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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
II-2 |l
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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
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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 support structure shall be designed to a

nonbuckling criteria at 100% of design limit loads.

Iv-2
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The limit load conditions selected for the design of the wing are
listed in Table IV-1l. These loading conditions are taken from

the General Design Criteria presented in Section III. The conditions
selected represent three helicopter flight mode conditions that

are critical for the wing. cConditions investigated for the design

of the wing-nacelle support structure are shown in Section V.

Iv-3
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TABLE IV-1

SUMMARY CF LIMIT DESIGN CONDITIONS

IIELICOPTER FLIGHT MODE

AIR  LIMIT VEL. ACCEL.

cggg;g;qn DESCRIPTION (gég; ?iggg ggggOR (ggg{ (gggé)
- - Lokl
(:) Vertical Takeoff 67,000 0 2.5 0 0
(:) Maximum Cyclic 67,000 0 1.0 0 0
(:) Rolling 67,000 0 2.0 1.5 1.0

Iv-4
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4. WING GEOMETRY

tj(ﬁm

i’ sinte b

The wing geometry defined in Reference I-1 is summarized here.
1 Span 65 ft - 9 in.
| - Chord 12 £t - 9 in.
0 . 3
! Area 838 ft
[‘ Aspect Ratio 5.16
r‘ Taper Ratio 1.0
T/C Ratio 0.21
Flap 30%
L.E. Umbrella 15%
Front Spar 15%
_ Center Spar 40%
| Rear Spar 63%
{ Nacelle Pivot 38%
Wing Section NACA 64,-221 (Modified)
Fuel Volume 231 f£t3
Normal Fue. Capacity 10,224 1b
Max Fuel Capacity 18,324 1b
f
2 Iv-5
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5. DESCRIPTION OF WTc PRIMARY STRUCTURE

The wing has a rectangular plan form (Figure IV-1) znd has a NACA
64-221 (Mod.) airfoil section (Figure IV-2). The ccnstruction is

al)l metal conventional skin and stringer type. This method of
construction was used to utilize the failsafe characteristics puo-
vided by the multi load paths of this type of'structureu A secondary
con§ideration is that production costs are generally lower for this

type of manufacture.

The primary structure is a two cell torque box consisting of a front

spar, center spar, rear spar, and tcp and bottom coters machined

to a taper and stiffened with machined tapered strirgers. The

stringers are clipped to ribs, spaced at 19.0 in. irtervals. !
Ribs are basically of two types, open and closed. 1Mhe open ribs

are of the channel and shear skirt construction and are used in

fuel bay areas. The closed type ribs are of similar construction

to the open and have a shear resistant panel to close the rib.

The closed ribs are used as fuel bay closers and at the flaperon

hinge positions (Figure IV-3). The wing structure :s continuous |
over the fuselage (F.gure 1IV-4) and is attached to the fuselage

by means of a shear tied forged rib which also acts as a wing

splice joint (Figure IV-5). This type of construction was used '

to facilitate field repa‘’r splices and spares transjortation.

IV-6 o -
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A A8 SPACING wAS CMNGED TO
ACCOMMODATE NEW NINGE STATIONS
AND A MW \ANG/PUSTLAGE
INTERPACE STATION, 3.2 % 548

B FUEL TANK BAYS WERE RELOCATED
AND WING TIP FITTING JAS UPOATED.
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fhe area between center and rear spars is used for fuel., The fuel
area extends spanwise from inboard splice rib to the first rib
after the tip close-out-rib. No fuel is carried in the wing area
over the fuselage and in the immediate tip area. Each fuel tank
bay is provided with a non-structural access door (Figure IV-5) to

allow for servicing of tanks and system.

Control surfaces are attached to primary structure by means of multi
load path hinges which will prevent loss of any surface due to

a single failure. The ocontrol curface actuators and the control
system (Figure IV-6) are fully redundant and do not encroach upon

primary structure area.

5.1 WING TO NACELLE ATTACHMENT STRUCTURE

The wing to nacelle attachment beam is considered part of the nacelle
structure and is described in Section V. The local re-inforcement
required at the wing tip inboard of Station 360.5 however, is con-

sidered part of the wing and is shown in Figure IV-7.

5.2 WING ASSOCIATED SYSTEMS

In this section the fuel system and nacelle to nacelle interconnect

shafting are described.

Two conceptual designs of the fuel system have been included, a con-

ventional self-sealing bag type and an improved system to enhance

v-17
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survivability. No choice between the systems has been made
because the wing basic structure is not aftected by the difference
between the systems, and further studies in survivability must be

made in order to make th. selection.

5.2.1 Fuel System (A)

Fuel system A, the baseline system has conventional self-sealing
bag type fuel cells located in the wing between the mid and aft
spar. The use of bags will reduce the leakage problems associated

with wet wings coupled with skin and stringer construction.

5.2.2 Fuel System (B)

This system is designed to increase the survivability

of the fuel by enemy ground fire. This can be achieved Ly,

a) correct fuel placement

of the aircraft by providing means to eliminate fires and ekplosions é
i
1
]
5
:

by improved methods of fuel containment

c) an effective vapor space ignition suppressor

These objectives can be attained by using simple, low cost, reliable

systems incorporating equipment familiar to USAF ground and flight

crews as described below.

Iv-23
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All the fuel is placed in the wing to take advantage of the avail-
able aircraft structure for shielding and to keep tle fuel isolated

from major ignition sources such as engines.

Fuel containment will be improved by designing an ii.tegral "wet

skin" tank (Figure IV-8) inside of which is contained a "go home"

gself sealing cell submerged within the wetted area «f the integral
tank. This method of fuel containment completely e iminates the
potentially explosive air filled areas which are noimally present

eon the tank periphery of conventional bag type contéiiners. Incendiary
projectiles penetrating the tank surface, which in 1{his case is the
airplane wing skin, immediately enter the liquid an¢ are quenched,
fuel will then leak directly to the aircraft extericr and cannot

cpllect in pockets in the aircraft structure.

An effective vapor space ignition suppressor will be achieved by
completely filling the interior of all tankage with voided, reticu-
lated foam to suppress fires and explosions occurrirg in the vapor
space above the fuel level, Reticulated foam is pre ferred to a
nitrogen gas inerting system because the nitrogen system introduces
an adaitional active subsystem containing moving parts whici: are
themselves vulnerable to gunfire. System effectiveress is also

dependent on a logistical supply of liquid nitrogen.

IV-24
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5.2.3 Cross Shafting

The cross shaft evaluation was based on Reference IV-1. This report

also gave the inforuwation reqiired tc define the space envelope to

cantain the system.

The super-critical cross shaft traverses the entire wing at 33% wing
-chord on the center of chord thickness. The design conditions are

as shown in Table IV-2.

TABLE IV-2, CROSS SHAFT DESIGN CONDITIONS

FLIGHT @ NN. ENG., CROSS SHAFT ULT.
CONDITION AVAILABLE TRANSFER HP SYAFT LOAD FIGURE
(LIMIT) FACTOR
400 kt Dash 4 759 8120 7.34 IV-9a
3R8 kt Cruise 3 2466 812G 2.252) Iv-3b
290 kt Cruise 2 4173 8120 1.46 1V-9C
@ 10,000 Pt Std Day
@ Design Condition

The shaft design condition is the ultimate load cinditica for a
3ingle engine out, (Figure IV-9b) with a 10% (pow:r available) power
split to the engine out side. This would give a 'lyramic life in
excess of 3,600 hours under normal operating cond .tions, with the
ability to withstand the loss of two engines in a single nacelle

(Pigure 1V-9c) and stil) complete the mission.
1V-26
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The shaft is of aluminum and is fitted with viscous shear Jdampers
for stability. Toroidal shatter guards enclose the shaft at

spaced intervals such that any shaft break will not cause a secondary

failure;

The cross shaft is installed and serviced through non-structural

doors on the lower wing surface.

6. STRUCTURAL ANALYSIS
in this section the design ioads, stress analysis and stiffness and
fdeflection characteristics of the primary wing structure ang wing

to nacelle support structure are described. Material selection

is also discussed.

As in conventional aircraft practice, the material allcwable stress
is choseﬁ 0 be compatible with fatigue design requirements. A com-
plete wing fatique analysis must be performed at a later date when
the fulllfatigue loading spectrum for the aircraft is developed
based on the combination of missions and cargo. This analysis
should not affect the weight of the aircraft to any extent since
sone éonsideration of fatigue'effect has been included in the non-

optimum weight factors.
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6.1 DESIGN LOADS

The bending moments, shears and torsions imposed on the wing by

the loading conditions 1 and 2 ‘of Table IV-1 are shown in

Figures IV-10 and IV-1l. Condition 3 1is oritical for the maximum
shear in the wing box section between the fuselage and wing and is equal
to 170,000 pounds (ultimate). Condition 1 is the maximum vertica:
bending and vertical shear condition. Condition 2 produces the
maximum torsion on the wing. The curves represent the net results

of inertia loads combined with rotor hub loads. The reference axis

for wing torsion is at 40 percent of the chor, at any wing station

and is assumed as the elastic axis of the wing box.

For any helicopter mode flight condition, all of the lift is pro-
vided by the rotor and is applied to the wing at the centerline of
the rotor. Symmetric maneuvers are performed by applying cyclic
pitch control. Wing and fuel masses are applied as concentrated
load at several points throughout the wing. Nacelle mass is applied

as a concentrated mass at its respective center of gravity.

6.2 STRESS ANALYSIS

6.2.1 Load Paths
Basic wing box skin-stringers, spar caps and webs sizes arxe calcu-

lated at four wing stations (stations 360.5, 250, 150 and 50). Wing

Iv-29
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torsion is reacted by the wing box, vertical. shear by the spar webs
and bending by the stringers and spar caps. For this study, the
wing box is assumed as a single cell and the area requirements

due to bending equally divided into stringers and spar caps.

The bernding material requirements are based on a heavy-flanged
beam theory (M/h). The effective depth of the beam is the area

of the airfoil between front and rear spars divided by the distance
between these two spars-and further reduced by the centroids of

the reacting flanges. 30 times the skin thickness is considered

effective as additional area for each stringer in compression.

The tension surface minus rivet hole areas is considered to be
fully effective. Stringer compression allowables are based on
column strength. Spar web thickness is based on all the vertical
shear reacted by the spars in addition to shear flow produced by
torsion, PRelieving shear flows were neglected and the maximum

due to vertical or torsional shear is used for design.

At station 360.5, area in which the wing changes from a full section
to a smailer box section, the intermediate spar is designed to

react most of the vertical load.

Iv-32
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6.2.2 Material Selection

Material selection for the basic wing box primary load structure
is 2024-T3 lower skin, 2024-T3511 =xtruded stringers and caps,
7075-T6 upper skins, 7075-T6511 extruded stringers and caps and

7075-T73 forgings.

The 2024 alloy was chosen because of its superior fatigue properties
and low crack propagation. The 7075 alloy was chosen for its high
compressive yield strength and the -T73 temper in forgings is

exceptionally resistant to stress corrosion.

6.2.3 Wing Structure Summary

Table IV-3 presents the summary of the basic wing box skin gauges,
stringer sizes and material. Table 1V-4 presents the summary of

the spar web gauges and material.

6.3 WING STIFFNESS AND DEFLECTIONS

The representative stiffness, EI and GJ, are shown in Figure IV-12
and are based on wing ultimate strength requirements. Spanwise

and chordwise EI values from wing station 330 to 360.5 are modi-
fied to adjust for shear lag due to the abrupt change in the wing
box section at station 360.,5. The torsional stiffness (GJ curve)

is calculated as a single cell except that it is modified to include

the effects of the intermediate spar length and thickness.

Iv-33
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TABLE 1IV-3

SUMMARY OF SKIN-STRINGER REQUIREMENTS

EraT IO SKIN THICKNESS STRINGER SIZE TYPE
e UPPER | LOWER UPPER LOWER MBR
v - . -}
360.5 .063 | .073 3/4 x 1 x .3 3/4 x 1 x .3 %EE
.090, 1.25, .090 |.080, 1.25, .080
284.0 .063 3/4 x 1 x .3
‘ .090, .125, .C90
250.0 .098 | .073 3/ x 1x .3
‘ .080, .125, .080
150.0 .1§1 .122
50.0 .166 .1!6 | 7/8 x 1.07 x .3 | 7/8 x 1.07 x .3
: .160, .125, .090 |.160, .125, .090
0 .166 | .166 7/8 x 1,07 x .3} 7/3 x 1.97 x .3 | ZEE
.160, .125, .090 |.160, .125, .090
NOTES: 1. ZEE stringer dimensions: first line, first number

is skin flange, second number is vertical flange,
third number is inside flange; second line, respec-
tive flange thickness

2. Material:

upper surface skin-stringer, 7075-T6/

T6511; lower surface skin-stringer, 2024~T3/T3511

3. ; indicates constant

* indicates linear variation

IV-34
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TABLE IV-4

SUMMARY OF SPARS REQUIREMENTS

WEB STIFFENER STIFFENER
SPAR STATION | pHICKNESS SIZE & THICKNESS SPACING
Front 0-50 .080 1x1x 7/8 x .080 6.0
50-360.5 | .063 3/4 x 1 x 5/8 x .063 6.0
Intermediate 0-320.5 .080 1x1x7/8 x .090 5.5
360.5
Rear 0-360.5 .080 1x1x 7/8 x .080 5.5

Material - 7075-T6/T6511
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Figure IV-13 contains plots of torsion due to a unit loéd (1.0 inch-
pound) and wing deflection due to 1.0g lift applied at station 394.5
which is the cent2rline of the nacelle. Also included is the deflec--
tion due to weight of the wing-nacelle combination for the design
gross weight of 67,000 pounds. These data are used in Section VIII

to calculate dynamic stability and vikration of the aircraft.

7. WEIGHT ANATLYSIS

A summary of wing weights is provided in Table IV-5. The weight of the
wing as quoted in Reference I-1 was derived by VASCOMP, a computer-
ized airplane sizing and weight determination program. The detailed
design as descriked in Part 4 of this section and the Structural
Analysis in Part 5 provide the necessary data for the weight eval-
uation of the torque box, constructed of conventional, built-up
skins, stringers, etc. This wing design is called wing A and would
be the simplest to manufacture. Since the weight of wing A is 12%
above the VASCOMP target weight, a new design, B the present baseline
design, was derived bhased on built-up structure with machined skin,
stringers and spar caps. The weight of the secondary structure was

determined by using empirical relations which are described later.

Further reductions in weight can be achieved for 1972 technology

by using composite substitution such as boron-epoxy as described

Iv-37
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in Reference I~l. Existing component studie-~ indicate that this
subse tution technique can be employed by the 1972 time frame.
The structural design and manufacturing remain essentially con-~
ventional but boron-epoxy replaces aluminum. A conservative
estimate of 12.5% group weight reduction canlbe achieved by using
boron-eéoxy substitution. Wihg design C with 1972 techriology is

thus shown to be 5% heavier than the tacget weiyht in Table IV-5.

A Boeing~Vertol valve engineering study made c¢. another VTOL air-
craft wing box showed a 14.6% weight savings achieved by the use
of a combination of titanium and boron and 2lso for a combination
of titanium and carbon. This was a weight saving over the weight
of an alil aluminum alloy riveted structure with extruded stringers

and constant thickness sheets.

The carbon titanium structure achieved the weight reduction at a
lower cost than for the boron titanium structure. Material costs

used were $6/1b for aluminum (no maéhining), 100 $/1b for boron,

100 $/1b for titanium and 40 $/1b for carbon (estimated 1970 prices).

The cost of a pound of fabricated carbon and titanium structure was
$100 and the cost of a pound saved using carbon and titanium was
$266. The cost of a pound of fabricated boron and titanium struc-

ture was $149 and the cost per pound saved was $549.

Integrally machined skin and stringers structures cost approximately
$93/1b. Machined stringers riveted to non-constant thickness skins

cost $56/1b.
IV-40 .
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These data show the potential of lower ccst weight reduction as
cemposites such as carbon used with titanium are adapted in

production.

A review of the design conditions that dictate the weiéht of
the wing has revealed that condition 1 in Table IV-1l, the
vertical takeoff at 2.5g is by far the most critical from a
design point of view. This requirement is not compatible with
present helicopter practice and needs further definition
through testing in Fhase III. It is expected that when'the
vertical takeoff requirement has been better defined, the
resulting wing weight will be less than or equal to the target

weight.

7.1 BASIC WING WEIGHT

The basic wing weight consists of the torque box and the
secondary structure weight. The basic wing weights are
summarized in Table IV-6. Basic torque box weight consists
of upper and lower covers:; front, center and rear spars; ribs
and miscellaneous items such as sealants, small fittings and
paint. Provisioné for self-sealing fuel tanks are also
included in torque box weight. Non-optimum factors which

account for additional material required for inter-

IV-4 1 .
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TABLE IV-6

BASIC WING WEIGHT

ORIGINAL CALCULATED WEIGHT
ESTIMATED | DESIGN A | DESIGN B
WEIGHT BUILT-UP | MACHINED
(TARGET) SKIN - ‘| SKIN AND
— STRINGERS | STRINGERS
Torgque Box Non-Optim;J 4299 4027
Factor
Upper Cover 1.30 1114 982
Lower Cover 1.26 1010 870
Front Spar 2.20 356 | 356
Center Spar 2,20 544 544
Rear Spar 2.20 415 415
@ Ribs 688 531
(2 Miscellaneous 172 170
Leading Edge (Movable) 367 367
Inboard 178 178
Outboard 189 189
Trailing Edge 240 240
Fixed 150 150
Movable 185 185
Flaps 292 292
Flaperons 507 507
Basic Wing Weight 5077 5800 5528
(1970 Technelogy)
1972 Technology Reduction -632 ~-691
(12.5%)
Basic Wing Weight (1972 4445 4837 3
Technology)

Q@ 20% of cover and spar weight

(2 5% of cover and spar weight
3 Design C

Iv-42
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acting loads, splices, standard gauges, access docir2. etc. were

applied to obtain

the final weight. Rib weight was determined as

20% and miscellaneous items as 5% of the cover and spar weights.

The calculated weight for the torque box, modified by the non-

optimum factor are summarized for design A, the built-up skin and

stringer and design B, the built-up machined skin and machined stringer

in Table IV-6. Design B torque box is 272 pounds or 6.3% lighter.

The secondary structure consists of leading edges, trailing edges,

flaps and flaperons.

empirical equations and are derived below.

The weights of these components are based on

Leading Edge: The leading edge of this wing is hinged at the nose

and opens forward during hover to decrease the download area of

the wing.

Leading Edge

LE

w =

A pox

t/c =

Wp = Spg (0.003)

N W_ cos? [\ pox

b (t/c)
weight of leading edge

projected area

S p (inboard) = 45.2 £t2

S, {(outboard)= 48.0 ft2
ultimate load factor = 4.5
design gross weight = 67,000 1lbs
sweep angle of box = 0

wing span = 65.8'

thickness ratio = ,21
Iv-43
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Leading Edge Supports

1.25
= 0.091 (er)

WsLE
Therefore:
weight of inboard leading edge

weight of inboard leading edge
supports

total inboard leading edge

weight of outboard leading edge

weight of outboard ieading edge
supports

total outboard leading edge

132

42

178 1bs.

144

45

189 lbs.

Trailing Edge: The trailing edge consists of a fixed section and a mov-

able section which folds during hover to reduce the download area. For

purposes of weight estimating, the movable section is treated as a

spoiler.

Trailing BEdge - Fixed

W, =
= b (t/c)
= 2
Spp = 60 ft
Therefore:

weight of trailing edge = 150 1lbs.
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Trailing Edge - Movable
0.25

e E'—H(, =0 =

Suyrg = (inboard) = 17.8 ft2
= = 2
SMTE (outboard) 18.8 ft

Therefore:
weight of inboard movable trailing -
inboard = 90
outboard =_95

185 1bs.

board wing only.

Flaps

Wp = Sp (0.253) (vp)0+375

s 2
SF = 90,8 ft

Flap Supports

1.25
Wsp = 0.0885 (W)

Therefore:
flaps weight = 218

supports weight = 74

total 292 1bs,

Flaps: The flaps are the single slotted type and are on the in-

-




Flaperons:

similar to an aileron.
Flaperon
Wp = Sp (0.253) (vp)
Sp = 95.8 f£t2
Supporta
Wep = 0.0885 (wp)l-25
Therefore:
flaps weight
balance weights

tetal

flaperon support
weight

total flaperons

machined skin and stringer designs.

reduction for 1972 technology.
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1.25

The flaperons are considered basically as a flap, counter balanced

+ wa

= 81

= 507 1bs.

Table IV-6 is a summary of the basic wing weights as discussed in
the previous paragraphs. It shows the target weight and calcu-

lated weight for both the built-up akin and stringer and the

Design C shows the anticipated

[ 1 |

= ]
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7.2 WING TIP AND NACELLE SUPPORT

The wing tip and nacelle support outboard of wing station 360.5

is covered in the nacelle and tilting mechanism, Section V.

7.3 PROVISIONS FOR WING TIP ATTACHMENT

The weight for the provisions for wing tip attachment summarized
in Table IV~7 is that which is required for the transfer of the
rotor load between the wing tip and the basic wing. This struc-

ture extends inboard into the wing for approximately two feet.

The basic design is such that the lower cover of the wing tip
and that of wing do not coincide; therefore, the diagonal shelf
must be provided to transfer the loads into the lower cover.
The forward spar of the wing tip also does not coincide with
the wing center spar, and an additional diagonal spar must be
provided to transfer the loads. An effort to redesign the wing
tip so that the lower skins coincide showed a decrease of
approximately forty pounds in the wing tip attachment provision

weight.

1972 technology would use boron-epoxy substitution for aluminum

where possible for a total saving of 29.2%.
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8. SURVIVABILITY
A survivability analysis was not part of the basic contract but
the following aspects of design and material choice contribute
to survivability:

a. plate and str%nger type construction gives multipath
load carrying capability.

b. ihe thiee spar, two cell forque box p:-rovides freedom from
diver tence and whirl flutter with one of the spars cut
as discussad in Section VIII.

c. the 7075-T6 material is not aé good as the 2024 from a
fatigue and notch sensitivity viewpoint, but the plate
and stringer construction used for theiModel 215 wing
will allow its use. The weight penalty'of using 2024 for
the upper cover needs to be investigated.

d. fuel system B rcduces the vulnerability of an iircraft
loss due to a fuel tank hit. |

e. the cross-shaft.gives protection from the loss of engine/

engines on one side of the aircraft.

9. CONCLUSIONS AND RECOMMENDATIONS

The basic design proposed for the Model 215 wing is structurally
sound but is 246 pounds (5%) over the target weight. The

foliowing design aspects and criteria need to be investigated to
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determine if the weight can be reduced.

The design condition of 2.5g vertical takeoff in hover
is beyond the thrust capability of a rotor designed for
the normal hover conditisn.. The thrusting capability
of a rotor in hover must be determined to change the
criterion.

The wing tip nacelle attachment box accommodations need
to be re-examined to determine if more efficient load
paths can be established for less weight.

The use of composites with high modulus and high
strength must be evaiuated for the wing design, sirce
a major saving in weight can be predicted from similax
studies referenced in Réference I-1l, weights section.
The fatigue spectrum for the wing must be established

and the details of fatigue design worked.
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SECTION V
ROTOR NACELLE AND TILTING MECHANISM DESIGN
1. INTRODUCTION
In this section the design of the wing tip nacelle support, tilting
mechanism and nacelle primary structure are described. No attempt
haa been made to further define the other systems in the nacelle
such as the o0il cocoler and engines since their impact on wei~ht

are small. These systems have been allocated space as shown in

Figure I-1 and Figures V-1 and Vv-2.

The target weight from Reference I-1 for the wing tip nacelle support
and the tilting mechanism is 1095 pounds per aircraft. The designs
in this study vary from 1559 to 2157 which is 165 to 214% of the
target weight. A thorough review of the criteria as well as the

design are required in this area.

The stresses in the nacelle primary structure show that most of the
members are ligutly loaded. This truss needs considerably more

design effort. Criteria defining the failure modes of the nacelle

are required.

As shown in Section VIII the dynamics of the Tilt Rotor aircraft

are significantly affected by the coﬁbined wing=-nacelle stiffnesses.
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