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FOREWORD

This report is one of a series prepared by The Boeing
Company, Vertol Division, Philadelphia, Pennsylvania, for the
National Aeronautics and Space Administration, Ames Research
Center, Moffett Field, California, under Contract NAS2-6598.

The contract was administered by the National Aeronautics
and Space Administration with Mr. Gary Churchill as Technical

Monitor.

The reports published for the Tilt-Rotor Aircraft Study

are:

vVolume I

Volume II

Volume IIIX

Volume IV

Conceptual Design of Useful Military and/
or Commerical Aircraft (Task I)

Preliminary Design of Research Aircraft
(Task II) -

Overall Research Aircraft Project Plan, .
Schedules and Estimated Cost (Task III) ;

Wind Tunnel Investigation Plan for a
Full-Scale Tilt-Rotor Research Aircraft
(Task 1IV)
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ABSTRACT

This report covers the conceptual designs of four useful
tilt-rotor aircraft for the 1975 to 1980 time period conducted
under Task I of the V/STOL Tilt-Rotor Aircraft Study, Contract
NAS2-6598 with the National Aeronautics and Space Administra-
tion. Parametric studies leading to design point selection
are described,and the characteristics and capabilities of each
configuration are presented. An assessment is made of current
technology status, and additional tilt-rotor research programs
are recommended to minimize the time, cost, and risk of
development of these vehicles.



e eyt IR S PR . €150 ertn]” IR © by 5 T O e e o 1 @

S e

| BESSmE p o

PRECEDING PAGE BLANK NOT FILMED

CONTENTS

SECTION

1.0 SUMMARY
2.0 INTRODUCTION

2.1 Background

2.2 Criteria for Selecting Applications of
Potentially High Payoff

2.3 Applications for First Generation Tilt-
Rotor Aircraft

2.4 Format for this Volume
3.0 TRADEOFF STUDIES
U.S. Army MAVS Aircraft
U.S. Air Force SAR Aircraft

U.S. Navy Sea Control Aircraft
Civil Off-Shore Oil Rig Support

3
3.
3
3

o W N

4.0 AIRCRAFT DESCRIPTIONS

Aircraft Configurations
Materials/Structural Design
Weights

Noise

Stability and Control
Control Systems

Aeroelastic Stability
Performance

[ I
e o
W~ O UL W

5.0 TECHNICAL ASSESSMENT AND RECOMMENDATIONS
FOR ADDITIONAL RESEARCH

5.1 Technology Status
5.2 Areas for Additional Research

REFERENCES

vii

PAGE

13

14

14
22
26
28

33

33
35
43
49
51
73
76
81

114

114

120

141




-

- %{1-?."‘.‘3: « ogga

. - v RS .
e s g Y TR IR P PR Tty S T - B L e e

atir

1.0 SUMMARY

This volume covers the conceptual design of useful mili-
tary and civil tilt-rotor aircraft. Four different applica-
tions for the tilt rotor are presented. They are:

a.
b.
c.

d.

These missions were selected as those which best satisfied

U. S. Army MAVS - Manned Aerial Vehicle, Surveillance

U. S. Air Force SAR - Search and Rescue
U. S. Navy - Sea Control Aircraft

Civil - Off-Shore 0il Rig Support Aircraft

a set of mission acceptability criteria. These criteria,

discussed in detail in Section 2.2., may be briefly summarized

as requiring:

a.

bl

For
select a
ments of

a.

10C or commerical certification in 1975-1980

A favorable environment; i.e., a mission for which
there is an acknowledged requirement and for which
the tilt rotor's inherent characteristics are well
suited.

each application, a parametric study was made to
point design best suited to the particular require-
the individual mission,

For the Army aircraft shown in Figure 1-1, the
selection studies concentrated on developing an air-
craft design of minimum size and weight with broad
flight capabilities at low speed required for photo-
reconnaissance work and with a dash speed in excess
of 300 knots to minimize vulnerability in a hostile
environment. The rotor disc loading was constrained
to 10 pounds per square foot or less to minimize
undesirable groundwash effects.

For the USAF SAR aircraft, the emphasis was on mid-
point rescue pickup cability. A higher disc loading
was permitted than for the Army aircraft but was
still constrained to 15 psf or less.

The primary interest for the Navy aircraft was in
developing a design with extended sortie time
capability, an eight-hour sortie goal being achieved.

For the civil aircraft, low cost and highest reli-
ability in the design were promoted through an

1




FIGURE 1-1: U.S.ARMY MAVS -MANNED AERIAL VEHICLE,
SURVEIL ICE
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approach which made maximum use of proven technology
and readily available subsystems.

Table 1-1 compares the important geometric, weight, and
performance characteristics of the designs.

In addition to the four conceptual designs, it is shown
that the tilt rotor has the potential to effectively fill other
future missions in the post-1980 time period.

This volume covers the configuration descriptions,
materials and structural design, weights, flying qualities
characteristics, control systems, noise, .eroelastic stability,
and performance of each of the point designs. It concludes by
summarizing the current status of tilt-rotor technology and
recommending additional research programs. It is adjudged
that the technology is now in hand to start on the development
of a tilt-rotor flight research aircraft.
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TABLE 1-1

COMPARISON OF DESIGN POINT CHARACTERISTICS

Civil
U.S. Army U.S.A.F. U.S. Navy Ooff-Shore
MAVS SAR Sea Control 0il
Rotor pata
Diameter (FT) 30.0 27.9 30.3 26.0
Disc Loading (PSF) 10,0 14.8 15.0 12.0
Wing
Area (FT?) 224 186 229 200
Wing Loading (PSF) 62.9 91.1 94.6 64.0
Weights (Lbs.)
Weight Empty
(Structures,
Propulsion,
Flt.Controls
& Fixed Equip.) 10,851 11,500 10,035 8,846
Fixed Useful Load
(Crew & Trapped
Liquids) 440 900 760 400
Oper, Weight Empty 11,291 12,400 10,795 9,246
Mission Equipment 1,412 295 2,536 136
Expendable Load - - 2,060 2c1§°*
Fuel 1,405t 4,275 6,250 1,268
. ) 14,108 16,970 21,641 12,810
Design Gross Weight
Performance
Hover Ceiling STD,
DGW (FT) 13,500 9,000 3,300 4,700
Airspeed NRP/5000'/
STD (KTS) 300 325 305 282

*Note: Fuel shown corresponds to 109 nautical miles radius;
maximum fuel capacity is 2,000 1lbs.

tNoté: Fu.l shown corresponds to 2 hour cruise;
maximum full capacity is 3,000 1lbs.
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2.0 INTRODUCTION

2.1 BRackground

A wide variety of V/STOL concepts, ranging from jet and
fan to propeller and rotor-driven vehicles, has been studied
by the aeronautical community, botn independently and with
government support. These studies have shown that the tilt-
rotor aircraft is a promising candidate for military and civil
missions.

For military applications, a Boeing study conducted in
1968 of 12 different low disc loading V/STOL concepts applied
to the Army Light Tactical Transport Aircraft System (LTTAS)
mission showed that the tilt rotor offered the greatest flexi-
bility in terms of speed, range, and altitude. This is illus-
trated by Figure 2-1., The helicopter, with or without wings,
runs out of propulsive force around 200 knots. This can be
extended to approximately 250 knots by compounding but at a
weight penalty of about 20 percent. In addition, the power
required would be from 50 percent to 100 percent greater than
that of a 180 to 200-knot helicopter. The tilt rotor, with
hover power comparable to that required by a helicopter, offers
speeds of 300 to 350 knots.

The tilt-rotor aircraft has the following characteristics:

a. Hover efficiency better than a helicopter (because
the rotor blade twist is not compromised by edge-on
flight blade loads).

b. Cruise speed in excess of 300 knots and the good
cruise and loiter efficiency of the fixed-wing,
moderate wing-loading, turboprop aircraft.

c. Low external noise levels in all flight regimes.

d. Good ride quality and low vibration and internal
noise levels.

e. Low speed agility of the helicopter.

f. Downwash velocity much lower than jet-lift or fan-
lift aircraft, approaching or equaling that of a
helicopter.

g. Smooth and continuous transition between hover and
cruise.

h. Broad range of flight speeds available with one
engine out.
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i. Good overload takeoff and landing capability.

j. Ability to autorotate in case of complete power
failure,

Since 1966, Boeing has conducted over 3,500 hours of win:?
zunnel testing using 25 different models. The tilt rotor
technological base established to date is sufficient to start
building a technology demonstrator aircraft now, leading to
useful V/STOL tilt-rotor aircraft for military and/or civid
applications in the 1975 to 1980 time period. The purposes of
this study, as a key step in this process, are to define a
useful operational military and/or civil tilt-rotor conceptual
design, design a V/STOL tilt-rotor flight research aircraft,
and provide information for planning the next follow-on
activity and the overall aircraft program. This volume covers
the selection, design, and capabilities of the most promising
operational tilt-rotor aircraft for the 1975-1980 time period,
together with an assessment of the state of tilt-rotor tech-
nology and recommendations for additional programs.

2.2 Criteria For Selecting Applications of
Potentially High Payoff

The following criteria were followed in selecting roles
and missions to which the tilt-rotor holds the promise of being
successfully applied:

a. There must be a real mission existing in the 1975-80
time period; i.e., one for which there is a current
or acknowledged need. 1In additior, either a gap
must exist in the current capability of satisfying
the mission requirements or there should be a strong
motivation to significantly increase the effectiveness
of the aircraft serving this role.

b. Either vertical takeoff and landing capability or
efficient hovering ability must be an important
requirement for this mission.

c¢. The tilt rotor must provide a significant improvement
in system effectiveness over other aircraft concepts.
System effectiveness is composed of:

l. Unique performance capabilities.

2. Good f'ying qualities, low internal noise, and
low vivL:ation levels for pilot acceptance.

3. Operational suitability.

W“M -
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4. Low external noise level

5. Economics

6. Maintainability and reliability
7. Safety

8. Survivability

d. Other factors which must exist to maximize the proba-
bility of success are:

l. Mission Flexibility - Inherent mission flexibility
and growth potential influence successful entry of
a new concept through expansion of roles and
longevity of use. It would be desirable to find
applications which have potentially expanding
requirements that could be satisfied by the tilt
rotor. For e¢xample, a mission which currently
has only a minor hover requirement but which
potentially could require extended hover capabil-
ity in the future would be well served bv the
tilt rotor with its efficient hover characteris-
tics.

2. Technology Risk - There is an optimum level o!
technological risk to maximize the chances of
success for a new prcgram. Clearly, if the risx
is very great, the most probable result will be
failure. On the other hand, some risk is associ-
ated with a program where advances are being made
to provide high payoff and a superior system. It
is this fact that provides the impetus rfor the
current carefully planned tilt-rotor program in
which the technology is demonstrated through
flight of a research aircraft prior to development
of an operational aircraft. To minimize other
technical risks, the only engines considered for
the design-point aircraft were those for which
some initial development had been completed.

2.3 Applications for First-Generation
Tilt-Rotor Aircraft

A large number of potential applications was considered
for inclusion in this study. The majority of these missions
was eliminated on the basis of violating the criteria previously
discussed -- most noticeably with respect to operational timing.
However, four of the missions considered were retained for this
study and are presented in this volume.



Some of the key missions which were considered ¢nd elim-
inated are:

a. Gunship - The tilt rotor would appear to make arn
excellent gunship due to its low speed agility
coupled with a top speed in excess of 300 knots.
These characteristics should enable it to perform the
Armed Escort Mission €. .ectively, escorting the
fastest future helicopter and capable of beirg
diverted to hit targets of opportunity. While the
tilt rotor would be highly effective as a gunship of
the future, this application was eliminated as not
fitting the time frame of this study.

b. LTTAS - In 1968, Boeing conducted an extensive
company-funded study of the Army Light Tactical Trans-
port Aircraft System (LTTAS) mission. Twelve differ-
ent rotorcraft were studied for thi application.
These included two pure helicopters, two winged heli-
copters, three compound helicopters, two advanced
rotor concept helicopters, two stowed-rotor aircraft,
and the tilt rotor. A major conclusion of the study
was that, with respect to twenty-four different
evaluation factors, the tilt rotor and winged heli-
copter ranked first or second in almost every category.
In overall ranking, the tilt rotor was first with the
winged helicopter second. This evaluation was based
on such factors as productivity, n.ise and vibration,
air transportability, reliability, maintainability,

safety, fly-away cost and risk -- with cruise speed
being a fall-out of the study rather than being a
requirement.

Nevertheless, the most probable timing for procure-
ment of a new LTTAS is 1980-1985, beyond the period
specified for this study. Consequently, this mission
wae eliminated from further consideration in this
study.

¢. HXM - Studies have bean conducted for a number of
years to define the bhasic requirements for a U. S.
Marine Corps medium assault helicopter, currently
designated HXM. This ccncept, also referred to as
VAMT (Vertical Assault Medium Transport), is basically
designed to perform a ship-to-shore assault transport
mission although other missions such as crisis cun-
trol have been ccnsidered for it. Design mission
radii from 150 to 500 nautical miles have been dis-
cussed. System effectiveness is enhanced by reducing
the time required to land a complete Marine battalion
from the time the first aircraft lands until the last
has left the landing zone. Because of its inherently

9

R

[ Y

3

. Vb e R



ol e KW R e Ly

LR

high cruise speed, the tilt-rotor fulifills this
requirement very nicely and because of its efficient
long-range characteristics, looks particularly
attractive as the design radius increases.

However, since the requirements for this mission have
not been totally resolved at this time, this mission
was not considered further for this tilt-rotor con-
ceptual design study.

d. Commercial Transport - The tilt-rotor's capabilities
are well suited to a commercial short haul transport
mission. A recent AIAA committee paper1 suggests
that for a successful commercial V/STOL:

"A machine is required that keep "the existing

hover and low-speed VTOL capabilities of the heli-
copter (perhaps with reduced noise) has a cruise
speed of 300 to 350 knots and cruise efficiencies
giving =75 to -150-mile stage lengths with useful
payload and with much reduced noise and maintenaace-
generating vibration."

The tilt-rotor intrinsically fulfills these require-
ments and should prove to be an excellent commercial
transport. Nevertheless, a necessary prerequisite to
successful commercial operat:on is to gain needed
military or utility operating experience. This would
require that a commercial transport be a second gener-
ation tilt-rotor aircraft and would place initial com-
mercial usage of the tilt-rotor in the 1980 to 1985
time period.

Four of the applications considered did meet all of the
acceptance criteria. Therefore, although this study only
requirea the cdefinition of a single operational application
for the tilt-rotor, four different applications are presented.

The four airplanes whose selection, design, and capabilities
are covered in this volume are:

a., U.S. Army MAVS - Manned Aerial Vehicle, Surveillence-
A U.S. Army program to develop a tilt-rotor aircraft
for surveillance missions.

b. USAF SAR - Search and Rescue - An advanced search and
rescue aircraft for the U.S. Air Force.

¢, U.S. Navy Sea Control Aircraft - A V/STOL aircraft
operating from a new class of ship being developed by

. o
PoTas e
i

lvsTOL,VTOL, and V/STOL . . . Where Do They Fit Inz,"AIAA
Ad Hoc Committee, AIAA 8th Annual Meeting and Technical Dis-
play, Washington, D.C., October 1971

10
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the U. S. Navy - the Sea Control Ship. The aircraft
discussed in this report is a long endurance sensor

carrier, also used to deliver weapons against low-

resistance targets.

d. Civil Off-Shore 0il Rig Resupply Aircraft - A civilian
V/STOL aircraft used to ferry workers to and from the
off-shore o0il rigs, to provide longer range and
greater efficiency than the helicopters currently
performing that mission.

2.3.1 U. S. Army MAVS. - The MAVS, or Manned Aerial
Vehicle, Surveillance, is a U. S. Army program to develop
advanced aerial surveillance capability. The missions include
those currently being flown by the OV-1 Mohawk. The tilt-
rotor aircraft has VTOL capability which permits landing at
forward sites and speeds access time to needed information.

In addition, like a helicopter, the tilt rotor can operate
from unprepared sites and is not limited by landing field sur-
face conditions. Other unique capabilities of the tilt rotor
which provide a significant improvement in system effective-
ness relative to other aircraft are:

a. Low Speed Maneuverability - For effective evasion
from hostile actior.,, the tilt rotor has excellent
maneuverability at low speed. Approach and departure
paths are not constrained by terrain features, as is
the case with a conventicnal aircraft.

b. Range of Flight Speeds -~ The tilt rotor can fly at
very low speed if necessary to match sensor charac-
teristics then can smoothly transition to high~speed
flight.

C. Low Noise - The perceived noise level of the tilt
rotor flying at 200 knots airspeed, 1,000 feet dircctly
above an observer is only 68 PNdAB. This compares to
82 PNdB for the OV-l. With each aircraft 2,000 feet
from the observer and at an altitude of 1,000 feet,
the perceived noise level from the tilt rotor is 53
PNAB compared to 73 PNAB from the OV-1,

d. Survivability - Because it is capable of cruise speeds
in excess of 300 knots, the tilt rotor can perform
high-speed dashes to evade areas where enemy antiair-
craft capability exists. Because o its high-speed
capability and good maneuverability, the tilt rotor
has good trajectory control.

In addition, the other stated criteria are met. The
aircraft size is less than 15,000 pounds in gross weight. 1In
terms of mission flexibility, there are several other Army

11
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missions that the tilt rotor could percform well. With a
reconfigured fuselage, it will make an excellent utility
transport. Because it has VTOL capability, it can operate
directly between the main operating bace and the front line.

2.3.2 U. S. Air Force SAR. - Current search and rescue
operations involve a coordinated effort of different aircraft.
HE-3E and HH-53 helicopters are the primary means of recovery
while fixed-wing aircraft, notably A-1's, are used to orbit
the search area until the helicopters arrive and to provide
suppressive fire against enemy troops. The tilt-rotor aircraft
can fulfill both functions with the speed, maneuverability,
range, and endurance of the fixed-wing aircraft and the hover
and vertical landing capability of the helicopter. Conse-
quently, this is a migsion that meets the first three criteria
very well: the tilt rotor fills the requirements of a well
defined mission, the mission inherently requires hovering
capability, and the tilt rotor provides a significant improve-
ment in effectiveness over other aircraft.

2.3.3 U. S. Navy Sea Control Aircraft. - The U. S. Navy
Sea Control Ship concept involves the development of a rela-
tively small ship (approximately 15,000 tons) from which
V/STOL aircraft will operate, carrying weapons and sensors to
control the aerospace and hydrospace in the vicinity of a
task force or convoy. There are requirements for an aircraft
with long endurance to be used as a sensor carrier. It may
also be used to attack targets. The tilt rotor's c mbination
of VIOL capability and high speed permits effective 1se of all
the sensors used by fixed-wing aircraft without requiring a
long flight deck. catapult, or arresting gear. In comparison
to a helicopter, its higher loiter and cruise speed provide
increased sweep rate capability in escort or screen applica-
tions and its higher cruise speed significantly reduces the
time late to datum. It has excellent overload capability to
take advartage of wind over deck and limited deck lengths. 1In
addition, the inherent hover efficiency of the tilt rotor makes
it quite adaptable to requirements imposed by development of
new weapons or sensors which may require recovary, towing, or
other low-speed operations.

.
“«

ks

2.3.4 Civil Off-Shore 0il Rig Support Aircraft. - Heli-
copters are currently used to support off-shore oil well
drilling operations throughout the world with major activities
in the Persian Gulf, North Sea, and Gulf of Mexico. Major
helicopter operators, including World-Wide Helicopters, Okanagan
Helicopters, Bristow Helicopters, and Petroleum Helicopters,
provide a contract service to the petroleum companies consisting
of support for monitoring of well status, drill rig support,
and crew change. The drill rig support mission requires carry- -
ing supervisory personnel, geologists, technical people, well
logs, and equipment to the drilling site. The crew change

[ TR TN
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mission reguires that, once a week, the helicopters transport
replacement crews to the o0il rigs and return the old crew to
A Boeing study conducted in 1970 with the cooperation
of Petrolsum Helicopters, Inc. indicated that, on the average,
operations were conducted 30 to 45 miles further off shore
than they had been five years previously.

shore.

In the next five years, it is anticipated that the opera-
tions will extend another 30 miles, with some operations
reaching as far es 200 to 300 miles from shore. The high speed
and range of the tilt rotor can provide a step improvement in
productivity and a major time saving for such operations.

2.4 Format for This Volume

A conceptual design study was performed to define the
characteristics of a first-generation tilt-rotor aircraft for
each of the four selected applications.

In each case, a parametric

point design aircraft.

study was made to select a

Section 3 of this volume discusses

these trade studies including the detailed definition of the
design mission profiles, mission requirements, the ground rules
followed for the studies, the parameters considered, and the
factors which influenced the design point selection.

Section 4 is a description of each airplane including the
following details:

a.
b.
C.
d.
e.
f.
g.
h.

Configuration

Materials/structural design

Weights

Noise

Flying qualities
Control systems
Dynamics

Performance

Section 5 is an assessment of the status of tilt-rotor
technology today and specific recommendations for additional
research programs that should be completed before the opera-
tional aircraft described in this volume become reality.

13
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3.0 TRADEOFF STUDIES

3.1 U. S. Army MAVS Aircraft

3.1.1 Mission Definition. - The design mission profile
for the MAVS aircraft is shown in Figure 3-1. It consists of
a two-hour cruise at 200 knots plus other allowances for take-
off, reserves, etc. This speed was selected as being repre-
sentative of photo reconnaissance requirements. The required
mi:sion load was 1,412 pounds, consisting of SLAR, photo recon
eqipment, ECM pods, etc. The aircraft carries a crew of two
in a side-by-side configuration.

A vertical climb rate of 500 feet per minute with both
engines operating was required at 4,000 feet pressure altitude,
95°F. A normal power cruise speed of at least 300 knots true
airspeed was required at 5,000 feet/standard day conditions.
An additional performance requirement was that the airplane
have sufficient internal fuel capacity for four hours of
flicht at 200 knots. For this condition, the airplane was
vermitted to overload.

3.1.2 Study Ground Rules. - In or‘er to satisfy the cri-
ceria of minimizing technology risks in areas not directly
-elated to the tilt-rotor aircraft, an engine with high proba-
oility of development by 1975-1980 was selected. The engine

chosen for ~his application was a UTTAS engine rated at 1500
shaft horsepower.

The wing, fuselage, and empennage were designed using
compecsite materials, allowing a l5-percent reduction in their
weight. The many studies of potential weight savings from
the use of composites all indicate possikble savings of 25-35

percent so that the 15 percent assumed is considered conserva-
tive.

Adva, ced technology transmissions based on the Army/Boeing
Heavy L..t Helicopter program were used. These provide a 15-
perce st reduction in drive system weight.

The maximum operating speed (VM0) was selected at 350
.noti;, and the maximum operating Mach number (MMo) was set at
0.56:). These values were picked to provide reasonable speed
margins relucive to the anticipated cruise speed capability of
the aircraft.

Engine manufacturer's specific fuel consumption was in-
creased by 5 percent in accordance with MIL-C~5011A.

As discussed in Section 4.5.10, the horizontal and verti-
cal ta.ls were sized on the basis of tail volume coefficients
of 1.0 and 0.128, respectively.

14
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The static thrust-to-weight ratio required to provide
500 fpm vertical rate of climb was assumed to be composed of
two parts: (1) a 5-percent download on the wing and fuselage
due to the rotor, and (2) the thrust decay at constant power
due to the vertical climb. That is,:

Static thrust-to- _ To _ _l+download/thrust _ 1.05
weight ratio ] thrust/static thrust T/Tq

The 5-percent download-to-thrust ratio has been derived
from full-~scale and model-scale tests as shown in Figure 5-3,
Section 5.1. The thrust ratio, T/Tg, was calculated from
axial momentum theory. The resultant static thrust-to-weight
ratio required, as a function of disc loading, is shown in the
sketch below.

1.10 e
] o

THRUST DECAY

1,05 #
DOWNLOAD
1.0 — 1
0 10 20

REQUIRED STATIC THRUST TO WEIGHT RATIO

DISC LOADING W/A — LBS/SQ.FT.

A simplified drag model was used for all airplanes in the
conceptual design study. This model, developed and verified as
being appropriate by many past detailed design and preliminary
design studies at Boeing, represents the drag as being a simple
linear function of the wing area. The intercept and slope of
the curve shown below was calculated from detailed estimates of
the component drag buildup of the aircraft using Boeing Docu-
ment D8-2194-1, "Drag Estimation of V/STOL Aircraft," Reference
4.
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During the parametric studies, the rotor solidity was
varied as a function of disc loading as shown by the boundaries
in the following sketch. For the military aircraft, a limiting
thrust coefficient~to-solidity ratio, Cp/0, of 0.135 was used.
This value may be achieved by aerodynamic and aercelastic
developments such as those being pursued in the Army/Boeing
Heavy Lift Helicopter program. This value of Cp/0 provides a
minimum permissible value of solidity which is directly pro-
porticnal to the disc loading, as shown in the sketch, reacning
a value of .058 tc .062, depending upon ambient conditions,
when the disc loading is reduced to 10 psf. For disc loadings
less than 10 psf, the minimum permissible solidity was con-
strained to a value of 0.058 based on practical design and
manufacturing considerations of achieving reasonable torsional

and flapping stiffness.

21l the configuration tradeoffs in the conceptual design
studies were done using an advanced computerized aircraft
sizing technique called VASCOMP, "V/STOL Aircraft Sizing and
Performance Computer Program," (Reference 2). This program,
developed by Boeing under a series of NASA contracts, defines
design characteristics such as weight breakdown, required
propulsive power, and physical dimensions of aircraft which
are designed to meet specified mission requirements.

17
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3.1.3 Parametric Trades. - Parametric sizing studies
were made with variations in both the design disc loading and
the wing size (wing loading). The final design point aircraft
was chosen with a disc loading of 10 pounds per square foot
and a wing loading of 62.9 pounds per square foot. The air-
craft weighs 14,108 pounds and has two 30-foot-diameter rotors.

Figure 3-2 shows the effect of disc loading on the design
gross weight, the rotor diameter, and the total aircraft span,
rotor tip to rotor tip. A maximum disc loading of 10 psf is
shown as a requirement to minimize the downwash environment.
It is seen that, within the constraint of this maximum value,
the effect of increased disc loading is to reduce the aircraft
size and weight. As the disc loading is reduced from 10 psf
to 6 psf, the design gross weight increases from 14,100 pounds
to 15,550 pounds, the rotor diameter increases from 30 feet to
40.6 feet, and the total aircraft span increases from 67 feet
tc 89 feet. All aircraft on this figure meet the 500-fpm
vertical climb requirement at 4,000 feet/95°F using the UTTAS
engine (the maximum disc loading to achieve this is approxi-
mately 12 psf for the MAVS aircraft). Based on minimizing
size and weight, an aircraft disc loading of 10 psf was chosen.

Figures 3-3 and 3-4 show the effect of wing loading on
five different parameters: the design gross weight, cruise

18
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speed, the cruise spec range at 200 knots, STOL performance,
and the end-of-conversion airspeed. It is seen that the
design gross weight is nearly independent of wing loading and
the 200-knot cruise performance improves only slightly with
increased wing loading. The cruise speed at normal power,
5,000'/STD increases with increased wing loading with a wing
loading of 62.8 psf or greater required to obtain the desired
level of 300 knots. The end-of-conversion airspeed is seen,
on Figure 3-4, to increase with increasing wing loading. For
the MAVS operation, where airspeeds between 200 knots and 140
knots are comnioniy employed during the photo reconnaissance
mission, it is advantageous to pick an airplane with a low
end-of~coiversion speed. In addition, lower wing loading pro-
vides greater internal fuel capacity, better STOL performance,
and an increase in cruise ceiling. Based on this consideration
and on the normal rated power cruise speed shown in Figure 3-3,
the design wing loading was picked at 62.9 psf. This provides
an end-of-conversion speed of 140 knots and a cruise speed of
300 knots. 1In addition, as shown by Figure 3 -4, this provices
increased STOL performance when a short ground roll can be
made.

3.2 U. S. Air Force SAR Aircraft

3.2.1 Mission Definition. - The mission profile to which
the Air Force Search and Rescue Aircraft was desiqned is shown
in Figure 3-5. It consists of climbing to optimum altitude,
cruising 500 nautical miles at speed for normal rated powcr,
hovering for one-half hour, pick-up of 3 men weighing 200 i
pounds each, and return. Appropriate reserves are added. The
optimum cruise altitude for this aircraft (minimum fuel) was :
20,000 feet. P

The mission load consists of 150 pounds of rescue equip- b”“
ment (litters, forest penetrator, rescue sling, flares and ~E
gun, life raft, etc.), a 5.56-mm gun and ammunition, plus !
special rescue electronics including airborne equipment to '
locate the rescuee,. X

The aircraft carries a four-man crew consisting of two &
flight officers, a crew chief, and a paramedic.

The airplane was required to have a cruise speed of 300
knots TAS or greater at an altitude of 10,000 feet at mid-point
hover gross weight.

An important requirement that dictated engine power and -
rotor diameter was that the aircraft be capable of hovering at
mid-point after pickup of seven rescuees, consisting of the
normal complement of three plus an additional group of four
people representing the crew of a downed sister ship. Thas
requirement did not influence the required mission fuel --

22
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the additional fuel required coming either from the reserves
or from in-flight refueling.

3.2.2 Study Ground Rules. - The Lycoming PLT-27 turbo-
shaft engine, rated at 1950 horsepower, was chosen in order to
meet the mid-point hover requirement with a reasonable rotor
diameter.

As was the case with the U. S. Army MAVS aircraft, the
wing, fuselage, and empennage made use of composite materials
for a comj wnent weight saving of 15 percent. In addition, the
drive system was an advanced technology design based on Heavy
uvift Helicopter experience. A 15-percent reduction in drive
system weight was assumed.

A 5-percent increase in specific fuel consumption was
applied per MIL-C-5011A.

The maximum operating speed (VMQ) and maximum operating .
Macn number (Mmo) were selected to be 350 KEAS and 0.569, 7/
respectively.

The mid-point hover requirement was interpreted as dic-
tating a thrust- “o-weight ratio of 1.10. This provides a
5-nercent margin for downlcad and an additional 5 percent for
maneuver, control, etc.

The maximum desirable disc loading was 15 psf. i
3.2.3 Parametric Trades. - Figure 3-6 shows the effect
of rotor diameter on the following parameters: -

a. Design Disc Loading - Disc loading at design gross §
weight (initial takecff weight). N

b. Normal power cruise speed at 10,000 feet, standard ? K
day conditions i

c. Thrust-to-weigi+t+ ratio available at mid-point after ;3&
picking up 4 resctees in addition to the normal 3 '
people.

d. Design gross weight.

It is seen that a minimum rotor diameter of 26.48 feet is
required to meet the mid-point hover criterion. A more criti-
cai requirement on diameter is the 1S5-psf-or-less criterion,
which dictates a rotor diameter of at least 26.75 feet. For
the range of diameters studied, it is seen that all aircraft -
exceed the 300-knot cruise speed requirement.

The design point aircraft was selected with a diameter of S
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27 feet, resulting in a design gross weight of 16,970 pounds.
Disc loading is 14.8 psf.

3.3 U. S. Navy Sea Control Aircraft

3.3.1 Mission Definition. - The Navy Sea Control Air-
craft was designed to the mission profiie shown in Figure 3-7.
This represents an antisubmarine warfare mission. It consists
of a 150-nautical-mile cruise at the speed for 99 percent of
best range to a mid-point where the airplane loiters, engages
in combat, and returns home. The allowance for taxi, takeoff,
and reserves that were used is indicated on Figure 3-7. The
mid-point loiter consisted of two parts: an extended loiter
at 5,000 feet altitude and a 1l5-minute loiter at 500 feet
altitude to simulate the combat. The loiter time at 5,000 feet
altitude was a variable in the study with a minimum requirement
of 3 hours and a desired goal of 6.7 hours (to give a total
scrtie time of 8 hours).

The mission load consists of 2,400 pounds of mission
electronics, 1,060 pounds representing 2 MK46 torpedoes, and
1,000 pounds of expendable stores. In addition, the airplane
carries 136 pounds of rescue and survival equipment and a crew
of four. The aircraft was required to have a vertical rate of
climb of 500 fpm at sea level, 90°F.

3.3.2 Study Ground Rules. - The Lycoming PLT-27 turbo-
shaft engine, rated at 1950 horsepowar, was chosen for this
aircraft. It will be seen that this was the smallest engine
which would provide 8-hour sortie capability. 1Included in
the tradeoff study was the effect of derating the engines
varying amounts, dependent upon mid-point loiter requirements,
to provide an additional margin of reliability to both engines
and transmissions.

Approximately 80 percent of the secondary structure and
70 percent of the primary structure was assumed to be fabri-
cated of composite materials. This results in a decrease of
airframe maintenance of approximately 50 percent as a conse-
quence of increased fatigue resistance, fracture toughness,
corvosion resistance, and ease of repair of the composite
structures. A weight savings of 15 percent was credited to
use of composites.

The following limitations were imposed on the configura-
tions studied:

a. Maximum rotor diameter of the order of 30 feet.
b. Maximum disc loading of 15 psf.

d. Minimum loiter time (including the 15 minutes for
combat) of three hours.
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The first two of these limitations were chosen to take
advantage of existing technology. Although a three-hour
minimum loiter time was imposed, it was desired to obtain 6.7
hours at mid-point in order to achieve an 8-hour sortie.

3.3.3 Pararetric Trades. - Figure 3-8 is a design chart
which shows the characteristics of a family of tilt-rotor
aircraft designed for the ASW mis.ion. The design gross
weight is displayed on this figure as a function of rotor dia-
meter 2nd the desired mid-point loiter time. Curves of disc
loading and required horsepower are superimpcsel on this chart.
ALl zircraft on this figure are capable of a vertical climb of
500 feet per minute at sea level, 90°F, at the design gross
weight. The boundaries shown by the cross-hatch repres;ent the
limits on rotor diameter, disc loading, and minimum loiter
time. Two interesting design choices on this figure are des-
ignated by the letters "A" and "B."

Configuration "A" is the lightest aircraft which falls
within the permissible envelope, weighing 17,720 pounds. It
is capable of three hours of loiter at mid-point (4.3 hours
total mission time). The PLT-27 engines can be derated to
1420 horsepower at sea level, standard day conditions, and
still provide sufficient power for 500 foot-per-minute vertical
rate of climb at sea level, 90°F. Rotor diameter is 27.4 feet.

Configuration "B" provides the greatest loiter capability
of any aircraft within the permissible envelope, with 6.7 hours
at mid-point and a total mission time of 8.0 hours. The air-
craft weighs 21,640 pounds and has 30.3-foot-diameter rotors.
This configuration was chosen as the design point.

3.4 Civil Off-shore 0il Rig Support

3.4.1 Mission Definition - The primary mission for
the off-shore o1.i rig support aircraft is shown in Figure 3-9.
The design profile includes a cruise at 20,000 feet altitude
to the oil rig with a vertical landing at sea level, 95°F.
The airy 'ane carries sufficient fuel to return to the shore
plus one-half-hour of endurance. The Boeina study of operations
at Petroleum Helicopters, Inc. (PHI) irdicates that, for the
crew exchange mission, the average flights are of 50 to 125
statue miles range. The passenger load is less than 6 passen-
gers 10 percent of the time, 6 to 9 passengers 25 percent of
the time, and 10 passengers 65 percent of the time. As a
result, 12 passengers were chosen for the design payload and
125 statute miles (109 nautical miles) was chosen for the
design radius.

'The engine power was required to be sufficient to give a
hover thrust-to-weight ratio of 1.1 (5 percent download plus
5 percent additional margin) at initial takeoff weight.
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The airplane carries a crew of two.

3.4.2 Study Ground Rules. - The primary requirements
imposed for the selection of a design point configuration
for the off-shore o0il mission were that it make maximum use of
proven technology and readily available subsystems.

The structure was fabricated of metal, rather than the
composite materials used in the three military aircraft. The
transmissions were a standard design concept, rather than the
advanced technology transmissions chosen for the other configu-
rations. The rotor solidity was based on a maximum Cp/c of
0.09 rather than the value of 0.135 used for the military
aircraft.

The rotor diameter was fixed at 26 feet in order to take
maximum advantage of the Boeing analysis, design, and test
experience derived from the research aircraft activities.

Only available proven engines were considered, specific-
ally the Pratt & Whitney PT6C-40, the Lycoming TS53-L-13B, and
the General Electric T58-8F.

3.4.3 Parametric Trades. - All the engines meet the
payload-radius requirement, the PT6 just meeting it, and the
T53 and T58 exceeding the minimum requirement. With the can-
didate engines each capable of providing the reguired perfor-
mance, the prime consideration for engine selection for a civil
aircraft becomes engine reliability.

In considering engine reliability, a considerable amount
of engine data is available for all three engines, each of
which has significant service experience. The table below
reflects the relative reliability levels of the basic engine
families at this time expressed as the frequency of unscheduled
removals per 1,000 engine operating hours due to engine causes.
Also shown is the relative reliability of the candidate deriva-
tives of these engines appropriate to the 1975 to 1980 time
period, projected to that time.

I k]

T53 T58 PT6
Current values -11]1~-13A } -8B ~10 -20 | =27
based on service
and experience .31 1.65 1.51 1.04§ .13} .17
Projected values -13B -8F -40
of derivative
engines .35 1.20 .20 RN
P
31
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The reliability predict.ons for the candidate engines
are based on the service experience of the basic family, the
specific configuration changes from the basic family, and the
time at which the candidate engines would be incorporated into
the proposed aircraft.

Based on these relative reliability levels coupled with
unusually high TBO levels of 3,000 to 4,000 hours, the PTé was
celected. Another factor considered is the extensive network
of logistics support and maintenance training facilities
developed throughout the world on the PT6 based on its wide
commercial applications.
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4.0 AIRCRAFT DESCRIPTIONS

4.1 Aircraft Configurations

4.1.1 Introduction. - The discussion on configuration is
divided into two sections. The first section (4.1.2) concerns
features that are common to the four configurations depicted.
The second section (4.1.3) spotlights the features that are
unique to a particular configuration.

4.1.2 Configuration Approach. - The fuselage configura-
tion for any given ailrcraft 1s primarily dictated by the
mission requirements and the empennage configuration by sta-
bility and control requirements. For the four configurations
presented where critical Mach number considerations are not
particularly demanding, the wing size and geometry have been
chosen for the most efficient and simple structural arrange-
ment und nacelle attachment, consistent with the required

relationship between the nacelle tilt pivot and wing for correct

center of gravity location in hover and cruise flight. Some of
the configuration features common to all four aircraft are:

a. High wing configuration selected to provide adequate
nacelle-to-ground -.learances.

b. Rotor center-to-center distance designed to give a
12-inch clearance between fuselage and rotor tip in
cruise attitude.

c. Rotor-to-wing clearance in the cruise attitude
designed to give 1l2-inch minimum clearance.

d. Fail operative nacelle tilt actuation system con-
figured around a unique ball screw design.

e. Cross-shaft to provide power transfer for one engine
out operation,

f. Nacelle tilt axis positioned on wing to give minimum
cyclic trim requirement.

g. Cabin and aft compartment (where applicable) are
pressurized.

h. Hingeless rotor requiring minimum maintenance.
i. Wing download reduction devices.

4.1.3 Specific Lonfigurations,

4.1.2.1 U. S. Army MAVS (Model 222-1A). - Figure 4-1 is

33
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a 3-view drawing of the U. S. Army MAVS aircraft, including
inboard profiles of the aircraft and the nacelle. The
features of this aircraft include:

a.

b.

Bubble canopy designed for optimum visibility for
both crewmen

North American LW-3 zero-zero escape system installed
for both crewmen

Control and display console (radar or IR) is in-
stalled on the right, in front of observer

Easily removable integrated slar antenna enclosed in
PRD 49 (radar transparent) bay

An automatic data annotation system for complete
identification of all sensor imagery

Inertial navigation system

Infrared or radar displays

Horizon-horizon vertical panoramic camera system
Radiological monitoring system

Aural recorder for transcribing the crew's descrip-
tions of visual observations

4.1.3.2 U. S. Air Force SAR (Model 222-'F). - Figure 4-2
is a 3-view drawing of the Air Force SAR configuration. Its
features are:

a.
b.
c.
d.

e.

Chin turret with 360-degree fire suppression coverage
Nose radar

Downward looking night TV scanners

Pressurized cockpit and cabin compartments

Engine placement in conjunction with cross-shaft
provides minimum vulnerability

4.1.3.3 U. §. Navy Sea Control Aircraft (Model 222-1N). -

Figure 4-3 is a drawing of the Navy Sea Control Alrcraft. I

w——r

includes the following features:

b.

Removable heated fairing for torpedoes
Interchangeable weapon pylons
34
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c. Aircraft has small spotting area in folded configura-
tion

d. Powered folding system
e. APS 115 radar with 360-degree scanning coverage

f. Crew stations equipped with teardrop domes for maxi-
mum visibility

In addition to carrying two MK46 torpedoes and a total of
2,400 pounds of mission electronics, this aircraft has provi-
sions for 1,000 pounds of additional mission equipment. These
may be comprised of combinations of the following:

a. Twelve sonobuoy launcl tubes - rechargeable from
magazine - 30 sonobuoy capacity

b. Ten Marine smoke marker launch tubes - rechargeable
from magazine - 20 marker capacity p

c. MAD ASQ-8l1 equipment housed in tail cone
d. Dipped sonar system \
e. TRRAPS and ADD installed at aircraft CG position

4.1.3.4 Civil Off-Shore 0il Rig Support Aircraft (Model 1
222-1C). - The aircraft chosen for the civil off-shore oil {
1

!

rig support mission is shown in Fgure 4-4. It includes:

a. Space for 12 passengers and 2 crew plus baggage

b. Nose radar for zero-zero visibility operation
!
c. Pressurized cockpit and cabin compartments ,
4.1.4 Summary of Characteristics. - Tabile 4-1 presents
a summary of characteristics for each of the four aircraft. a

4.2 Materials/Structural Design

Extensive use of advanced technology materials, e.q.,
graphite/boron and PRD-49 epoxy composites, and titanium alloys,
has been applied to the SAR, Sea Control, and MAVS aircraft
primary wing, empennage, and fuselage structure. Preliminary
studies indicate that substantial savings in structural weight
can be achieved from the use of advanced technology composites
by suitably tailoring the strength and stiffness properties
to desired values. However, it should be noted that a consider- o~
able test and development effort will be required, particularly
to develop component allowables and design and analys.is
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TABLE 4-1
DESIGN POINT VEHICLES

r--'.“E‘!Zl(:LE‘. MAVS SAR SEA CONTROL OFFSHOME OIL
\ISER ARMY USAF NAVY CIVIL
DESICMATION M222~1A M222~1F M222-1N M222-1C
Power Plant ULTAS LYC PLT-27 LYC PLT-~27 P&W PT6A-40
Rated Powerr (SHP) 1500 1950 1950 1150
Aircraft Weights (LBS)
Design 14,108 16,970 21,641 12,810
Design Ambient Condition (FT/°F) 4000/95 SL/95 SL/90 SL/9%5
VTOL & SL/STD 19,675 21 700 22,100 14,400
Operat . .ng Weight Empty 11,291 12,400 10,795 9,246
Rotor Data
Cp/a//Solrdizy .135//.058 .135//.133 .135//.087 .09//.115
Diameter (FT); 30.0 27.0 30.3 26.0
Disc Loading (PSF)
Design Weight 10.0 14.8 15.0 12.
VTOI Weiglt SL/STD 13.9 19.0 15.3 13.6
kotor Tip Spe2d (Hover/Cruise)
FEET/SEC 750/525 750/52% 750/525 750/525
REV /MIN 478/334 530/371 473/331 551/386
Wing Data
Area (FT?) 224, 186. 229. 200.
Span (FT) 37.8 34.4 37.8 33.4
Aspect Ratio 6.24 6.38 6.23 5.61
Thickness (%) 27 21 21 21
Taper Rario 1 1 1 1
Sweepback (DEG) 0 0 0 0
Wing Loading (PSF)
Design Weight 62.9 9l.1 94.6 64
VTOL Weight 87.8 116.7 96.5 72.0
Fuel Capacity (LBS) 3000 4275 6250 2000
Tail Data
Vertical
Area (FT?) 50.8 43.3 56.9 43.3
Thickness (%) 8 8 8 8
Aspect Ratio 5.72 5.72 5.72 5.72
Horizontal
Area (FT?) 60.6 58.3 67.6 58.3
Thickness (%) 10. 10. 10 10.
Aspect Ratio 4.61 4.61 4,61 4.61
%uselage Data
Length (FT) 39,17 38.5 38.84 39.06
width (FT) 5.62 5.62 5.62 5.62
Height (FT) 5.62 5.62 5.62 5.62
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methodology for joints and fittings before the full potential
offered by the specific properties of these composites can be
realized.

(.

Boeing-Vertol is at present engaged in an extensive test
program to determine basic properties of advanced composite
materials. Further, in the advanced technology components
development phase for the HLH program, composite fittings and
joints are being designed and tested under both static and
fatigue load conditions. Although these tests are aimed at
determining the optimum designs for specific load transfer
conditions, the data from the test results could be used to
establish appropriate design methodology. Design and analysis
methods so established will reduce the amount of test and
t development effort required for the optimum utilization of
advanced composites in tilt-rotor aircraft. It is proposed to
; use conventional materials, e.g., titanium, steel, and aluminum
‘ alloys for most dynamic components (except blades) as well as

in areas where relevant experience or test data is not avail-
able or where other considerations preclude use of composites.

Application of advanced technology composite materials
requires, as indicated above, a considerable amount of test
and development prior to undertaking detail design. iaterial

_ selection for the civil aircraft program, therefore, has been

d limited to the use of conventional materials for reasons of

: cost as well as a higher degree of conservatism required in a
civil program which necessitates a low risk design relying
heavily on past experience.

The structural design of the several tilt-rotor aircraft
will coniorm to the appropriate requirements laid down by the -
relevant military and civil agencies. The structure will be
optimized to meet the strength and stiffness criteria at
minimum weight utilizing finite element structural analysis
computer programs currently available at Boeing-Vertol such as
NASTRAN, ASTR, S06, S-47, etc. It is also envisioned that
some new computer programs for analysis and optimum design
with composite materials will be available in the near future
to complement existing composite programs which are basically
useful in laminate analysis.

T

. it

i
i 4,3 Weights

Summary weight statements and mass moments of inertia for
each of the four Task I study aircraft are included in Tables
4-2 through 4-5. A weights comparison chart comparing all four
aircraft is presented in Table 4-6. The weights were developed
around the aircraft geometry, design parameters, materials,
and structural designs discussed in Sections 4.1 and 4.2 of oo
this report.
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TABLE 4-2

SUMMARY WEIGHKT STATEMENT

MODEL 222-1A ARMY-MAVS
ENG. H.P. EA. 1500
ROTOR DIA. 30°'
ROTOR GROUP 277
WING GROUP j'[o
TAIL GROUP 200 P
BOCY GHOLP 1128
BASIC
SECONDARY
| SECOND,-DOORS, ETC,
ALIGHTING GEAR £16
| ELIGHT CoNTROLS 1045
| ENGINE SECTION 400
PRQPULS | ON_GROUP 2271)
ENGINES(S) Masis Momentq of Inertia
AIR_INLUCTION About Aircdaft C.G.
EXHAUST SYSTEM VTOL - J4I0%¥
COOLING SYSTEM
LUBRICATING SYSTEM > 1022 Ixx(Roll) 52191 JLUG FTZ
FUEL SYSTEM
ENGINE CONTROQLS Jyv(Pitgh) 13200 4LUG FT*
STARTING SYSTEM
PROPELLER INST, - 1zz (Yaw) 57200 dLUG FT<
| *DRIVE SYSTEM 1249
AUX, POWER PLANT -
|_INSTR, AND NAV, 123
HYDR, AND PNEY, 132
ELECTRICAL GROUP 816 |
£LECTRONICS GRQUP 1164 T
|_ARMAMENT GROUP. 162 : |
FURN, & EQUIP, GROUP 465 3447 i
PERSON, ACCOM. [
MISC. EQUIPMENT _ |
EMERS_._ EQU I PMENT M
[ a1k conp, & Pe-rcin_ | 372 | Figxe_éagini.g-_;ﬂlt_iﬂ_liﬁnti&il_ﬁ
PHOTQGRAPH (. 105 to thaf carrji i
AUXILIARY GEAR A9 _ Mohawk IOV-1D Suxvei
I Aircrafit
|
e g 7]
KEIGHT EMPTY
FIXED USEFUL LOAD
CREW (2} 400 % Slar Equip. 750
TRAPPED L1QUIDS 40 ° Photographid Equip. 219
o ., ;ECM Wing Pods (2) 227
Oxygen Installation 51
FLEL 1405 °Tl—f§% 165
JdissionEquin 14127
PASSENGERS /TRQOBS (Mphawk Eqdip.)
GROSS WEIGHT 14108 L l
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TABLE 4-3
SUMMARY WEIGHT STATEMENT

MODEL 222-1F USAF-SAR
ENG. H.P. EA. 1950
ROTOR DIA. 27.0°
ROTOR GROUP 1145
WING_GROUP 737
TAIL GROUP 200
3 1186
BASIC
| SECONDARY
|._SECOND, -DOORS . ETC,
L ALIGHTING GEAR €20
| ELIGHT CONTROLS 1267
ENGINE SECTION 450
|_PROPULSION GROUP (2575)
| ENGINES(S) _ 620 — [nertia
AIR_INDUCTION h About Aircraft ¢.G.
L ExHayst SySTEM VTOL - 16970
L COOLING SYSTEM ?4—= 200
LUBRICATING SYSTEM J | /. Ixx (Roll) 75750 $LUG FTX
FUEL SYSTEM 428
I ene 8 Ivy (Pit¢hj 17000 $IUG FT¥Y
STARTING SYSTEM 1
PROPELLER INST. Izz (Yaw] 80454 $LUG FT?
' 1327
JAUX., POWER PLANT -
AND NAV, 135
HYDR, AND PNEY, 130
‘ QuP 800
] ELECTRONICS GROUP 1500
|_ARMAMENT GRQUP 175 390
FURN, & EQUIP, GROUP 350
P ACC Fixed eqlip. 3300 imated =
MISC, EQUIPMENT rom disd i i
S 1} 4 ) c "B
EMERG, EQUIPMENT
| AIR COND, & DE-ICING 100 !
_PHOTQGRAPHIC
L_AUXILIARY GEAR 110 ° Forest Penetrator (1) 23
° Foldinc Litters (2 36
°® R Litter 1 18
liE Ga YARLATLON, . - ISV
WEIGHT EMPTY 11500 ,4|° Life R4ft (L)} 30
FIXED USEFUL LOAD / Jl°R $ling {3) 4
CREW {4 860 /7 ° Fl _Gun (1) 4
TRAPPED L10UIDS 40 1/ * W e 10
Z * Misc - 14
Mus!on Equip. 1507
ELEL 4275
| —2ARGQ
|—PASSENGERS/TROOPS.
Sun g Ao {145 -5 .26 1t loun 5%, (3000 1’y .
GROSS WEIGHT 16970
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TABLE 4-4
SUMMARY WEIGHT STATEMENT
MODEL 242-1N

NAVY SEA CONTROL

ENG. H.P. EA. 1950
ROTOR DIA. 30.3"
ROTOR GROUP 1322
WING_GROUP 1075
TAIL GROUP 200
[ ooy geoue 1140
BASIC
s R
ALIGHTING GEAR 650
IROLS 1320 .
E:é zé 222; N 450
PROPULS1ON GROUP (2878)
ENG INES (5) 620 Mags Moments of Inertia
AIR_INDUCTION b about Afrcrcft C.G.
EXHAUST SYSTEM b vTol - 21641
COOLING SYSTEM 1\ 200
LuBRICATING sysTem ) [/ Ixx (Roll) 76750 ELUG FT?
FUEL SYSTEM 4 481
[ EnGINE CONTROS N/ Iyy (Pitch}17461 BLUG FT
STARTING SYSTEM /. _
PROPELLER INST Izz (Yaw 81454 BLUG FT4
*DRIVE SYSTEM 1577
AUX, POWER SLANT TN
NSTR, AND NAV, 100
(VOB , AND_PNEY, 125
ELECTR(CA, GRQUP 350
| ELECTRONICS GROUP
| ARMAMENT GROYP
| Fian, & FQUIP, GROUP 340 [»10CO# |
| __PERSON, ACCOM, T
MISC. EQUIPMENT 'Fixgd nq1ip 1000 is identical
NUSHINGS to that ¢arried oh the BQ-105 LAMPS
EMERG. EQUIPMENT aircraft.
_AIR COND, & DE-ICING __ 15 N |
PHOTQGRAPHIC - L
AUXILIARY GEAR 10 ~ }
,° Forest|Penetrator (1) 22
1°> Folding Litters' {2) 36
ME G, AR AT ION . : Libher (1] 18
WEIGHT EMPTY 10035 < |° Troon feat Instl. (2) 12
FIXED USEFUL LOAD ° Life ft | (1) 30
CREX 720 L ° ReacuelSling | (1) | 4
TRAPPED LIQUIDS 2 0 1/ ° Flar & Gun (1) 4
ENGINE Q1L 7 ° Water + Cont. (1) 10
136/
FyEL 5250
1000 - Expendahle Store
1060 ~[ Mark 46 [Torpedo (2}
| Total Electronic 2400
GROSS WE|GHT I 21641
46
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TABLE 4-5
SUMMARY WEIGHT STATEMENT
M222-1C CIVIL OFFSHORE OIL
ENG.H.P. EA. 1150
ROTOR DIA. 26.0"
ROTOR GROUP 1100
WING_GROUP 840
TAIL GROUP 213
|_800Y GROUP 1211
BASIC
| SECONDARY
| _SECOND . -DOORS, ETC,
F ALIGHTING GEAR 590
L FLIGHT CONTROLS 1143
| ENGINE SECTION 400
|_PROPULS |ON GROUP (2149)
| ENGINES(S) 642 Mass Momgnts of IThertia
AR _INDUCTION 1 about Alrcraft C[.G.
[ _ExnAusT SYSTEM VTOL |
1 COOLING SYSTEM ~ 300
LUBRICATING SYSTE| / Ixx (Roll) 50130 SLUG FT*
FUEL SYSTEM 200 [
TROLS Iyy (Pitph) 13230 EIIUG TTe
STARTING SYSTEM _J i
PROPELLER INST. Izz (Yaw 566 LUG FT¥
*DRIVE SYSTEM 1107
L AUX, POWER PLANT = b
| INSTR, AND NAV, 108
| HYOR, AND BNEU. -
| ELECTRICAL GROUP 305
| ELECTRONICS GROUP 230
|_ARMAMENT GROUP
. |_FURN, & EQUIP, GROUP 439 15.1200
: L__PERSON. Accom,
MISC. EQU!IPMENT
| ELBNISHINGS
] EMERG. EQU!PMENT
| Al8 CoND, B DE-(51NG 108
| BHOTOGRAPHIC ixed eg z
L AUXILIARY GEAR 10 ing~ tol for
xkcraft
: bt ALLALLGS, S|
é WEIGHT EMPTY 8946
FIXED USEFUL LOAD ]
£ —caex (2) 360 1Life Rafta
¥ TRAPPED LIOUIDS 2 40 prall sling
i ENGINE Q11 / e F & Gun
mmm__—__m;, Contaiher
EuEL 1268
L.CARGO

_pASSENGERS ... (12)] o

GROSS WEIGHT 12810
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SUMMARY WEIGHT STATEMEN1C

TABLE 4-b

TILT ROTOR CONFIGURATION MODEL 2a.
ARMY NAVY USAF CIVIL
222-1A 222-1N |221-1F 422-1C
ROTOR GROUP 877 1322 1145 1100
WING GROUP 870 1075 757 840
TAIL GROUP 200 200 200 213
BODY GROUP 1125 1140 1186 13211
BASIC
| SECONDARY
|——SECOND,-DOORS, ETC, % =
] ALIGHTING GEAR 616 650 620 590
1ROLS 1045 1320 1267 1147 |
E:é :é :EEI oN 400 450 450
PROPULSION GROUP (2271) (2878) 12575) (2139) |
ENGINES (S) . 620 629 642
AIR INDUCTIQON
EXHAUST SYSTEM
COOLING SYSTEM 1022 200 200 «00
LUBRICATING SYSTEM
FUEL SYSTEM 481 428 200
ENGINE CONTROLS
STARTING SYSTEM ~ N . .
PROFELLER INST, T
SDRIYE SYSTEM i 1249 1577 1327 1107
AUX, POWER_PLANT - 7 + - - b -~ =
NSTR, &% NAV, | 125 I 100 135 | 108
HYDR, ANL PNEU, 132 125 130 -
ELECTRICAL GROUP 816 350 /00 305
| ELECTRONICS GROUP 1164 In ussgu 1500 230
ARMAMENT GROUP 162 3447 - 175 1200 -~
FURN, & ¢auwiP, GRQUP 465 X 340 350 419 |
PERSON, ACCOM. I
MISC, EQUIPMENT R 1000 ! 3300
| FURNISMINGS P
| EVERG. TOUIPMENT - o e
alr conpo & pEaene | 372 1 175 | 300 109
PHOTQGRAPHIC 105 I +
AUXILIARY GEAR 19 ; 10 T 110 | 10
‘ I 4
ot G SARLALION L2 — : - N
WEIGHT EVPTY 10851 | 10035 11500 8846
FIXED USEFUL LOAD
CREN (2) 400 {4)720 d) B¢0 {2) 360
TRAPPED LIQUIDS b 40 40 40 30
J
Jub oty 0 7
Mission Equip 136 150 136
e 1405 250 4375 1283
ARCD 1412 1000
| PASSFNGIRS 1060 2160
i 2400 145
GROSS WE1GHT 14108 21641 16970 | 12810
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Weights were determined using VASCOMP (V/STOL Aircraft
Sizing and Performance Computer Program), Reference 2. The
weights segment of the program, Reference 3, contains detailed
statistical weight trend equations which compute the weights
of the structure, flight controls, and propulsion groups.
Fixed equipment (auxiliary power plant through auxiliary gear
groups on weight statements), fixed useful load and payload
are weight input values. Examples of the trends are included
in the weights section of Volume II.

VASCOMP computes the weights of the aircraft wing, flight
controls, engine section, engine installation, fuel system,
rovor/prop assembly, and drive system. The weights of fuse-
lage, empennage, engines, and landing gear were inputs to the
program.

All configuration weights, with the exception of the
civil aircraft, utilize advance composite materials in the
structure (wing, fuselage, engine section) and rotor assembly.
Advanced technology has been considered in the drive system
(higher Hertz stress levels in the gearing) for all configura-
tions except the civil aircraft. Weight savings of between 15
to 20 percent of the individual groups are realized through
the use of the advanced materials and advanced technology.

The civil aircraft assumes current technology and utilizes
advanced composite material only in the rotor/propeller assembly.

The Navy Sea Control aircraft includes automatic rotor
blade folding and wing folding. The weight penalties associ-
ated with these features are 200 and 170 pounds, respectively.

The weights of the fixed equipment, mission, and rescue
equipment were determined for each aircraft on an independent
basis. The approach is described on the summary weight sheets.

4.4 Noise

The tilt-rotor aircraft is one of the quietest configura-
tions to be developed for VITOL flight. The absence of high
noise devices such as direct lift engines, turbojets, and
anti-torque propellers leaves the shaft-driven turbine and the
rotor as the primary noise sources. In this respect, the
hover and low-speed noise are very similar to that of a non-
overlapped tandem-rotor helicopter. The capability to design
anabuild a low noise configuration was demosntrated by the
Boeing-Vertol Model 347, which displays low external noise
level and an absence of impulsive noise components generally
referred to as rotor "slap” or "bang." Noise level of the tilt-
rotor aircraft is projected to be less than that of the Model
347. These advantages are also manifest in the low aural
detection signature and resulting warning times displayed by
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the tilt-rotor aircraft which has been compared with similar
characteristics of the OV-1 Mohawk. With both aircraft at 200
knots true airspeed at 1,000 feet altitude, an observer located
500 feet from the flight path would first hear each approach-
ing aircraft at the distances noted below, under low ambient
noise levels, typical winter atmospheric conditions, and a
ground cover of trees.

Tilt ov-1

Rotor Mohawk
Aural Detection Range (ft) 14,600 43,900
Warning Time (sec) 43 130

The noise levels of both aircraft have been calculated
from theoretical estimating procedures (References 6 and 7).
For each aircraft, only the noise of the rotors

AIRCRAFT /}/
POSITION :
FOR CRUISE : 1000 FT &

T
\*}
¢3P

HOVER (IGE)

POSITION %—-O a—GROUND LOCATION

<500 7/ FOR NOISE CALCULATION

was considered to contribute to the far field acoustic radia-
tion. Powerplant noise and other sources were assumed to be
acoustically treated to the extent that they did not enter into
the aircraft noise signature.

Perceived noise levels (PNL) were calculated for each
aircraft in hover and cruise. For hover, the aircraft was
operating in ground effect and the observer location was 500
feet from the rotor centerline. For cruise, the aircraft was
at an altitude of 1,000 feet and the observer was at a 500-
foot-s.deline distance from the flight path.
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Table 4-7 presents the PNL for each configuration along
with the input variables which, in large part, determine far
field sound levels. Note that in hover, thrust and perceived
noise generally are ranked together. 1In cruise, the perceived
noise tends to be ranked with thrust also, although a reduc-
tion in blade chord and thickness for the MAVS aircraft has
increased the fundamental frequency of vortex noise and thus
tne perceived noise for that particular configuration. All
tilt-rotor aircraft are well within the noise guidelines of
95 PNdB at a 500-foot distance.

TABLE 4-7

CIVIL

U.S. OFF-SHORE
ARMY | U.S. AIR U.S. NAVY OIL RIG
MAVS | FORCE SAR | SEA CONTROL SUPPORT

HOVER
Thrust/Rotor Pounds 7760 8100 11903 7046
Rotor rpm 479 530 473 551 ’
Perceived Noise PNdB 90 88 93 87
CRUISE AT NORMAL
POWER
Airspeed Knots 300 325 310 283
Thrust/Rotor Pounds 1149 1330 1350 995
Perceived Noise PNdB 62 66 67 64
4.5 Stability and Control
4.5.1 Introduction. ~ All of the aircraft configurations &r\"

of this study are similar, and the NASA/Army Flight Research i
Aircraft (described in Volume II) and the Navy Sea Control 1
Pircraft represent the extremes of gross weights, wing loadings,

and inertias. Therefore, if the characteristics of these air- i
aircraft are acceptable, those of the other aircraft are anti- &
cipated to be acceptable. It is to be noted that although the “
NASA/Army demonstrator aircraft, the Task II vehicle, is not

called out specifically as one of the four design-point vehicles
discussed in this volume, its configuration and dimensions are

the same as those of the Civil Off-Shore 0il aircraft and the

design weight is comparable -- 12,000 pounds compared to

12,810 pounds.

4.5.2 F1¥ing %ualitles Criteria. - The requirements of
Military Specification ~-F- ave been used as the pri- S
mary criteria for tilt-rotor aircraft flying qualities in the
hover and transition regimes through conversion speed, Vcon,
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AGARD Peport-577 criteria were reviewed and the requirements
are substantially in agreement with those of MIL-F-83300. The
AGARD report provides expanded detail regarding spe:ific cri-
teria and better definition of requirements concerning control
configurations. Guidance provided in AGARD R-577 will be
utilized in the design stages.

The criteria of MIL-F-8785B (ASG) are applicable for
speeds above Vcqy-

4.5.2.1 Control Criteria - Low Speed. - Maneuver response
requirements for the tilt-rotor air~raft in the hover and
trarsition flight regimes were aetermined based on a review of
the foilnwing applicable data:-

a. MIL-F-83300, Flyiag Qualities of Pilotea V/STOL Air-
craft, dated 31 Decemisexr 1970.

b. NASA TN D-5594, Airworthiness Considerations for STOL
Aircraft, dated January 1970.

c. Boeing data gathered in support of tilt wing/+ilt
rotor controllability studies.

The data suggests that the minimuwn angular acceleration
responses in hover to full, single axis control deflections
should be of the following magnitudes:

Angular Acceleration

Axis (rad/sec?)
Pitch 0.6
Roll 1.0
Yaw 0.5

A reasonable reduction in these levels can be tolerated
through the transitional regime as the rotor controls are
phased out and the aerodynamic control surfaces (which are
always workinc) become effective. The recommended minimum
angular accelerations about each axis through transition are
shown in Figure 4-5 (see Volume II for rationale). These
minima are slightly greater than the recommendations in NASA
TN D-5594 for the STOL speed range (ne2r end of transition).

4.5.3 Contrcl Configuration. - Control of the tilt-rotor
aircraft described herein 1s accomplished by utiljzation of
rotor longitudinal cyclic, differential cyclic, and differen-
tial collective control for hover and operation of conventional
aircraft control surfaces for primary control in cruise. The
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aircraft surfaces are operated at all times, but their effec-
tiveness is very low at low transition speeds and near zero in
hover. <Concirol in transition is accomplished by using a
mixture of roctor and aircraft controls which are aulomatically
proportioned as a function of nacelle incidence.

The cyclic control inputs will be phased so as to result
in maximum inplane forcesoriented along the rotor disc X-axis.
This is desirable to provide maximum yawing moment on the air-
craft where differential cyclic is commanded through rudder
pedal application at low speed. This results in a small reduc-
tion in the pitching moment attainable per degree of longi-
tudinal cyclic control.

The rudder and elevator controls are conventional. Roll
control in cruise is accomplished by use of the outboard semi-
span of the flap operating downwards in conjunction with use
of a spoiler operating upwards on the opposite wing. This
permits use of a more effective single-slotted, full-span flap
for low-speed loiter in the cruise configuration and permits
better aerodynamic-tailoring, i.e., minimizing of the resulting
yawing moment due to roll.

Control requirements for maneuver and control scheduling
are discussed in the follcwing paragraphs.

4.5.4 Cyclic Control Required in Hover.

4.5.4.1 Maneuver. - The simultaneous and differential
longitudinal cyclic control required to meet the hovering
pitch and yaw angular acceleration requirements is shown in
Figure 4-6. The alleviation of required differential cyclic
associated with wing flexibility and nacelle tilt is also indi-
cated. Control requirements are indicated for both the NASA
Research Aircraft, 12,000 pounds, and the Navy Sea Control
Aircraft, 21,641 pounds. It is to be noted that the heavier
aircraft requires slightly less cyclic for both pitch and yaw
control, both requirements being easily attainable. The
reasons for the trend are: (1) as the dis~c size increases,
the longitudinal control power per degree cyclic increases
more rapicdly than the increase in pitch inertia, and (2) the
increase in inplane force along the rotor disc X-axis as a
function of the increased thrust, required at the heavier
weights in hover, when multiplied by the moment arm from the
nacelle tc the center of gravity of the aircraft results in
yawing moment increasing more rapidly than the yaw inertia.

4.5.4.2 Trim. - The amount of cyclic required tc trim the
aircraft longitudinally in hover with tne center of gravity
cffset from the pivot is relatively small, amounting to approxi-
mately 0.10 degree cyclic per percent MAC cg offset for the
12,000-pound aircraft and 0.11 degree per percent MAC cg
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offset for the 21,64l-pound aircraft. The pivot is located
such that for the condition of nacelle vertical, hover mode,
the aircraft center of gravity will normally be within approxi-
mately +5 percent MAC of the pivot.

4.,5.5 <Control Scheduling.

4.5.5.1 Hover. - During operation in the hover mcde,
pitch control will be accomplished by application of rotor
longitudinal cyclic control in response to stick command.
Roll control results from application of differential collec-
tive pitch in response to lateral stick command. Yaw is accom-
plished by application of differential cyclic control and
differential nacelle tilt in response to rudder pedal input.
The differential nacelle tilt results from structural deflec-
tion of the nacelle/pivot mechanism and yields approximately
one degree nacelle tiit per degree cyclic command in hover.

4.5.5.2 Transition.

a. General - The controls are "scheduled" in transition
to phase out the rotor cyclic and collective response
and differential nacelle tilt as nacelle incidence is
decreased, with increasing speed, and as the aero-
dynamic control surfaces, which are always working,
become more effective. The controls are also
scheduled so as to minimize response coupling of the
aircraft about the roll and yaw axes, i.e., to result
in minimum yaw response for a pure roll input and
vice versa.

b. Pitch Control - Pitch control is accomplished by com-
bined rotor longitudinal cyclic and elevator control
surface deflection in response to longitudinal stick
command with the cyclic control "phased out" as
nacelle incidence is decreased.

c. Yaw Control - Yaw controls are scheduled such that at
low speeds, differential cyclic and differential
nacelle tilt are the prime contributors to yaw. As
speed increases and nacelle incidence is decreased,
the amount of differential cyclic and nacelle tilt per
inch of rudder pedal travel is decreased, and differ-
ential collective pitch is phased in to yeild uncoupled
yaw responses to rudder pedal deflection. As nacelle
incidence is decreased to zero for cruise flight, the
rotor differential cyclic and collective pitch inputs
and differential nacelle tilt are phased out com-
pletely and rudder deflection alone provides adequate
yaw response to pedal input.

d. Roll Control - Roll control is accomplished at low

56

P v aew,

B et



5

o g

3
¥

St e i e el T e S

transition speeds by differential collective pitch
inputs to the rotors. As nacelle incidence is de-
creased, differential collect:ve response to lateral
stick inputs is reduced, and differential cyclic and
differential nacelle tilt are phased in to minimize

yaw coupling. As nacelle incidence is reduced further,

the cyclic, collective, and nacelle tilt controls are
phased out and roll results from only the aircraft
aerodynamic controls, outboard flaperon deflection
down on one wing, and spoiler deflection upward on
the opposite wing.

Typical control phasing is illustrated by Figures 4-7 and
4-8. The magnitudes of the control inputs illustrated repre-
sent the amount of control required to meet the transition
control criteria specified in Figure 4-5 during operation of
the 12,000-pound NASA flight research aircraft in accelerating
transition at constant altitude with near-level fuselage atti-
tude. These control travels provide control moments in excess
of the minima of Figure 4-5 during unaccelerated transition,
i.e., constant speed.

4.5.6 Longitudinal Trim in Transition. - There are vari-
ous "possible" ways to operate a tilt-rotor aircraft in and
through the transition flight regime. This is true because of
the number of variables associated with control of the aircraft
such as thrust, nacelle incidence, tail incidence/elevator
deflection, flap deflection, and fuselage attitude. It is
desirable, however, because of the many variables and the
relatively short time required to accomplish an accelerating
or decelerating transition to automate as many of the variables
as possible to decrease the pilot's workload. Scheduling, or
automation, of the various parameters can be made a function
of velocity, dynamic pressure, power lever position, nacelle
incidence, or other variables. It is desirable in order to
simplify mechanizaticn and improve system reliability to reduce
the scheduling to functions of a minimum number of variables
of parameters. Therefore, investigations to date have been
directed toward scheduling of flaps, cyclic, tail surface trim,
etc. with nacelle incidence and leaving control of nacelle
incidence to the pilot. The following ground rules were estab-

lished to define the nominal transition schedules for transi-
tion.

a. Hub moments shall be essentially zero.

b. There shall be a smooth variation of the trim para-~
meters between hover and end-transition speed.

c. Flap deflection will be scheduled to minimize thrust
required in transition consistent with maintaining
comfortable (i.e., small nose up or down) fuselage
attitude. 5
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: d. The trim conditions at the end of transition shall be
e coincident with the trim required in the aircraft con-
. figurations, i.e., cruise configuration.

The resultant variations for the trim parameters with

speed are shown in Figures 4-9 and 4-10 for the research air-
! craft and Navy Sea Control configurations, respectively. It
v is evident, from the trends illustrated, that reasonable
schedules of nacelle incidence with airspeed and tail incidence
and flap deflection with nacelle incidence can be achieved.
For the 12,000~pound-weight research aircraft, hub moments of
less than +800 ft-1lb are achieved through transition. The
maximum cyclic control angles required to trim are 3.9 degrees
of longitudinal cyclic at 120 KTAS and 1.5 degrees of lateral
cyclic at 110 KTAS. For the 21,641-pound-weight Sea Control
aircraft, hub moments are between +3,360 and -4,140 ft-1b, and
the maximum cyclic requirements are 4.33 degrees longitudinally
at 120 KTAS and 1l.54 degrees laterally at 110 KTAS. A smooth
variation of fuselage attitude, of acceptable magnitude, from s
hover to end-transition speed is achieved, and wing and tail
angles of attack are well within limits. These transitions
were calculated using the same tail incidence versus nacelle
incidence and nacelle incidence versus velocity schedules.
Minor variation of the tail incidence versus nacelle incidence
and nacelle incidence versus velocity schedules would permit

transition with 2ero hub moment over nearly the entire transi-
tion speed range.

oen

The effect of the minor differences in configuration and
differences in weight of the two aircraft can easily be com-

pensated for by minor changes in scheduling of the transition
control parameters.

4.5.7 Cruise Trim. - Trim conditions in the airplane
configuration cruise mode were calculated for the research
aircraft and Sea Control aircraft. Typical examples of the
cruise trim requirements are illustrated in Figures 4-11 and
4-12 for the 12,000 and 21,64l-pound aircraft, respectively.
The longitudinal and lateral cyclic control required to zero
the rotor hub moments have been calculated as a function of
velocity for each of the two aircraft. A feedback system is
being developed to automatically apply cyclic control to main-
tain hub moments near zero, and the cyclic control indicated
on these figures is that which will be applied by the feedback
system. This system is described in more detail in Volume II.
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The aircraft is indicated to be statically stable, with R
¥ reference to trim versus velocity, through the cruise range a:
the nominal gross weight. The heavyweight aircraft indicates
a mild trim instability between 150 and 200 KTAS as evidenced -
by the reversal in the trim tail incidence angle variation with
speed. This instability can be corrected by several means such
as programmed trim versus velocity.
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4,.5.8 Longitudinal Maneuver Control in Cruise. - Data
are presented in Figures 4-13 through 4-16 1llustrating the
longitudinal maneuver characteristics of the aircraft during
cruise flight. Variation of teil incidence and angle of attack
is illustrated for maneuver normal load factors from -1.0g to
+3.0g as a function of velocity. The tail incidence variation
per g may be converted to equivalent elevator deflection per g
by multiplying by 2.0. The effects of weight and configuration
differences between the nominal and maximum weight aircraft
with the center (£ gravity approximately at the forward limit
may be determianed by comparing Figures 4-13 and 4-14. These
figures assume trim thrust for each maneuver condition at the
start of the pullup. Comparison of Figures 4-14 and 4-15
indicate the difference in control required for the maximum
weight aircraft with thrust maintained at the value for trim
level flight as compared to thrust required to maintain veloc-
ity initially at the maneuver load factor. Comparison of
Figures 4~13 and 4-16 indicate the difference in maneuver
requirements of the lightweight aircraft with thrust required
to maintain velocity initially at the maneuver load factor
for pullup compared tc the characteristics with thrust-as-
requ.red during steady state turns at the same load factors.

4.5.9 Longitudinal Dynamics in Cruise. - Preliminary
estima*~s of longitudinal short period and phugoida dynamics
are pre.en.ed in Figure 4-17 to indicate the effects of aircraft
velccity and size. The short period frequency and damping are
good with regard to military specification compliance. The
short. period natural frequencies of the Sea Control aircraft
are sligbhtly lower than for the lighter weight aircraft.
Phugoid damping is indicated to be somewhat low at low speeds
as anticipated. The assumed damping level of the phugoid, as
shown, is pessimistic since the thrust variation with speed at
constant power setting and density variation with altitude
were neglected. If necessary, stability augmentation can be
used to improve the phugoid damping. No stability augmenta-
tion effects were included in the calculations. A stability
aujmentation system wili be  ncorporated into the aircraft
and will operate in conjunction with the rotor-aircraft load
alleviation system mentioned earlier. Augmentation of the
phugoid mode damping can be accomplished by utilization of
available pickoffs from the SAS/load-alleviation system if
necessary.

4.5.10 Tail Sizing. -~ Adequacy of the tail area of both
the horizontal and vertical tails on the Model 222 aircraft
configurations is dependent on the rotor characteristics.
Correlations of rotor characteristics predictions with wind
tunnel test data obtained to date from tests of flexible
rotors, i.e., with both lead-lag and flapping flcxibility,
indicate that the more conventional methods used to calculate
rotor forces and moments are inadequate to predict the
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characteristics of a soft inplane rotor because they ignore
inplane flexibility effects. Figure 4-18 illustrates a com-
parison of rotor force and moment coefficients obtained from
tunnel test data with the predicted levels of the force and
moment coefficients obtained, using digital programs for:

(1) rigid rotors, (2) flexible in flapping only, and (3) flex-
ible in flapping and lead-lag both. The wind tunnel data were
obtained from tests of a 1/9-scale dynamically-similar folding
tilt-rotor/semi-span-wing model having frequency characteris-
tics at the intermediate test rpm's near those of the Model

222 rotors. The frequency ratios were varied over a relatively
wide range during the test by varying the test rpm of the rotor.
It is noteworthy that the trends of the coefficients are

matched very well, utilizing the Boeing-developed digital pro-
gram methods which include the lead-lag in addition to flapping
frequeiicy effects. Note also that the sign of the pitching
moment coefficient changed from + to - in the intermediate rpm
range; i.e., the hub moment changed from a destabilizing to a
stabilizing contribution, and that the normal force coeffici- >
ent is of decreased magnitude as compared to the predicted

level for the rigid rotor or rotor free to flap only. The
normal force times its maoment arm is more powerful in its con-
tribution to stability than is the hub moment for the Model 222,
and the rotor total contribution to satibility is, therefore,
still destabilizing. However, the destabilizing influence of
the Model 222 rotor is much smaller in both pitching and

yawing of the aircraft than would be true if the rotor were
rigid, or nearly so, inplane. .

e

Proper selection of the frequencies as compared to design
operational rpm of the rotor permits full advantage to be
taken of the anticipated effects of the inplane frequency con-
tribution to stability at both transition and cruise speeds
because of the change in rpm between transition and cruise
mode. Thus, the tail sizes of the Model 222, horizontal and
vertical, are substantially smaller, approaching 50 percent,
than would be required if the inplane frequency effects were
ignored. Preliminary analysis indicates that a vertical tail ;
volume coefficient L7ST/Swb of 0.128 and a horizontal tail
volume coefficient LpSp/SyCw Of 1.0 provide adequate direc-
tional and longitudinal static and dynamic stability and :
control characteristics in cruise. These values have been
used for the operational airplanes in this study.

B s o
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4.5 Control Systems

The pilot's controls consist of a conventional stick and
rudder pedals plus a power control. The power control lever
sets power and rotor collective pitch. The governing system
modifies the collective pitch to hold constant rpm. The rotor
tilt position is selected by a switch on the power control
lever. Rudder pedals are connected through a power cylinder
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to the conventional aircraft rudder and to the differential
longitudinal rotor cyclic pitch system.

In hover, full yaw cyclic is obtained by full pedal dis-
placement. As the transition (i.e.,rotor tilt) progresses
toward aircraft flight, a mechanical gain changer reduces the
amount of cyclic that is obtained by the pedal displacement as
the rudder effectiveness increases with forward airspeed.

Longitudinal motion of the stick moves the elevator and
produces cyclic pitch in the rotors. As in the case of the
pedals, this cyclic pitch is phased out as the aircraft transi-
tions from hover to cruise.

Lateral motion of the stick moves the flaperons and pro-
vides differential collective pitch in the rotors during hover.
This differential collective pitch is also phased out as the
aircraft transitions from hover to cruise.

During transition, no additional tasks are performed by
the pilot since the setting of flaps, longitudinal trim, etc., /
is preprogrammed as a function of nacelle tilt position. This
transition programming automatically places the £flaps in a
70-degree position for hover and opens the wing leading-edge
download reduction devices. These leading~edge devices are
closed in transition at approximately; 40 knots, and the flap
angle is reduced in accordance with a transition schedule.
Flap deflection will be reduced to zero as nacelle incidence
goes to zero.

Sets of dual hydraulic power cylinders are provided at ,
each rotor swashplate to prevent feedback of rotor control .
loads into the control system. Cockpit power cylindcrs are
provided to ensure light control feel and prevent feedback of
aircraft control surface loads to the stick. A variabie
control force feel system is incorporated to provide good
control forces for all flight regimes. Control feel changes
will be programmed with nacelle incidence and with dynamic
pressure.

A bl T ‘r*‘

o

A stability augmentation system (SAS) is installed to
provide the desired damping and attitude characteristics
during hover, transition, and aircraft flight. This augmen-
tation system also provides feedback inputs to the rotor col-
lective and cyclic controls to improve the ride qualities and
reduce the rotor loads during flight in gusty air. A conven-
tional longitudinal trim wheel is provided to permit the pilot
to compensate for center of gravity variations. This wheel
biases the longitudinal stick position.

na e
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4,7 Aeroelastic Stability

The tilt rotor class of aircraft has a number of potential
instability mechanisms as a result of prop/rotor size and flexi-
bility. These include whirl flutter and ground and air reso-
nance, along with nonclassical effects related to the internal
properties of the blade and steady deflection effects such as
pitch/flap/lag coupling. Because of the similarity existing
throughout the class of tilt rotor aircraft covered in this
study, the flight research aircraft has been analyzed in
detail since it is considered that the results obtained for a
typical configuration will apply to all of the aircraft.

4.7.1 Prediction Capability. - A high level of confi-
dence in our ability to predict whirl flutter and ground and
alr resonance behavior has been demonstrated on a series of
dynamically similar models. T[or example, the testing for
divergence and whirl flutter boundaries on the 1/9-scale model,
Reference 5, as shown in Figure 4-19, has shown the accuracy
of the predictions. The onset of air resonance has also been
predicted accurately for a 1/9.2-scale model, Figure 4-20. A
recently developed capability is the prediction of blade
pitch-lag-flap flutter. This has been experienced on a number
of model blades most notably during a NASA/Boeing test of a
13-foot dynamic model at ONERA. The instabilities experienced
on the test were caused by coupling between blade torsion and
blade flapping and lagging conditions when the blade was de-
flected due to steady thrust and torque conditions. The onset
2f instability is now predicted using the most recent method-
clogy as shown in Figure 4-21.

4.7.2 Stability Boundaries. - Stability boundaries for
a typical tilt/prop-rotor aircraft are shown in Figure 4-22.
These are for the cruise configuration {(i.e., nacelles down)
which is identified to be the most critical regime of operation.
Whirl flutter occurs at high advance ratio, high rpm conditions.
Two modes of symmetric flutter are present and one mode invol-
ving antisymmetric motion of the airframe and rotors. These
boundaries are well clear of any operational conditions. The
use of a soft inplane hingeless rotor provides high speed
capability without whirl flutter and without adding weight to
the wing which was designed from strength considerations.
Typically, an articulated or gimballed rotor requires a sub-
stantial increase in wing torsional stiffness. At high advarnce
ratios, any tendencies to air resonance mechanical instability
are suppressed by aerodynamic damping in the blade lead-lag
modes. At low advance ratios, the blade collective pitch
settings are smaller and lead-lag damping reduced, with the
result that a region of air resonance exists centered around
160 percent of normal cruise rpm. This is outside the opera-
tional cruise range which extends down only as far as an
advance ratio of .45. The system is still free from instability
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even at hover rpm at the lowest crulse configuration advance
ratio.

4.8 Performance
The performance of each of the four useful tilt-rotor
aircraft is shown in this section. The rfollowing data is pre-
sen.ed:
a. Hover ceiling
b. Filight envelope
c. STOL performance

d. Payload-radius-loiter performance

4.8.1 U. S. Army MAVS.

4.8.1.1 Hover Ceiling. - Figur= 4-23 presents the out-
of-ground effect hover capabiiity of the Army version of the
tilt rotor. This data is based on the capability to hover at
a T/W ratio sufficient to precvide a 500 ft/min vertical rate
of «.imb. The climb margin is cons sten: with current Arm<v
desiun criteria which requires that new alrcraft possess this
.nn:rent capability, specifically at 4,000 feet, 95°F, at
military rated power. Superimposed on the curve is the design
gross weight which substantiates the fact that the point
derign vehicle exceeds the criteria by approximately 500 pounds
in jross weight or conversely the zircraft's climb capability
exceeds the 500-fpm requirement.

4.8.1.2 Flight Envelope. - Figure 4-24 presents the
normal rated power level flight speed envelope for cruise
rotor rpm (70 percent of hover rm). The data is presented
for standard day conditions; rotors docwn; flaps up. This
shows a normal rated power speed range between 290~300 knots
up to approximately 20,007 feet. The military rated power
speed at 10,000 feet is 314 knots. In addition, these deta
show a ceiling capability of 29,500 feet.

4.8.1.3 STOL Performance. - Figure 4-25 presents the

short takeoff performance capability of the Army MAVS design
at sea level for standard day conditions in terms of takeoff
gross weight as a function of ¢ground roll distance. Two
ievels cf performance are presented; one which reflects maxi-
mum capability and assumes that the aircraft lifts off at the
end of rotation at 10 degrees marimum wing anale of attack at
lift-to-weight ratio = 1.0, -nd the other, 3 normal takeoff
capability, assumes that in STO. mode, tl. t-off speed
correspond. to lift-co-weight ratio = 1.1 _t a limiting wing
angle of attack of 10 degrees. The first set of assumptions
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results in a lower lift-off speed and distance and is referred
to as maximum performance takeoff. In the limit, this permits
vertical takeoff with thrust-to-weight ratio of 1.05 to offset
the 5-percent download. The second assumption is referred to
as takeoff with normal load factor margin of 10 percent. 1In
the zero speed limit, this has been faired to permit vertical
takeoff at thrust-t.-weight ratio of 1.1. Superimposed on the
plot is the design gross weight which, as can be seen, is sig-
nificantly less than the VTOL weight limitation. This is
because the aircraft has a vertical climb rate at 4,000 feet/
95°F in excess of 500 fpm. Figure 4-26 shows the corresponding
-rariation of mission load with takeoff distance.

4.8.1.4 Payload-Radius-Loiter Performance. - Figure 4-27
presents the mission performance capability for the generalized
surveillance/observation mission shown in Figure 4-29., Takeoff
is at design gross weight. For a typical Army mission radius
of 100 nautical miles, the data shows that the aircraft is
capable of carrying a payload of approximately 1,540 pounds
with an attendant loiter capability of one hour. The maximum
radius (without employing auxiliary fuel) and with one hour of
loiter at mid-point is 122 nautical miles with 1,412 pounds of
mission with no mid-point loiter.

A basic requirement for the MAVS aircraft is that it be
capable of a four-hour cruise on internal fuel at an overload
weight not to exceed the maximum alternate gross weight (mini-
mum load factor). The total internal fuel capacity of this
aircraft is 3,000 pounds. The maximum alternate gross weight
is 19,751 pounds. It is seen on Figure 4-28 that the four-
hour cruise requirement is met with a takeoff gross weight of
15,513 pounds and using 2,810 pounds of internal fuel.

4.8.2 U. S. Air Force SAR.

4.8.2.1 Hover Ceiling. - Figure 4-30 presents the out-
of-ground effect hover capability of the USAF version of the
tilt rotor. The data is based on the capability to hover at
a thrust-to-weight ratic of 1.1 which accounts for 5 percent
to download and an additional margin of 5 percent for maneuver
and control. As shown, the aircraft is capable of hovering at
a gross weight of 21,750 pounds at sea level, standard day
conditions. At the design gross weight, the hot day {95°F)
hover ceiling is approximately 4,000 feet.

4.8.2.2 Trlight Envelope. - Figure 4-31 presents the
normal rated power level ght speed envelope for the design
gross weight. It is noted that for ‘a standard day cruise mode
configuration, the normal rated power speed capability exceeds
320 knots up to approximately 12,000 feet and 300 knots up to
19,000 feet. The associated military rated p -er speed is 347
knots.
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4.8.2.3 STOL Performance. - Figure 4-32 presents the
STOL performance of the USAF version of the tilt rotor. 1In
addition to standard day perfcrmance, hot day (95°F) capability
is also shown to demonstrate the performance capability of the
vehicle operating in a more severe rescue environment. It is
noted that even at this condition .e aircraft takeoff capa-
bility is substantially in excess of the design gross weight
of 16,970 pounds. As noted, two sets of data are presented,
one depicting maximum performance and the other showing normal
takeoff performance.

Figure 4-33 presents useful load as a function of takeoff
distance. As presented, the data does not reflect a specific
mission profile as there is no accountability for fuel require-
ments.

4.8.2.4 Payload - Radius Performance. - The load carrying
capability of the USAF SAR design point alrcratt is shown in
Figure 4-34. The useful load shown on this figure includes
certain items of fixed equipment and fixed useful load as indi-
cated on the vertical scale. This has been done to provide
flexibility in selecting the desired combination of mission
equipment and crew, This performance is shown for the high-
low-low-high mission of Figure 4-35. Curves are shown for a
mission in which no refueling is permitted and for a mission
for which the aircraft is refueled on the return leg. In addi-
tion, the effect of flying the low leg at best range speed
instead of normal rated power is shown. The initial takeoft
is VTOL at sea level, 95°F. This figure shows that the SAR
aircraft can pick up 3 rescuees at a radius of 500 nautical
miles including a mid-point hover at 6,000 feet - . *. An addi-
tional 4 rescuees can be picked up at 500-rau’. ':' ‘ile radius
with refueling on the return leg if the rescue¢ a1..° .ude were
5,000 feet/95°F.

4.8.3 U. S. Navy Sea rontrol Aircratt.

4.8.3.1 Hover Ceiling. - Figure 4-36 presen  .i~0f=-
ground effect hover capability for the proposed Navy Sea Coi:crol
tilt-rotor aircraft. 1In addition to the standard day and 95°F
day performance, the capability under tropical atmosphere condi-
tions is also presented to reflect a more realistic Navy
environment. The data reflects a T/W ratio of 1.1 to account
for download and additional hover margin.

Figure 4-37 presents hover capability at sea level as a
function of ambient temperature fer two levels nf thrust/
weight ratio. The thrust/weight ratio of 1.05 reflects account-
ability for download with no additional margin on power.

4.8.3.2 Flight Envelope. - Figure 4-38 presents the
normal power level flight capability for the Sea Control tilt
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rotor aircraft at the design gross weight. As noted, the
speed capability exceeds 300 knots up to altitudes of 8,000
feet. The ceiling capability is of the order of 20,000 feet.

4,8.3.3 STOL Performance. - Figures 4-39 and 4-40 show
the effect of ground roll distance on takeoff gross weight
and useful load respectively for takeoffs at sea level, 90°F
and with zero wind over deck.

Figure 4-41 shows the effect of wind over deck and takeoff
ground roll on the useful load capability. This indicates that
the 4,460-pound mission load of expendable stores, electronics,
and torpedoes can be ircreased by 2,000 pounds (44 percent of
design mission load) with 50 feet of ground roll and 30 knots
of wind over deck.

4.8.3.4 Payload-Radius-Loiter Performance. - Figure 4-42
presents the ASW mission capability for the Navy Sea Control
configuration of the tilt rotor. Performance is presented as
a function of radius for a spectrum of mid-point loiter times.
Dependent upon specific requirements at a given time, a flex-
ible range of mission capability is available to the user.

The design point superimposed upon the curve is based on a
total mission time of 8 hours with 6.7 hours of loiter time.
Figure 4-43 depicts the mission profile used in estimating the
ASW mission performance.

4.8.4 Civil Off-Shore 0il Rig Support Aircraft.

4.8.4.1 Hover Ceiling. - Figure 4-44 presents the esti-
mated OGE hover altitude capability of the civil version of
the tilt-rotor vehicle for three ambient conditions. The data
includes accountability for control power margin and download
effects. In addition to the typical ambient conditions of I3A
and 95°F, data is presented for a tropical atmosphere which is
more representative of the environment of commercial operations.

Figure 4-45 presents the hover capability at sea level as
a function of temperature. Data is presented for conditions
of T/W = 1.05 and also for T/W = 1.1 which represents addi-
tional control margin. As noted, at the design gross weight,
the aircraft is capable of hover operations at temperatures of
95°F or 106°F, depending upcn which operating criteria is
applied.

4.8.4.2 Flight Envelope. - Figure 4-46 presents the
design gross welght, normal rated power, level flight speed
capability for a standard atmosphere. As shown, the operating
ceiling is in excess of 20,000 feet with an attendant speed
capability of approximately 280 knots up to 10,000 feet.

4,.8.4.3 STOL Performance. - Figure 4-47 presents sea
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level standard day takeoff capability for maximum performance
and normal performance takeoffs. Superimposed on the plot is
the design point gross weight. Figure 4-48 denicts the useful
load capability which is available as a function of takeoff

distance.

4.8.4.4 Payload-Radius Performance. - Figure 4-49 presents

the mission capability for the civil off-shore o0il configura-
tion of the tilt rotor. The data is based on hovering OGE at
sea level, 95°F. The design point condition depicted matches
the requirement to transport 12 passengers 125 statute miles
(109 nautical miles). This requires less fuel than the full
tank capacity of 2,000 pounds. For extended range, payload

can be traded for fuel. Figure 4-50 depicts the mission pro-
file used to estimate the performance presented in Figure 4-49

for a typical off-shore oil operation.
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5.0 TECHNICAL ASSESSMENT AND RECOMMENDATIONS
FOR ADDITIONAL RESEARCH

5.1 Technology Status

During the past six years, Bceing has carried out an in-
tensive program for development of tilt-rotor technology. The
philosophy of this program has been the concurrent development
of analytical methodology and wind tunnel model investigation
so that the analytical methods could be used to plan logical
and productive wind tunnel programs and the wind tunnel tests
could be used to validate and improve the analytical method-
ology. During the course of this program, over 3,500 hours of
testing has been carried out on 25 models. One important
feature of the model test program was -he development of the
technology for designing, building, and running dynamically-
scaled models because of the importance of dynamic phenomena
on the tilt-rotor configuration. Over 1,000 hours of the
model test program were devoted to the testing of 9 dynamically-
scaled models. The following paragraphs give a brief summary
of some of the more important technical areas which have been
explored in the model test program.

a. Rotor Performance - Rotor performance in both hover
and cruise modes has been investigated by full-scale
tipspeed tests on 5-foot and 13-foot-diameter models
under both NASA and Boeing sponsorship. Correlation
with predictions in the hover mode is good, as shown
in Figure 5-1, and in the cruise mode is also good,
as shown in Figure 5-2, except that at Mach numbers
of 0.6 and above, considerable differences have been
found between data from different tests. It is ex-
pected that this will be resolved by a NASA-sponsored
program for additional testing on the 13-foot models.

b. Download - Download reduction devices, consisting of
large deflection trailing edge flaps and leading edge
umbrellas, have been developed by both model and full-
scale testing. These reduced the download on the wing
from about 13 percent for an unflapped wing to less
than 5 percent with flaps and umbrellas operative, as
shown in Figure 5-3.

€. Aeroelastic Stability - Aeroelastic stability boundar-
ies have been explored on both semi-span and full-span
dynamic mocd~nls. A semi-span windmilling model using
a 5.5-foot-diameter rotor is shown in Figure 5-4 and
the correlation of whicl flutter boundaries with pre-
dictions is shown in Figure 5-5. Another model, which
is dynamically-scaled from the 26-foot-diameter flight-
worthy rotor now under construction for NASA, is shown

.
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FIGURE 5-4: SEMI-SPAN WINDMILLING MODEL WITH
5.5' DIAMETER ROTOR
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in Figure 5-6. A correlation of the damping in the
air resonance mode obtained on this model is shown in
Figure 5-7,

d. Flying Qualities - A full-span dynamically-scaled
model of the tilt rotor, gimbal-mounted on a monkey
pole to provide 4 degrees of rigid body freedom in
addition to its elastic motions, was tested in the
Boeing-Vertol V/STCUL tunnel. This model, shown in
Figure 5-8, was used to explore both the aeroelastic
characteristics and the flying qualities of the air-
craft, since it could be disturbed and time histories
obtained of resulting rigid body and flexible motions.

Adiitional flying qualities data, particularly on

rotor derivatives, was obtained from the semi-span
dynamic models discussed previously. The rotor deriva-
tives obtained by test correlate well with the theory
developed which predicts the effects of both flapwise
and lagwise flexibility of the blades. Correlation

of predicted and measured pitching momrent derivatives
is shown in Figure 5-9.

e. Blade Loads - Variation of blade loads throughout the
various regimes of flight has been explored on all
the models tested. New anilyses allowing for the high
blade twist and skewed flow encountered in tilt rotors
provide improved correlation with test data as shown
in Figure 5-10.

A brief description of some of the major computer
programs available at Boeing for the analysis of aero-
dynamic flying qualities, designs, and blade loads

is given in Table 5-1.

5.2 Areas for Additional Research

Based on the technology development summarized in the pre-
ceding paragraphs, Boeing considers that the technology is now
in hand to start on the development of the research aircraft.
However, there are certain areas in which additional research
would be desirable. These areas can be divided into four
categories:

1. Work which would minimize development time and cost
in the wind tunnel and flight test of the research 3

aircraft.

2, Areas which required exploration or substantiation on §
the research aircraft, either in the wind tunnel or 5
in flight.
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FIGURE 5-6: 1/9.244 DYNAMICALLY SCALED MODEL 222
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FIGURE 5-8: FULL SPAN DYNAMICALLY SCALED MODEL OF THE
TILT ROTOR

123




X 10“/DEG.

ROTOK PITCHING MOMENT DERIVATIVE

NOTE: 1/9 SCA.LS
ROTOR PITCHING MOMENT DERIVATIVE
VARIATION WITH ROTOR RPM
.8 T ' r
= 85 FPs
1 S\
.4 ‘
\ PREDICTION
0 <
-.4
-.8 B
1/REV
CRUSSING
16 — | 1
: 0 200 400 600 800 1000
ROTOR RPM

FIGURE 5-9:

ROTOR DERIVATIVE CORRELATION

124

P P

R Bl OO BT, D sl et o




LEngggngZDATA

¢75 = 18 DEG
62 = 0 DEG
i = 45 DEG
v = 132 fps
E§ 8 = 1800 RPM
gé Sprap- 60 DEG
BE 100} D/o,-‘D
b
o .
ol
g,
z ° ~c-70
SE 0 ETS 5060
8¢
8H
=
v 3
m

400 4

c-70 -
ETS 5060\ /

\
//

200
y”

100

0, I I

-20 ~-10 0 10 20
MODEL ANGLE OF ATTACK (DEG)

FIRST HARMONIC FLAP BENDING AT .35R (IN-LB)

FIGURE 5-10: MODEL 160 PERFORMANCE MODEL PREDICTED AND
MEASURED FIRST AND SECOND HARMONIC FLAP BENDING MOMENTS
FOR MODEL ANGLE OF ATTACK VARIATION IN TRANSITION

125



LNIWWGCGD

’y

yojew o3 ssutbus Jo HurzTs I03 aurjznNOI ®°
‘suoT3enba spusi3z - sjybrem TeOoT3ISTIRIS paTTeILBP
‘3ybtom ssoab Y3z TM SUOTSUSWTIP 3FFRIDITE® JO
UOT3IRTIRPA BY3 3O09TISI yYoTym suorzenbs spusxy
9zTS suTejuod wexboxd syl °SUOTSSTW IBYIO IOJF
@ourwIojaad jutod-ubrsap-3Jo ay3z ajernored
uayl} pue UOTSSTW USATH ® JI0J 3JJjexoatre ue 3zTS
3sSITF 03 poasn aq Aew weaboad Iy3z ‘saT13TITq
-eded om3 9S3Y3l JO UOTIRUTQWOD B SY °UMOUY
9212 (°039® ‘uoTridunsuod Tany pue xamod autbua
‘aTqerTeae Tan3y ‘jybiom ssoxb) sytTe3zap burzIs
YOTYM I03 3JeIdITe I0J SUOTIBTNOTED UOTISSTW
103 poasn aq Aew wexboxd ayz ‘ArsaT3ieuzalvy
*patr3toads aav 9T11Joxd uoTsSsSTW pue 3IFeIDITE

Jo 2dA3 ay3z yYoTym 103 33jexoatre jo buizis

9yl x03 posn aq Aew wezboxd ayyl - IT JWODSVA

*PaUTISpP OSTR ST UOTINQTIISTP PROTITR Terpea
9YL °S3ULTOTIISOD 3IsnIYyl IO 3Isnayy patrJioads
Se S31UDTOTIIS0O I9mod Te303 pUR PIdNpuUT IOJOX

pPe3eTOST 93eNOTeD 03 ITNPIYDS UOTIOLIZUOD
a)yem paqraosaxd e uo paseq LA3TO0T3A paosnpur

3O uoTINQTIISTIP TeTpel B SaYsSIIqe3so STS

-Ateue sTYL °zLe-¥ 3x0day Hursog ut pajuswuoop
ST ‘anbtuyos] 2ouUsNTIUI X33I0A FITOTTAXT

ue Aq 3IYBTITI TeTxy pue OT3e3S UT IdDUBWIOIISJ
x0304 pue xartadoad jo sisdteuy ‘ze¢d wexboxg

R | Ak sty .
S ESRy mﬁ,@vﬁwf R, e, .

t6-9

Z6-¢€

P e s,

NOTILII¥DSAG

WYdO0dd

SHYID0UYd YILOdWOD JO AdVHWWAS
-5 TI9VL

126

L



L e N N £ A SO PR ALY A BB

*Kouatror3ize

x19172doad pue sSasSSOT pPadNpPUT ay3j S3eTNOTRD 03
stsAteue drals s,ussioposyl s9ZTTTIN wexboxd
?aYL °3Indut aIe UOTINQTIISTP JUSTOTIFS0D

33717 ubTsap pue ‘ssSauUOTY} ‘pIOoyYS ‘3ISTMI
‘uoT3o9s speTd °*93L3IS MOTI [eIXe ayjl ut
aoueuixoyxad xar1adoad 3orpead o3 uorzexodxon
Iybram-sstiany Aq padoieaasp sem wexboad ayl

urexboxd souewrojiad IeT1r2doad

: ‘potaeA a3q
Aew 1no qur(o Hutanp pue Jjo 3IFTT 3@ surbaew
poads FJO-3ye3l 7O S3UTRIISUOD °*IUTINOX JJO
-9)e3 ayn I0J poasn ST uoTizexbajur ejzjnjy-apuny
Iapro-yjanod -sTsAteue ssew jutod WOpPaIIJ
-jo-aa1bap om3 v sosn wexboad ays *3IFeadate
TOLO/TOLS/TOLA 3O A3atiea aptm © 03 Iay3zaboil
10 AT3juepuadaspur souewrojxad Hurtpuel pue JJo
-9)e3 9jeTnored TTIM ‘pe-9 wexboag ‘,weaboxg
I93ndwo) butpueT pue JJooyel 3IFLIOATY TOLS/A.

* Ja111qedes sourwiojzaad
19772doad e pur ‘e3jep oTT240 sutbus Jo Axexqr
9ATsusayaxdwoo e pue ‘sjuswoxrTnbax swexjxte

L8-H€

v6-8

(*3uoD)
£6-4d

LNIWHOO NOILdT¥DSs3d

‘ON
WHO0Ud

SHYYD0UYd ¥3LAAWOD J0 XdVWHNS
T-S JT4dVL

127



T I v b AR T RS
- -

*SUOT303S opeTq JO oeiljze Jo arbue ajndwod
03 paatnbax moTJul WIOITUN-UOU BY3l dBUuTI9P
03 I39a0oy ut sadeys o)em JO ATTuweI pautriap
ATteotxtdws ue sasn IYDTTJ TeTxe pue Isaoy
ut wexboad souewrojaad pue speoTITe 10304 L9-9

*SWI93 2OUIISIJIADIUT pue 10301 ‘dSweajite ayyz Io3
s3ndut 9j3eaedss Y3 Tm WIOF Ielngel Ul pajusas
-21daa1 a1r 31JeadaTe ay3z 3Jo soTwWeuiporse Iyl

‘wopa313 JO 291HSp TRUOTIEIOX ' IdARY pue prbTra
21¢ SI030X °9y3l !uopadxJ Jo sadabap 90yl yITM
Apoq p1bTtx ® Aq pajussoxdsx ST swexjIte ayl
*uoTjow sueldaTte ay3z jo uorjeinwrs Ia3ndwoo

PTIgAY B UT SUOTITIPUOD TRIJITUT Se pasn usayl 3ae

3eY3 3JjexoxTe ayjz JO suoT3lTpuod wuntaxqrirunbs
TeT13TUT sajeTnorTed wexboxd telxtbrp v *aybrr3
pPIEMIOI O3 IDAOY WOIJ UOTITSURI} se yons
Ioanaurw TeuTpn3itbuol Aue sjeTnUWIS O3 pasn

aq ued wexboad ayz ‘santrey xamod sjzsrdwoo

I0 Tet3xed BurtmolITOoF sSIaanauew uorleloxojne
Apnis o3 padotasasp ybnoylv ‘suetdite 10301
37713 92yl JO uoTjow Teurpnitbuoy ay3z ajernwrs
03 posn aq ueo wexboid zajndwoos praqdiy sTYL

UoT3elnuTsS y3ed 3UDTTd 10304 3ITIL ZpT "M°S

LNIWWOOD NOTIL4I¥DSHA ‘ON
WNYdO0dd

SWRI90dd dALNdWOD J0 AJYWWAS
I-G¢ 4714Vl

128



*3I0OM UT ST TITUYm qny
Jo Axo3sty Swyl *satae
-puncq A3TTTIQR3S SUTWIDISP

03 sartousnbaixi Teanjzeu

putpusq Ted13I9A butm
pue ‘mel ‘yojtd ayyrsoeru
‘O0T3eJ B|DURPAPE SJIUBWSIOUT

*pauTe3lqo OSTe ST JwWIjy
JO uoT3IdUNI B S UOT3OoW
qny  *Axepunoq X3TTTqe3Ss
auTwIsalap 03 satousanb
513 Teanjeu med pue yoaztd
9T190rU-DUTM S3juUBWaIDUT

LN N , 1 T TR R L nse v;ﬁ&m.?&fw“%.ﬂmm:;w

*3utod 30ATd Mmelk

jusTeatrnbs y31m usptToUTOD ST Yotym jutod
30AaTd 3noqe butdder3 justeatnbs st butpuaq
butm °9z-D se auwes st mel pue yo3zrd ur uory
-ejuasaadeaax a1[9ovU-HUIM *Sperq yoea JO sapouw
oT3setro ber-der3y pordnoo omy se apelq I0301X
SSaT9buUTYy s3ed13 - WOpPadI1I-JO-saaxbap aulN

*s309339

yoeqpaaz butisayjesJ sperq SIpnioul °pappe
2q ued burdwep Tean3zOnI3ls Jo uoriejuasaaday
*watqoad Teotajzdumis-uou ayY3z ur sardnoo

g oouts (0g) Butuoo osTp 1030x pue (meX pue
uoTjeTsSueI} TeOTIISA 138JJO OT7T9oRuU) butpuaq
butm 3o uotizejzussaxzdax s3pnTour stisiieue
A3TTTqe3ls OT3seTaox9e/Wopaaxy-jo-saaxbap XTS

*douruangyazad pue speorITe 103

paxtnbsx moTyur wirojTun-uou ay3z a3ndwoo 03 pasn
sT Axjowosb ayem sTyl °aanpadoad IATIRIIAZT

ue Aq poaatyoe sT adeys ayem paxtnbax ayy

T1T3Un 3JTIP O] a)yem 3Y3 SMOTTe pue ayem ayl
Inoybnoayyz ssT3TOOTSA paonpur ayl saindwod
stsiTeue UOT3IIOISTP XBFIIOA 3] °*sIsdTeue
9ourwIojaad pue SpeoTITe I030I B Y3 Tm stsdieue
UOTJIIOISTP XO3ICA B sautquod wexboaxd sTyL

LZ-o

9Z-0

Ss6-H

-

LNIWWOD

NOILJTYOSIA

*ON

WY O0dd

SWYYD0Md ¥dLNdWOD JO AUVWWAS
1-S5 JTEVL

129



*sosed Jo sabuex

paTt3ytoads 103 suotjienbs

JO sI0309Aa snid ssniea
-usbrta sajenteam ‘subrissp
hutm POXTI TRUOIJIUSAUOD puwr
103031 3713 DBuTpeol OSIp MOT
snid ‘HPutm 3713 ybnoays
‘10301 7 a0 1 ‘a33dooITay
woxl Hutbuepa suoriein
—b13uco 03 arqeoridde T1apow
1eoT3eWSlRW T 212uab Aixop

*sI0302AuUdbTE XoTdwos auy
y3z.m BuoTle ‘ejep uotrRIqTA
2y3 10 s3o07d b-pA pue JI-A
byeu o3 papodUu B3RP IIIINTJ
Y3 I9U3T® pueR XTajeuw
Jo s3001 XoT7dwod s3juTad

*suaTqoxd voT3RIQIA
pue I9330NT3J I0J SIPWIO]
a3nd3ino a3eaedos sapTAOId

LNIWWOD

I e v oo S

*butTdnoo oeqpod3J pue SUOTIDSBTILOP

1eT3TUT 03 anp burtidnoo Terjzasutr ‘suodsaad

Jo s309332 uo stseyduyg °*MOTIUT WIOITUn

-uou puk MOTJ TeIXe-uou ‘s3oajis Apeoajsun
sapnIouT AI09Yy3l OTWRUAPOIAY °*UOTIPIUIS
-2a1dax suweijIte TeaIsuab pue sapouw Axojzeaqla
apeTq Texsausb svaYyl, °sS9010J OTweudpoase pue
1ebniTIzuad Iapun poOwWIOCISp ATTIRTIITUT SdpeIq
Y3TM wajzsiAs 10301 ssaToburty sjeax], SIS
—-ATeue A3TTIQR3S OT]ISE[S0I9E I0J pPOYISW SWTId

*poyljsu

wy3TIObTR YD sasn 3001 yoed® yYjzTm poajeidosse
Ioj3oaausabro pue ‘siexa butdwep ‘Aousnbaiy sy
sojeTnoTed wexboad asyjz swsrqoxd uorivIgra

ICcqd 3001 yoes U3 TM pajeIdosse 103099ausbras
pue A3TooTsa I933NnTJ ‘Y4uaTroTIFo0do bHutdurep

¢ Kouanbaxy x9330nT7J 3yl so3eTnorTed wexboad

o2y3 swaTqoad x933nT3y 103 *adej pz-D woaj Io
spieo Aq s@5T1I3jew pROTITE UT peal O3 pue SpIed
Kq seoTajew ssauliTis pue ‘butdwep ‘er3asul
utr peax o2 dn 39s st wexboad eyl “xXT1I3jRU
x2T7dwod ® JO SIOC3IDBA PUEB S300X Y3 Sajernored

6€-0

8¢-0

NOILAIYDS3A

*ON

WRID0odd

SWYYD0dd ¥ILNdWOD 40 AYVWHAS
T-S5 ITHVYL

130



*sasT119doaxd
TPUOTIUSAUOD Y3ITM JJeIDITR
butm pPOXTI UO SOTPNIS I3
~3NT3 TITYm I03F pue ‘saTpnis
aDurUOSaI ITR pur punoab
10301 3713 I0J pasn usas3q seH

*uoT3eoTt3istydos

DTIRPWDUTY puR OTWRUAp

-0Z39® JO T9AST 2wes a3yl sey
pue g£-0 uo poaseq wexboagd

*S8d103J aTR

AxojeT11oso sbeuusadws pue HuTm I0J paunsse
sT A109y3 dTa3ls pue paumsse ST MOTJ TeTIXV
*sapou axnxal1y bei-der13y pa1dnoo om3y aaey
sope1q 3yl °saojox/doad inoj o3 dn osTe
‘sopout Apoq pPTHTIX XTs HburpniouT WOpaaxJ
-Jo-s3aaabop suweajxte gz o3 dn sidsooy

*a1bue 33jeys jo abueyo 3Jo

233X jue3suod pue arbue 33Jeys Iue3zsuod 03
aNp SOATIPATIOP gny 3Y3 SATD 07 pauTquod
@xe s9o103 ot1doosoadb pue er3laaur pue
otuweulpoxsae apelq JO s3oa3Fs 3yl °poaindwod
uoTjow 3IpETq HPUT3INSSI ayjl pue psumsse ST
PUT& @AT3ET9I 9yl 03 arbue 3jJeys juelsuod

? SOATIRATIOP OT3P3IS 3yl I0J °S3ID3IF9
oTweudpoxse se T[9Mm Se s309339 ot1doosoxib
pue TeT3I>UT IPNTOUT PUER SUOTILIDB[IOOe pue
sajex ‘suor3iTsod qny o3 3093dsax yzTM Ssjuswou
pue s8®510F qny JO STET3UaIa3IITP Ter3laed

39U} ©a' SOATIBATIOP OTweudp aylL *pa3indwod
912 sasATeur WTI]} IOJ STQe3ITNS SOATIRATIDP
oT3e3}Ss pue stsAjeue jusaTsuexl I0J ITqe3lINs
SSATIRATISP OTweuig °SUOTITPUOD IBACY

03 9sTnid wox3i burtbuex sarbue 33eys xo3

\ e e e R RTY

o¥-0

SOATIBATIOP jJuUBWOW Puep 203I0F quy sajentead [0°6£-D

LNIWWOD

NOILATIY¥OS3Ad

*ON
WYdO0dd

SWWIDO0Ud JILAAWOD Jd0 AIVYWWNS
T1-G6 dT9VL

131



*uopo’d1J-Jo-saaabap

6€T IXOJ uOT3INTOS Spoul pue
Kousnbaxjy Teanjeu uorstoaad
aTqnop e suxojaad aajzndwoo
3Y] *SIpOouU TrINIONIIS

009 JO umuwTixew ® burjossauuod
/S1IUDWRTD TRINIONIAIS 0GLZ
I03 saptaoad uollanios ayy
*sooTIjRW

9AT3IRATIOP 3n0 sjutad

pue sajndwoo pue Aousnbaxg
Teanjeu ape1q ‘wWdd ‘poads
‘*pH*d ’/3UOTITPUOD DOTIIDI
-exed jo obuex e s3zdsooy

LNIWWOD

YSeMumMop wiojriun-uou °O
sotTureuipoaae

Apeajsun aeaury-~-uou arqrssaxdwod °q

uotrjow qny e

103 onp s303339 sIpPnIdoUuUl
*AboTopoyjow jusawaTa 93 TUTI bursn
suwexjITe ay3l JO SOTISTIIIDERIRYD Idsuodsaa
pue uoT13oTpaad uoTjlRAQTIA 103 paxtnbax
SpeOT I030X OT3SET90I3® JO UGTIIDOTPIIJd

*sapow pue satousanbaay Teanjeu 103 PIATUS

ST yotTym so13I9doxd sseul pul SSauJITIs 3N
woXJ XTIjeuw STweudp e sajexauab g9¢ WHI 3yl
*a3ndut wexboxd syl 3apraoird uvoTINQTIAIISTIP Sseu
2Yy3l Y3z TM 13y3lsabo3 siojoweaed ssaujirils asayl
*S9pou TeaN3ONI3S 3B burjssw (UTS pue
‘TeTxe ‘weaq) S3USWSTSE [ean3ionxiys aTdwis se
pPoISdpPTSUOL ST 3axnjonI3s jjexoate xatdwod ayg,
*sadeys spow puer Acuanbaxy Texnjeu awexFity

‘POATIBOD Ssem
wexboxd sTyY3l YOTYM wWoIxJ ‘,rz-D Se aures syl ST
uotjejuasazdax apeiq 9yl ’SUOTITpuod 31bue
3jeys JjusTsuexl pue Apeals Io03 pajndwod

9Ie SSATIRATISP JUSWOW pue 3dIOI qny ayL

88-a

9%-0

T9-D

NOILAIdOSEd

WIO0dd

SWYIOO0Id ¥dLAdHOD J0 AVYKWKHAS
-5 JT9dVYL

e e e ew ,lis%ﬁ&%%;

132



*0p ST JIaqUNU WNWTIX'U 3SOUM
‘uoT3els apelq juaoelpe

jo satjtjuenb or13ysers

-ox3e oTweuldp aYyjz 23R[dI O3
suoT3ienbs sousxsJJITp ©3TUT]
butXo1dws sitsiAieur 3JO poylzou
I93auweaed padwuny a3yl s8zITTIN

0y ST Iaqunu
unuwTXew asoym ‘uoriels
ape1q juacelpe Jo sarly
-13uenb or3sersoase dTweuip
ayy ajeT21 o3 suotrjenbs
80uaIa3JIp a3tTuty butAordus
stsAleue JO poy3zsw Is3du
-exed padwuny 2y3 S9zTIT3IN

*sapow usamilaq
uortietiea burtdwep [eInionals
pur wopasaxi-Jo-ssaxbap

6T butaey yoes sapow g¢

03 saptaoxd uor3inios YL

) . i .:4.5;?:33

*S95103 qUY IO030X puR Ssjuswou pue
suoT309T13J9p burtpusaq apelq sIpniouT asuodsax
pooI03 Axojexqia pue Apeajs 3yl °*suory
-Tpuoo 3IYBTITI 9STNID pue uUOT]ITSURI3 ‘I13A0Y
ut apelq poaistml ATybry e JOo asuodsaix s2:0303
butpusq paoyo pue der13 patdnoo ay3z sa3ndwo)

*SUOT3TPuod Axepunoq pua-3001 PaIIAITTIURD
pue psuutd yjzoq 103 aperq pPalisimy ATybiy

e Ju sadeys spow pue satouanbsaxj Teanjeu
butpuaq paxoys pue de13 patdnoos ayz sa3indwo)

‘jusuwow pue SadIoJ
butyeys qny xo030x sajndwoo yotym wexboad zz-1
3yl wox3y Arreor3idteue xo (burissl IybTITI
Io/pue Topouw) Aryeausuriadxs arqeurelzqc

2xr asuodsax ay3z i03 paxtnbax speol uoTy
-eat1oxg cwexboad g9p-g a2y3 utr paynduoo sapout
Teanjeu siy3 burtzTTT3in poajndwoo ST 8AN3ONIAJS
3Jeanate ayl Jo ssuodsaa pedxol padurep ayy,

A Al §

11

96-¢

LNIWWOD

NOIL4ATHOSAA

*ON

WIO0dd

SWYID0dd dIALNdWOD 40 XIVHWWNS
1-5 JTdVYL

133



*3ybT13 Byl

ybnoxya yos3td oT17>40 B9ay3 3o
uorjletTaeva 3TWIad sasAieuer a3yl
{9)em pajorIUOD ‘PIJIOJSTIP
® JO UOT3EPTNUTIS B Sapniour

sa2ubrte buTtoq Iaqunu

unwIxXew Itayl !19-T1 weaboxd
UOIJ POATIDIP SSpouw TeInjeu

butpuaq de13 pardnooun ay3z

butXotdws KAx0sy3z 23RUTPIOOD
paziTeaauab syy saztTTan

LNAWWOD

R A A R T L0

*suotryenbs sy3z butafos ur

pasn sT ,poy3lisw ianborj, aya 3jo uorsuaixa

uy °S3ud10T133a00 burhiea Ayrecrporaad

y3atm suotrjenba terjuaxsjjrp x9pIo xaybry
JIesauT] JO 38s B JO wIxoj 9yl 3O aaie suorjzenbe
aylL °*4Axosyz drazs bursn ‘mor3 Lpeajzs-ysenb
JO siseq ayyz uo poassaidxa aarv sa3d103 oTuRuip
-oxay -yoeoadde ssew padunt ay3z bursn paarasp
axe aperq © jJo uorjow 3JO suorjenba ayg

*butm 3TqTIXS8TI e uo pajunouw wajzsis 10301

10 xay19doxd e jo sor3istxajzosexeys LjrrTqe’s
otweudp pue ‘uorjexqra ‘or3iels ayl bur3lorp

-21d 103 poy3lsu uorjeTnoTed pue L1089y} V¥ TL-Xk
103031 10 x37T72dcrd e 03 SITITOOT2A padnpurt
wIoFTUN-UOU pue burpeol aIpeTq ay3l saindwo) 80-X
*uotjeanp pue adeys Arexjtqae 3jo
x93a0A poqraonsaizd v o3 pue ‘syndut 3snb pue
T013U0D 03 9peTq xar19doxd 10 I93d0DTIaY ®©
Jo asuodsax burtpusq deily AI1I03EIqTA JuaIsuexl
pue Axojexqia ajeis-LApesais ayl sayndwo)d Z€-1
NOIL4ATI¥OS3A *ON
WYdO0dd

SWYH90dd ddJNdW0D JO ANYWWAS
1-¢ AT4VL

134



wexhoxd JOJLVM

*SLOT3eTNOTRD I333nT3
WwOX3J paure3lqo SI3PWTIIS3 3y
reyy poads aouabiaaTp o13e1lSs
JO S3PUT]ISS BTeTTSI 210U

e sapTAaoxd axoJaxayl aan
-paooad sTYyl ‘Spow UOTISIOF
L103exqta TE3jUBWEpPUNI BY3
woxy ArjuedTItubrts 1933TP
Aew sty3 aours ‘paizernored
Tﬁ burtpeor o13RIS B9yl 03 °ONP
ISTM]} JO apouw 3yl °spoaads
ItTe jo aduex v I9A0 AJTITT
-qels o13e3s JO oaxbap 103
suot3ienbe sautwexs weaboxg

*2c. 031 ay3 jo sueld ay3l ur a7bue MOTIuT pue
S9TITOOTSA PadnNpuUT [23U3WIIOUT s3axndwod pue
butm 9y3z jo uorzejuasaxdax aury HurIITT ® ¢ 3j0d
sasn - uweixboixd sousxajzajzur 10301 uo butm ITTL

*teorxt1dwe

I0 TedT391039Y3 2q Aew SIATIPATIIP I030Y
*suot3enbas aousbisaTp o13E3S 2ATOS pue wiol wexboxg
03} S3IU3BTOTIISO0O DoUINTIUT T[RANIONIIS pue aousab
soTweudpolae HUTM Y3TM SSUTQUOD pue SI0}01 -IJATQ
/doxd 103 ejep aATIRATIBP OT13e3s s3doodov WOJAILVM

LNIWWOO

NOIL .T¥OS3aa *ON
WYAdOId

SHWYYDO0dd ¥ILNIWOD 30 AdVYRWHNS
T-S ITEVL

135



- R R I e S i i

*I2A37 8sTou paartedxed ayl ajzernoren

wa2:B385 FEASROURRE538 2RI padd Yadio0 I Se]

‘6961 Axenaqai ‘$6T1-69 °*ON ‘uoT3onpay pue uoljeu
~-T1353 9STON 193dODTT2H JO swaTqoaxd xaded YYIY
IT9Y3 uTr pPEaYIaITO *d °L Pue uosmoT °*A °*W Aq
PSTJTPOW pu®R 99¢1 1303120 ‘p-99¥1 SEVIAYVSA
‘uot3ebedorg pue UDTIRIBUIS oSTON I030d x93dod
-TT9H uT TINW *H pue buty ¥ ‘Tobatyss "y 4q
podotraAsap poyiaw Teotxtrdwe ue Aq ps3zorpaiad sT
10301 9y3x Aq pojexauab astou pueg-peoxq aYL
*HUT3TTI USLM SIS3UNOOUD I0JO0I 3Y3 MOTJUT

ut sabueys 9ay3z I03J SIUNODOE UOCTILOTITPOU

STUL 6961 Axenuer ‘09-89dl SHYIAVYSN
'peayIal1o g "L pue uosmol ‘A ‘W £q

9STON 10304 I93dODTIT2H 3JO SoIpnis UT pPaqlIosap
poylaw Tedt3ATeue JO UOT3IEOTITPOW ® ST

030X 3yl JO asTOUu T[euoTlelox aylz 3otpaad o3
posn anbtuyoel ayy *Ix030x 8y3 Aq Ar3at3us
paonpoad 8q 03 paunsse ST 33JeIDITR JI0301-3T1T13
ay3 Xq psjeaausb astou 8yl - s3juTRIISUOD AT
-Tenbaut se psoaoJus LIE SUOTIEISTIDOR BTOTYSDA
*33jeIdaTe I1030X-3TT3 JO SOT3ISTISIORIRYD
TeoT13snooe pue asupwIoiaad DTIPWLHUTY SYI3
S9qTIOSOP Yo TYm TSpow TedTj2uwsyjew e ST pzZ-9

LNIWWOO NOIL4IY¥OS3A

uoT3oIpaid
9STON pue sourwIojxad Axojzoslexy 10308 3ITTIL yZ-9
"ON
WY4YD0dd

SWYH90dd J4AILNdWOD J0 AJVWWI S
T-¢ J714Yd

136




*sx9j3suwered walsis

Joeqpasal JO SIaIPN3IS pusaly
A3 TATITSuas pue A3T1TqTSERD]
3doouoo 103 poasn sI

*S310301

3sTm3 ybty s3zewixoadde
A[uo u®d 3T 3DUTS sSTsATrue
ao030x/doxd anx3 e 70N

LNIWWOD

*uoTjeljuasazdax

Tox3uod y2371d OoT[24A0 pue juswabeuew 3Isnayly
uoT3Tppe uTr pue (gp-D JO sSaIN3eal 3jexoare

ay3z T1e sopnioutr yosorTym KL3rrrqedeo Toxjzuod
¥oeyqpos3 yos3td oTT104A> pue juswabeuew 3snIyl v

*spaads d13 x0302

jue3jsuod 3e 3ybT13 °3e3s Apeais 03 pPS3TWIT ST
s1sATeue ayy ‘paIaprsuoo axe buridnoo yoztd
-ber-de13 TIn3 pue sa7T3 3Jeys abaeT ‘sixe
yo3Td Syl woxl 39SJJO ID3UID IedYS ‘ISTMI

speT1q 9baeT ‘*ysemumop WIOIJTUN-UOU pue sOTWRUAP
-oxoe Apeasjsun Iesutr-uou ‘arqrssaxdwos buisn
‘speol qny pue speol apelq xojoa/doad s3zoipaid

*pajoorbHau axe suoOI3OLaTILP

TRUOTSIO} pue suoTidarisp dey3 ‘speolate yiim
SUOT3T91Jap JO DbuTTdnod *3sSTM3 UI-3TINQ [Tews
Yyatm sapelq 103 spoaads drij 203031 JURISUOD

3e 34ybTTJ °93e3s Apesls 03 POITIWIT ST SIS
-&ATeue 3Y] “‘YSEMUMOP WIOFTUN-UOU pur SOTWeulp
-0I9e Apealsun IedUTIT-uUcu ‘arTqrssaadwod bursn
‘speo1 qny pue speol apely xo3ox/doad s3zorpaad

8¥-0

0L=O

09-0

NOILdIYDS3d

‘ON
WYdDO0dd

SWHO0dd dILNIWOD Jd0 AYVWWNS
T-¢ dTEYL

137




3. Areas where tilt-rotor technology should be further
refined or expanded to increase confidence or reduce
effort in developing Task I airplanes {rom the
research aircraft.

4., General areas of advanced technology, not specifically
related to tilt rotors., which have been assumed to be
incorporated into the Task I aircraft.

, Only categories 1 and 3 are addressed in this section.
Category 2 is covered under Task JI, while category 4 is con-
sidered beyond the scope of this study except for a general
listing of areas.

Category 1 - Desirable Before Research Aircraft

a. Feedback Control System - As discussed under Task II
(Volume II), major improvements in flying qualities,
blade load reduction, and increase in damping of
aeroelastic modes can be obtained by use of feedback
control systems. Development of analytvical methods
and wind tunnel testing is required. Bceing's current
limited analytical capability is being expanded to
predict the capabilities of such systems. Wind tunnel
data can be obtained by additional testing of Boeing's
existing 1/9-scale dynamic model of the Model 222
rotor, the 1/4.6-scale airplane model which Boeing is
building during the first half of 1972, and from addi-
tional testing of the full-scale 26-foot-diameter
rotor.

b. Ground Effect - Ability to predict ground effect is
poor, even on fixed-wing aircraft. Some data on the
effect of ground proximity on performance is available
from tests on a 1/10-scale performance model of the
Boeing Model 160. Limited testing on the 1/10-
dynamically-scaled full-span model of the Boeing
Model 160 indicated a slight tendency to skittishness ,
while hovering in ground effect, which was readily ¥
correctacle by an attitude SAS. The effect of ground
proximity on both performance and flying qualities
needs further investigation by additional model
testing. This could be done on Boeing 1l/4.6-scale
model of the Model 222.
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c. Transient Rotor Loads - A very limited capability
exists for the prediction of transient rotor blade
loads during maneuvers and gusts. The methodology
needs improvement and validation by test. Data on
transients following control application can be ob-
tained also on an oscillating model and in simulated
gusts. Such data could be obtained on Boeing's
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Category

1/9-dynamically-scaled 222 model in the Princeton
tunnel. Maneuver data can also be obtained from
Boeing's 1/4.6-scale full-span dynamic model.

Free-Free Aeroelastic Tests - Basic analytical method-
ology for coupled airframe/rotor dynamics has been
well validated by model tests and will be further
substantiated by the 26-foot rotor tests. Almost all
testing, however, has been on semi-span models which
cannot simulate antisymmetric or free-free modes.
Additional testing is desirable on a full-span
dynanmnically scaled model. This could be performed on
Boeing‘s 1/4.6-scale 222 model.

3 - Desiratle Before Proceeding with Task I Airplanes

A.

Stall Flutter -- Correlation between test data and
current stall flutter criteria is poor. Current cri-
teria may be extremely conservative resulting in
excessive blade weight and reduced performance in
hover and cruise. Additional parametric testing is
required to improve the understanding of the effects
of airfoil characteristics, flight conditions, blade
torsional properties, and control stiffness and damp-
ing. While certain advanced sections appear to be
clear of stall flutter in hover, this phenomenon may
rapidly reappear as forward flight speed is increased
and rotor tilt decreased during transition. Tests of
rotors using advanced airfoils are required.

Autorotation and Descent - A limited amount of data

on Jow power and autorotation performance was obtained
from Boeing's 1971 tests on a "rigid" model. This is
sufficient to permit the research aircraft to start
exploring the area. However, quantitative data
exploring parametric variations of airspeed, shaft
angle, collective pitch, wing interference effects,
etc. can be more accurately and cheaply obtained by
model tests. Additional model testing is recommended
to provide the volume of parametric data needed to
substantiate and improve the prediction methods. This
could be performed on Boeing's 1/4.6-scale 222 model.

Individual Blade Instabilities - Current analytical
methods can predict aeroelastic stability character-
istics of individual blades and of coupled rotor/
airframe modes. The coupled mode analyses, such as
whirl flutter and air/ground resonance, are well sub-
stantiated by test data. For individual blade insta-
bilities, such as coupled pitch/flap/lag motion,
however, available test data to validate the analysis
is extremely limited. For the research aircraft,
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model tests and the full-scale 26-foot-diameter rotor
tests will substantiate freedom from these instabili-
ties. For the new rotors which will be used on the
Task I vehicles, however, it would be desirable to
obtain sufficient test data to substantiate the analy-
tical prediction of stability boundaries. Since the
mechanism of these instabilities is specifically
associated with the deflected shape of the blade under
aerodynamic and inertia forces, parametric variations
can be obtained on a single blade design by varying
the operating conditions of thrust, rpm, advance ratio,
and shaft angle. Boeing's 1/9-scale and 1/4.6-scale
dynamic models would be suitable for this purpose.

°
Category 4 - Non-Tilt Rotor Technology

Advanced technology not specific to tilt rotors which has
been assumed to be incorporated into the Task I airplane in-
cludes extensive use of advanced composites in the airframe,
advanced transmission technology in gears, bearings and lubri-
cation systems, advanced airfoils for wings as well as rotors,
and advanced technology turbine engines. All of these tech-
nologies are under development now by NASA, military, or indus-
trial efforts and should be in hand in the time-scale of opera-
tional aircraft developments. These areas should be monitored
cver the period between the present time and the initiation of
operational aircraft designs to assure an adequate technology
base is indeed developed.
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