .

ver*icnl dra- in B :uxpu‘ p analveic using tue virlstion
of Auicundle pressvre wic: reaadduc e ol & ToLor as thnown in
Fleure . widc: war conctruciad trom tne tawia in H.feranoe 7.

ires coefficienwr ured tor s JLJl,SlS are thowno iu Fioure

Laa shnwn that tle vertical dras in tover ic PErEeRy G Ui

The muin rotor perrormunce is snown in nondimensionual coer'licient romm in
Fipures 11, 12, und l-. Trese rigures show the thrus. coel'r'izient s u

rfunction o collecti
oV

thrust uocfficiant/soliiity, respectively.,

rhay

sacwn
thrust coeilicient
cient/solidity as

nandimenga
1.1 nonaimans

a

respectivel;.

S

ve plten, the torgue coetriciceni/solidity us u runction

thrust coefficient solidivy, und tLhe Tigure of merit ts « runction or
The tail rotor pericrmance is
ion:l rowm in Figures 1% und 15. These figures show

&

tfuprction o colleciive pitch und Lorgue coeffi-
runciion ot thrusv coefticient /solidity.

The nondimencionul resulis lLave beer used to calculate the main rotor zad
tail rotor power Ln nover ad a function of sireraft gress weight. The
results of *iece calculatians zre siiown on Figures i€ and 17,

T

Power losses in iove
Besides the main and
thiese losses must be
lisuc tie componentis

Total Fower Required

tail rotor. several other comporents absorb power and
accounted for in computing performance. Table III
and ti.e eguations for their respective losses.

to Hover

The <o%tal encine sha

ft pover rejuired to rover is the total of rain rotor

power. tuil rctor powar, precpeller pewer. and all of the lcoses shown in
Ta:le LII. Figure 1% snows ihe ensine shaft rorsepower as = Tunction of
crose weisht for noverin: in and out srount effect on 1 se2 level ctandurd
da; =nd on a ©000-foo* YF day.
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TABLFE III. POWER LOSSES

Typlical Tower T.osses

Hover
Equation for 6000 Ft vV =175 vV = 360
Ttem Power Loss 95°F knots knots

Propeller 0.018 ‘Propeller 2 22 133
Gearboxes and power)
Cross-Shafting
Main Rotor and 0.028 ‘Main rotor 137 0 0
Tail Rotor and tail rotor .’
Transmissions power)
Hydraulic Pumps 15 15 15 15
Electrical 15 15 15 15
Lubrication 5 S 5 5
Transmission 15 15 - -
Cooling (in
helicopter
mode only)
Propellers (2) __P
{in hover only) 156 0.002378 17 -

TOTAL 306 57 168

NOTE: Engine and propeller lubrication is from oil pump on engine
accessory drive pad and is accounted for in the power-available
calculations.

Hover Ceiling

By mutching the power required as a function of gross weight, altiiude,
and tempersture with the maximum engine power available as a functiou of
altitude und temperature, hover ceilings were established. Figure 19
shows hover ceilings in and out of ground effect as a function of gross
welght on stundard duys and on 395°F days. It may be seen that at the
design gross weight of 24,500 pounds, the CRA can hover out of ground
effect on an altitude of 9500 feet on a standard day and at 6800 feet on a
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G5°F day. The effect cf varying tip speed on the gross weight which can be
hovered at sea level within the transmission torque limits is shown in
Figure 20. This shows that a lO-percent increase in 1otor speed resulis in
a T-percent increase in allowable hover weight.

Vertical Rate of Climb

The required engine shaft horsepawer as a function of vertical rate of
climb is shown on Figure 21, for the design gross weight of 24,500 pounds.
It may be seen that at the ma.xinm.m torque limit of the transmisslon, the.
vertical rate of climb is 2000 feet per minute at sea level. \

FORWARD FLIGHY

Parssite Drag

The requirements which apply to forward flight performance are:

® The lift-to-drag ratip based on total engine power must be at
least 10.

e The maximum speed at sea level must be at least 300 knots, with
400 knots desired.

The analysis of the performance in light of these two requirements requires
an accurate estimation of the minimum pa.rasite d.rag in the airplane mode.

The estimation procedure used for m:l.ninmm pmsite drag is based on the use
of wetted areas and suitable skip friction coefficients which have been
verified by flight test results of comperable aircraft. Because of the )
uncertainty of Reynolds number cerrections, small-scale wind tunnel results
are used only to measure the drag of the "bluff body" components on the '
aircraft or to evaluate the drag effect c¢f changes in the "wetted area"
components. Table IV shows the wetted area, the estimated skin friction
coefficient, and the product in equivalent flat plate area for all.-of the
components of the CRA. For comparison, the skin friction coefficients
which have produced satisfactory correlation on the Constellation (C-121)
and the Hercules (C-130) are tabulated. The performance anslysis of ‘the
CRA has beer. based on the total of the estimated column.

A last-minute wind tunnel test was done to measure the effect on drag of the
partially exposed blades as contrasted to the drag with full doors and with
no doors which had been measured during the first wind tunnel tests.

Since the change was both a bluff body change and a change to wetted area
components, the measured increment in drag from the full door configura-
tion is considered to be valid. These tests showed that the drag penalty
of the pa.rtia.l_y exposed blades in eguivalent flat plate area was

0.5 square fout at zero 1lift and 0.25 square foot at the attitude for
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maximum lift-to-crag ratio. Taese values compare to the estimated value
of _..5 square feet in Table IV which has been used throughcut the per-
formance analysis. Thus, all of the performance estimations in the air-
plane mode ure conservative.

Figure 22 shows how the estimated drag of the CRA compares to other sub-
sonic airplanes. It may be seen that its aerodynamic cleanliness puts it
in the same class as the C-54 snd the C-130.

At high speeds, a compressibility correction must be spplied %o the drag
coefficient. Figure 23 shows the corrections which have been used for the
CRA. They were based on the material presented in Reference 3.

The vsriation of parasite drug as a funation of 1lift coefticient has been
tailored to favor the requirement for a maximur 1ift to drag ratio based
on total power of at least 10. The wind tunnel model was constructed with
wing airfoil sections iden'ical to the C-130; i.e., NASA 63A 318 at the
roct and NASA 63A 412 at the tip. The variation cof the increment of
parasite drag coefficient, Cp., as measured on the wind tunnel model, is
shcwn as a function of 1lift cdefficient in Figure 24. This curve hac !ts
lowest point at a 1lift coefficient of 0.25. Thre lift coefficient
correspondi.ng to maximum lift-to-drag ratio is approximately 0.9, and at
tnis point the value of Cp, is 0.058. To obtain the required lift-to-drag
ratio with the minimum of gonfiguration changes, the final design of the
wing has higher camber then was tested in the wind turmel. The airfoils
which have been selected are the NASA 63A 518 at the root and the

NASA 63A 712 at the tip. With these airfoils, the Cp, variation with 1lift
coefficient is shown in Figure 24. It may be seen thRt the bottom of the
curve has been shifted toward the value of lift coefficient at which the
meximum lift-to-drag ratio is obtained. It should be noted that this
amount of camber slightly penalized the high-speed capabllities of the
aircraft by adding drag at the low lift coefficients corresponding to hign
speeds.

Total Drag

The total drag of the airplane is the sum of the parasite and the induced
drag, where the induced drag coefficient, CDi, 1s given by the equation

2
© €3 CL
Di mw AR

This term has been added to the parasite drag coefficients in Figure 2L,
and the results are shown in Figure 25 for both flap-up and flap-down
conditions. These curves have been used for the calculations of airplane
performance.
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Propeller Performance

”m =11

Tha propeller performance has been computed using a digital computer
program. Figure 26 shows the relationship between propeller thrust and
power for speeds between hover and L00 knots at sea level, Comparable
performance for an altitude of 10,000 feet is shown in Figure 27.

Power Required

Computation of power required in the helicopier mode has becn made using

a Qigital computer program for compound helicopter performance and trim.
This program computes the required main rotor and tail rctor power and the
propeller thrust for a given set of flight conditions. To obtain the totul
engine power, the propeller power from plots such as Figure 26 and the
tranamisaion and accesscry losses from Table IIT are added to the main

rotor and tail rotor powers computed by the program.

In the airplane mode, the propeiler thrust required is equal to the drag.
The drag coefficients in Figure 25 have been used to calculate the
propeller thrust required for level flight at several gross weights. The
propeller power corresponding to the required thrust has been obtained
from plots such as Figure 26, and the losses from Table IIT have been
added to give the total engine shaft power as s function of forward speed
and grosd weight., Figure 28 shows the total engine power for both the
helicoptér and airplane modes with flaps up, and Figure 29 shows the total
engine power for flaps down.

At speeds below the transition speed, the wing end rotor share the 1lift as
showm in Figure 30.

Maximum Lift-to-Drag Ratio

The maximm lift-to-drdg ratio at the design gross weight based on total
powsr may be obtalned from Figure 28 by reading the power and velocity for
which the line from the origin is tangent to the power curve for

24,500 pounds. The 1ift to drag ratio is

= 24,500
550)(H.P. )}

v

ol

The line of vangent at 175 knots and 1270 horsepower. For this condition,
the lift-to-drag rstio is 10.b.

Meximm Speed

The power available as a function of forward speed ic superimposed on the
pover-required curves. The intersection of the two types of curves is at
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Figure 28. Power Required for Forward Flight, Flaps Up .,
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Figure 29. Power Required for Forward Flight, Flaps Down,
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the maximum speed. Figure 31 shows tne maximum speed as s function of
altitude. It may be seen thut at sea level at the design gross weight of
24,500 pounds, the maximum speed 1s 358 knote.

.

ce

The maximum rate of climb has been computed in both the airplane and the
helicopter modes. The maximum rates are plotted on Figure 32 as a function
of gross weight for both modes. It may be seen that at the design gross
weight of 24,500 pounds, the CL-945 can c¢limb at 4330 fpm as an airplane.

Specific Range

The specific range in terms of nautical miles per pound of fuel as a
fanction of forward speed and gross weight, for both one- and two-engine
operation, is shown in Figure 33 for sea level, in Figure 3% for

10,000 feet, and in Figure 35 for 20,000 feet.

Specific Endurance

Specific endurance in terms of hours per pound of fuel as a functior. of
forward speed and gross weight for both one- and tvo-engine operation is
shown in Figure 36 for sea level.

Airport Performance

Distance - As a helicopter, the CRA 1s capable of making
vertical power-on landings at sea level at all gross weights up to
31,200 poands, which is the hovering gross weight in ground effect as
shown in Figure 19.

As an airplane, itle CRA can make normal landings with the blades folded and
stowed. The landing performance in the airplane mode is computed in
accordance with th: definitions of Military Specification MIL-C-50L14A.

The approach spe2ds end touchdown speeds correspond to 1.2 Vg and 1.1 Vg,
respectively. Jor research application, standard wheel brakes are pro-
vided as suxiliary test equipment, and the craking distence is determined
with the use o0 a braking coefficient of 0.30 as defined by MIL-C-5011A.

The CRA is d-.signed to land at weights up to 24,500 pounds, at which the
total distarce nver 50 feet is LBOO feet with a touchdown speed of

112 kncis. A plot of landing distance as a function of gross weight is
lholrn in Figure 37.

Takeoff Distance - The CRA takes off 1n' the airplm'é mode with » flap
setting of 20 degrees with the engines operating at a thrust level corre-
sponding to one-half that available at the full takeoff rating. The
lift-off speed and the speed at the S50-foot height are chosen in sccordance
with the definitiors of MIL-C-5011A as 1.1 Vg and 1.2 Vg, respectively.



Under thege conditions, for standard day operation at the design takeoif
weight of 24,500 pounds, the lift-off speed is 126 knots and the distance
to clear 50 feei is 6700 feet. The takeoff distance as a function of gross
weight is presented in Figure 38.

MISSION ANALYSIS

Payload - 3ange

The specific range curves of Figures 34 tnrough 36 have been used to com-
pute the fuel required as a function of range at the optimum speed and
altitude. From this calculation, the allowable payload was found as a
function of range and plotted on Figure 39 for both one- aund twa-engine
operation. It may be seen that for a takeoff gross weig! of 24,500 pounds
and two engines, the maximum range with no payload and auxiliary tanks is
1500 nautical miles; with full internal fuel and a 3000-pound payload, it
is 600 nautical miles.

Ferry Range

The specific range curves of Figures 34 through 36 have been used to find
the optimum altitude as a function of gross weight for maximm specific
range. The results of this investigation are shown in Figure 4O. The
envelope of the curves on this figure is the optimum altitude as a function
of gross weight. From the envelope, the range for several gross weights
was computed and is plotted in Figure 4l. At the ferry tekreof?f gross
weight of 30,000 pounds, the CRA can take off with 10,910 pounds of fuel,
and the ferry range with two engines is 2600 nautical miles with 10 per-
cent reserves.

Payload - Endurance

The specific endurance curves of Figure 36 have been used %o calculate
fuel required as a function of endurance. These calculations were then
used to plot the payload-endurance curve at sea level in Figure 42. It
may be seen that the maximum endurance at the desigr gross weight of
24,500 pounds with one engine is 3.3 hours with full internal fuel; it is
6.8 hours with auxiliary fuel.
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PART 3
FROPULSTON

SECTION 5
POWER PLANT INSTALLATION

The power plant installation includes the engine air induction system, fuel
system, mounting system, oil system, control system, flre protection system,
starting system, compartment ccoling, exhaust system, and cowling. Each
system is discussed in subsequent paragrephs. An engine installation draw-
ing is shown in Figure 43.

Tt was determined early in the studies of the Composite Research Aircraft
that two engines would be used to provide multiengine safety. As a result,
the aircraft can cruise in airplane mode at normal gross welght, with one
engine shut down for cruise economy, and can hover in ground effect in
helicopter mode, with one engine inoperative.

Consideration of the type of ergzine to be used led to the conclusion that

a turboshaft engine would be most practicable for the research vehicle.
Turbojet engires have beer used in their primary mode for forward flight,
ard the exhaust gases have then been diverted to power tipedriven fans.
Such a system could drive the mair rotor through an external turbine, but
nc such propulsion system is presently available, Turboshaft engines offer
a simple, proven, efficient means cf divertirg power to the various’
propulsive units.

A survey of shaft ergines prodited five existirg or funded candidate
ergines which meet the performance and availability requirements of the
aircraft. A trade-off analysis study was performed from which the
T6L-GE-16 engine was determined to be the optimum engine to meet the
requiremer.ts of tne CRA. The prime advar.tages cf the T6L engine are the
superior aircraft range and endurance which it aftords, relative to the
cther four engines, and its planned existernce in the Army inventory system
fer the Advanced Aerizl Fire Support System (AH-56A) compound vehicle.

Location of the engines on the wings rather than in the fuselage wes
decided orn the basis of a study which showed wing mounting to be superior.
The results of this study are discussed in detail in a separate trade-off
aralysis study.

MATI! ENGITES

The research aircraft is powered by two T64-GE-16 free-turbine, turboshaft
engires nonted under the wings. The maximum envelope dimensions of the
engine are approximately 27 inches by 29 inches, and 58 inches in length
be’.weer. the inlet and exhaust flanges. Its dry weight is 696 pounds. It

81



has a sea level (SL) standard day military rating of 3,435 shaft horsepower
(shp) st & specific fuel consumptionof 0.LBO pound per shaft hersepower
per hour, and a 6,000-foot, 95°F meximum 1O-minute rating of 2,650 shaft
horsepower at 0.493 specitic fuel consumption.

Table V shows uninstalled engine data for varicus cperating conditions.
The output shaft to the gearbox, including torquemeter, is procured
separately from the engine, since the T64-GE-16 engine does not include

an output shaft. Mounting pads are provided on the front and mid-frames
of the basic power unit.

AIR INDUCTION SYSTEM

The location of the cross-shafting and associated gearboxes precludes the
use of a single top inlet. The engine airflow is taken aboard through
‘twin ram inlets located on each side of the nacelle; the mir then flows
through a’pair of short diffusers, and dumps into a plenum located ahead
of the engine inlet. A boundary-layer diverter is located con the inside
edge of the ram inlet, in order to prevent ingestion of the spinner-
boundary layer.

L . TABLE V. T6L UNINSTALLED ENGINE DATA
Specific Fuel
Altitude/ Shaft Consumption
Conditiem, Temperature hp 1b/shp/hr
Military Rem Pwr, . SL/59°F 3760 0.439
at 385 Knots
Mil. Pwr, Static SL/59°F 335 0.480
Korm. Pwr, Static SL/59°F 3230 0.485
90% Normal, Static SL/59°F 2905 0.493
75% Normal, Static SL/59°F 2420 0.51k
Max. Power, Static 6000 ft/95°F 2650 0.493
(10 minutes)
Mil. Pwr, Static - 6000 ££/95°F 2470 0,499
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Inlet Des igg

The requirement that the aircraft be capable of sustalned operation in the
hcver mode as well as in the high-speed cruise mode dictates an inlet
which has good performance at both points. This 1s accomplished by pro-
viding & ram inlet with an eiliptical inner lip, designated as an 1BE
configuration ir Reference 9, which provides high recovery at the static
and low-speed conditions. The cruise condition performance is maintained
at a high level by designing the external contour of the duct lip and
forward portion of the nacelle so that the engine airflow requirements are
satisfied without (1) operating in the vicinity of the critical Mach
nunber, at which point the flow may become sonic over the outsids of the
nacelle with an sttendsnt drag penalty, or (2) operating in the vicinity
of the eritical (minimum) velocity ratio, below which the spinner flow
separates and the inlet performance deteriorates. The configuration
selected for this installation is designated as NACA 1-75-30, according
to the data of Reference 10. This configuration has a critical Mach
number of 0.685 and & critical velocity ratio of 0.4h, which provides
adequzti margin at the cruise condition of M0 = 0.545 at a velocity ratio
of O.U4Th4,

Propeller Spinner and Cuffs

The propeller spinner used on the CRA is a modified cone whirh prevents
high, locel surface velocities and attendant boundary-lsyer senaration.
Considerable test deta are available snowing the lmprovement in pressure
recovery geined with this spinner in lieu of an NACA-1 series spinner.
The design of this spinner contributes heavily to the insensitivity of
the inlet 1lip loss with yaw angle for low velocity ratios.

The propeller blades are fitted with cuffs to improve the engine inlet

and oil cooler total pressure recoveries at low speeds. Tesis conducted
on 0,37 scale-model propeller cuffs and flight tests conducted on full-
scale cuffs indicate that an inlet tcotal pressure rise of at least

1 percent can be expected at all speeds up to 350 knots. The exact amount
of rise to be expected is dependent on the particular cuff, blade, and
inlet design.

Inlet Protection

The two research vehicles will be operated from prepared surfaces and are
not considered teo require inlet protection against the ingestion of
foreign objects for the basic research missir::; hence, the simple induc-
tion system described previously under Air Induction System is used,

With the view that future use of the aircraft may entail operation in
dusty or unprepared areas, the design provides for an alternative induc-
tion system arrangement, using filters in the auxiliary air flow path.
In this system, filters and hydraulically operated doors in the ram duct
and filter air flow paths provide for full filtration of all air when
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hovering in ground effect, and for ram duct flow only in forward flight.
For the 6,000-foot, 95°F hover out-of-ground-effect {(OGE) condition,

both flow paths would be opened for maximui induction system recovery.
The weight increment incurred by the use of this system would be 80 pounds
per atlrcraft.

FUEL _SYSTEMS
Fuel Storage

Fuel, amounting to approximately 496 gallons, is stored in two integral
tanks, one in each wing box beam, as shown in Figure L4. Should fuel
leak into the pylon area, it iz drained overboard. The nacelle structure
over the hot section is msde liquid and vapor-tight, to guard against the
remote possibility of fuel peunetration from the wing lower surface, Water
drain valves are located at the low point of each tank, and drain passages
are provided as required.

Engine Feed

During normal coperation, each engine is supplied with fuel from its corre-
sponding wing tank, as shown in Figure 4h. Fuel is fed through the tank-
mounted boost pump, located in the surge box at the tank inbosrd aft
corner., In the event of boost pump malfunction, the fuel flows by gravity
through a separate bypass. A dual check valve is installed near the
cutlet of each boost pump, so that fuel camnot be fed back into the tank
through either the bypass or the fuel pump impeller,

I addition to the normal engine feed system, & crossfeed system is
installed so that both engines can be fed from one tank. As shown in
Pigure Li, & system of valves is provided to permit smtting off either
tank and routing fuel to the opposite engine. Trese are ac-motor-
operated shutoff valves. However, the firewall emergency shutoff valve in
each engine supply line is ceble-gperated from the flight statien.

8ignal lights are incorporated into the motor-operated valves to indicate
satisfactory operation. The lights on the fuel management parel at the
flight station (Figure 44) are on when the valves are ir transit tc
either c¢pen or closed position; they are off when the selected position is
reached. Gages are provided to permit observation of the fuel quantity
in each tank, and to totalize the fuel quantity aboard the airplare. A
lucite rod sight-gage for visual determination of fuel quantity, desigred
to be withdrawn through the wing lower surface, is installed in each tank.

Thermal relief valves are incorporated into the motor-cperated valves to
permit thermal expansion of any trapped fuel. The main thermal relief
valve is located in the cross-ship manifold, and it relieves into one cf
the feed tanks,
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A pressure transmitter is lccated in each engine feed line so that the
proper operaticn of each tank-mounted boost pump can be ascertained prior
to tskeoff. Fuel pressure switches, ome in each pump discharge lin.,
also operate indicator lights on the fuel menagement panel to warn of low
line pressure with boost pump switches in the "on" position. Strainer
lights are provided to indicste impending bypass of the 200-mesh fuel
strairer that is installed shead of each engine fuel pump inlet.

To ussure maximum fuel availability in the feed tenk, an egjector pump
picks up fuel at the wing lcw point in the inboard end, for delivery to
the surge box. The ejector pump uses available boost pump flow, which is
tapped off from the main feed line as shewn in Figure LL. With the pres-
sure available, only & small quantity of ejector primary fuel is required
to pump fuel to the surge box at the rate consumed by the engine.

The boost pumps are each sized to deliver the maximum cruise fuel flow to
both engines. The feed line to each engine is sized tc provide takeoff
fuel flow at the required engine inlet pressure withcut boost pump
essistance, from sea level to 6,000 feet. The cross-feed and direct-feed
lines are also capable of supplying cruise fuel flow to the oppcsite
ergine at its required inlet pressure, without bocst pump assistance

#rom sea level to 15,000 feet (maximm required cperational a.ltitudes.

Re meling

Because of the small tank capacity, orly gravity fueling is provided.
Pressure fueling is considered unnecessary since, with the tank quantity
involved, a major portion of the fueling time would be consumed in gaining
access to the fueling adapter and in moving the hose and nozzle to and
from the fueling location.

Gravity fillers are located in thke upper wing surface, one per tank. The
Tiller openings are covered with flush caps, each ol which is secured by
chain to the wing structure. Because ‘ne wing tanks are relativaly
shaliow, deflectors are used to preven: fuel sprayback and spillage onto
the wing surfaces at the maximum filling rates.

Defueling

Gravity defueling is not provided within the fuel tank. Defueling of
cach tank, however, can be accemplish=d by disconnecting thre f2ed line

at the engine inlet and at:aching the line to a suitable hose for dis-
charge to a storage tank. Fuel can be withdrawn from one engine feed line
by opening the cross-feed valve as well as the tank valves and the
emergency shutoff valve., Operation of the tank-mounted boost pumps is
not required, unless a higher defueling rate than that available by
gravity is required.
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Venting

A vent line is routed from each tank upper inboard end to the vent exit
at the wing tip on the lover surface aft of the rear beam. An additionai
vent tap, with float vent valve, is located at the ocutboard ernd of the
tank. This keeps thc vent opening in the tank air space for all airplane
attitudes, The vent exit is a flush stetic opening. A flame arrestor is
Inastalled at the vent exit to prevent flashback from any ignition source.

ENGINE MOUNT SYSTEM

The engine and propeller gearbox assembly is supported by a truss attached
to the front and rear wing spars. A mount ring which supports the gear-
box is attached to the front of the truss at four points, and the engl.e
has two rear truss attach points over the engine center of gravity.
Redundancy is provided in the system, in that no single failure will
result in loss of ability to withstand limit load. The engine and gear-
box are interconnected to create one structural mssembly by a torque

tube and two struts.

IIJBRICATION SYSTEMS

The propulsion lubrication system includes three separate cil systems:

two engine and propeller gearbox o¢il systems, one in each nacelle, and

the main transmission oil system. The main transmission oil system i3
discussed in detall in Section 6. The engine and propellcr gearbox oil
system for each nacelle is schematically shown in Figure 45. The design
cbjectives of the engine lubrication system are established by the
technical requirements of the engine-propeller lubrication system and

are in general accordance with Section D 1l-U of the Handbook of Instruction
for Aircraft Designers (HIAD).

The engine-propeller gearbox lubrication system consists of engine pres-
sure and scavenge pumps, gearbox pressure and scavenge pumms, an oil
strainer, an oil cooler, and an oil tank. O©0il is drawn from the tank by
the rressur2 pumps and is fed to the parallel engine and gearbox lubrica-
tion systems respectively. The propeller gearbox circuit supplies pres-
sure oil to the power transfer gearbox, which transmits power to the
cross-shaft in the wing leading edge. A drain line scavenges this gearcux,
by graviiy, to the propeller gearbox sump. The scaverige pump outflows
from the engine and gearbox sumps are jolned together at the strairzer a.d
then flow through the oil streiner and oil cooler to the tark. At the
tank return, the oil is discharged onto a sloped shelf for deaeratior.
An engine-driven blower draws air rrom the atmosphere through the cocler
and discherges overboard under the nacelle,

In the event of an engine shutdown, an engine oil shutoff valve is
actuated which isoletes the engine cil system from the gearbox lubrication
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system. A check valve is located upstream from the engine-gearbox
scavenge oil junction to prevent gearbox scavenge ¢il from entering the
engine lubrication system. A check valve is also located upstream from
the scavenge 0il junction in the gearbox scavenge line.

01l Tank

The o0il tank contains 7.7 gallons of MIL-L-T80BE oil, with 30 percent
expaneion space for aeration, resulting in a total tank volume of

10.0 gallons. Assuming a flow rate of 2L.55 gallons per minute (5.80 to
the engine lubrication system and 18.75 to the propeller gearbox), the
estimated total heat rejection ef 3310 Btu per minute allows an approxi-
mate temmersture rise of 35°F. The o0il eirculation rate is 3.18 cycles
per minute, allowing a tank dwell time of epproximately 19 seconds.

When the oil returns to the tank, it is sprayed upon s dessrating surface
and flows intc the tank sump. Air vapors from this surface plus the
accumilated oil vapors are then vented back to the engine and gearbox

or overboard, as shown in Figure 45, In the event that this overboard
vent becomes clogged, & pressure relief valve actuates and relieves the
tank pressure. '

The oil tank is equipped with a transparent sight gage and an oil filler
cap and screen. Both of these are located on the upper side of the
engine pod,

System Componeris

The engine and propelle:r gearboxes are equipped with pressure and scavenge
pumps. Each scavenge pump is equipped with a chip detector which indi-

. cates to the pilot the presence of metallic particles in the oil. The
oil strainer is a 1O-micron strainer.

All lines, fittings, and clamps are designed in accordance with HIAD,
Section D 1-k. Lines which penetrate a fire zone are insulated and are
capable of withstanding 2000°F for a period of 5 mimutes. All lines can
be completely drained and are sized for acceptable pressure drops. Drain
valves are located at the low points in the oil tank, strainer, oill
cooler, and each scavenge sump.

For instrumentation, each propeller gearbcx has cockpit warning lights

for chip detection, low oil pressure, and high oil temperature. In
adaition, duel reading gages for oll temperature and pressure are provided
in the cockpit instrumentation for the engines and for the propeller
gearboxes.
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01l Cooler

The oil-to-air heat exchanger is located in the scavenge system as showm’
in Figure 45. The cooler was sized to cool the oil to 200°F maximum, The
cooling air is supplied by & modified off-the-shelf fan, driven from the
engine accessory gearbox. The fan 1s designed to supply air at

2,740 cubic feet per minute at 100°F, with & total pressure rise of

8 inches of water. The air flows through the cooler air intake, the oil
cooler, and the fan, and is ducted overboard. The cooling air inlet
scoop, having an inlet area of epproximately 60 square inches, is located
on the lower surface of the nacelles. The inlet lip configuration is
designed for the high-speed cruise condition, and the fan is sized to
provide the pressure rise required to account for the inlet loss, the
oil cooler pressure drnp, mnd the exit loss at the hover conditiomn. If
an engine is shut down for cruise economy, the propeller and gearbox
contime to be driven by the cross-shaft, and gearbox oil coeling is
accomplished by ram air. Under these circumstances, the total heat rejee-
tion rate in the cooler is approximately 2,060 Btu per mimutc.

s

POWERPIANT CONTRCOL SYSTEM

Operating Characteristics

The dual nature of the Composite Research Alrcraft requires that the
engine control system provide positive engine control in helicopier mode
and in airplane mode; further, the system must provide for a smooth
transition from cne mcde tc the other, without contrel discontimiity or
uncontrolled power surges.

Pilot power and speed selection of “he T6L-GE-16 engine is made through
a rotatable input shaft on the engine fuel control, which is termed the
power control shaft. A schematic showing engine evenis related to power
control shaft angle is presented in Figure 46. Engine shutoff is at the
O-degree position, starting is in the range cf O to 30 degrees, and ground
idle is at 33 degrees. The range from 33 to 75 degrees provides for

gas generator condition control from minimum power to maximum power at
power turbine speeds at or below a 100-percent power turbine speed of
13,600 rpm. The range from 75 to 120 degrees provides a power turbine
governor speedsetting range, within which the power turbine will govern
at constant speeds while the power cutput may vary. Since the power
turbinz governor has an inherent droop characteristic, a second governor
shaft, concentric with the power contrel shaft, is provided for droop
compensation. The second shaft, termed a load signal shaft, may be
connected to the lecad control lever (collective lever, etc.) for suto-
matic droop compensation, or it may be pllot-operated by a "beeper"
switch. Thus, the engine control system provides for what has become
rather conventional engine control for a turbine-powered helicopter. In
addition, by deactivating the power turbine governor simultaneously with
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the activation of a propeller governor, the governing method may be
switched; the power control shaft range of 33 to 75 degrees then provides
conventicnal engine control for a turbine-pcwered airplane having pro-
peller speed control. Since the power turbine governor receives its
speed sensing signal from an airfreme-supplied speed signal shaft or
cable, the governor may be deactivated by Incorporsation of & very small
cluteh in the speed signal cable. This is the system employed in the
CRA =ngine control system.

Engine control devices at the crew station, shown in Figure L7, consist
of a power lever for each engine, with a tctal range of movement corre-
sponding to approximately 77 degrees of rctation of the governor power-
control shaft; a propeller pitch-control lever for mamual control of each
propeller; and a propeller-governing wheel. Power control shaft rotation
above the 77-degree point is not recaired in this installation, since
only o:.> coustant turbine output speed is required. The propeller pitch
control lever range of movement is from zero thrust setting, through a
manual pitch-control rarge, to an extreme forward, detented feather
position. The propeller-goverring wheel provides an off pnsition and a
marked range for selection of governed propeller speed. When the
prcpeller-governing wheel is advanced to any propeller-governing position,
the small clutch in the speed signal cable to the engine governor is
simltaneously disengaged, and the power turbine governor is deactivated.
Propeller speed control is then automatically maintained by the single
master propeller governor, and power is pilote-controlled with the power
lever., Conversion from power turbine governing to propeller governing,
and vice-versa, is accomplished smoothly and in a completely controlled
manner by a simple technique.

Control During Starting and Normal Shutdown

For engine starting, the propeller pitch-control levers are at zero thrust
and the propeller-governing wheel is in the off position. For normal
engine shutdown, th2 power levers are simply moved to the stop position,

Helicopter Mode

During helicopter operation, the propeller pitch-control levers are in the
zero thrust nosition and propeller governing is off. The power levers are
advanced to the maximum forwerd position, corresponding to approximatel;s
77 degrees of rotation of the engine fuel control input shafts. This
simultanecusly sets the power ‘urbine speec governors to maintain
100-percent main rotor sveed automatically; it also sets the gas producer
governors for maximum power availability. The helicopter rotor speed is
then maintained at 100 percent at all collective lever positions, with
the exception of the effects of power turbine governor drocp. Since the
governors do have an approximate lO-percent speed droop between O- and
100-percent power, two "beeper' switchesare provided on the collective
lever grip for pilot correcticu of engine speed as the power demand is
hanged.
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Conversion

In the comversion from cne flight mode to another, the method of governing
engine output speed must also be converted. In converting from helicopter
to sirplane mcde, propeller piteh is increased gradually, with the
manually operated, propeller pitch control levers and the main rotor pitch
gradually reduced with the collective lever, until the aircraft reaches

a speed at which it is wing-supported and the main rotor pitch is zero.
During this time, the power turbine governors contimie to maintain
100-percent speed, with minor "beeper" switch corrections, and thes pro-
paller governor is in the off position. When the conversion speed is
reached, the propeller piteh is held constant and the power lever settings
are reduced until a slight drop in engine output speed is observed; then
the power levers are advanced just enough to regain the speed loss. At
this point, the power level of the gas generators exactly matches the
power sbsorption of the propellers at the 100-percent speed of the power
turbine. The propeller-governing wheel is then moved rapidly from the
off position to the maximum, 10O0-percent setting. This places the prc-
peller governor in operation and simultaneocusly declutches the speed
signal feedback cables tc the power turbine governors, thus deactivating
the power turbine governors. Ko significant change of available power,
engine speed, o power absorption has occurred during this operation.

All airplane speed and power changes are now accomplished by mamial
control of the .power levers, with the propeller governor sutomatically
varylng propeller pitch to maintain 100 percent yower turbine speed.

Lover governed engine speeds are available by moving the propeller
governor setting toward the off position until the desired speed is
reached. The main rotor may then be slowed, braked, folded, and stowed.

During airplane flight, both propellers are governed by a single master
governor since, being interconnected, they must have synchronized govern-
ing for purposes of loed shuaring. Conversion from airplane to helicopter
control is begun by edjusting the power lever settings until the conver-
s‘on speed is reached, and the propeller pitch control levers are placed
in approximately the correct positions corresponding to the actual pro-
peller pitch at this point. An operational aircraft would be equipped
with propeller pitch control indicators so that the marnual pitch control
levers could be precisely set prior to the governing conversion. For the
research aircraft, it is considered safe to set the manual pitch control
approximately. The main rotor is then unstowed and unfolded, and the
propeller-governor wheel is then rapidly turned to the off position.

This deactivates the propeller governor, simlteneously activating the
pover turbine governors, and the power levers are advancea to their
muximm positions. At this time, due to the previous approximate setting
of the propeller pitch control levers, coarrective pitch adjustments may
be necessary. This is considered satisfactory, since only aircraft speed
iz affected. The main rotor is then started, and during this period
further propeller pitch control. adjustment is required to offset rotor
drag. When the roior is at 100-percen* speed, rotor pitch is gradually
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“acreased and propeiler pitch is gradually decreased, until the aircraft
is supported by the rutor and the propellers are at z2ro thrust. All
eipine control is tinsn accomplished by the helicopter control method
described previously.

Airplare Mode

In airplane mode, propeller speed governing is used, the power turbine
governor is deactivated, and airzraft speed and power are cortrolled
manually with the power levers. For ground-starting as an airplane, the
start may bte accomplished with the propeller-governor either on or off,
and the propeller pitch control levers myst be at zevro thrust setting.
After the engine has startzd, and with the power levers initially in
ground idle position, taxi speed may be controlled either with propeller
governing and the power levers, or with power turbine governing and com-
bined use of the propeller pitch control levers and the power levers.
For takeoff and landing in this mode; propeller governing is used, and
power is marually controlled by using the power levers. .

FIRE PREVENTION

The engine nacelle s divided into three basic fire protection Zaes by A,

combiration of titanium firewalls as shown in Figure UB. Zene I is the
zone contsining the burner, twbine, and tailpipe of the engine. Engine
skin temperatures in this zone range from about 850°F to about 1250°F
during n.mal operation. Any combustor burn-through would alsc occur in
this zone. Tuis zone contains only integral steel oil lines from the
rear bearing; therefore, although combustor burn-through can occcur, a fire
caused by lammable fluid leakage is extremely. unlikely in this zone. If
a fire were to occur, it would be of low intensity.

Zone II contains the engine compressor, gearbox, and accessories. This.
zone conlains many souxrces of fuel and oll leskage. There is a

20 kilovolt-arpere aliernator on the left-hand engine, but none on the
right-hand engine., The single alternator is cooled with air ducted from
the o0il cooler intake s:00p, which precludes mel/nir vapors entering
the alternator and becoming ignited. There are no dc generators or other
pleces of electricel equipment, in elther nacelle, which could csuse
ignition. There is rotating machinery in Zone II, such as the gearbox and
the accessories, which is subject to overheating, bearing failures, case
rubbirg, selzure, etc., and which can cause overheating to such an extent
that fuel or cil and air vapors could become ignited. However, the
possibility of such failures is rem-:.e. When failures of this type do
occur, they frequently are violent and result in broken fuel or oil lines
or reservoirs, thus sinmltmemsly creating both the source of ignition
and flammable fluid leakage. In addition to these sources of ignition,
the engine skin temperature in this zone (under all norual operating con-
ditions) ranges up to 800°F. This is in excess of the Turbine fuel
minimum autoignition temperature, so there is a possibility of ignition
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from this source. All flammable Tluid sources of leakage could be
shrouded and drained overboard, but this is considered to be impractical.

Zone III i's the region above the Zone I and II top firewalls. Zone III
is subjeet to accumilations of fuel and oil from leaks in the integral
fuel tank in the wing, the oil tank, and various fuel and cil fittings.
To carry away such accumlaticns, the +op firewell system is liquid-

tight, and drains are yrovided at all low spots. ' .
To prevent the accumulation of combustible vapors, all three zones are

purged with ventilating (or cooling) air, providing at least three changes

- e et enaed o An~nTl e e vmammard o A Toavmomae T and TT awna

of air PE€r mituave. The ¢tooling air provisions for Zones I and II are
discussed later, under Engine Compartmen* Cooling. Zone III is ventilated
by air enteriig & ram scoop in the leading edge of the pylon, just below
the wing. This air passes between the wing and the top firewall system
and exits through louvers on the sides ot Zone IIT near the trailing edage
of the pylon.

A heat-insulating blanket is provided on the tcttom side of the Zone I
top firewall. Thic blanket shields the firewall from engine hot section
radiation and theieby prevents the firewall from getting hot enough to
ignite fuel which may drcp on it from a leak in the integral fuel tank
aft bulkhead.

FIRE DETECTION r

4
Effective corrective action in the evert of a fire is largely depsndent
cn early detection a.v\'d rapid actuation of protective devices. Zone I
contains only a mimut€; source of flammable fluid leakage, making the
possibility of Iire ix this zone remote. Eugine combustor burn-through
can occur, however, and.in such a case the engine should be shut down.
To detect an overheat in Zone I, a three-segment contiymous fire
detector element, nonforming to MIL-Spec D-7006B, is installed around
the engine in the middie of the cooling air passage, slightly aft of
the engine exhaust {lange. ¢(ne segment is attaclied to each of the two
cowl panels, and one segment is attached to tre structure around the top
of the engine, These segments are connected in series, and are set
sufficiently high, so that false warnings will not occur in normal
operation. An amber light on the pilot's panel is turned on to indicate

overheat .,
o

One section oi'‘¢gntinuocus detector element is installed on each side of
the nacelle in Zon¢ “I. These two systems are connected to a red light
on the pilot's panel, Therefore, thL2 pilot can determine if there is an
overheat (amber light for Zone Is or a fire (red light for Zone II) and
take sppropriate corrective actionj such as reducing power, shut.ing

the engine down, only, or shutting the engine down and actuatineg the fire
extinguishing system.
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FIRE EXTINGUISHVENT

A one-ghot fire extinguishment capability is provided for each engine by
a bromotrifilnoromethane (CF,Br) system, The agent containers (cne for
each engine) are located in Zone IIT. Each bottle contains 2-1/2 pounds
of the agent, which is enough to {flood Zone II. Both the Tone II cooling
air inlets in the spimners and the aiternator coolin~ alr inlet on the
left engine are equipped with shutoff provijsions so that Zone II on either
engine can be sealed off, retaining the agent in this zone for some time
after agent release.

Engine shutdown and ventilating air shutoff are ‘accomplished by pulling
an emergency handle in the cockpit. A separate switch, under the handle,
is pressed for agent release. The agent containers are equipped with
thermal discharge provisions and discharge indication, both of which are
accessible to inspection from the ground.

FIRE CONTAIMMENT

The spread of Iire from zone to zone withir the nacelle is inhibited by a
network of titanium firewalls conforming to Federal Aviation Regulations
25 and 29. Zone II is in front of Zone I and below Zone ITI. 7The cowling
on Zone II is titanium down to the longeron, which will prevent fire
burning out ¢t this zone, except below the longeren. During forward
flight, fire issving from Zone II through a burned-out lower cowl will
impinge on the Zorme I cowling, but it is prevented fro. burning inte this
zone because the Zone I cowling is titanium all around. During an auto-
rotaticn landing, fire from Zone II is prevented from burning into

Zone III because the gone is skirned with titanium. The titanium skin
on Zcne IT extends far enough below the wing that fire, issuing from

Zone IT during an antorotation landing, is prevented from damaging the
wing or causing explosion of fuel vapors in the integral tanks.

IRSTRUMENTATION SYSTEM

Power plant instrumentation for the research aircraft is reduced to the
types and quantities necessary tc accompliah the research mission safely
and adequately. However, the basic design would not preclunde the vse of
full instrumentation per military specifications and/or FAA regulations
for an operational aircraft.

Figure 47 shows the arrangement of powerplant and drive system-
instrumentation.

STARTING SYSTEM

The two T6L-GE-16 turboshaft powerplants on this vehicle are started by
& varisble-displacement, 3,000-psi, 17.2-gallons-per-minute (gpm)
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hydraulic motor, mounted on the accessory zearcase of each engine, The
starter motor, starter valve, and utility hydraulic pump package used in
this system are identical to thcse used on the AH-56A. 3round connections,
located in the nosewheel well, are provided to Join the ground hydraulic
power unit to the system for starting the Number 2 engine. The Number 1
engine is started from the utility hydraulic power package driven by the
started engine,

ENGINE COMPARTMENT COOLING

The engine nacelles are divided into three compariamerts as shown in

Figure 49, Air for Zone I is admitted through flush sccops near the
forward end of the zone, and on either side of the nacelle. This air is
discharged through an angular slot between the trailing edge of the cowl-
ing and the engine exhaust diffuser discharge. )

Cooling air for Zone II is provided by a ram scoop in the nose of each
spimmer and flows over the propeller hub and through a rotary shutoff
valve into Zone II. After flowing through Zore II, this air is discharged
through louvered openings on either side of each nacelle, near the top and
bottom rear of the zone. During hover operations when there is no ram,
air is drawn through the spinner and into Zone II by fan blades inside the
spimmer. The left engine drives a 20-kilovolt-ampere, air-cooled alter-
nator, which incorporates an integrel fan capable of pumping sufficient
air for cooling under hover conditions.

INSTALLATION LOSS ANALYSIS

The effects of inlet and exhaust system losses, power extraction, and
cooling-air drag have been considered in determiaing the engine per-
formance. The presentation of the data is in general accordance with

MIL-D-17984A (ASG)-1, and it includes installed-engine performance for
the T64-GE-16 engine. g

Discussion and Presentation of Inlet loss Analysis Results

The inlet total pressure recovery is siiown in Figure 50. As envisioned for
operational aircraft, the inlet doors are interconnected with the landing
gear. Takeoff and any operation in ground effect (IGE) would normally be
performed with the landing gear down and with only the filtered air scurce
open. When the lending gear is retracted, the rem air source is opened
and the filtered air source is closed. An override is provided, however,
80 that when the aircraft 1s hovering at 6,000 feet, 95°F, out of ground
effect (OGE), where engine performance is critical, both inlets can be

opened, thereby resulting in a relatively high inlet total pressure
recovery ratio.

The research aircraft hag suxilliary doors to provide the same recovery at
6,000 feet, 95°F as the operational version of this aircraft, Since
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thesc doors are spring-loaded suck-in doors, air scurce selection is not
possible, and the sea-levr.l takeoff inlet total pressure recovery ratio of
this aircraft is higher than that of operational aircraft. Of course.
any dust in the air may be ingested with this system.

Exhaust Duct and Exhszust Ejector Analysis

The exheust aystem arrangement is showam in Figure 51. The exhaust gas
diffusea from the ergine flange {Area = 2.0W £t2) to the exhaust face
(Area = 3,12 £t2) with an equivalent conical diffuser angle of 1l.4
degrees, The exhsust gas also pumps cocling air through the hot section
(Zone I) which contains the combustier, turbine, and tailpipe,

Ezhaust Duct Analysis

The exhaust nozzle shown in Figure 51 is identical to that on which the
engine manufacturer based engine performance; therefore, the exhsust
system effect is already included in the specification performance.

Exhaust Ejector Performance

The exhaust nozzle and cowling constitute a zero-length ejector to
pump ventilating air through Zone I. At least three air changes per
minute are required to ventileté Zone I adequately. Experience indi-
catez that the zero-length ejector will provide adequate Zone I
ventilation,

Losses Due to ngLExﬁfaction

Accessory power extraction is tabulated in Table VI for three critical
flight conditions. i available to the propeller, main rotor, and
ta1l rotor was predicated on power path efficiencies of 98.2 percent to
each propeller, 97.2 percent to the main rotor, and 97.2 percent to the
tail rotor. These efficiencies account for drive system losses. The

sum of these gedr losses and the accessory power extraction was subtracted
from the engine installed shaft horsepower to obtain the power on which
aircraft performance was based.

Miscellaneour

The recovery ratios shown in Figure 50 include an estimated propeller cuff
pressure rise of approximately one-half percent over the entire flight
Mach number range.

Cooling Alr Drag

The cooling alr required for cil cooling is pumped by a fan. Since the
fan pressu-e rise, plus heat addition, converts some of the extracted
horsepover already accounted for to thrust, the difference between this
thrust and the ram drag 1s considered to be insignificant. For Zone I,
II, and III cooling air drag, this combined drag is of an order of
magnitud- of 2 pounds, allowing at least 10 changes of air per minute
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through each zone., Therefore, the CRA engine performance is not corrected
for cooling air drag. For a further discussion of the cooling system,
refer to the previous piuregraphs on Engine Compartment Cooling.

Overall Effect Upon Engine Install=tion Performance of Various Installation
Losses

Install=d engine performance for various altitudes, speeds, and power
settings is presented in Figures 52 through Gh.
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SECTION 6
PCWER_TRANSMISSION SYSTEMS

DESIGN REQUIREMENTS

The power transmission system is designed in generul accordance with the
guidelines defined by specifications MIL-A-8860 through MIL A-887C (ASG),
and in conjunction with specifications MIL $-8698, MIL-T 5955B, sand
MIL-T-8679, as appropriate.

CAPABILITY AND PURPOSE

The transmission syster is designed to satisfy these functional requirements:

To transmit pcwer from the wing-mounted engines to the aircraft
propulsion systems, the forwari thrust and the vertical lift
system .

To provide prcper supporting structure while the main rotor system
is either stowed or extended

To provide wing cross-sh&fting to interconnect the two propellers
mechanically, to guard agsinst asymmetric thrust due to an engine-
cut situation

To provide either fixed-wing or VIOL propulsion capability

SFECIAL FEATURES

The power transmission system as designed for the Composi:e Research
Aircraft is based on these features:

Instant and automatic disengagement of an engine upon loss of
power

3,60C-hour aircraft service life on nonreplaceable components
(i.e., gearing, shafting, snd housings)

1,2CC-hour minimum operating time bctween overhaul requirements
for bearings, couplings, clutches, and rotor brake

10 to 15 percent growth potentiasl of engine without major develop-
ment of drive system

Lighter weight vertical 1ift system as a result of large shutdown
time during fixed-wing mode of operation
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® Compact main transmission capable of stowing/extending main rotor
without interfering with cargo spice

® Maximum use of available previously qualified components, where
applicable, for cost and time savings

GENERAL DESGRIPTION

System Description

The power transmission system is a mechanical drive system transmitting
the power from the wing-mounted engines to the aircraft propulsion systems,
the forward thrust system (propellers), and the vertical 1°ft system (main
and tail rotors). Figure 65 shows the general srrangement of the power
transmission system. The power transmission system ratings are shown in
Table VII, -

The arrangement of the power transmission system conformswith the aircraft's
configuration and performance requirements. The design of the system's
components has been selected from trade-off studies for maximum performance,
et‘ficiency, and reliability and minimum weight.

The system's arrangement provides for shutting down and reactivating thre
vertical 1ift system without interrupting the operation of the forward
thrust system. Flight range and safety are improved by mechanically inter-
connecting the propeller transmissions and by an overrunning clutch at the
engine output shaft. With one engine shut down, the other engine can drive
both propellers in the forward thrust system and alsc the rotors in the
vertical 1ift systen.

A flight sa.tety feature 1is the decoupler in the cross shaft between the
propeller iransmissions. In case of a propeller or gearbox mal function,
or a nacelle fire, actuation of the decoupler divorces the propeller
transmission from the power transmission system.

The interfaces betveen the system components are designed for individual
removal of components. Access is provided for servicing and maintenance.

The main components in the power transmission system are the engine/
propeller transaission, the maln rotor transmission, the tail rotor drive
intermediate gearbox, and the tail rotor gearbox. Includ~d in the power
transmission system iz the shafting between the components; the shaft bear-
ings, supports, amd couplings; the vertical 1ift system disengaging c¢lutch;
the rotor brake; the drives for the aircraft systems' accessories; and the
lubrication systems..

The nower path from the engines to the propulsion systems is as follows:
The engine power output shaft drives through an overrunning clutch into the
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propeller transmission. This transmission contains two power paths, one to
the propeller and one to the engine cross shaft. The cross shaft runs lat-
erally through the wing and main rotor transmission to the engine propeller
transmission on the opposite wing. A clutch in the main rotor transmission
engages the cross shaft for power transmittal to the main and tail rotors.
A power train within the main transmission drives the main rotor and the
tail rotor drive shaft and accessory gearbox. The tall rotor drive shaft
runs aft in the fuselage, through the intermediate gearbox and tail rotor
gearbox, to the tail rotor,

Power System - Transmissions

Engine/Propeller Transmission

The engino/propeller transmission propcsed for use on the CRA is &
modified version of the propeller transmission used on the XC-142A
V/STOL experimental aircraft.

Two added mount pads are located near the top of the gearbox as shown
in Pigure 43, one on each side iocated 20 degrees radiaslly from the
vertical center. Internal lubrication system changes necesgsary to
provide adequate lubrication for all elements and to provide ascaveng-
ing in the inverted position will be incorporated.

The modification to0 provide for driving the extension shaft to the wing

consists of external mounting of a pair of bevel gears driven
off the input to the gearbox, The relationship of the extension shaft
to the engine-propeller gearbox and the wing gearbox is shown in Fig-
ure 43 also.

A comparison of the design factors of the present XC-142A gearbox and
the gearbox as modified for the CRA vehicle is as follows:

XC-142A Lockheed CRA Modification
Bngine rpm 13,600 13,600
Engine hp assumed 3,850 3,900
1st stage ratio 2.79 2.79
1st stage tarque 1,490 ft-1b 1,509 ft-1b
2nd stage ratio 3.96 3.17
2nd stage hp 3,h20 3,900
2nd stage rpm (output) 1,232 1,545
2nd stage torque (out) 14,550 ft-1b 13,300 ft-1lb

The engine/propeller transmission will have a common lubrication sys-
tem, designed to use MIL-L-7808 oil or equivalent, and will provide
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sufficient capacity to lubricate the engine, the main gearbox, the
adapter gearbox overrunning clutch assembly, and the wing gearbox,

Bevel Gearbox

The bevel gearbox, which drives the extension shaft to the wing gear-
box, is mounted directly to the gearbox, and it supports the over-
running clutch assembly which is driven by the engine shaft. Torque
is transmitted by & pair of spiral bevel gears which reduce the speed
from 13,600 rpm engine output speed to 11,150 rpm of the extension
shaft., The pinion gear shaft is splined to the shaft between the
overrunning clutch and the propeller gearbox. Both pinion and gesr
have teeth integral with their shafts, and they are straddle-mounted
in a common housing between radial roller bearings and duplex angular
contact bearing sets.

Extension Shaft

The extension quill shaft from the bevel gearbox to the wing gearbox
is mounted in splines at both ends; it is capable of accommodating the
expected maximum misaligmment of the two gearboxes and of transmit-
ting the design torque to the wing box. In order to provide for shaft
disassembly without disturbing the gearboxes, a short section of shift
near the lower end is made removable. A protective housing for the
shaft serves also as a scavenge oil return path, and it is equipped
with a flexible boot at each end to provide structural separation and
access for shaft disassembly. The shaft mean diameter of 3.4 inches
and the length of 30 inches provide a critical speed margin greater
than 2.0,

Wing Angle Gearbox

A spiral bevel-mesh gearbox is located at the junction of the wing
cross shaft and the drive centerline from the propeller transmissions.

The left-hand assembly includes provisions for driving and mounting
the standby hydraulic pump.

The gears and bearings are supplied with lubricating oil provided from
their respective propeller transmission main pressure systems, The
wing gearbox oil flow iz based on an estimated oil heat rejection of
526 Btu per minute. Assuming a maximum oil temperature rise of LCOF,
the required oil flow rate is approximately 2.4 gallons per minute.
The extension shaft protective housing is used ag an oil drainage
path, The metal housing is fitted with a boot at each end, and ade~
quate drain holes are provided in the bearing retainer castings at
each end of the housing to accommodate the 3.4-gallon-per-minute flow.

The wing angle gearbox is directly mounted to the structure that sup-
ports the propeller. transmission, and engine system, thereby ensuring
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sufficient alignment to permit the use of a simple quill shaft drive
tuoom the propeller transmission.

A curvle coupling is used to connect to the cross shaft, which is, in
turn, provided with flexible points to accommodete both axial and
angular mismateh between the angle boxes and the lower main rotor
tranamission.

. Maln Rotor Trunsmission

The main rotor transmission assembly is the part of the power trans-
mission system that combines the power from the two engines, trans-
mits the power to the main and tail rotors, suppcrts the main rotor,
and transfers the main rotor forces to the aircraft fuselage. 1ue
trangmigsion housing is divided into three pin-jointed subassemblies,
and it folds around the pin joints when stowing the rotor. The
transmission contains the engine power clutches for engaging and dis-
engaging engine power when changing to and from helicopter and air-
plane modes, the rotor brake, and the drives for acceusories required
for the main rotor control and operation. Main rotor control and
blade-folding components (actuators, swash plate, control rods, main
rotor control gyro drive) are located on, and form an integral part
of, the transmission assembly.

Figure 65 shows the main rotor transmission and the location in the
sircraft fuselage.

The basic transmission assemtly is divided into three major subassem~
blies: the lower tranamission assembly, the lift truss assembly, and
the upper transmission assembly. The lower transmission assembly is
mounted in the fuselage on the forward side of the wing beam. The
lift truss assembly is joined to the lower transmission assembly by
truonions (lower trunnion) concentric with the cross shaft. The uprer
transmission assembly 1s jolned to the lift truss by trunnions (upper
trunnion) parallel to the lower trunnion. Figure 66 shows the trans-
miuion' envelope.

The trunnion-jointed, three-piece transmission assembly folds when the
rotor is stowed, 1In the process of folding, the 1ift trusas rotates
about the lower trunnion, translating the rotor and upper transmission
forward and down into the fuselage. During this uranslation, the
upper transmiasion and rotor rotate backward around the upper trunnion
Joint, keeping the folded rotor blades parallel to the fuselage and
positioned for stowage in the fuselage,

Power from the engine power crosa shaft to the main rotor muat cross
over the two tranamission trunnion joints. These joints rotate when
the rotor is being stowed. To transfer power across the joints, a set
of right-angle spiral bevel gears is used at each joint. The rotative
motion at the joint causes one bevel gear to roll on the mating gear,
the mating gear turning on its center.
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Figure 66.

Main Rotor Transmission Assembly .
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The power geer train within the transmission assembly is shown by the
power transmission schematic, Figure 65,

The engine power cross shaft, running laterally in the nose of the
wing, mechanically interconrects the engine power output shafts and
combines engine power. This cross shaft passes through the lower
transmission ussembly, wherein hydraulicelly operated clutches engage
the cross shaft. Dual power paths, laterally disposed, are used to
transmit power to the upper transmission assembly, one-half rotor
pover in esch path, and & clutch for each path. The speed reduction
ratios in the transmission essembly are: total ratio from cross shaft
to main rotor, 33.7; lst bevel gear ratio, 1.35; 2nd bevel gear ratio,
1.60; 3rd bevel gear ratio, 1.45; spur gear stage, 3.53; and plane-
tary gear stage, 3.00.

The tail rotor drive shaft is driven by a right-angle spiral bhevel
gearbox in the lower transmission assembly, with the drive piniomn in
the right-hand dual power path from the clutch to the upper trans-
mission assembly. The drivan gear drives through the wing beam to an
accessory gearbox located on the aft side of the beam, and through
the accessory box to the tail rotor drive shaft. The rotor brake is
located on the accessory box output shaft. The tail rotor shaft
coupling is a flexible diaphragm coupling.

Th2 accessories mounted on, and driven by, the accessory gearbox are:
transmission lubrication pressare and scavenging pumps; clutch actu-
ating pumps; hydraulic pump for rotor flight controls; rotor tachom-
eter generators; and rotor detent mechanism. The drive for the
lubrication system oll cooler blower is located on the right-hand
side of the lower transmission assembly, and it drives forward to
the blower.

The power clutch between the engine cross shaft and the main trans-
mission contains two complete clutch sections, one for eech of the
dual power paths to the upper transmission assembly. The clutches
are hydraulically ectuated, cil-cooled, axial wet ciutches, with one
sintered bronze dise in each elutch section. The clutch hydraulle
system is cambined with the transmission lubrication system, and they
utilize a common oll tank, A separate pressure pump and a seperate
scavenge pump circulate cooling oil through the clutch when engaging
the rotor power train; the scavenge pump discharges through a filter
to the oll tank. The operation of the power clutch system is des-
cribed in the Main Rotor Clutch paragraphs, which follow.

The lubrication system is a pressure system with oil spray nozzles at
the gear meshes. A complete description of the system is given later,
under the Lubrication System heading.

The bearings for all rotating gears and shafting are ball and roller
bearings. The material of the bearing reaces and rolling elements is
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speclally processed steel for extra cleanliness and increased life,
The material of the rolling element separators is silver-plated,
heat-treated steel for extra strength and durability.

The gear material is case-hardened steel. The housing material is
cast magnesium,

The roter brake is a two-bution disc type, with a master hydraulic
ecylinder for actuaiion.

Intermediate Gearbox

The intermediste gearbox transfers power from the wing shaft power
takeoff to the tail rotor gearbox during the helicopter mode.
Straddle-mounted spiral bevel gears with ¢ 17:33 ratio are used to
make an angular change and to reverse direction in <he tail rotovr
drive shaft system. All housings are megnesium castings with steel
bearing liners. The weight of the gearbox is approximately 55.6
pounds.

The gearbox is lubricated by means of a gear pump driven by a splined
adapter on the output gear shaft. Oil 1s scavenged from the sump area
and directed through a filter screen to the gear mesh and pinion shaft
bearings. All remaining beerings ere splash lubricated. The gearbox
is cooled by directing air over and around the outer gearbox housings.

Tail Rotor Gearbox

During the helicopter mode, the tail rotor gearbox transfers power
from the wing-shaft power takeoff, through the intermediate gearbox,
to the tail rotor. Straddle-mounted spiral bevel gears, with a 16:55
ratio, are used to make a 90-degree angular change in the tail rotor
¢rive shaft system. All housings are magnesium castings with steel-
bearing liners. Duplication of details is used wherever possible.
The weight of the gearbox is approximately 65.0 pounds.

The gearbox is lubricated by means of a gear pump driven by & set of
7%5:33 ratio spur gears off the output gear shaft. O1il 1s directed
through a filter acreen to both gear meshes and the cutput gear shaft
bearings. All other bearinge are splash lubricated. The gearbox is
cocled in the same manner as the intermediate gearbox, with the tail
rotor pulling additional air over the housing areas.

Main Rotar Clutch

The main rotor clutch is an integral component cf the inboard main rotor
drive cross-shart trensmission. The clutch is engaged by driving two
pistons inward sgeinst & radial extension of the cross shaft. Each piston
is torsionally coupled to a main rotor transmission drive bevel gear,
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Description

The pistons are single-acting and coil-spring-biased toward the dis-
engaged position. The piston is driven by a high-pressure lubricating
oil supply, delivered through a carbon-ring, sealed, transfer spool
between the piston shaft and outer casing. The piston friction sur-
face has a direct deposition-sintered, bronze coating, contacting a
plain, steel-bearing plate which, in turn, is coupled to the cross
shaft.

Cooling oil is brought through the outer casing and directed to the
back faces of tie bearing plates. A network of axial feed ports of
circumferential distribution passages and of radial grooving trans-
ports the cooling oil to the high-temperature areas of the contacte-
ing surfeces.

Operation

Clutch engagement is initiated by diverting fluid power from the high-
pressure hydreulic system to a hydraulic motor which drives a three-
element, lubricating oil pump. One element supplies cooling oil to
the clutch at a rate of 15 gallons per minute at nominal pressure,
Another element provides pressure oil to the pis*ciui actuation parts
at & flow rate of 2 gallonz-per-minute., Initial actuating oil pres-
sure will be 200 psi; it will then be modulated to the steady-state
pressure by & control valve which will monitor actuation-pressure
based on rotor speed, so that the generated clutch heat load to the
cooling oil will tend to be uniform throughout the engagement cycle.
The third element of the oil pump will provide scavenging of the
cross-shaft transmissisn assembly during the clutch engagement tran-
sient.

After the clutch is engaged, the supply of piston actuation oil will
be furnished by a pump element located in the rotor transmission
lubricatirg o0il pump assembly, which is driven by the tail rotor drive
shaft. At this point, the hydraulic motor will automatically stop
driving the three-element pump. The cooling o0il flow is not required
when the clutch is fully engeged or disengaged and has no slip, and
the scavenging function is provided by the basic transmission scaveng-
ing system.

Heat Load Requirements

Allowing for a rotor acceleration from zero speed to synchronous speed
at 100-percent rotor speed, the energy dissipation in the clutch, due
to the momentum transfer, is approximately 5,000 Btu., In addition,
aercdynamic drag resistance during the acceleration is expected to

add 1,000 Btu of clutch heat, resulting in a total of 6,000 Btu, or a
design point of 3,000 Btu ver clutch,
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Clutech Type Selection

An externsl (dry) clutch is somewhat simpler to design and install,
but the foregoing oil cooling results in an eppreciable weight
increase in the clutch in order to provide enough mass of metal to
absorb the clutch heat rejection and transfer it to externsl cooling
air. In contrast, building the clutch as an integral component of
the main transmission, as is proposed here, facilitates oil cooling
of the clutch, so that virtually all the clutch heat can be trans-
ferred to the oil system, resulting in lower weight and in reduction
of thermally induced stresses.

The design engagement time strongly influences the size of the clutch.
As “he engagement time decreases, the time rate of heat loading
increases, thereby requiring greater cooling-oil flow and increased
heat transfer effectiveness to the cooling oil. Beyond a reasonable
point, it becomes difficult to provide increased heat transfer to the
oil without increasing the physical size of the clutch, and the
balance of the heat load must be absorbed by the clutch metal. To
ensure against possible clutch problems in the development phase of
the rotor drive system, the design normel engagement time has been set
at a nominally conservative value of 45 seconda., The clutch size
should easily accommodate the 15 gallons-per-minute cooling-oll flow
rate, which would then require a heat transfer effectiveness capable
of raising the oil temperature about LO°F.

Steady Operation

Assuming that system vibration will prevent the attaimment of an
idealized static condition, the cluteh is designed to transfer 125
percent of rated torque to the rotor, with a roefficient of friction
of only %.035. The required piston operating pressure is approxi-
mately 1,600 psi, of which epproximately LOO psi is developed by the
rotating column effect within the piston chember., The nominal exter-
nal oil supply pressure will be approximately 1,200 psi; however,
lubrication system componenis are to be designed to increase this
pressure to 2,000 psi for growth and contingency considerations.

Digengagement

Each piston chamber cavity is provided with an 0.030-inch-diameter
continuous bleed hole near the outside diameter of the chember. The
clutch is disengaged by stopping the makeup o0il flow to the piston
chamber, thereby allowing the piston bias springs to pull the piston
awvay from the cross-shaft driving surfaces,

Rotor Brake

The rotor brake is an air-cooled disc brake with two dlametrically oppc-
slte, hydraulically actuated buttons. The buttons are self-adjusting,
and the button displecement is the same for new or worn linings. The
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brake is located on the tail rotor drive shaft, adjacent to the accessory
gearbox, aft of the wing beam, Brake hydraulic pressure is supplied by
the flight system's hydraulic pump, & valve modulating the pressure.

The brake is applied after the main rotor power clutch is released and
rotor speed decays to 50 percent of normasl speed (120 rpm). Full braking
force is used until rotor speed decreases to 10 percent of normal speed
(24 rpm). At this speed, the rotor brake pressure modulating valve oper=
ates in conjunction with the rotor detent mechanism to stop the rotor at
the azimuth position required for blade folding. Full rotor brake pres-
‘sure is applied when the rotor is at the desired position. The rotor hub
stop is then engaged and the rotor brake pressure is released.

The rotor brake is sized for stopping the rotor system in 10 seconds for
normal operation and in 4 seconds for emergency operation.

Tail Rotor Drive Shafting

The tail rotor shaft system consists of shafting, diaphragm couplings,
bearing supports, ball spline coupling, intermediate gearbox, tail
rotor gearbox, and teil rotor assembly and bearing support.

The tail rotor drive shaft, between the hydraulic accessory gearbox
and the intermediate gearbox, is installed in three sections. A ball-
spline coupling is mounted directly behind the first diaphragm cou-

Fling to absorb any axial movement. A single shaft 1s used between the

intermediate and tail rotor gearboxes with a center bearing support.
A diaphragm coupling joins the shaft to each gearbox by means of
fixed curvic joints. To provide for angular misalignment, & slip
spline is provided at the tail rotor gearbox to absorb axial movement.

A single shaft also connects the tail rotor gearbox and the tail rotor
assembly. It is connected to the tail rotor gearbox with a diaphragm
coupling and & fixed curvic joint to provide for angular miselignment.
A 8lip spline is employed at the tall rotor bearing support to permit
axial movement. . 2

The tail rotor bearing suppoit has an oil reservoir, filler plug,
sight-level gage, and magnetic drain plug. The ball-spline coupling
and the shaft bearings are grease lubricated. A minimum of 1,200
hours is required between servicing. Lubrication and description of
the tall rotor and intermediate gearboxes are discussed later, in the
Tail Rotor Drive System Lubrication paragraph.

DESIGN CRITERIA - TRANSMISSICIi SYSTEM

Structural Criteria

The following general structural criteria, in conjunction with the appro-
priate structural factors as defined in MIL-8-8698, are utilized for the
transmiasion system.
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External Logding Criteria

The following external loading criteria, as applied to the trans-
mission system by the main rotor, tail rotor, and tail rotor/main
propeller, are used:

o Maximum thrust

¢ Maximm gyroscopic forces in yaw, pitch, and roll combinatjons for
normal rpm and for l1l6-percent rpm conditions

¢ Maximum moments in yaw, pitch, and roll combinations for normal
rpa and for ll6-percent rpm conditions

Inertia Load Factors

The 1inertia load factors for the varicus components of the power
transmission system during flight, landing, and crash conditions are
utilized to determine critical design conditions.

Drive System Criteria

Components comprising the power train are subject to the following
design conditions or combinations thereof:

e Maximum deaign steady torque

® Maximum design transient torque

® Speed power spectrum, as applicable
® Starting and stopping loads

® Handling loads

Bpecial Ccnsiderations

Listed below are the special considerations applicable to the power
trangmission system design:

® A dynamic factor of 1.25 is used in the engine/propeller, wing
cross-shafting, and main rotor drive systems for the transient
torque conditions.

e A Qynamic factor of 1.33 is used in the tail rotor system for the
transient torque conditions.

® Because of the high rpm values encountered, the cyclic stresses of
all shafting and gearing during normal operation, coupled with the
steedy-state stresses, are kept below the notched fatigue strength
of the material.
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Dynamics Criteria

The following dynamicc criteria, based upon experience at Lockheed and as
defined in MIL-S-8692, are utilized for the transmission system:

& Drive shafting resonance is separated from any multiple of the
preduct of the rotor/propeller speeds and the number of blades,
with a minimum margin of 25 percent,

e The-zhalling critical whirling speeds are located at least 25 per-
cent above the maximum operating range (normal rpm x 1.2 x 1.25),

o The system has a torsional natural frequency of at least 3 cycles
per second,

e The drive system and the governing system of the powerpiant are
compatible,

e Failure in any one portion of the drive system will not cause
resonance conditions in the remaining portions of the drive system.

® The coupling of the drive system to the airframe structure will not
result in excessive vibration in either the drive system or the
eirframe,

e Transient torques due to normal engine accelerations and loads due
to gusts will not produce excessive torque loads or oscillations.

Limit Torque/Shp Summary

The limit torque/shp values, as summarized on the following page, are
noted in Table VIII. Starting and stopping torque conditions are not
considered to be critical and were not included in the summary.

Power-Time Design Spectrum

The 1200-hour power-time design spectrum for the Composite Regearch Aire
craft is shown in Table IX. This spectrum is derived primarily from data
presented in the following external loads and power distribution para-
graphs, and it is utilized as a basis for designing bearings in the trans-
mission system,

DESIGN LOADS - TRANSMISSION SYSTEM

There &are two principal sources of loads acting on the power train: the
engine torque, and the external loads from the rotors and propeller. In
addition to the principal loads, the power train is subjected to secondary
loads arising from vibrations, misalignments, and deflections. These
loads are considered 1n the analysis, and they ere combined when this pro-
duces & more critical condition for both ultimate and fatigue conditions.
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Extcernal Tail Rotor Loads

Figures 67 and 68 define the tail rotor loads for the normal hover
conditions.

Power Distribution

The power distribution criteria as utilized for design of the CRA trans-
mission system ioads are presented in this section (see Table X and Fig-
ures 69, 70, and T1).

Shaft Horsepower/Torque Design Input Power

The CRA power transmiasion system has been structurally designed to
accommodate an installed engine output capability at the following
conditions:

59°F, Sea Level

Shaft horsepower
Torque

3900
1520 ft-1b (steady)
Qutput shaft rpm = 13,600 (normal rated)

: Output shaft rpm = 17,000 (m ximm)

95°F, 6,000 Feet
Shaft horsepower = 2650
Torque = 1020 ft-lb (steady)
Output shaft rpm = 13,600 (normal rated)
Output shaft rpm = 17,000 (mascimum)

Shaft Horsepower Disiribution

Table X defines the structural design shaft horsepower distribution
for both the helicopter and fixed-wing modes.

Supercritical Operation

As an alternative configuration, a super-critical shaft instellation
has been considered for the tail drive shaft. This configuration
would have a damped elastic bearing located 21 inches from each end
of the 345-inch-long shaft and would operate between the seventh and
eighth critical modes. Computer results, using the program described
in the preceding paragraph, indicate that with damping at the bearing
of 1 1b/in./sec eand a bearing support stiffness of 100 1b/in., the
shaft could operate at all critical speeds safely. This type of drive

has been used successfully on the Breguet aircraft, and it has advan-
tages such as elimination of the large number or bearings required and
the relaxation of balance requirements.
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TABLE X. SHAFT HORSEPOWER (SHP' DISTRIBUTION l

Helicopter Fixed Wing
Hover Hover
Sea level (SL) 6,000 £t

Component Std Day at 95°F SL Std Day

Main Rotor 4350 L350 0

Tail Rotor Lho uho 0

Two Propellers 150 150 7520

Drive System Losses 250 250 140
Accessories

Lubrication 5 5 5

Transmission Cooling 15 15 15

Electrical 15 15 15

Hydraulic 15 15 15

Engine Control Stability

An estimate of the stabtility of the engine and fuel control system, when
it is connected to the mechanical rotor drive system, has been made by
comparing the CRA drive system with that of the AH-56A, which is known to
be stable. Since the natural frequencies of the CRA drive system are
equal to or greater than those of the AH-56A, and since the effective mass
of the system relative to the engine is greater than for the AH-56A, it is
concluded that the system has a better stebility margin than the AH-S6A.

A more detailed anslysis will be performed in the detail design stage.

TUBRICATION SYSTEM

Main Transmission Lubrication System

The main transmission lubrication system ccnsists of an engagement system
and a sustained-operation system. Each of these two systems is in turn
composed of &n oil pressure supply system and an oll scavenge system. The
overall system is shown schematically in Figure 72.

The engagement system is driven by a hydraullc motor, prior tc starting
the rotor. This system contains three pumps ws shown in Figure 72,
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The engagement system hydrsulic motor receives hydraulic oil, under pres-
sure, from the main aircraft hydraulic system. Hydraulic 5il to the motor
is controlled by an electric dump velve actueted by & three-positicn
switch on the pilot's panel.

The sustained-operation lubrication system contains two pressure pumps and
four scavenge pumps. These pumps are all driven by the output side ot the
main rotor drive., When the rotor is stationary, the pumps are inoperative,
When the rotor is brought up to operating speed, however, the pumps per-
form ell transmission lubrication functions.

Tail Rotor Drive System Lubrication

The tail rotor drive system consists of two gearboxes: one:at the base of
the fin, which changes the direction; and one at the base of the horizontal
stabilizer, which changes the direction and speed. The lubricating
features of these two gearboxes are similar, The gears run.in an oil bath,
and & pump is provided in each gearbox to assure positive lubricatiom.

Each box is vented and equipped with & filler neck and éight gage. The

sumps are fitted with magnetic chip detectors. Cooling is provided by
convection and radiation.
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SKFCTION 7
VERTICAL LIFT UYSTR

7. IN ROTOR

in the evaluation of the rotor design, the initial selection of rotor
diameter was influenced by the desire to minimize the sctowage problem, by
using the smallest possible diameter. The study ground rule of 10-pounds-
per-square-foot maximum disc loading led to an initial selection of 56 feet
as the rotor diameter.

A limited parametric study wus then performed to optimiie solidity and tip
speed. Holding constant rotcr dismeter, solidity (o) and tip speed (Vi)
were varled. Beginning with an assumed gross weight, main rotor horse-
power and rpm were calculated. Then the weight of the main rotor and main
transmission could be calculated. Several iterations were required in
order to converge on 2 final gross weight and horsepower reqiired for each
combination of ¢ and Vg.

Three different assumptions were made as to the effect, on the remaining
empty weight, of variations in gross -eight due t0o changes in rotor and
main transmission weight. The resul s of the three assumptions were
plotted. Comparison of the plots showed that while the variation of
remaining empty weight was very important to the absolute values of horse-
power required and gross weight, the trends of horsepower and gross weight
variation with ¢ and Vi were largely independent of the assumption. Con-
sequently, this simplified parametric study could be used with confidence
to select a best combination of & and V¢, although it could not he used to
predict absolute values of horsepower and gross weight. One of these plots
is presented in Figure 73.

With the objective of minimizing both gross weight snd horsepower required,
the plots were studied to select u best combination of o and Vg.

Solidities above 0.09 involved some difficulty in stowing the blades in the
fuselage because of the higher blade chord. With this in mind, a ¢ of
0.085 and a Vi of 750 feet per second were selected.

A parallel study showed that a divergence speed sbove 165 knots csuld be
obtained for any of the o and V4 combinations of interest. by the proper
selection of blade root thickness and spuanwise thickness taper. Later in
the evaluation of the design, it became evident tiiat the horsepower require-
ments of a 56-foot rotor were not compatible with available powerplants.

The rotor diameter was increased to 60 feet. Divergent speed was held

above 165 knots by increusing the blade root thickness. It was not
necessary to repeat the o and Vi optimization stud;, =2s it was essentially
a rotor figure of merit or profile power cptimizuation, und the change in
diameter was principally a change in induced power.

151



26
\~ (-Cr/o =0.078
25 .
@ -0.10 / ,_V, = 850
3 o=0,09
g V, = 800 ~ :
© 2
e = 0.085
3 )
wv C = 0.093
8 N o
5 ~~ |
e =0.078
Vy = 750
48 49 S S1. 52 53 sS4 55 55 57 S8

MAIN ROTOR HP REQUIRED AT 6000 FT 95°F / 100

Figure 73. FKotor Vt and o Optimization Map,

152



The finel configursztion resulting from this analysis ls a three-blade
rotor incorporating the features of the gyro-controlled rigid rotor, as
well as the design deteils of the rotor stopping end blade folding
development mode. This 33-foot-diameter stopped rotor was tested succesa~
fully in the NASA-A:ES 4O-foot by 30-foot wind tunnel, and will sub-
sequently be tested in flight. The basic structursl, dynemic, serodynamic,
and control charscteristics, which were proven during this investigation,
have been retained and are incorporated in the CRA maln rotor design.

Rotor EBlades

There are two fundamental considerations in the design of the CRA rotor
bledes., The first is that when the rotor is slowed down or stopped in
flight, centrifugal forces no longer act to stiffen the blades. In this
case, the blade strength and dynamic properties must permit blade daivergent
speeds of the stopped rotor under gust conditions that satisfy allowable
velocity requirements. The second consideration is s relaxation of normal
rotary-wing requirements in that maximum flight speeds as a helicopter are
not necessary. Problems associated with high Mach tip-speed ratios and
retreating blade stall are consideradbly reduced by the unloading of the
main rotor and by the relatively low speeds required by transition.

For many years, it has been customary to design blades for convenience of
manufacture, resulting in rotor blasdes having uniform mass stiffness
distributions, As a result, the second mode natural-flapping frequency
has been near the 3-per-revolution foreing function. Hewever, the design
of this blade is such that the second flapwis: frequency is -'ell above the
3-per-revolution function without resorting to anti-node weights. The
relation between the blade natural frequencles and excitation frequencles
is shown in Figure 74. The selected natural frequencies for the significant
modes.of blade motion fall between majcr excitations, thus avoiding

caance effects. Another feature of this rotor design is that the rotor
energy is sufficiently high that no tip weights are required for auto-
rotative flare. .
The main rotor blade is shown in Figure 75. The blade has a constant
32-inch chord and s linear taper in thickness from an NACA 63A 021 section
at 20 percent of radius, to an NACA 637 010 section at the tip. The
leading edge spar is one continuocus piece of stainless steel from the
spindle to the blade tip. This method of construction eliminates mejor
structural joints in the blade.

Outboard of Station 110, the spar is opened at the rear and a doubling
channel is added to close the D section. The enclosed ares is fllled from
the spindle to Station 270 with polyurethane foam. This foam hes a
density of 8 pounds per cubic foot. Outboard of Station 270, the spar is
hollow. The aft portion of the blade contour is filled with aluminum
alloy honeycomb. The trailing edge is laminated of four 0.010-inch stain-
less steel strips. An outer skin of 0.010-inch stainless steel covers the
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entire blude structure. The blaue is balanced about the guarter chord
point from Station 180 to Station 360 by locating = stainless steel
balance strip against the inside leading ecdge of the D spar. This strip
is safety-secured with monel rivets ne=zr the blade tip. An abrasion
shield of 0.050-inch polyursthane is provided for the leading edge area
from Station 240 to Station 360. The root and tip closure ribs are stain-
less steel and form the caps to areas which can be filled with ballast for
finish blade buluncing.

The spindle portion of the spar, which constitutes the inner shaft for the
feathering needie bearings, is threaded on the inboard end for the blade
retention fixture. This fixture also retains the pitch horn, which is
splined to the spindle. The proposed rotor design contains only two
structural joints per blade, and one of these joints is coincidental with
the feuthering bearings.

The rotor hub structure is a one-piece, tubular shaped, allcy steel

member. It has a 15-inch inside diameter at the upper end and is reduced
to 8 Q-irch inside diameter at the lower end. There, it is attached to the
rotor drive transmission. This permits the control swash plate and piteh
conlrol linkage to be mounted integral to the rotor hub. The gyro-drive
gearbox and swash plate mounts ere supported from the upper surface of the
hub as shown in Figure 6. A flexible oil seal boot is attached to the top
of the hub to allow the gyro to tilt or precess 2nd also to accommodate
vertical motion resulting from collective pitch changes. The three-blade,
pitch change, bellecrank bearing supports are integral with the hub tube
structure. These bearings also contain rotary oil seals. The lower end of
the hub interfaces with the transmission at a set of bearings and spline
fittings that drive the rotor. An annular flange, located on the hub,
interfaces with the upper end of the transmissior to form an oil-sesl face,
and it serves to strengthen the hub at the bellerank Learings. This flange
also has a local extending lug that mates with the stopped rotor positioning
or index pin, which is hydraulically extended up from the transmission
case. The control system components located inside the hub are lubricated
by the same oil-circulating system that supplies the {ransmission. An cil
pan, located at the bottom of the transmission, also serves as a mounting
pad for all of the hydraulic actuators.

Accessibility

Access to the control system components located within the hub is achieved
by simply removing the gyro and seal boot at the top cf the hub, removing
the pins at the three gyro control rods, and then removing the gyro gear-
box. The contrel support unit and central heusing can be lifted- out of the
hub, exposing the blade pitch bellcranks and the blade-folding hydraulic
fittings. The lower transmission cover, or oil sump, has a cover plate at
the bottom to permit access to the swash plate input control linksges. All
five hydraulic control actuators ar: face-mounted to the lower trasnsmission
case for easy removal. The rotor indexing lock-pin cylinder is an integral
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part of the trensmission, and it would require bresking inte part of the
case for servicing. &ll other rotor system components are exposed for
access with the rotor extended, and no special toocls or equipment ere
needed for servicing.

ROTOR FOLDING AND CTOWING SYSTEM

The stowed rotor cencept calls for a vertical 1ift system that is
deactivated for vehicle operation ag a conventional high-speed flxed-wing
aircraft. The vertical lift system configuration selected as a result of
thie study is a three-bladed, high-speed, gyro-controlled rigid rotor that
is stopped in flight and rotationally indexed with e master blade in the
aft or 360 degree pusition. The right and ieft blades are then rotated
about clevis pins in the blade cuffs, folding aft to the blade-nested
position. The complete rotor upper *“ransmission, hub, and blade system is
then pivoted on its support arms so as to lower it into a long compartment
on top of the fuselage. Forward doors completely cover the retracted rotor
hub assembly so as to present an aerodynamically clesn ¢onfiguration, as
shovn in Figure 2.

Various alternate configuwiations were considered, such as stopping the
rotor in flight and attempting to reduce its drag by positioning the blades
or by extending various fairings up from the fuselage to reduce aerodynamic
drag. In each case, either the aerodynamic loads or the drag on the blades
and fairings at high speed become untenable, or the characteristics when
operated as a helicopter become unacceptable.

Since the fundamental purpecse of the CRA is to achieve high-speed flight
with a vehicle having helicopter characteristics, the configuration with the
main rotor system completely stowed was carefully evaluated relative to the
added complexity and weight of the articulated rotor support, control, and
drive system with respect to the critical effect on vehicle drag ratios.
With a rotor that is simply stopped, and the blades folded, the vehicle
lifi-to-drag ratioc is about 7.5. With the same rotor stowed in an open
compartment ¢n top of the fuselage with the forward portion of the compart-
ment and rotor hub completely covered with faired doors, the lift-to-drag
ratio is slightly more than 10.0, in keeping with the aircraft require-
ments. This configuration will allow a potential of increased speeds in

the future, and it is the configuration selected.

The number of blades used iIn the main rotor has been studied, and the
three-bladed system appears to be optimum when rotor mechanical dynamics
(three blades ere polar symmetrical), solidity requirements, and the blsde-
folding geometry are considered. The main rotor folding system is shown in
Figure 76.

The sequence for transfer from a helicopter mcde to a high~speed fixed-wing
airplane mode of flight is as follows:
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® Take-off as a helicopter.

® Increased forward speed to 145 knots bv gradually decreasing
rotor collective pitch to zero and increasing propeller thrust.

@ Declutch the drive to the main and tail rotors.
® Slow down, brake, stop, and position-index the main rotor.

® TFold the right and left blades aft to a nested position. (The blade
coliective pitch angle is changed from O degrees to +23 degrees as
the blades near the nested position,)

® Retract the rotor system and close the door fairing.

@ Increage speed for airplane flight mode.

The reverse sequence 1s used to return tc the hellcopter mode, and the sys-
tem is fully reversible in either direction. For a more detailed descrip-
tion of the transition sesquence, see Sections 15 and 16, Hydraulic and
Mechanical Systems. In this system, positive control of the blade pitch
angles is maintained throughout the folding and stowlng operstion by loca-
ting the blade-fold hinge at the axis of the blade horn push-pull rod.

The rotor hub and folding mechanism is shown in Figure 76. The central
rotor hub is an integral part of the upper rotor mast, and it consists of two
flanges which accept the blade retention pins. The blade folding mechan-
ism consists of a hydraulic rotary actuetor, & cable system, cable drums,
and special blade retention pias for the folding blades. Each blade cuff is
retained by two pins which are located so that the centripetal force
applied to the cuff 1lies between them, making load reversal gquite infrequent.

Folding and Unfolding System

The folding mechanism is located entirely in the upper rotor mast and blade
cuff areas. This apparatus, shown in Figure 76, consists of a drive
actuator, a cable sysvem, cable drums, and twd rctracting-blade retention
pins with locks. All motion is actusted hydraulically.

The drive is a rotary-hydraulic actuator. This system is safety-pressure
relieved so that, when operating, it will attenuate very large aerodynamic
loads resulting from gusts.

Cable drums are located on the cuffs of each of the ¥olling blades and on
the actuator assembly. These drums are sectors of circ.es, as the
meximum rotation that any of them sees is less than 130 degrees. The
drums on each of the blade cuffs have grooves for eight cables: four to
f0ld the blade and four to unfold it. Fittings are provided to hold each
cable end to the drums. The actuator drum has grooves for sixteen cabie
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1Y
Figure T6. Main Rotor Hub and Blade-Folding Mechanism.
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strands, and it has flat areas snd lugs for locating sdjustment fittings.
This ecable and drum folding arrangement makes only four separate lengths
of cable act as sixteen individually sijuctable tension members, to provide
simplicity and redundancy simultaneously.

The cables are 7/32-inch-diameter stainless steel. Esch separaie cable
begins with an adjustable fitting at the blade cuff and runs to the
actuator drur. vhere 1t passes through » stop and another threaded adjust-
ment fitting, and then goes back to the cuff drum. It then passes around
5 fixture, returns to the aetuatcr drum, goes through another adjustment
fitting and another lug, and then returns to an ehd fitting at the cuff
drums. There are two of these cables for each bladejbut since they are
each doubled over, there are actually four independent strands pull!ng on
each blade for folding or unfolding. This system is failesafe in that two
of these strands can safely carry normal folding or unfolding lomds.

The stowed rotor hub 1s enclosed with a set of doors. These dooras extend
to Jjust aft of the rear beam, where the exposed rotor blades continue aft
to just forward of the vertical tail. The doors part at the vghicle
centerline and are double-hinged when open as shown in Figure 7¢. The
dcors are connected by links to the transmissicn 1ift truss so that the
doors are opened or :lo:ed automatically when ine transmission is moved.
The aft portion of the vop of the fuselage is contoured to support the
nested blades and t. provide an aerodynamic fairing at the aft end of the
stowed blsdes.

The sequence of, and time requlred for, each operation to stow or extend
the rotor are as follows:

Stop Rotor and Stow

Declutch main rotor to trake activation time 20 seconds
Brake actioh to stop and index rotor 15 seconds
Rotor blades folded ’ 8 seconds

Rotor, hub, and transmission stowed and
forward doors closed 8 seconds

Total 51 seconds

Extend and Start Rotor

Unstow rotor 8 seconds
Unfold blades 8 seconds
Cluteh 45 seconds

Total 61 seconds

W
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ANTITORQUE ROTOR

Counteraction of torque generated by t'.e main rotor is reguired during
heliccpter mode flight. It is gradusl.y reduced as the vehicle approsches
transivion velocities where the main rotor ccllective pitch is reduced to
zero. Vehicle ypw control is gradually transferred to the vehicle's con-
ventional rulldep control surface at the same timge. These requirements can
be met with a iety of devices that are well within the state of the art
and are reasongbly efficient. However, #fter a study of the good and bad
features of eiﬁ concept, a conventional tail rotor eonfiguratioy was
selected as tHp best eompromise of design featuges.

- . L 4
In spite Of the complek:.ty of the power-driven Ptrain assoclated with the
conventidhal tail wotor cenfiguration, the advantages of developmeni, status
and similarity to other flight systems gake it the more desirable design.

The size shd desigp specifications for the selected tail rotor system
ware chosen to optimize the following parameters:

° Co'_.:trou-biut_;y and stability through all phases of flight
e DPower required

e System weight

® Dcv'e;opnent requirements

° _Aerodynmic‘drag‘ during high-speed flight

Some of the restraints or desirable requirements of the teil rotor design
are as follows:

¢ The maximm diameter is limited by a desire to have sufficient
ground clearance for a 13.5-degree landing flars-angle clearance

® Clearance vith main rotor and the length of the tail required

e Blade stiffness to meet divergence speed requirements

L 3 Tipqudl using sear ratios such that when the main rotor is
stopped, one blade of the tail rotor will automatically point
forward

@ Simplicity of locking the flapping axis of the rotor during
atopped-rotor high-speed flight

The final selection of tail rotor specifications is as follows:
¢ Tail rotor dlameter 13,50 feet
@ Number of blades L
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ols Arrangement

Figure 77. Main Rotor Contr
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® Tip speed 636 feet per second
® Design rpm 900 .
e Tail rotor disc area 1k3 square feet
e Solidity 0.251
@ 3Blade chord 16 inches, constant
® Blede twist O degrees

Tall Rotor

The trade-off studies conducted to find the optimum tail rotor geometry
indicated that the necessary control power for the critical conditlion
(hover out of ground effect at 6,000 feet, 95°F) could be obtained with a
minimum horsepower and weight, with a 13.5-foot-diameter four-bladed rotor
of 0.251 solidity.

The final selection of a tip speed of 636 feet per second was the result of
choosing a gearing raiio which allowed the tail rotor blades to remain
aligned fore and aft when the main rotor blades are folded, mein rotor
speed being the governing factor.

The planform of the rotor blades was selected to be of constant chord,
16.0 inches wide. The thickness ratio was fixed at 0.10 chord at the tip
of the blade, linearly increasing to a virtual 0.25 chord at the rotor
center of rotation. This thickness distribution gives desirable aero-
3ynamic characteristics and also adequate beam depth in the inboard
portions of the blade.

The geometric blade twist was made zero degrees.

The four blades are arranged with their feathering axis located at 37 per-
cent of the chord from the leading edge. Both sweep and coning angles

are zero.

A rotor configuration comprised of a universally mounted hub with provisions
for locking the hub to the driving shaft was found to satisfy the require-
ments, as shown in Figure 78.

Tail Rotor Accesscries and Controls

The operation of the vehicle with the rotors stopped requires some means
to assure that the tail rotor remains fixed and in a specific position to
prevent aeroelastic divergence. The gearing ratio through the drive
system was selected so that, when the main rotor is stopped and@ folded,

the tail rotor blades are oriented one pair fore and aft and the other pair
vertically.

167



The positive locking of the tail rotor is achieved by the action of a zet
of flyweights mounted on the rotcr shaft. When the rotational speed of the
rotor falls below a given value, the flyweights are forced, under the
action cf springs, to return to a position which prevents the tilting of
the rotor plane relative to the driving shaft. The fixity provided to

the. rotor, combined witlr the elastic properties of she rotor itself and
supporting structure, assures a system which will not diverge aercelastic-

slly. For operatiofi in the helicopter flight mode, a system providing
collective pitch control is installed.

Kinematically, the arrangement of the control linksge is set to produce an

effective delta-three angle of 45 degrees, the pitch arm connection being
forward of the blade pitch axis.

Directionai COnt:.rol

The pilot and copilot are provided with conventional directional con-
trol pedals which are interconnected.

A trim and feel mechaniem 1s connected to the linkage near the trans-
fer mechanism, This conaists of 2 double-acting centering and feel
apring and an elastic trim actuator. It provides pedal centering,
artificial feel, and trim.
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SECTION 8
FORWARD THRUST SYSTEM

The forward-tirust system (propellers, gearboxes, and propeller controls) .
must satisfy the fcllowing design requirements:

e A diameter of 10 feet is required to satisfy the forward-thrust
requirement and still provide adequate tip clearance.

e The gemrnoxes must be interconnected to provide maximum engine-
out sgafety. '

A survey of the field reveals that the XC-1k2 gearbox is the only one
presently availeble which could be applied to the CRA program.
Hamilton-Standard advises that a new gear ratio, a revised lubrication sys-
tem for inverted operation, a cross-shaft drive modification, and two new
moun.s can be added to the present XC-1L2 gearbox within the allotted time
span. This gearbox, therefore, has been considered for application to the
CRA as an alternative to the design of a new gearbox.

The XC-1h2 gearbox and four-bladed propeller hub are integral, and modifi-
cetion to incorporate only three blades, if desired, would be extensive.
The CRA, therefore, also incorporates four blades. Awvailable propeller
blade designs include optimized blades built on an AH-56A propeller core,
or modified AH-56A propeller blades. The XC-142 propeller cannot be con-
sidered because its diameter is far too great for application to the CRA.
The AH-56A blades are designed for a lower speed range than the CRA, and
the propeller efficiency with AH-56A blades would be about 10 percent
lower than il would be with blades specifically designed to provide opti-
mum performence. Hamilton Standard advises that new design blades can be
made available within the allotted time span; therefore, the CRA
incorporates new design optimized blades,

A propeller control system currently availeble which could be adapted to
the CRA is the XC-1L2 control system, which is manufactured by Ling-Temco-
Vought (LTV). This firm has agreed to supply unmodified<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>