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FOREWORD

This report was prepared by The Boeing Company, Vertcl Division,
Philadelphia, Pennsylvania for the Air Force Flight Dynamics
Laboratory, Wright-Patterson Air Force Base, Ohio under contract
F33615-69-C-1570, Project No. 698BT, "“US/FRG V/STOL u.chnology
Program”, This contract is for a multiphase effort of parametric
studies, detail design, model tests and analyses. This report
only covers Phase II, detail design of critical prop/rotor compcn-
ents. Phase I, configuration design analysis, was reported in
AFFDL-TR-70-44. The effort was terminated on completicn of

Phase II.

The contract was administ.red by the Air Force Flight Dynamics
Laboratory with Mr. Daniel E. Fraga (FDV) as project engineer.
This report covers the Phase II work conducted from 15 Augast 1969
to 31 July 1970, Boeing Document No. D215-10001-1.

The principal investigators for The Boeing Company were Mr. David
A. Richardson and Mr. Jaan Liiva. Acknowledgement is nade of the
following contributors to this report: Mr. R. R. Pruyr, Mr. R.W.
Sandford, Mr. G. Miliziano, Mr. F. Renola, Mr. D. G. Prichard,

Mr. N. Miller and Mr. L. DelLarm in Technology and Mr. N. Weir and
Mr. K. Smith in Design.

This technical report has been reviewed and is approved.

g‘ knd}i_ Q w@&,

ERNEST J.-CROSS, JR.
Lt. Colonel, USAF
Chief, V/STOL Technology Division
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ABSTRACT

Detail design studies of critical prop/rotor aircraft com~
ponents are summarized in this interim report as a second
rhase of the four-phase USAF Contract F33615-69-C-1570. The
program objective is to determine design criteria and demon-~
strate the adequacy of technology by designing a full-scale
prop/rotor aircraft and by designing, manufacturing and test-
ing scaled models. Thirty percent of the weight empty com-
ponents of the aircraft consisting of the wing, nacelle
support and tilt mechanism, nacelle truss, prop/rotor hub,
controls and blades has been designed in this phase. The
weight empty of the aircraft has decreased by one to five
parcent from ﬁhe target value established in the Phase I
studies. Weight increases in the nacelie and tilting mech-
anism components were offset by substantial weight decreases
in the rotor and hub components. Supporting technology
studies in the areas of stability and control and aeroelas-
tic stability requirements are also included. Discussed

are the primary control system, rotor feedback syst:em and
power management system and aircraft flutter and vibration

suppression considerations.
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SECTION I

INTRODUCTION

The detailed designs of a prop/rotor, hub, nacelle, tilting mechan-
ism, wing and associated controls for a tilting prop/rotor aircraft
are documented in this repcrt. This report satisfies the require-
ments of Phase II of AFSC Flight Dynamics Laboratory Contract Number
F33615-69-C-14570, "Determination of Design Criteria and Demonstra-

tion of Technolngy of a Prop/Rotor Aircraft."

Phase I of this contract (Reference I-1) provided the preliminary
design, performance and weight parameters of the 67,000-pound

transport aircraft shown in Figure I-1l. A preliminary look at the
dynamic stability of the aircraft, flying qualities and structural

design criteria was also presented in Reference I-l.

Phase II carries the prelininary design parameters into detailed
designs in order to verify the weight predictions of Phase I quan-
titatively and to determine problem areas which can be resolved by

testing in Phase III or further design optimization in Phase IV.

The fuselage, empennage and landing gear are not designed since,
apart from testing the fuselage and empennage for vibration minimi-
zation and choosing the landing gear stiffness for ground resonance
stability, these designs will be conventional and the technology

for these tasks is available as presented in Reference I-2.

A e




Each section in tnis report provides the design objectives, s:ruc-

tural analysis, weight analysis and ends with conclusions and rec-

ommendations for further work.
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SECTION II

{

SUMMARY

Detail design of the critical components of a prop/rotor aircraft
has heen conducted to accompligh the following objectives:

a. verify weight predictions obtained in preliminary

zncren B s B o N IO

design, Reference I-l.

—

b. identify areas where additional design, analysis and/or
testing is required.
The preliminary design estimates of the weight of the critical
components to satisfy the aircraft maneuver and mission require-
ments wizh adczquate stress margins are verified. This effort

shows the weight empty of the baseline aircraft to be 112 pounds

P e e

less than the preliminary design value. Distribution of this

change in weight is summarized on the following page.

b |

1

The small overall change in weight results from an increase in the
tilt mechanism weight being offset by a reduction in weight of the

g rotor and hub.

2 Further work by testing, analyses and design are recommended in

the following areas:

" a. The 2.5g hover takeoff structural design condition needs

re-examination. The achievement of this load factor
is believed to be beyond the capability of rotor system

designed to the required nover and cruise thrust and power

Py pean
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SUMMARY OF ATRCRAFT DESIGN WEIGHTS

TABLE II-1

o e

ORIGINAL COMPONENT WEIGHT STUDIES ;
WEIGHT g
REF, BASELINE DESIGN REVISED DESIGN
WE IGHT AWEIGHT WE IGHT AWEIGHT -
1]
. il
Rotor (5,455) (3,870) (-1,585) (3,870) (-1585) o
Hubs 2,375 1,440 - 935 " 1,440 - 935 T
Blades 2,880 2,238 - 642 2,238 - 642 i
Spinners 200 192 - 8 192 - 8 o
Wing (4,945) (5,191) (+ 246) (5,148) (+ 203} “
Basic Wing 4,445 4,837 + 392 4,837 + 392 ’
Provisions for .
Wing Tip 500 354 - 146 311 - 189 ﬂ
Flight Controls (5,399) (6,626) (+1,227) (6,128) (+ 729) 1
Upper Rotor ik
Controls 2,367 2,442 + 75 2,442 + 75
Tilt Mechanism (1,005) (2,157) (+1,152) (1,659) (+ 654) .
Nacelle Support 450 989 + 539 751 + 301 i
Mechanism 555 1,168 + 613 908 + 353
Others (2,027) NOT STUDIED 1
Remaining Groups 30,062 NOT STUDIED l
Weight Empty 45,861 45,749 - 112 45,208 - 653
Weight of Compon- I
ents Studied 13,772 13,660 - 112 13,119 - 653 [
% of Weight Empty i
Verified by ;
Component Design 30.0
i
i
|
Il
i
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criteria.

A complete fatigue loading spectrum is required for the
prop/rotor aircraft missions. It should include gusts/

turbulerce and ground handling.

Fail safety/damage tolerance criteria siacuil be

established.

Full scale blade roct fatigue tests to determine the

endurance limits under combined loadings.

Establish through model testing the blade vibratory
control iioments when operating in the maximum thrust and

control condition.

Verification of the wing stiffness selected for minimum

vibration by dynamic model testing.

The pilot-contrxol system-airframe elastic couplings
need investigation in a moving base simulation of flicht

in turbulent air.

Determine stability and control characteristics in and

out of ground effect by model testing.

Determine dynamic stability derivatives of the rotor

through transition by dynamic model rotor tests.

Ir-3




In summary then, while the Model 215 prop/rotor transport designed

in Phase I is structurally sound and within the established weight
targets as verified in Phase II, there are areas in both technical
analysis, test and structural design that can be improved by
additional work. The design is based on conservative assumpticns and

the weight empty can be reduced by additional design and analysis

efforts.

II-4
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SECTION IIIX

GENERAL STRUCTURAL CRITERIA

1. INTRODUCTION

This section contains criteria for the structural design of the

prop,/rotor aircraft rotor blades, hub, wing and nacelle structure.

Limit load and fatigue conditions are included.

Specifications

MIL-A-8860 and MIL-S-8698 were used to guide the selection of con-

ditions and only those which are critical are considered for de-

sign purposes.

2. FLIGKT MODE DEFINITION

a.

b.

Helicopter flight: 1lift is provided only by the rotor
Transition flight: 1ift is provided by the rotor and
wing. This regime ends at Veon®

Airplane flight: 1ift is provided only by the wing.
regime starts at Vgoy and is limited at Vi.

Veony is the airspeed at which n, = 1.2 can be achieved

with the flaps retracted.

3. BASIC DESIGN PARAMETERS

The

The basic design parameters for the three flight modes are listed

in Table III-1l.

4. FACTOR OF SAFETY

The yield factor of safety shall be 1.0.

safety shall be 1.5.

IrI-1

The ultimate factor of
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TABLE III-1

BASIC DESIGN PARAMETERS FOR MODEL 215

PARAMETER
HELICOPTER FLIGHT
Basic Design Gross Weight
Minimum Flying Gross Weight

Landing Gross Weight at 8 Feet Per
Second Sink Speed

Most Aft C.G. Position
Most Forward C.G. Position

Limit Load Factor at Basic Design
Gross Weight (n,)

Normal Rotor Speed, Power On
Rotor Speed Limit Factor
Nacelle Axle

TRANSITION FLIGHT

Basic Design Gross Weight
Maximum Design Gross Weight

Limit Load Factor at Basic Design
Gross Weight (n,)

Normal Rotor Speed, Power On
Rotor Speed Limit Factor
AIRPIANE FLIGHT

Basic Design Gross Weight
Maximum Design Gross Weight

Minimum flying Gross Weight

Most Aft C.G. Position

Most Forward C.G. Position

Limit Load Factor at Basic Design Gross Weight
Normal Rotor Speed

ITI-2

DESIGN VALUE

67,000 1b.

47,798 1lb.

68,888 1b.
F.S. 421.6 in.

F.S. 398.7 in.

2.5, -1.0
295 RPM
1.25

F.S. 410

67,000 1b.

74,006 1b.

3.0' -100
295 RPM

1.25

- 67,000 1b.

74,000 1b.

47,798 1b.

F.S. 402.5 in.
F.S. 379.5 in.
3.0, ~1.0

207 RPM

[r———
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5. ROTOR TORQUE FACTOR

The limit torque factor shall be 1.5.

6. AIPPLANE FLIGHT DESIGN SPEED

a. Maximum level flight speed Vy equal to 360 knots
(transmission torgue limit) at sea level.

b. The limit speed V; shall be 450 knots (1.25 Vy) at
sea level.

c. The maximum speed for a 66 fps gust V; shall be 26C
knots (S.L.) for the basic design gross weight and
240 knots (S.L.) for the minimum flying gross weight,
Vg = JnV, where n is the maximum gust load: factor
determined at Vy and Vg is the staliling speeé for level
flight at sea level in the basic configuratioﬁ with
power off. Prop/rotor normal forces have been neglected

in the calculation of gust limit load factor.

7. V-n DIAGRAM

Composite V-n diagrams for the three flight modes at the basic design
gross weight and the minimum flying gross weight are shown in Figures
III-1 and III-2. The diagrams for airplanec flight (solid lines; were

constructed as specified in MIL-A-8861 for maneuver and gust load

factors,

The limit lcad factors for helicopter and transition flight (dashed
lines) are shown as the sum of the helicopter (2.5) and the airplane

load factor at a given gpeed, the maximums being 3.0 and -1.0.

III-3




(ng)

LIMIT LOAD FACTOR

COMPOSITE MANEUVER AND GUST DIAGRAM
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8. LIMIT LOAD DESIGN CONDITIONS

Limit load design conditions for helicopter, transition and
alrplane flight are contained in Tables III-2, III-3, and I1T-4,
respectively. The conditions listed have been selected for

investigation.

9. HOVER CONTROL REQUIREMENTS

The required angular acceleration capabilities of the aircraft

in the helicopter mode are as follows:

Roll 1.0 rad/sec2
Yaw .5 rad/sec?
Pitch .6 rad/sec?

10. FATIGUE DESIGN CONSIDERATIONS
The service usage for definition of structural design requirements
snhall be in accordance with the basic fatigue schedule in Reference

I-1, Section VII, paragraph 10.

The significant conditions affecting the fatigue performance of

the wing are the repeated manenvers and atmospheric turbulence at
low altitudes and the relatively large number of ground-air-ground
cycles. As in conventinnal aircraft, the material allowable stress
for preliminary design :3 chosen to be compatible with fatigue
design recuirements. A complete wing fatigue analysis must be
performed at a later date when the full fatigue loadi-g spectrum
for the aircraft is developed in detail, based on the combinations

of missions and cargo. This analyais should not affect the weight

III-6
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of the aircraft to any extent since some consideration of fatigue

effect has been included in the non-optimum weight fartors.

The prop/rotor blade, hub and controls shall be designed for the
various flight conditions defined in Referenca2 I-1, Section VII,

paragraph 13.

Critical fatigue loads on the rotor blade are produced by cyclic
pitch control. For preliminary design, the following cyclic
conditions are ~onsidered in the evaluation of the fatigue strength

of the rotor blade.

a. The rotor system shall be analyzed to determine its
fatigue performznce under the following conditions:

(1) Alternating loads due to rotor cyclic control, in
the helicopter mode, equal to the cyclic required
to trim the aircraft level plus 25% of the maximum
cyclic for pitch control shall not exceed the
fatigue endurance limits of rotor system components.

(2) Alternating loads due to rotor cyclic control, in
the helicopter mode, equal to the cyclic required
to trim the aircraft level plus 25% of the maximum
cyclic for yaw control shall not exceed the fatigue
endurance limits of rotor system components.

(3) Alternating loads due to "Ag" equal to 1,500 psf -
degrees shall not exceed the fatigue endurance

limits of rotoxr system components.

IIX-7
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These preliminary design criteria have been found to be

i ol L olrebiainh

conservative against conditions including hover in cross-wind,

gusts at 250 knots and full pitch control in hover.

11. MATERIAL ALLJWABLES
Material strength properties will be based upnon the following:
a. Anticipated design allowables for new materials
consistent with 197" technology.
b. MIL-HDBK-5, "Metallic Materials and Elements for Flight ]
Vehicles". Column "B" alilowable stresses will be used
where failure of an individual element would result in
the applied load keing safely distributed to other load

carrying members. In all other applications, the

l' ' ’ ' I ' ' . ' I .

Column "A" values wili be used.
c. MIL-HDBK-17, "Plastics for Flight Vehicles".

d. MIL-HDBK-23, "Composite Construction for Flight Vehicles".

e. Boeing-Vertol Structural Design Manual (Reference III-i.).

f. Boeing-Vertol Report SRR-7, "Reinforced Composite Material
Allowables". This document contains design strength and
mechanical properties used at Boeing-Vertol for boron

and S-glass composites (Reference III-2).

R e EoE ey e e ey ey —
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SECTION IV

WING DESIGN

1. INTRODUCTION

In this section the detailed design of the primary wing structure
and associated aystems are desccibed. Included are the primary wing
box, the wing to fuselage attachment, fuel system and cross shafting.
The details of the wing tip box and the nacelle attachment structure
are considered a part of the nacelle structure and are described in

Section V.

The wing torque box was designed in detail because the design loads
on a Prop/Rotor aircraft wing are unique and conventiocnal aircraft
weight trends are not directly applicable. The total weight of the
wing and end tip provisions is 5191 pounds. This is 5%_greater than
the weight allocated in Reference I-1l. Control surface structure,
hinges, actuators, fuel system and rotor to rotor cross shaft are
designed in less detail because the loads and requirements are con-

venrtional.
From this study the baseline wing design has machined tapered skin

and stringers (design B) and self-sealing bag type fuel system

(design A).

Iv-1
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This wing design provides an adequate stability mar¢in from classical
flutter, whirl flutter and divergence, air/ground reusonance and

fuselage vibration attenuation as discussed in Sect:on VIII.

2. OBJECTIVE
Desiyn a wing primary structure based on the geomet:iy and criteria,
determined in Reference I-], in order to verify the weight prediction

and satisfy the structural requirements discusased be lcw.

3. DESIGN CRITERIA

The wing design criteria based on the Phase I progreim are as follows:

a. The wing structural components shall be designed and sized
to accommodate the ultimate static strength requirc.cents
of the loading conditions investigated.

b. Multiple load path structure shall be proviced for the
primary wins loads.

¢. Access to the wing shall be provided by nonstructural doors.

d. Reinforcements around the nonstructural doo:r opening shall
be designed to maintain torsional continuity.

e. All aircraft fuel shall be carried in the wing.

f. The cross shaft shall be retained in such a manner that
a shaft failure will not cause a secondary failure.

J. Wing-nacelle sup<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>