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PREFACE

This final report was prepared by Douglas Aircraft Company, McDonnell Douglas Corporation, under
contract NAS1-17416, *‘Study of Utilization of Advanced Composites in Fuselage Structures of Large
Transports.”” The study was conducted for the Aircraft Composite Structures Technology (ACST) pro-
gram which is part of the NASA Aircraft Energy Efficiency (ACEE) program, The program was par-
tially funded by the Air Force Wright Aeronautical Laboratory to ensure that the study would be
applicable to large military transport aircraft. '

The study program was monitored by John Pyle, ACEE Composites Project Office, Langley Research
Center, NASA. James Mullineaux, ADPO-AFWAL, was the Air Force Project Manager. D. J. Watts
was the Douglas Project Manager.

In addition to the authors, Douglas contributors to this project included M. P. Amason, elec-
tromagnetic effects; M. M. Platte, cost analysis; and R. L. Oswald, program administration.

PRECEDING PAUGE BIANK NOT PEMED

iii



ADH

ASSY
ATC
ATP

BTU

Gr

Conf
CRT
dB
DBLR

deg
DME

EMI
ENGG
FAB

FLEX

HYD
Hz
ILS

GLOSSARY

area
half-crack length

thermal coefficient of expansion

area under carbon-epoxy stress-strain curve
area under aluminum stress-strain curve
automatic direction finder

adhesive

ambient

assembly

Air Traffic Control

authority to proceed

bending

British thermal units

compression

characteristic length

centerline

frame centerline

longeron centerline

configuration

cathode ray tube

. decibel

doubler

double cantilever beam
degrees

distance measuring equipment
¢lastic modulus
electromagnetic impulse
engineering

fabricate

feet

flexible

feet per second

fusclage

forward

degrees Fahrenheit
acceleration

gigaHertz

honeycomb

high frequency
hydraulic

Hertz

instrument landing system

-pPRECEDING PAGE BIANK NOT FIEMED y



IN.
INS
INSTL

(k)
kPa
KSI

LB
LN,
MEK
MH

MO
NDE
NDI
NDT
OMEGA

PLM
Prep
PROT
PSI

R

RH

RT

S
SATCOM
SEC
SHF
SPEC
STA
STRUCT
T

1

tan
TBD
T/CAS
TEMP
TYP

inch

inertial navigation sytem
install or installation
stress intensity factor
thousand

thermal conductivity
1,000 Pascals

thousands of pounds per square inch
longeron

left and right

length

pound

liquid nitrogen

methyl ethyl ketone
MegaHertz

months

nondestructive evaluation
nondestructive inspection
nondestructive test

VLF worldwide navigation
pressure

applied load

plastic laminating mold
preparation

protection

pounds per square inch
radius .
relative humidity

room temperature

shear

satellite communication
seconds

super high frequency
specimen

station

structure

tension

thickness, smeared area
tangent

to be determined
threat-alert collision avoidance
temperature

typical

vi



U deflection

UHF ultra-high frequency

v velocity

V., cruise speed

VHF very high frequency

VLF very low frequency

w panel width

¢; failure strain of carbon-epoxy
e, failure strain of aluminum
u micro

" pi

o stress

SUBSCRIPTS

@ infinity

K shear concentration factor

c

MAX

maximum

vii



CONTENTS

Section ' Page
I INTRODUCTION ...t iiititiaeeerreanstrerennreronssansonannnns 1
2 COMMITMENT TOPRODUCTION ..., ittitiiiineneerrnnnnneenss 5

Existing EXperience Base . . ...vvviveiiiiiiieiiiieiiianetiiinennns 6
TeChiCaAl ISOUES: . . e oo b ot s s 500 S8 5 55 6 om 4 e A F e s e S s 6
OPCTATONAL TSSUES 1x oy it v 5ts 6o 5 1 5 wis: o S8 40 050 & 90, 63533 i 5 S Sl 6 s 0w a0 5 8
) 21eT0) 1 1o) 13 VLo (K] Y- SO 9
Programmatic RisK ISS1es . . ... ...ttt it iiiaeriinneennrneas 9
3  TECHNOLOGY ASSESSMENT ....iiiiiitiiitiiiinneriaeinnniones 15
Damage ToleTance . . ... ..outiiiii ittt tinneerenannenennn. 15
IUTABIMEY o ¢ 65 0 5 i 5 615 0hs 78 5 01605 608 o688 o 5 B s 7005 06 5 (08 0 5 5% 5060 936 8 3 e 21
IMPACt DYNAMICS . ... . vyevtineensaransssorasanconssessesnsssrosases 23
LArBO UL OURS ¢ « o 5.5 5 5w 90 or 66,5 5 05 3 500k 8 s 5 808 § 38 o o0 5 st 2 coom ok o ot o o1 oo ¢ mcm om 25
JOINS ANV SHICES -« 51010 60055 & 00 57500 2 w150 55505 i a5 50w 8wt e 53 4 57500 a1 3 o 0§ 3 27
POStDUCKIIIE .o v ottt ittt e e e e e e 29
311 {0 8074 o} (O S S ST SR ST P 3
Assessment and Dispositionof FlawsandDamage ........................ 31
Repair of Major Damage . ... ..o ittt aeiiii e iiiieas s aennnnes 32
Thermal CompatibilIEY .« . cv oo 6 omiinievn e iimsmes e imens ononeen 33
Electromagnetic Effects. . .....ccvvi ittt i e 33
Acoustic Transmission . .......c..ceveeveeeernnniiannes 90 S A G O 34
INONAESITUCHIVE TESES + oo o iv v vnvnaariniesoneeannosonssnnnscosesssss 36
Material And Process TeChNOIORY . .. s oo vt sivss o als soian s 5w ol s 0 40 8 oo s 4 38
Manufacturing Technology . . . ...ttt ittt ittt eaerenns 39
4 MANUFACTURINGDEVELOPMENT ...t 41
INONAeStrUCtIVE TeStS . ... oo ittt e et e ie e s aar e e enas 4]
Materials and Processes ............... ..ottt 44
ManU A UL . ..o i e i e e i e 48
S  PROGRAMOPTIONS L. ittt iiei e iiate e aeannsess 61
Selection of Baseline Airplane . . ..........coviiiin it i, 61
Phasel —DesignDevelopment ............... ... cciiiiiiiinnnnnnnnn. 66
Phase I1 — Structural Verification .......... ..., 66
Phase 1] — Flight Service Evaluation ...............couvrieenenrnruens 68
RECOMMENAEAPLOGIRIN < . ... i s i o v 5 585 ot o 8 50§58 55,505 5 67800 e s 6 ki § 2 e 70
6 CONCEPTUALDESIGN ... ..t e e aes 71
BaSCHIE AUCCTATY < < ucv v s b s 50605055585 bie orit 505 5od0a 50 5 o 45/ m orm w et e 00 2 m 71
Conceptual DESIBN GENEFALION . « i+ oo v siv 5 5k s 5 5 506 605 s 5o 5555 618 0815 o 5081 5 3 71
Design Requirementsand Criteria .. ........coviiveerinriiinennerneen.. 74
DesignConcepts. .. ........co0vuns. TS i 8 405 58 o e § 1 5 SR o1 64 514 et et B B e i 81
Wl gt ANalYSIS . . ..ottt e e e e e e 103

FRMCFDING PAGE BUANK ROT FIEMED
PRECEDING PAGE BLANK NOT FILMED



Section

10

CONTENTS
(Continued)

THEDEVELOPMENT PLAN . ...ttt it iicnninieaenenenns
BngineeringPlan .......c.cocicniiiiiiiasitisisnrisscitisnisnsiarnes
Materials and Process Plan . ......coitiiieriinieiieeeirineaneaeaans
ManuFacturing PLAI .. ..« o a v oo s s s 56me ais s woism e e v aessssmsensesnsans

TestPlan......

----------------------------------------------------

Resource AllOCatiONS . . v oo vve vt vnenrnserorneeaenoassessnsransssentnnnss

FACILITIESANDEQUIPMENT .::.iucscsssassssnsonsvsvsvsmonnsnss
Phase ] — DevelOpment. . ... v.vvennerentnteeeanoiiniiiaeeesonrnnnns
Phase 11 — Structural Verification .........c.ooiieiiiiinaiineinennerann.
Production FACTHYY « ... voxnie e oaisndissodnssseses ok omesshbeess e s

APPLICATION AND BENEFITS ... .. o S S B HIE 8 86 8 a0 4w e e aCe e e

STUDYCONCLUSIONS .. ..ottt iiiiiiiiiiinaiiiaanasaanaans

REFERENCES

....................................................

Page

107
107
121
123
133
160

163
163
164
166
167
169

171



SECTION 1
INTRODUCTION

The NASA Aircraft Energy Efficiency (ACEE) composites program has provided the aircraft manufac-
turer, the FAA, and the airlines with the experience and confidence needed for extensive use of com-
posites in secondary and medium primary structure in future transport aircraft. Secondary and control
surface structures made of composites are already in airline service on a production basis, and composite
medium primary structures have been introduced for flight service evaluation. Studies to determine the
requirements to achieve technological readiness for composite primary wing structures have already
been completed under the ACEE wing studies program (References 1 to 3) and key technology issues are
currently being addressed under separate contracts.

The composite fuselage structure has significantly different design criteria and structural features from
composite wing structures. The wing study findings do not necessarily apply with respect to weight sav-
ings, cost, and the programmatic and technical issues involved. The fuselage comprises about 33 percent
of the structural weight of a transport aircraft, and weight savings of 25 percent would result in signifi-
cant benefits in some or all of the following: specnfic fuel consumption, range, landing field distance,
and increased payload.

The objectives of the composite fuselage study are to (1) define the technology and data needed to sup-
port an aircraft manufacturer’s commitment to utilize composite fuselage structure in future large trans-
port aircraft, and to (2) develop plans for a composite fuselage development program which will supply
the needed technology and data. Without the data and a demonstrated technological readiness, com-
mercial and military aircraft operators would be unlikely to accept composite structure for the fuselage.

Two factors strongly influence the amount of technology and data that will be needed to support a com-
mitment to composite fuselage structure:

e  Technology for the design and manufacture of conventionai fuselage structure has been developed
over the past 50 years by a large industry which has invested heavily in test programs, facilities, and
equipment, and is supported by the service experience of thousands of aircraft. Regulations have
evolved that demand the high level of safety provided by these structures. It is understood that
composite fuselage structures will, indeed, require a high level of technology and a proven data
base to compete with this mature technology.

e This study is targeted for a 1990s date for a commitment to utilize composites in the fuselage struc-
ture. By this time, conventional fuselage construction will be advanced through improvements
achieved in aluminum alloys and better manufacturing methods such as adhesive bonding of struc-
ture. These advancements do not require a technological breakthrough and are more adaptive to
existing facilities and equipment. Corresponding improvements must be attained in the develop-
ment of the composite fuselage for it to compare favorably with competing systems.



The study was organized to define the issues, assess the state of the art for technology gaps, create a
baseline conceptual design, and define composite fuselage technology which will provide the required
state of technical readiness. A flow chart for the study tasks is shown in Figure 1-1 and the study schedule

is given in Figure 1-2.
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SECTION 2
COMMITMENT TO PRODUCTION

New, large transport aircraft designs are established on the basis of the manufacturer’s technology base
and the needs of the using commercial airline or military airlift operation. It is not likely that a manu-
facturer would undertake a major design change such as a composite fuselage structure without a con-
sensus from the airlines or military users. Therefore, in a practical sense, a commitment to production of
composite fuselage structure by an aircraft manufacturer is dependent upon its acceptability to the air-
lines and military users.

Acceptability can be examined on the basis of the benefits to be derived from the change versus the risks
encountered in introducing new technology. Potential benefits can be divided into the following areas:
(1) reduced manufacturing costs, (2) reduced maintenance costs, (3) longer durability, and (4) improved
aircraft performance in terms of range, payload, landing field lengths, and specific fuel consumption.

The risks involved reflect the uncertainties which arise with the introduction of new technology in attain-
ing a high level of structural integrity, achieving projected cost and weight savings, and being able to
establish realistic schedules. The seriousness of failure is high; tl:crefore, the probability of failure must
be quite low. Table 2-1 summarizes those issues for which the manufacturers, users, and the regulatory
agency must have demonstrable evidence of low risk before a production commitment can be made. To
put things in the proper perspective, we are talking about decisions affecting the success of a multibillion
dollar program. Obviously, these issues will be carefully considered at the highest level of civil and
military management.

TABLE 21
ACCEPTANCE SUMMARY
MANUFACTURER AIRLINES FAA MILITARY
STRUCTURAL INTEGRITY FACTORS:

MATERIAL AND FABRICATION X X X X

STATIC STRENGTH X X x X

FATIGUE/DAMAGE TOLERANCE X X X X

CRASHWORTHINESS X X X X

FLAMMABILITY X X X X

LIGHTNING PROTECTION X X X X

PROTECTION OF STRUCTURE X X X X

QUALITY CONTROL X X X X

REPAIR X X X X

FABRICATION METHODS X X X X

MILITARY THREATS X X

‘#ECEDING PAGE BLANK NOT FILMED
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TABLE 2-1
ACCEPTANCE SUMMARY
(CONTINUED)

MANUFACTURER AIRLINES FAA| MILITARY

OPERATIONAL FACTORS:
RELIABILITY
MAINTAINABILITY
INSPECTABILITY
REPAIRABILITY

ECONOMIC FACTORS:
ACQUISITION COSTS
LIFE-CYCLE COSTS
WARRANTIES
FACILITIES
EQUIPMENT

X X X X X X X X X
x x X X Xx

x

PROGRAM RISK FACTORS:
DESIGN DATA
PRODUCIBILITY DATA
SCHEDULE DATA
COST DATA
STAFF EXPERIENCE
AIRLINE ACCEPTANCE
FAA ACCEPTANCE
MILITARY ACCEPTANCE

X X X x X

X X X X X X X X
x X X X X

EXISTING EXPERIENCE BASE

A rapidly growing technology base for composite aircraft structure has emerged during the past few
years, although it is still insignificant compared with the technology base for conventional aircraft struc-
ture. Table 2-2 lists a number of composite applications cited in DoD/NASA Advanced Composites
Design Guide. Some of the more significant applications are the control surface and medium primary
structural components developed by the NASA ACEE programs, the Boeing 767/757 secondary struc-
ture and control surfaceapplications derived from NASA ACEE experience, the Lear Fan all-composite
airplane, the Navy AV-8B Harrier wing, and numerous Air Force-sponsored military aircraft programs.
Unfortunately, many of the issues related to production of composite fuselage structure for a large
transport aircraft still remain unresolved.

TECHNICAL ISSUES

Section 3 of this study is devoted to an assessment of the technical issues. These issues address flight
safety design requirements integrated into a durable and producible low-cost design with significant
weight savings as an incentive for the commitment to production to be made.



TABLE 2-2

SOME ADVANCED COMPOSITES APPLICATIONS IN AIRCRAFT STRUCTURES

COMPONENT/ MATERIAL

APPLICATION SOURCE SYSTEM
WING COMPONENTS
737 SPQILERS BOEING CARBON-EPOXY
767 AND 767 SPOILERS BOEING CARBON-EPOXY
747 AILERON BOEING CARBON-EPOXY
757 AND 767 AILERONS BOEING CARBON-EPOXY
757 AND 767 FLAP BOEING CARBON-EPOXY
A-7 OUTER WING VOUGHT CARBON-EPOXY
L-1011 INBOARD AILERON LOCKHEED CARBON-EPOXY

DC-10 AILERON ACCESS DOOR
F-18 WING SKINS

F-18 WING SLATS

F-18 FLAPS

AV-8B WING

AV8B FLAPS

AV-88 AILERONS

B-1 SLAT

B-1 FLAP

HIMAT WING AND CANARD

F-100 WING SKINS

F-111B WING SKIN

LEAR FAN 2100 WING, FLAPS, A{LERONS
XFV-12A WING SKIN

A-10 SLATS, WING LEADING EDGE
F-168 WING LOWER SKIN

EMPENNAGE COMPONENTS

8-1 HORIZ STABILIZER

A<4 HORIZ STABILIZER

F-6 HORIZ STABILIZER

737 HORIZ STABILIZER

727 ELEVATOR

T-38 HORIZ STABILIZER

L2100 HS AND VS

AV-88 HS

F-18 HS AND VS

B-1 VERT STABILIZER

DC-10 UPPER RUDDER

DC-10 VERT STABILIZER

L-1011 VERT STABILIZER

LEAR 2100 HORIZ AND VERT STABILIZER
HIMAT STABILIZER

F-16 HORIZ AND VERT STABILIZER
A-10 HORIZ STABILIZER

757 RUDDER AND ELEVATORS
DC8 RUDDER TAB

MCDONNELL DOUGLAS
MCDONNELL DOUGLAS
MCDONNELL DQUGLAS
MCDONNELL DOUGLAS
MCDONNELL DOUGLAS
MCDONNELL DOUGLAS
MCDONNELL DOUGLAS
ROCKWELL

ROCKWELL

ROCKWELL

ROCKWELL

VOUGHT

LEAR-AVIA

ROCKWELL

FAIRCHILD

VOUGHT

GRUMMAN
MCDONNELL DOUGLAS
NORTHROP

BOEING

BOEING

NORTHROP

LEAR-AVIA
MCDONNELL DOUGLAS
MCDONNELL DOUGLAS
ROCKWELL
MCDONNELL DOUGLAS
MCDONNELL DOUGLAS
LOCKHEED

LEAR-AVIA

ROCKWELL

GEN DYNAMICS
FAIRCHILD

BOEING

MCDONNELL DOUGLAS

CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
BORON-EPOXY

CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY

CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY




TABLE 2-2
SOME ADVANCED COMPOSITES APPLICATIONS IN AIRCRAFT STRUCTURES (CONTINUED)

COMPONENT/ MATERIAL
APPLICATION SOURCE SYSTEM

FUSELAGE COMPONENTS
FUTURE FIGHTER FUSELAGE FRAME BOEING

7587 AND 787 LANDING GEAR DOORS BOEING

DC-10 NOSE LANDING GEAR DOOR MCDONNELL DOUGLAS
F-15 SPEEDBRAKE MCDONNELL DOUGLAS
F-18 SPEEDBRAKE MCDONNELL DOUGLAS
F-18 AVIONICS AND LANDING GEAR DOORS MCDONNELL DOUGLAS
AV-88 FORWARD FUSELAGE MCOONNELL DOUGLAS
AV8B FUSELAGE CENTER PANEL MCOONNELL DOUGLAS

CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY

DOC-10 FLOQR BEAMS MCOONNELL DOUGLAS CARBON-EPOXY
F-5 SPEEDBRAKE NORTHROP CARBON-EPOXY MOLDED
FUSELAGE/WING COMP NORTHROP CARBON-EPOXY
B-1 ELECTRONICS BAY DOORS ROCKWELL CARBON-EPOXY
B-1 WEAPONS BAY DOORS ROCKWELL CARBON-EPOXY
B-1 STRUCTURAL MODE CONTROL VANES ROCKWELL CARBON-EPOXY
HIMAT FUSELAGE PANELS ROCKWELL CARBON-EPOXY

F-56 FORWARD FUSELAGE

F-16 FORWARD FUSELAGE

F-14 MAIN LANDING GEAR DOOR
A-7 SPEEDBRAKE

LEAR FAN 2100 FUSELAGE

AFT FUSELAGE

GEN DYNAMICS
GEN DYNAMICS
GRUMMAN
VOUGHT AERO
LEAR-AVIA
VOUGHT

CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
CARBON-EPOXY
KEV-EPOXY,

CARBON-EPOXY

SOURCE: DoD-NASA ADVANCED COMPOSITES DESIGN GUIDE

The regulatory requirements and means of compliance must be defined at the start of a production pro-
gram to assure a certifiable product and to assess the program certification costs. In general, the basic
military specifications and Federal Aviation Regulations apply to the design of composite structures.
The Air Force is currently preparing a new damage tolerance specification for composite structure to be
used in lieu of the metal structure called for in MIL-A-83444. The FAA has published guidelines for
acceptable means of showing compliance with certification requirements for civil aircraft composite
structures. The guidelines have recently been revised to reflect the advances made in composite
technology, and periodic revisions are expected as the technology matures.

OPERATIONAL ISSUES

The operational issues deal with keeping aircraft in service and are of concern to the airlines and military
users. The design features provided by the manufacturer which satisfy the following operational require-
ments are included in the technical assessment.

®  Reliability — Unscheduled time out of service is an extremely high cost factor because of lost
revenue and higher capital investment for reserve aircraft. Fleet readiness for military operations is




