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SECTION 1.0
73 SUMMARY

The "Study on Utilization of Advanced Composites in Commercial Aircraft

: Wing Structures" was conducted as a part of the NASA Aircraft _nergy Effi-

; j ciency (ACEE) Program to establish, by the mid-1980s, the technology for

| the design of a subsonic commercial tramsport aircraft leading to a 40%

fuel savings, The study objective was to develop a plan to define the
effort needed to support a production commitment for the extensive use of
composite materials in wings of new generation 2ireraft that will enter
service in the 1985-1990 time period. This report presents The Boeing
Company's approach for achieving production readiness for advanced

!
? composites wing structure.

Identification and analysis of what was needed to meet the above plan

requirements resulted in a program plan consisting of three key development

areas:
® Technology development
® Production capability development
e Integration and validation by designing, building, and testing

major development hardware,

PRy

These efforts need to be conducted in parallel to be most effective and to

ensure readiness for a production commitment in 1985.
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Technelogy cevelopment needs were identified through a comprehensive examina-
tion of engineering technology disciplines to assess the current state-of-
the-art and known plans for future technology development, From this in-
depth investigation, the following areas were identified as needing major
data development, and are the primary items addressed in the‘technology

development portion of the recommended program.

® Damage tolerarce

° Durability/repeated leads
L] Electromagnetic effects

e Environmental effects

e Material improvement

Production capability needs were defined, following a series of tradse .
studies conducted to determine the most cost—effective fabrication &:..d
assembly processes for wing box spars, ribs, and skin panels. It was
determined that mechanized production methods must be developed if advanced
composites structure is to be cost-competitive with metal structure.
Specific areas identified for development needed to support the production
capability development are listed below, the second major portion of the

recommended program.
i, Quality Assurance
Material acceptance improvements

In~process adaptive controls

Skin panel cure monitoring

Automated nondestructive inspection methods
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2. Fabrication Processes

Filament winding long structural shapes
Automated layup machine for larger panels
Tapering thick sandwich pultrusion development
Zlastomeric die molding structural components

Automated prepreg cutting center

Improved prepreg materials

3. Assembly Methods

Hole preparation

Fastening systems

Sealant and sealant application

Automated assembly machine for fastened components

Integration and validation of the techmology and production capability
development required design, fabrication, testing, and certification of a
wing box structure. Four wing box options, representing different levels

of cost and risk, were developed znd evaluated.

Integration and validation Option A consists of the design, fabrication,
and full-scale ground test of a 737 . eft-hand outboard wing box. Option B
adds to Option A a flight test of a 707-320 left-hand outboard wing box.
Option C uses two 737 wing center sections and left-hand wing boxes for
ground testing, plus a "tip~to-tip" 737 wing box and center section for
flight test. Option D differs from Option C, in that a 727 is used in

place of a 737 airplane.
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Integration and validation of Option C, together with the technology and
production capability development efforts, is the recommended program. It
is a low-risk program that addresses all major technology and production
capability development, FAA certification, and cost data needs in sufficient
depth to reach the production commitment readiness goal in 1985. Production
cost projections will be based on actual fabrication, assembly, and
installation costs for flight-worthy wing structure. Flight testing ensures
that certification methods are established, and will enhance operator
confidence in the use of advanced composites in highly loaded primary

structure.

it is envisaged that the tip-to-tip advanced composites wing will be applied
to a dedicated freighter aircrafit or a military T-43 (737) navigational
trainer, Option D (727 wing) would be substituted if a suitable 737 a‘rcraft
could not be obtained. '

The Boeing Company believes that adoption of the recommended program would
be a logical and timely follow-on to current Government/industry advanced
composites effort, It would contribute significantly to the NASA/ACEE
Program objective for commercial tramsport aircraft designs requiring 40%

less fuel.
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SECTICN 2.0

INTRODUCTION

2.1 BENEFITS

NASA, the airlines, and the airplane manufacturers have a common goal,

to achieve energy efficient airplanes that will help preserve petroleum
reserves and provide safe, reliable, quiet transportation at reasonable cost
(Figure 2-1). The advanced composites structure element of NASA's Aircraft
Energy Efficient Program involves the commercial jet transport industxry in
the effort to save fuel by reducing airplane structural wedight. Weight
reduction has always been a method of improving airplane efficiency, but two
recent developments have emphasized its importance.. First is the sudden aud
significant increase in fuel prices from a relatively low and stable base.
Second, the maturity of advarced composites materials has reached the point
where they must be considered a practical alternative lightweight material
for future aerospace structures. With the structural weight of commercial

airplanes reduced, they can carry designed payloads at reduced fuel consumption.

Studies have shown that, with the extensive use of advanced composites, and
where the structure has been resized, a fuel savings of 127%-15% over metal -
designs can be achieved (Figure 2-2). This fuel saving analysis is based
upon a comparison of airplanes with the same payload and engine technology
with a single variable; i.e,, the metal airplane was redesigned with the
extensive use of advanced composites in areas of the empennage, wing, and

fuselage where the material substitution’ﬁould be practical.
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Figure 2-1  Benefits Derived from the Use of Advanced Composites
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Further, fabrication costs for a production airplane are expected to be
less than the cost of current aluminum structure. This is achieved by the
proposed use of automatic machinery, such as tape laying and filament

winding machines, and by reduced advanced composites material costs, based
on increased industry usage.

For manufacturing, the use of automatic machinery, and increased industry
usage and development of advanced composites thus reducing material cost,

could enable manufacturing costs to be reduced 20% below current costs for

the same aluminum structure.

2.2 REPORT/CONTRACT INTERFACE

The study objective, as summarized in the contract is "...to define the

technology and data needed to support the introduction of advanced composites
materials into the wing structure of future production aircraft, and to
develop, in detail, appropriate program options for a contractual, structural
development program that will provide the needed technology and data." The
"Study on Utilization of Advanced Composites in Commercial Aircraft Wing

Structures" was authorized and funded under NASA Contract NAS1-15003,

effective August 1, 1977. It was completed in 10 1/2 months, including

submission of the final report, by an integrated design, staff, and manufac-
turing research and development team (Figure 2-3) that averaged eight
people/month over the period of the study.

The study effort was divided into the four tasks described below.

Task I, Technology Assessment, established a baseline structural

concept, and defined the additional technology and produdtion
capability required.
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Task 11, Maﬁagement Analysis and Evaluation, involved FAA and
airline coordination, cost analysis, and risk/bemefit analysis for
the use of advanced composites material in the primary structure

of commercial transport airplane wings.

Task IIL, Program Definition, developed major test plans, detailed
plans for four wing structural development hardware options, and
defined a recommended program to include technology development,
production capability development, and integration and validation

of these development efforts.

Task IV, Contract Reports and Reviews, produced the monthly
progress reports, two oral reviews at NASA, Langley, and the final

study report.

This final report presents results of the tasks organized topically and

separated into two volumes for easier understanding. Volume 1, "Executive
Summary," (NASA CR 145382-1) is a condensed version of the full report. It

focuses on the study methodology and the recommended program. Volume 2,
"Final Report," (NASA CR 145382-2) is the full technical report covering
study methodology, details of structural concepts, technology and production

capability assessments and needs, FAA and airline coordination, and alter-

native program develaopment.
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SECTION 3.0
STUDY PROGRAM OVERVIEW

This section describes the process used during the study to: a) establish
the current level of advanced composites techuology, b) develop a wing box
design concept, and c) specify major design needs. The iterative inter-

action of these elements with production capability generated the needs in

each element that formed the basis for the recommended program.

Ground rules were established early in the study to form a framework for
the effort. The target year for a production readiness commitment was
fixed as 1985, which is a reasonable time based on the current state-of-
the-art of advanced composites, on—going programs, future technology
advances, and current market demands. TFurther, establishing readiness to
proceed with a production commitment by 1985 would allow adequate time to
make extensive use of advanced composites in wings of commercial aircraft

entering service in the 1985-1990 time period.

Maximum use of advanced composites in the wing box was established as a
ground rule with emphasis on the use of graphite/epoxy materials. The
conceptual deefgn was to concentrate on the primary structural box, with

consideration given to interfacing control surfaces and the installation

of systems.
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Cost is an essential element in a production commitment. Therefore, a
ground rule was established that the advanced composites wing costs should
be competitive with aluminum wing cost. Design and manufacturing trade
studies were heavily influenced by this cost target. A production rate
ground rule of 8 airplanes per month was selected to assist in identifying
faecility needs. Weight reduction is the major benefit from the use of
advanced composites in airplame structure. A weight reduction ground rule,
which agrees with the contract statement of work, was established at a
minimum of 25% reduction from the current aluminum wing box. A 257 weight

reduction compared to current materials is an attractive possibility that

requires validation.

The first portion of the study concentrated on an assessment of the existing
technology base, and the development of a baseline structural concept.

Technology contributions from on-going NASA, DOD, and industry programs

were ineluded in the assessment. This effort resulted in the identification

of developmental needs required to apply advanced composites to wing
structure. Test and development plans, including schedules and cost

estimates, were established for both engineering and mauufacturing items.

Finally, four development integration and validation hardware options
involving fabrication and test of major structural components were selected,

representing ditferent levels of risk and cost.
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These four options were then evaluated in terms of technical risk, cost,
feasibility, and benefits. One option was selected and combined with the
technology development and production capability development efforts te form

the recommended program that best meets the study objective.

3.1 STRUCTURAL CONCEFTS STUDLES

3.1.1 Design

This section presents a description of the wing structural and systems
installations concepts, together with rationale for concept selection.

Design effort was on the wing box and principai systems, with only sufficient
detail design generated to validate the overali concept. As the goal of the
study was to prepare a wing structural development plan, the design was
developed only to the extent that it served planning purposes. The design
development process was closely coordinated with manufacturing and engineer-
ing technology planning to ensure that the designs would be compatible with

production capability and engineering technology anticipated to be available

in 1985.

3,1.2 Baseline Design

In order to have an aluminum wing for comparison, a baseline airplane was
selected that represents anticipated 1985 configurations, as shown in
Figure 3-1. The airplane selected is a wide-body design with a takeoff
gross weight in the 136 000 kg (300 000-1b) range. The wing has a 4580-cm
(150-ft) span, utilizes an advanced airfoil, and has a structural box weight

of approximately 10 440 kg (23 000 1b).
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The wing shown in Figure 3-2 consists of a structural box made of left and
right outboard sections joined to a wing center section at the side-of-
body, fixed leading and trailing edges, leading-edge flexed Krueger flaps,
trailing-edge single-slotted flaps, ailerons, spoilers, and a wing tip.

The outboard structural box, shown in Figure 3-3, is a stringer-—stiffened
skin, two-spar design with internal ribs and bulkheads located to support
the various high-lift devices and control surfaces, and to compartment the
integral fuel tank. The center section structural boxX consists of stringer-

stiffened skins, frent and rear spars, and spanwise full-depth beams.

All evaluations were made relative to this wing design, which acted as a
check and focal point for the design concept development. Basic wing
planform and major detail geometry were available, as were other details
such as control surfaces, fuel system, and fuselage interface. A computer
program based on parametric data was used to establish internal leads, box

stiffness data, and basic panel and spar gages for the aluminum design.

3.1.3 Conceptual Design

The goal of the comceptual design phase was to define the advanced composites
wing structure in sufficient detail to form the basis for the development
program and the manufacturing plan. Design and producibility were considered
together, with the principal thrust of the design effort being to develop
concepts that exploit the manufacturing advantages of advanced composites

to produce low-cost structure. Thus, manufacturing suitability was empha-—

sized equally with structural efficiency during the'screening process.

A preliminary evaluation, which considered four categories of wing structure
assembly and component defirition, was performed to quickly focus further

effort on concepts that were meaningful to the study goals. The first

. .
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Baseline Airplane

Figure 3-1
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Figure 3-2 Baseline Metal Wing

15

.

Py




Rlcind L Bl s el i S B shaanianibanblonae b AL Ml R YRS e 0T NERST R SARETT Y
e aloas o o T seetdbanblnate o A 4 L AN O Il
B L e e A -

R Ll SR ol .

I
L AT -
o K i ) . - : L T T v - L. . B . B

N ) D L = S - I R e R - 3

i A , Lt L . .

Lt . .

e D

ORIGINAL PAGE IS
OF POOR QUALITY

I

Tovalah A o e




T S T A T e T ST S e, e

e

e e e St A o T LT ke P - Wb, b,

et <t

S

FRRRCE

BRRCEDING PAGE

i B Ny 2y
Boeing Commercial LANI{ NOT FEjizy
Airplane Company

Contract NAS1-15003

category considered the overali planform configuration, which influences

major manufacturing floor space, layup procedures, and tooling. Variations

included full-span skins and various production splice locations. The
second category included major cross section assembly breakdowns, from one
piece to built-up, in order to assess influence of design on major assembly
procedures and requirements. The third and fourth categories considered
substructure and skin panels, respectively, and primarily evaluated struc-

tural effieciency and subassembly manufacturing procedures.

Concepts for this initial level of evaluation were broad and not defined in
detail., Thus, to evaluate overall effects of wing skin size, the layup
does not need to be defined, nor does the exact stringer shape need to be

defined to evaluate various skin panel configuratiomns.

Concepts were evaluated on a relative basis by comparing design advantages
and disadvantages, together with relative structural efficiency, primarily
based on previous studies and qualitative evaluations. Manufacturing
suitability was carefully evaluated to establish relative rankings. An
important part of the evaluation was assessment of manufacturing and process—
ing improvements that would be available in the design time period. For

this level of evaluation, it was judged that systems interfaces and require-
ments would be essentially the same for all comcepts, and so were not
specifically considered, Tables 3-1, 3-2, 3-3, and 3-4 summarize results

of the design/producibility study for overall wing planform, wing cross

section, substrzucture elements, and skin panel configuratiomns, respectively.

Manufacturing preferénces in the trades were based on an anticipated produc-
tion rate of eight airplanes per month. These preferences tended to favor
the designs that afford (a) the ability to subassemble in workable size

assemblies to provide production-flexibility (bj best work access for

19
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NASA WING STUDY . Y . . .
NAS1-15003 Table 3-1. Design/Producibility Evaluation—General Canfiguration (Planfarm) oo o
Concept Design advantage Deslign disadvantage Manufacturang surtability * Remarksfsummary ** g : 8 )
o
@ Ferl-span sk ® Deletes skan splice a1 SOB- o Material layup discontinuity ® Requires excessively large autotlave Requires major technology Ho= o
potent-al tnst + weight saving a1 planform change or atmospheric pressure curing smprovements 1o hecome viable g g 14
@ Prowides high degree of design | & Difficult to control stiffeners system ?;f:‘;';r:;’x:;"er:;::::g;ta;;:"fm oo
' flexininy n sweep break area. araund sweep break Funcmion 8 Assembly advantage due to tack of of potential weight and cost [« ]
it depends on stifleming of stftening, detail design sphice, biut passible handhing savings g gl E
concept @ Limis crass Sectian concept prablems tn % o
due to size and practicality ® High risk due 1o s1ze llayun) *'1"' o g
! : ® [hiticult fit-up due 1o size l.’._"l. 3 Iﬂ-;
@ NDT machine ize excessive, of vsed 8 g
® Reguires more detad definition for w

13
'
1.

# CAN ACCOMMODATE EITHER |
OR SIDE-OF-80DY SWEEP BREAK|

further analyss
Manufacturing rating 3

Rank 3

@ Halfspan skin

N

@ Replose two SOB splices with
one ¢ splice—potential cost
and weight saving bur tess
than concept 6

@ Slightly improved resairability
campared 10 concepl

@ Mazterial layup diseantinuny
at sweep break, coupled
with splice buildup

& Same as for concept (D

Requires larger auoclave agg NDT
equipmant than concepts QBS and
@ . but gonsiderably smaller than
concem é

Handling fip:up morg difficult than
concepts and @ , but cone
siderably simpler than concept

Wil not be considered further
due to lack of significant
advantages compared 10 other
concepts

@ SPLICE LOCATION VARIABLE

on locatinn

© improved repairabiljty com-
pared to concepts and @

& High degree of design flexibility
in swecp break area

Manufacturing rating 2

3 ; o Manutfacturing rating 2 Rank 4

j% i o

5 X @ Center section ® Replaces SOB iplices with out- | @ Same as for concepis G) . @ Saves some time in final assembly Simitar to concept @ since

B § board splices. Savings potential and by allowing earlicr work on systems | wing is in three sections

3 f low, but depends on loads 1est, fucl seal and test Splice [ocation effect should
s i @ Splite could be sirppler than o Patentml assembiy fit-up problems Eiili:;ﬁl?:‘:;:l:::f-ﬁ::g:lgu:gn'
o Cconcepts or depending far box due 1o compilexity of shape

manutacturing fabrication and
assembly. Can be daveloped
as a step toward concept

Rank 2

@ Side-of-body

@ Established design parameters
{load paths, luselage atrach-
mentl but not significant

® Sweep splice is in complex
area, has fixed location

@ Lachs design flexibility of other

Known production situation is an
advantage 1o overall manufacturing
sequence

Seleeted as base design for
study purpases due to lack of
decisive advantages of

| concepts w1 center Section @ Splice is in complex ares, but prob- alternates
' lems ore centralized
] .

Manufacturing rating 1 Rank 1

- *Manufaciuring rating 1 through 4

* *Overall ranking 1 through 4
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NASAWINGSTURY . Table 3-2. Design/Praducibility Evaluation—General Configuration (Cross Section)
Concept Design disadvantage Remarks/summary®*®

Design advaniage

Manufacturing suatability*

@ Qne-piece boa

® Supengr conunuity at corners

& Anticipated moderate werght
saving due to [oint deletjon at
corners

@ Least fuel tank sealing requires
ment

® Lacks design fiexibility due to
required corner detais Iminor}

& Compromises rib design,
depending on configuration

@ Could be filament wou d, but states
gisthe-art advancement required not
projected 1o 1985-1880

@ Alternative fabrication processes not
wiable, particularly layup

@ Popr access for substructure instal-
tatian

& Problems with inspection and repair
[manutacturing)

Manufacturing rating 3

Structural advantages rminor
compared to manufacturing
complexity, depends on sub-
structure copfiguration

Will not be studied further due
1o lack of practicality

fAank 4

& Provides superior cover/spar
foiAtT on 1ension side

® |mproved substructusg instal-
lation, design compared 10
. concept GS

@ Same as {or concept @ at
lower corners

® Impraved accessibility 1o concept (T)

8 tayup, curing difficult in lower
corners

@ Good potential for hitamant winding

- Manulfacturing rating 2

Will mot be studied further due
to lack of significant advantages
over cancept (3)

Rank 3

@ Split box

7
L

cept Developed {0
provide manufac Jring
flexibility

L} Prnvizjéadvumnges of con-

® Joint easier than for concept
ésince siturated away from
corper

® Same us eoncepr (1)

@ Limits spar web design con-
cept due to splice

o Not compatible with multi-
Spar concept

® |mproved accessibility to concepts
and )
© Requires either split ribs or ribsspar
joint in ¢losed box

@ Good potentiat for filament winding

Manufacturing rating 2

Sirnilar to concept @ if stub
spar webs enly are used

Will not ke studied further due
to lack of significant advan-
1A0ES OV CORcept

Rank 2

@

Built-up box

—————

® Simplilied fabrication due 10
smalier parts

& Established design technigues

& Spar cap buildup can be
included in covers

® Laimited development af com.
posite design potential

8 Maximizes assembly joint pen-
akties, bui probably not large

® Tank seating difficult, but
techniques are established

#® Established manufacturing pro-
cedures

@ Superior toaling, work access

@ Highar assembly costs than others

o Leasi difficult repairs. modifications
L]

Maost producibie contiguration for
anticipated commitment

@ Lowast risk due to part size

Manufacturing rating 1

Scleced as base design.because
of superwor manufacturakility
far 1495 time period

Rank 1

“Manufacturing rating 1 through 4

* *Overall ranking 1 through 4
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NASA WING STUDY Table 3-3. Design/Producioiiity Evaluation—Substructure Configuration o
NAS1-15003 7 OB g
‘_ Concept T Destgn advantage Design disadvantage Manuf.ciuring suitability* Remarksfsummary ** r?r -E‘ 2«
a i H =
@ Multispar @ Poteatial weight saving ® Fequires partial ribs a: cone ® Poor assembly access, particularly in | Waight saving can be olfser by . g g 1]
A Y ¥ h
. o Fotential for flament winding centrated Inad outboard sections minimum gage consideration T8 o
- ® Requires fue) bulkheads - & Good potential for filament winding | Wil not be studied further due = A %
; and bonding cells, Not prajected to to tack of significant advantages;
° r:;ﬁ;z::‘;::;:‘:::::g:' or commitment ume period manulagturing problems should a g o]
openings be reconsidered for filament g N
hi winding [ C I C
© SOLID LAMINATE OR SAND -
!. WICH SPARS. COCURED QR | Manut ) ) Rank 2 o [
3 ’ BONDED anufacturing rating zn o
a —l w
2 @ Truss sib i ® LUses simple, repetttive details ® Fequires fupt bulkheads « Simple rib fabrication, but large Installati@srmllar to
; Usas pultrusions @ Probably requires precured number of parts ! concept
i . H ® Potennal weight saving elemenis to be practical ® Good access More costly than conceps
¥ Py ' @ Simplified subassembly ® Requires caretul attention 1o design due to targe number of parts
3 e Good maintenance and repair to avoid costly joints
- access & Requires rib to be assembled before
B ® TRUSSES PREFABRICATED ' installation
!,‘ FROM PULTRUDED SECTIONS,
ASSEMBLED 8Y BONDING Manufacturing rating 2 Rank 4
e N
H X @ Post ® Uses simple, repetitive detailz # Post end moment, loads ofiset | @ Lack of experience a negative Variation of concept G) from
B - e ® Potential weight saving weight saving for thin skins _ tactor (proburly short term) practical point of view
% i , ) ® Requires fuel bulkheads, partial] & Good work access, inspectability Will noz be studied further due
. H ' tibs at concentrated loads ® Lar f ta lack of significant advantages
i ge number of pieces
b . ___I @ Reguires additional member (o compared 10 concept
i e - transenit vertcal loads to spars
v & POSTS PREFABRICATED, f
: INSTALLED DURING BOX
ASSEMBELY INTO FITTINGS )
IN COVERS . - Manufacturing rating 3 Rank 3
@ Solid rib @ Same basic design servesall rib | @ Built-up component can be ® Canventional assembly, known instal- | Selected as basalira design
: —-_— - recuirements complex due to part count lation problems because of superior producibility.
. : s ’—\ & Established experience base . & Adequate work access competitive welght
- ) }‘ . k i { [ ] Hiéh potential for auromation due
o B - ! ta fiat panal
B iy -
S e 2IBS BUILT UP OR SAND~
P WiCH INSTALLED BONDED
o OR LLOCKBOLTS’ Manufacturing rating 1 Rank 1
i *Manufacturing rating 1 through 4 **Qverall ranking 1 throupgh 4 i
. x " y
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N v STupY Table 3-4. Design/Producibility Evaiuation—Skin Panel Configurations
Cancept Design advantage . esign disadvantage Manufacturing suitability ¥ Remarks/summary**
@ Sandwich ® High structural efficiency but | ® Joims. attachments relatively @ Excellent praducibality of core thick- Requires detailed study to

([T

& Atuminum -
nonmetallic cores

dapen.. on load range

® HFalauvely wel! established
technology

Simple ¢ib attachment

Betier ehordwise load path
than other concepts

complex, hut rechnrgues are
well established

& Uncertain nspectapility of
hidden tace sheet iservice)

8 Repans ditficult [compie ed 10
concepts . .and (B))
® Reduces fuel volume

8 May require tmermediate spar
caps tor etliciency

ness i not sculptured

# Potentially most inspectable and
lowest cost 1o manulaciure

& Ditficult wo repan, but basic wech-
nolagy s estabhshed

Manufacturing rating 1

clarify rechnical pasition.
Not studied further for this
program

Rank 3

@ Single face sangwich

N
R e

|

! @ Bener nspectability than con-

cept (1)

# Wide variety of siiffering shapes
available to wmprove produci-
baliry

@ Joints, attachments heavy,
complex

& Requires development

o Repoirs ditfjcult {compared 1o
concepts (31 . . and ]

® Fuel leaks cifficult to locate

@& Ditficult close-out attachment
» Complex toohng

Manulacturing rating 5

Wil not be studied further
hecause of disadvaniages

Rank S

@ Built-up stiffeners

t T T T

® Stiffeners can be
integral or hondad
onto skin

e Y, J, Z shapes comman

@ Benter inspectability than con-
cepis (‘5 and (3}

® Wide variety of stiffener shapes
ovailahle

& Well established design para-
meters

@ Splices probabty heavier than
concept @

® Rib attachment moderately
camplex

& Good producibility

@ Good rib attachment, engd treatmeani
compared 10 concepts and é

& Significantly complex NDI rech-
niques and costs

Nanulacturing rating 3

Not studied further for this
program

Rank 2

@ Biade stHenors

T ] [ 5
® Solid blades, integra
ar banded on

g B 8§ ©§
& Bui't-up brades,
integral or honged on

@ Elhliciency_competitive witl
concept @ , lower thah

Rib attachments, joints simpler
than concepts . @ , and

8 Wide variety of blade designs
available 10 suit design, manu-
facturing requirements

® Requires more gevelopment
than concept

@ Potential efficiency loss under
combined inad cases, but
depends an design

Good producibility
Simple end treawment

Better_inspectahility than con-
cept (3)

Manufacturing rating 2

Selecied o5 baseline design due
1o design flexibility, compaetitive
aroducibility

Rank 1

@Hats
AW Y B W

® Buili-up or solid
laminate, integral
or bonded on

High struciural efficiensy

Wide variety of hat designs
available

# Berter skin support than
cther stiffeners

& Stiffener bas superior local
and rorsional stiffness

® Difficult rib artachment

@ Splices mare difficult tha
concept @ . similar to E:D

® Repairs morg difficult than
concepts @ and @

@ More difficult ro proguce ang attach
ribs than concepts and

& Significantly complex ND1 tech-
niques and costs

o Complex toohng

Manufacturing rating 4

Will not be studied further due
to anticipated producibility
cost, development problems

Rank 4

*Manufacturing rating 1 thraugh 5

**Qverall ranking 1 through 5
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assembly operations, sealing, and inspection during and after wing assembly,

and (c) a high level of automation for the fabrication phase.

Based on this evaluation, a wing with splices at the side-of-body locations
(Concept 4) was selected as the baseline design, as shown in Table 3-1.
Without further design effort, there are no obvious decisive advantages for
the other concepts. However, Concept 1 is considered to have a very high
risk from both development and in-process part loss viewpoints for the 1985
time period, and concepts such as 3 and 4 were preferred. Similarly, as
shown in Table 3-2, Concept 4 was chosen as the baseline design because of
superior producibility and competitive structural efficiency. This level
of design/producibility evalvation yielded a wing with a manufacturing
assembly breakdown compatible with anticipated practical productign tech~-

niques, work station arrangements, and assembly requirements.

Substructure and skin panel concepts were evaluated, using the same procedure
and ground rules as discussed above, but in more detail. For metal wing
structure of the type being considered, skin panels generally represent the
majority of‘the wing structural weights, but only a small fraction of the
fabrication and assembly cost. Conversely, the substructure weighs consid-
erably less than the skin panels, but dominates the cost. Therefore,

concept development for the major box components emphasized structural
efficiency for the skin panels, but low cost for the substructure. Further

details of fabrication and assembly methods selected are given in Paragraph

4.,2.3,

A two-spar, multirib, stringer-stiffened skin structural arrangement was
selected for the baseline design. As shown in Table 3-3, solid ribs were
selected after consideration of the relative costs of truss and solid rib

designs. BSandwich ribs were also considered, but an integrally-stiffened,
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solid-laminate design was selected to provide better compatibilicy with the
manufacturing method selected and to avoid sealing ccmplications associated

with the honeycomb design.

Skin panel designs were studied in depth with results summarized in Table
3-4 and with further details given in a following discussion. Because of
the stiffness constraint imposed on the box design (matching metal wing
bending and torsional stiffnesses), panel concepts such as Concept 5 with
very high panel buckling efficiency provide insufficient box stiffness, and
less buckling efficient concepts such as Concept 4 are weight competitive.
Since the blade concepts have superior producibility potential, they were
selected. However, this conclusion should be reexamined if required wing
stiffness criteria are significantly decreased compared to equivalent

aluminum designs.

3.1.4 Advanced Composites Desigm—Qutboard Wing Box

The advanced composites design concepts for the outboard wing box are
detailed in Figure 3-3., Construction concepts and pertinent details are

contained in the folilowing descriptions.

Upper Panel-The upper panel is a graphite/epoxy fabrie and tape layup
extending from the side-of~body to near the wing tip, curved in both spanwise
and chordwise directions. Contours are controlled by three-dimensional

mathematical definition.

Stringers, approximately 25 in number, are secondarily bonded to the precured
skin layup. S8tringers are constructed of primarily unidirectional graphite/
epoxy layup. Stringers are constructed of primarily unidirectional graphite/

epoxy cap pleces spaced apart by a honeycomb core material. Closure or
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wrap plies, between stringers and over the stringer upper cap, are added and
cured with the stringer-to-skin bond to prevent fuel ingress to the stringer

core material and to tie the caps together.

The skin layup is primarily‘iﬁso material, with the remainder being 0° and
90°. The skin panel is padded on the tool side at the side-of-body joint to
approximately one rib bay length out from the joint. The skin panel is

mechanically attached to the spars and ribs. s

Lower Panel—The lower panel is a graphite/epoxy layup extending from side-
of-body to near the wing tip, and from front spar to rear spar similar to
the upper panel. The part is curved in both directions similar to the upper

panel, with contours controlled by three-dimensional mathematical definition.

Panel construction is similar to the upper panel, except that there are only
approximately 20 stringers and a row of access holes, one in each rib bay
from the outboard end to the engine location and four between the engine and

side-of-body.

Panel layup is similar to the upper panel, and pad-vp requirements at the
side-of~body joint are also similar. Z2zinforcement for access holes is
provided by a cocured continuous doubler and local build-ups. Access doors
are graphite/epoxy construction. Stiffener runocuts are made by tapering
stiffener ends and adding an end closure piece. The skin panels are mechani-

cally attached to the spars and ribs.

Side-of-Body Rib—~The side-of-body rib is a graphite/epoxy flat laminate with

cocured "I"-section stiffeners spaced approximately 20 cm (3 in) apart,

running vertically on the web. Rib web and stiffeners are mechanically
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attached to the upper and lower plus chord members, and the front and rear
spar terminal fittings. Rib web size is approximately 114 cm (45 in) average

depth, with a maximum of 152 cm (60 in), and is 496 cm (195 in) long.

Lower Side-of-Body Joint—The lower side-of-body joint is a double plus choxd

design, using a stretch-formed and machined titanium (6Al-4V annealed)
doubler plus member iaternally between front and rear spars, and segmented

external titanium splice plates, as shown in Figure 3-3.

Stringer loads are carried into the double plus chord through graphite/epoxy
"pi'" cross section fittings bolted to stringer ends and double plus chord.
Plus chord size is approximately 559 cm (220 in) long with skin leg attachment
length of 11,4 em (4 1/2 in) in both outer and center wing sectioms. Total
depth of section is 16.5 em (6 1/2 in).

Upper Side-of-Body Joint—The upper side—oi-body joint is of the double plus

chord design, similar to existing production airplanes. The double plus
chord is a titanium (6Al-4V annealed) formed and machined extrusion extending

from front to rear spars.

Stringer loads are carried into the plus chord through graphite/epoxy '"Pi"
cross section fittings, bolted to the stringer ends and double plus chord.
The lower vertical leg of the plus chord attaches with mechanical attachments
to the side-of-body rib web-stiffener panel and the upper vertical leg
attaches by mechanical attachments to the body skin. The double plus chord
length is approximately 559 cm (220 in) and it is approximately 25.4 cm

(10 in) deep.
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Typical Inspar Ribs—Typical inspar ribs are graphite/epoxy laminate with

integral stiffening in a flat sheet web. The stiffeners are formed by
using either preformed male ingerts and a female tool cavity, or by matched
metal cavity dies. Inspar ribs are mechanically attached to the skin

panels and stiffeners at the front and rear spars.

Shear Tied Major Ribs-Shear tied major ribs are used at five locations in

the wing box. Shear tied ribs are graphite/epoxy stiffened laminate webs.
Web stiffening will be formed in 2z similar mamner to the typical inspar
ribs. Shear tied rib chords are pultruded angled "T" sections, bolted to
stiffened laminate web, as shown in Figure 3-3. Ribs are mechanically

attached to the skin panels and spar stiffeners.

Shear Tied Tank End Rib—One shear tied tank end rib is used as the outboard

tank end of the inboard main tank, and also to carxy landing gear forward
trunnion loads, Construction is a graphite/epoxy laminate stiffened web
with separate pultruded chords mechanically attached to the stiffened web

similar to the shear tied major ribs.

The rib is mechanically attached to the upper and lower panels and spar
stiffeners, Nonstructural graphite/epoxy molded seal fittings are required
between stringers, and are mechanically attached to the rib and sealed to

the stringers using conventional sealing methods.

Front and Rear Spar Terminal Fittings-Front and rear spar terminal fittings

are titanium "T" extrusions, with legs angled to conform to the sweepback
angles and also to pick up the side-of-body rib. Front and rear spar
terninal fittings are mechanically attached to the spar webs in both the

center and outboard wing sections and also the side-of-body rib web.
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Front Spar—The front spar is a graphite/epoxy channel extending from the
terminal fitting at side-of-body to near the tip area. Layup will be
primarily iﬁSD in the web area, with additional unidirectional material im
the cap areas, Inspar rib attachments will be provided by a combination of
preformed inserts in the web layup and separate stiffeners of angle channel

or "Z" section mechenically attached to the web.

Intermediate stiffeners and systems attachment provisions will also be made

by a combination of preformed inserts and/or mechanically attached stiffeners.

Fuel and electrircal systems penetrations with web pad-ups are provided as

required.

Spar stiffeners are spaced at approximately 20.3 cm (8 in) spacing and rib
attachments at approximately 71 cm (28 in) spacing. Depth.is approx:mately
127 cm (50 in) at the terminal fitting, tapering to 50.8 cm (20 in) at the
enginz centerline about 686 cm (270 in) from the side-of-body and to 25.4 cm
(10 in) at the tip. The front spar is mechanically attached to the upper

and lower skin panels.

Rear Spar—The rear spar is a graphite/epoxy channel extending from the
terminal fitting at side-of-body to near the tip area. Layup is similar to
the front spar, as is the method of attaching inspar rib stiffeners, inter-
mediate stiffeners, and systems provisions. Fuel anl .lectrical systems
penetrations with web pad-ups are provided as required. Major fitting
attachmencs, landing gear trunnion, landing gear beam outboard end, and flap

track attach fittings are mechanically attached to padded web areas.

Intermediate stiffeners and systems attachment provisions are also made by

a combination of preformed inserts and/or mechanically attached stiffeners.
Spar stiffeners are spaced approximately 20.3 cm (8 in) apart, and rib
attachments at approximately 71 em (28 in). Depth is approximately 101.5 cm
(40 in) at the inboard end; tapering to 50.8 cm (20 in) at the engine
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centerline about 635 cm (250 in) from the side-of-body and down to 20.3 cm
(8 in) at the tip. The rear spar is mechanically attached to the upper and

lower skin panels.

Systems and Control Surfaces~Study emphasis was on planming for development
of primary structure so that control surfaces, high~life devices, and fixed

leading and trailing edges were assumed to be graphite/epoxy and were not
specifically designed., Other major systems interfaces were explored in
depth, and a technology development plan was formulated as reported in the

Technology Development paragraph (4.1).

Basic systems, such as control systems, fuel and propulsion systems, and
electrical systems, will be similar to those for existing metal airplanes.
Detail installations will be adapted to the advanced composites structure to
allow for thermal expansion differences, electrical bonding, and corrosion
protection. Lightning protection provision requirements, which are antici-

pated, can be accommodated in the basic structural design described above as

they are developed.,

3.1.5 Advanced Composites DesignmWing Center Section

The advanced composites design concepts for the wing center section are

shown in Figure 3-4 and described below.

Upper Skin Panel-The upper panel is a one-piece graphite/epoxy fabric and
tape layup, extending from the left side-of-body joint to the right side-of-

body joint apd from front to rear spars. The part is curved in the

cherdwise direction. Contour is controlled by a three-dimensional mathemati
cal definition. Stringers, constructed of primarily unidirectional graphite/
epoxy cap pieces spaced apart by a honeycomb core material, are secondarily
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bended to the skin panel at all but three locations to mateh the outer pamel

stringer centerlines.

The remaining three stringer locations use @ precured "I section stringer
used for attachment of the spanwise beam web and stiffeners, secondarily
bonded to the precured skin panel. Closure or wrap plies are added and
cured with the stringer-to-skin bond. Closure plies do not wrap over "T"
section spaﬁwise beam attachment stringers. Skin layup is primarily“jﬁSo
material, with the remainder being 0° and 90°. The upper panel is mechani-
cally attached to the spars, spanwise beams, and side-of-hody splices.

Lower Skin Panel-The lower panel is a one-pilece graphite/epoxy fabric and

tape lajup, joining the left and right si&e—onEQdy joints and front-to-rear
spars similar to the upper panel. The part is curved in the chordwise
direction with contour controlled by mathematical definition.

Panel construction is similar to the upper panel, except there are only
spproximately 20 stringers, three of which are "IV zections used to attach
the spanwise beam web and stiffenmers. Panel layup is similar to the upper
panel. The lower panel is mechanically attached to the spars, spaﬁwise

beams, and side-of-body splices.

Front Spar-The wing center sectiom front spar is a graphite/epoxy chammel
cross section member, with flat laminste web and cocured "Z" section stif-
feners spaced approximately 15.2 cm (6 in) apart, rumning vertically on the
web. An access hole with a structural door is provided for asgembly and

inspection purposes. Pad-up around the acceas hold will be on the aft side
of the web.

Padded areas are provided for fuel and electrical aystems penetrations on
the forward side of the web. Chord flanges are aft facing, for attachment
to the upper and lower skin panels. The front spar web is attached to the
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Ej front spar terminal fitting, using mechanical fasteners, and the spar cap

? members are spliced to the outer wing spar caps with mechanically attached

splice plates.

Rear Spar—The wing center section rear spar is a graphite/epoxy channel
cross section member with flat laminate web and cocurad channel or "I"-
! section stiffeners, spaced approximately 20.3 cm (8 in) apart, running

vertically on the web aft face. {@

Chord flanges are forward-facing for attachment to the upper and lower skin
panels. Fuel and electrical systems penetrations are provided as required,
with their associated web pad-ups located on the aft face of the web. The

spar web is attached to the rear spar terminal fitting, using mechanical

oy Tedly e T T

fasteners, and the spar cap memhbers are spliced to the coeter wing spar caps

with mechanically attached splice plates.

Spanwise Beams No. 1 through No. 3-Wing center section spanwise beams are

graphite/epoxy f£lat laminate web with "I" or channel-section stiffeners

spaced approximately 15.2 cm (6 in) apart vertically on the web. A4n access
hole with a structural door is provided in each spanwise beam for assembly

and inspection purposes.
The access door area and any fuel and electrical systems penetrations are
provided with padded areas. Web and stiffener ends are mechanically fastened

to upper and lower "T"-section panel stiffeners.

3.1.6 Design and Weight Analysis

Major components of the box structure were detailed and analyzed to a

sufficient depth to assure validity of the overall concept, and to establish
weights for the advanced composites structure. Loads used were the same as

the metal baseline loads, since the wing was not resized. TFigures 3-5 and b
3-6 show the average loads used at each wing st~tinn for t}

P unner anad latzar
2 Upper ang Lowe

panels, respectively. For this design effort, the advanced composites ‘3
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wing box stiffness was designed to match that of the aluminum baselime,
with no consideration of aeroelastic tailoring of the layup. Bending and

torsional stiffnesses are also shown in Figures 3-5 and 3-6 at each wing

station.

Member sizing was done at a preliminary design level, and considered effects

of stringer height, stringer spacing, stiffening ratio, rib pitech, aad
ultimate strain. Figures 3-7 and 3-8 compare weights of the basie pauéls
selected to match the aluminum stiffness with the baseline aluminum panels.

The strength-only designs are at constant strain level. As can be seen,

the maximum strain for the selected desipgn at ultimate load is approximately

0.0055.

Based on this analysis, the thickness plot shown in Figure 3-3, and the
skin panel weights summarized in Table 3-5 were developed. Other weights

for the advanced composites design were estimated, based on preliminary

sizing and comparisons to other studies. Optimization studies showed a

relatively flat relation between weight and rib spacing in the range of
interest, so that the rib spacing of the aluminum baseline was retained to
allow the same systems interfaces to be used. Stiffener depth and spacing
was matched to requirements at each station, and a balanced combination was
selected to provide a constant height and distance between stringers for

the entire panel im order to facilitate fabricatiom.

3,1.7 Design Assessment

As part of the design effort, apnd to support the development plan, an
agsessment was made of the major areas of the wing box that would reguire
development support before a production commitment‘could be made. It is
anticipated that extemsive hardware development would be required to satisfy

these needs:
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Table 3-6

Wing Box Weight Comparison Summary

Baseline Advanced
Bescriot aluminum comgposites Percent
escription ight, kg {Ib concept savings
‘ weight, kg {Ib] weight, kg {1b}’
Upper ouiboard panels 3205 (7 G60) 2393 (5 270) 25.0
Lower outboard panels 3 051 {6 720) 2 134 (4 700} 30.0
Qutboard ribs, spars 1871 (4 120) 1312 (2 890} 30.0
Center section 1730(3810) 1348 (2 970} 220
fittings, installation hardware 781 (1720 781 {1 720) -
Total 10 638 {23 430) 7 968 (17 680) 25.0 =
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Cost-effective panel designm—includes tension and compression
panels, consideration of highly loaded areas to minimum page;
attachment to panels, access doors. Requires stability/allowable
testing, manufacturing feasibility specimens, to support theoreti-~

cal studies.

Cost-effective substructure desigm—includes spars, ribs; similar
programs to above with strong emphasis on manufacturing feasibility

to support design studies,

Panel splice design (tension and compression)—includes chordwise

and spanwise splices; sweep break, special areas.

Production splice locatiom—includes impact assessment on assembly
sequence, ability to tailor wing center section with advanced
composites to meet fuel capacity, manufacturing, aeroelastic, and
other design requirements.

Stiffener runout design—tied in with cost effective panel design.

Wing body attach method—considers both metal and advanced compo-

sites fuselage sections; includes thermal concerns.

Fitting designm—includes studies to consider metal, advanced

composites major fittings.

Concentrated load reaction—involves cost effective substructure

design and fitting design; includes engine, landing gear, control

surface, other chordwise loads.
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;; ® System thermal compatibility—includes control cables, hydraulic

%f‘ 1 lines, fuel lines.

y ,
} ° Lightning protection requirements—includes zone definition with g
; . protection requirements, burn~througﬁ in minimum gage and other .
; areas, arcing, equipment interference. ;f
| ‘
! L Grounﬁing requirements, both lightning and fault—includes joint

? design.

l ® Fuel tank design—includes fuel/material interaction, drain locationm,

minimization of unrusable fuel.

e Fail-safe design requirements—strongly impacts splice location,

panel design, joint and fitting design.

* Bonded joints, including rib panel, splices, final assembly—
involves cost effective panel and substructure design, and panel

splice design.

PP L O T T T T T - T I T

) Fastener policy definitior—includes allowables, types, applications, f}

sealing in tanks,

e Inspection criteria, including both in-process and flight service—

affects hidden areas, access opening sizes, locations.

® Repair techniques, including in-process and flight service—

affects part size, fastening method; should account for spares 3

supply.
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@ Surface protection, sealing—can affect outer layer layup, composi-

tion, edge details.

3.2 TECHNOLOGY ASSESSMENT

The first task was to conduct a comprehensive evaluation of all disciplines
in the advanced composites field. The general apprsach used was to .ontact
engineering technology personnel knowledgeable in a particular field, and
obtain a subjective evaluation by asking questions. The questions were
designed to supply the information needed to assess the current state-of-
the-art, and existing plans for future technology development. Participating
in the evaluation were personnel from Materials, Loads, Flutter, Stress,
Weights, Fuels, Flight Controls, and Systems Technology groups. To assist
in the evaluation, the baseline metal wing configuration described in
Paragraph 3.1.2 was used. All evaluations were made relative to this wing
box, which acted as a check aud focal point to verify that all technology
needs had been satisfied. This equivalent aluminum wing was used to estab-
lish many basic structural requirements for the advanced composites design.
However, in many instances, the differences in material properties required
a different treatment and approach, The identification of these differences

constituted an important output of the study.

Additional study tools to assist in the evaluation were a draft master
schedule that contained the essential elements of an advanced composites
wing development plan, and a list of design requirements that were intended
to reflect normal design practice; and two main references, the aluminum
equivalent of the conceptual wing described above, and the draft of the FAA

Advisory Circular, "Composite Aircraft Structures."
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Results of “ae evaiuation, which was conducted over a 2-mo pericd, included
a listing ot all «e. elements that must be considered prior to a production
commitment 1ecisior, This list contained approximately 250 items, and
proved usetul i1 subsequent planning and costing activity. The current
state-of-the-ar- review resulted in the identification of past and presently
planned programs that contribute to today's technology base, with specific
references, and what they have or will contribute. Sources of information
includead:

NASA-aJEE and R&T programs

Air Vorce and Navy programs

Boeiny, IR&D and Product Division programs
Induscry IR&D

¢ 0 # » @

General literature

The . echnology assessment activity necessarily generated extensive technical
info mation in the form of lists, tables, and memoranda. It was obviously
nece <sary 2o reduce the data into a more concise form, and give answers in
terms of trends, priorities, and timing. One of the first observations in
the «earch for critical technology was that disciplines, which were impacted
mos! severely, were those influenced by a significant material property
change or characteristics, or were affected by the manufacturing process.
For example, the electrical resistance of graphite/epoxy material is about
1,000 times that of aluminum. This is a principal reason why electromag-
netic affects have become a major technological concern, whereas loads
analvsis technology, primarily concerned with mass and stifiness of the

structure, is relatively unaffected.

Results of this ceview, which are presented below, identify no new needs
but, rather, reconfirm recognized areas of concern and identifv the most

critical technolegy needs from the perspective of the airframe manufacturer.
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3.2.1 NASA/ACEE Program Contributlons

The NASA/ACEE Advanced Composites program supports the design and manufac-
tute ol two airplane components by cach of the three transport manufac-
turers, the FAA certification ol those six components, and extensive {light
experience by the alrlines in scheduled service operations, The complexity
of the applications increases in the secondary and medium-sized components
leading to support for the advanced composites Wing program, which supplies
much of the potential structure weight reduction. Wing box design require-
ments are ditfferent from those of the smaller component. The wing box is
more highly stressed than secondary or empennage structure, and has addi-~

tional design factors such as fuel containment and systems integration.

The ACEE vmpennege components will provide many significant contributions
to the wing program. 1t has been estimated that the current programs will
supply 50% of the basic material property data required for the wing design.
Most of the process specifications and application guidelines will be
applicable, as will developments in inspection and testing methods. Thus,
the design and analysis of the current ACEE components will address many of

the same questions the wing program will encounter.

In addition to specific technical benefits, the empennage programs have
generated a nucleus of people with production hardware experience who can
provide the basis for bullding the larger team required for wing desing.

The learning experience of the various groups is especially valuable in
defining new interfaces made necessary by differences in the design, stress,
manufacturing, and quality control methods used for advanced composites
compared with metal techinology. The continued success of the empennage
programs will supply the practical experience element needed to confidently

initiate the wing progpram.
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3.2.2 DOD Contributions

First-generation commercial jet transports owed much of their technology
heritage to an extensive fleet of large military airplanes. At Boeing,
technology developments derived f£rom the KC-135 program were a significant
contribution in the commercial jet transport area. From today's perspec-
tive, it is apparent that military aviation developments have directly
influenced the growth of the commercial aviation industry in both its
production capabilities and its technology base.

Today, there is little possibility that the specific technology of a high-
performance military airplane, designed as an integrated aerial weapons
system, can be directly used by civil aviation to zny appreciable exteat,
even though substantial benefits may later be derived from advances in
aircraft productlon techniques. General technology developments, however,
involve commonality in skills and knowledge, which results in a general
transfer of technology within the industry and Govermment to meet the
varying demanlds of civil and military aviation. For example, the recent
AFML/AFFDL/AFOSR Joint Program Review for Mechanics of Composite Materilals
reported current programs involving meisture effects, fatigue, and fracture
that obviously have direct application to commercial programs. The fact
that the material systems are, in general, the same as those used in the

commercial field is of great benefit,

Combat performance or the threat of technical obsolescence is usually
dominant in military aircraft weapons systems. Thus, R&D for military
equipment tends to provide early operational application in aeronautical
weapons systems of advanced structures technology. When this occurs, it
reduces the technical risks that would otherwise be sncountered in applying

the same technology to civil systems.
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One of the main concerns at the time of a production commitment decision is
the possibility of technical oversights (sometimes referred to as ''unknown
unknowns"). Because research programs are frequently constrained by con-
tract or time limitations, a search for new problem areas may not be actively
pursuéd. In the past few years, there have been many examples of military
developments leading to the early identification of problems with new
materials. The discovery by DOD research of embrittlement problems with
some titanium alloys in a saline environment is an example of a2 valuable
contribution made in titanium technology, as was the importance of the
combined effect of temperature and moisture content on the glass transition
temperature for advanced composites. Extemnsive technology development
activity by the DOD plays a valuable part in reducing commercial program

risk.

3.2.3 Technology Assessment Summary

The evaluation and reduction of the extensive data gemerated in the technol-
ogy evaluation resulted in the identification of the most critical concerns
and information needs for advanced composites wing development. Although
no new needs were identified, the evaluation reconfirms already recognized
areas requiring development, and presents priorities from the airplane
manufacturers' point of view. This summary is presented and discussed in
the Technology Development portion of the recommended program (Paragraph
4.1). A similar manufacturing assessment was conducted. The details are

discussed in Paragraph 4.2.3, Production Development Plan.
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SECTION 4.0

RECOMMENDED PROGRAM

With the conceptual wing design in hand and the various developmental needs

identified by the technology assessment effort, an advanced composites wing

program plan was prepared, consisting of three essential development

elements:

@ Technology
] Production capability

o Integration and validation

- a

The program plan recognizes the study contract stipulation of "
providing to the commercial aircraft manufacturers, FAA, and the airlines
the experience and confidence in advanced composites structure needed for

extensive utilization of advanced composites structure in future commercial

aircraft.’” The plan spans a;proximately 7 years, and can, at reasonable

risk, lead to substantially improved commercial airplane efficiency.

The technology element is an extensive engineering development effort

covering the following major concerns:

Damage tolerance
Durability/repeated loads
Electromagnetic effects

Environmental effects

o © 9 e O

Materjial improvement
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Production capability development is required in the following areas:

® Quality assurance
° Fabrication processes

. Assembly methods

The production capability development effort will use full--scale test

hardware cto validate production processes and obtain cost data. These are
key factors in the acceptance of advanced composites material in airplane

primary structure.

Integration and validation of technology development and production capabil-

ity development will minimize production commitment risks, and can best be
accomplished by design, fabrication, testing, and certification of full-
scale, flight-worthy hardware. Four integration and validatiom options

were chosen, costed, and evaluated.

There follows a presentation of the broad scope technology development and
produaction capability development elements of the recommended program, and
of the hardware option alternmatives for development integration and valida-
tion. The sum of the effort recommended in each of these three elements is

needed to arrive at a production commitment readiness with acceptable risk.

4.1 TECHNOLOGY DEVELOPMENT

This section describes the technology developments needed for a production

commitment,
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4.1.1 Damage Tolerance

For metal wing panels, design for damage tolerance basically involves
limiting ecrack growth by the design of mechanically fastened stiffness and

segmented skins, with the lower surface beimg critical.

With advaneced composites, the material characteristics significantly change
each of these aspects of damage tolerance. In addition to simple cracking
modes, damage can take the form of crazing, delamination, or fiber failure,
and can involve complex combinations of all modes. Boeing research has
shown that, for tension design, local flaws such as delaminations show
iittle significant growth when subjected to repeated leads. However, some
tests have shown the importamce of damage tolerance when designing compres-
sion structure. Tu fact the emphasis on the lower surface with metal:
designs has moved to the upper surface with advanced composites, The
discrete mechanically fastened stringer design, which plays such a signifi-
cant role in the metal designs in arresting damage growth, may not be cost-
effective with advanced composites. It is essential, therefore, that
efficient monolithic designs that have good durability and an inherent
ability to contain damage be developed. These important differences between
metal and advanced composites technology are reasons for placing damage
tolerance among the most critical of technology needs. The prime reason is
that the damage tolerance philosophy of design has achieved an excellent
safety record with metal designs, and must be retained with advanced

composites,

Damage tolerance requirements are divided into three categories: (1)
undetectable flaws, (2) detectable damage, and (3) damage from an obvious
discrete source. Structures with undetectable flaws resulting from manufac-

ture or service must be able to withstand ultimate lead and, therefore,
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such flaws must be accounted for in regular static strength evaluation.
Flaws also affect damage tolerance, in that they form starting points for
propagation to detectable or critical damage size with repeated loads. All
structure containing detectable damage must be capable of sustaining limit
maneuver and gust loads. The size of the postulated damage must be based
on initial detectability, and the damage growth rate under the repeated
load spectra expected in service prior to detection by inspection. .Damage
growth, inspection, and residual strength are interdependent. To evaluate

any one parameter, the other two must be considered.

Visual inspection plays a major role in real-world inspection procedures.
Flaws that are below the visual level will probabiy be overloocked by normal
inspections. To impose inspection procedures on the airlines that exceed
visual requirement probably is not economicaily feasible. It is, therefore,
pertinent that we identify and bave the capability to design structure that
will arrest flaws, and that will also tolerate and not be degraded signifi-
cantly by flaws below the visual detection level., Aircraft inspection
using unique NDI techniques has detected flaws below the visible level, but
only those flaws that had been previously detected at a visual level created
the information base for inspection of these so-called hot spots. With

this inspection philosopihy in mind, we then recognize the type of flaw

tolerance we must develop.

The development of wing panels that have the ability to resist damage
growth with repeated loads can be approached in several ways. Most of the
advanced composites structures that have been designed to date operate at
low strain levels and have been stiffness-critical, or have been secondary
structure with no specific damage tolerance requirements. For the design
of efficient commercial transport wings, however, higher design strain

levels will make damage tolerance a prime constraint in the design. Panels
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can be designed with damage-arresting zones along discrete narrow panel
boundaries, which is similar to the concept used in metal panel design, or
the panel might be designed for adequate damage tolerance or flaw-arresting
capability by judicious material selection, laminate stacking, and panel
cross section geometry. Each of the above types of damage tolerant design
features must be reviewed to assess its suitability for particular wing

panels,

The question of residual strength alsc poses several significant developaent
tasks in two main areas. The first is the development and testing of the
concepts, with residual stremgths consisient with the inspection and damage
growth rates; second is the development of analysis methods that can accur-

ately predict residual strength.

Damage tolerance analysis method development is Intimately connected with
both material properties and the structural configuration. Therefore,
developments must parallel design integration activity that introduces
manufacturing constraints, and that defines coatinge for ultraviolet radia-
tion or lightning protection and other similar factors that could affect
aspects of damage tolerance evaluation. With metal design relatively
simple, fracture mechanics technology can determine critical crack lengths
with reasonable accuracy by using well-behaved and predictable material
property data, For advanced composites, however, there is a wide variety
of possible damage combinations. For the compression surface, this variety
can involve instability at both the micro and macre level that must be
accounted for in combination with envirommental effects, imcluding tempera-
ture and the moisture content. For example, some failure modes could E=
critical at low temperature where there is increased brittleness, while
others could be critical at elevated temperatures where basic mechanical

properties are reduced.
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' ' Critical elements of damage tolerance design that must be developed are:

An understanding and characterization of damage types and propaga-

e
tion of damage
& Service inspection methods consistent with the structural config-
uration, operating stress levels, and residual strength of the
design
\ @ Quantitative evaluation of real-world environmental effects that
influence aspects of damage tolerance
] A methodology that can accurately determine critical damage,
taking into account the various damage types and combinations of
damage in the several different possible failure modes
, ] Identification of proof of structure options, with an overall
% plan for accounting for temperature and moisture effects
4

4.1.2 Durability/Repeated Loads

A potential for improved fatigue performance and reduction of weight result-
ing from reduced fatigue constraint are benefits expected from the use of
advanced composites. However, like metal designs, advanced composites
structure will develop cracks or other degradations with repeated lcads,
and reliable durability analysis methods are essential to ensure that the
fleet is economical to operate, Existing fatigue data on simple panels
indicate certain departures from metal behavior, in that mean stress does
not play such a significant role in determining life, bui the magnitude of
both the altermating and maximum stresses is more important. Although
these trends were obtained from simple test specimens, the effect of other
detail geometries is anticipated to show a similar behavior. As with
damage tolerance, the complex nature of faillure modes increases the diffi-

culty of damage definition, initial detection of failure, and interpretation
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of test results. The current ACEE programs will address some aspects of
these problems, but additional effort will be required to completely charac-

terize material durability.

Metal experience has shown that over 50% of all fatigue problems are associ-
ated with poor detail design, and it is anticipated that this will also be
true for advanced composites. Of prime concern, in addition to the basic

material properties, is the application and the evaluation of design details.

When the data base for constent amplitude testing has been established, a
definitive damage rule must e developed for advanced composites structure
to provide a correlation between constant amplitude cyclic testing and
spectrum testing. This correlation is essentizl for design, because it
will be neither technically nor economically feasible to evaluate all
advanced composites details by spectrum tests. Miner's rule, with certain
modifications, has proved effective in the fatigue analysis of curremt
Boeing metal aircraft strueture. The development of an equivalent method
for assessing cumulative damage is needed for the design of commercial
aircraft structure using advanced composites. If is anticipated rthat such
a correlation is possible, by certain modifications to existing cumulative

damage analysis methods.

However, extensive testing will be required to develop the data base needed
to establish and validate the methed. Major additional effort is required
to incorporate environmental effects, to assess the combined effects of
repeated loads and temperature, moisture content, and other degrading
influences. The scale-up methodology that will be generated will be vital
in the interpretation of major fatigue tests that will be conducted at

ambient temperature.
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The critical elements for durability/repeated loads technology are?

] An analysis and test methodology that establishes the material
data base

a Verification of actual design details that will be used in the
wing

. Development of a test-validated accumulative damage analysis
method

. Quantification of the combined effect of the environment and

repeated loads

4.1.3 Electromagnetics Technology-lLightning Protection

Test results reported in the industry indicate that attachment damage
criteria for the conventional three lightning zones will hold true for
large graphite/epoxXy structures such as a transport aircraft wing. As a
result of Boeing work on Air Force contracts, the protection level require-
ments for attachment damage are well established, but additional effort is
required to improve the protection systems themselves., All present protec-
tion systems and conductive materials require local repair after major
lightning strike. High-current testing has shown that a reasonable cross
sectional area of graphite/epoxy structure can carry lightning currents

without damage, but the development of electrically conductive joints that

. will resist damage is a significant development item.

The most critical area of electromagnetics technology is fuel ignition.

Any internal sparking in a fuel area is a probably ignition source. There-
fore, it must be prevented from occurring. Furthermore, 2 .cing and streamer-
ing must also be prevented in the vicinity of fuel vent outiets, or other

areas where fuel vapors may be present in an ignitable mixture.
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It has been established that 0.203-cm (0.080-in) aluminum alloy skin thick-
ness is adequate to prevent hazardous inner-surface heating and penetration
on smooth surfeces of a metal wing. .Penetration criteria for advanced
composites structure can be expected to depend not only on material thick-
ness, but also on material type and conductivity,. presence of embedded
conductive materials, andf/or thickness and conductivity of any coatings.
While the Boeing/Air Force lightning strike investigation has concentrated
almost exclusively on attachment damape protection, test results on a numberx
of samples that imcorporated joints between their several parts served to
highlight the potential seriousmess of the fuel ignition problem in advanced
composites structure. These test results showed that arcing and sparking
occurred on all of the advanced compositeg joints designed and built for the
contract. Research should be initiated at the earliest possible date, in
order to determine if and to what extent this technology area will pace the

advanced composites wing development.

The lightning current pulse passing through the airplane wing generates a
magnetic field that induces a voltage transient on wires and cables.

Circuit driving sources and loads must be able to withstand these transients
without damage or significant upset. Traditional protection techniques
(such as transient limiters, filters, and shielding) depend on the uparly
equipovantial ground plant and Faraday cage, which are afforded by conven-
tional structure. Development of new protection techniques and criteria

will be a required element of the wing development program.

The Navy/Boeing electromagnetics contract, and industry reported data, have
determined that antenna ground-plane performance will pose no problems.
Alsc, electrical isolation aspects of antenna technology are similar to

those discussed under electromagnetic field shielding.
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An equipotential ground plame ‘irapped around into a Faraday cage is the
most important single contribution the conventional riveted aluminum struc-
ture makes to avionics/electrical systems. New techniques for achieving a
ground reference for signal transmission In engine and flight control
systems will need to be devuiloped. Interface circuits for electrical/
electronic systems are dafined as the signal source in one black box, the

load or receptor in another block box, and the intercomnecting wire or

cable.

The level of interface circuit immunity must be increased to cope with the
more severe electromagnetic environment resulting from the reduced shield-
ing effectiveness of advanced composites. Not only will lightning induced
transient levels increase, but so will electromagnetic interference from

other circuits, equipment, and antennas.

It has been standard practice in the aircraft industry to use the conven~
tional aluminum ajrframe as a “ground return" cireuit for the ac aund de
electrical systems. This practice saves hundreds of pounds of wire weight
and associated costs in jet aircraft. The degree to which these savings

can ba realized with advanced composites structure depends upon the resis-
tivity of the advanced composites materials, and electrical bonding feasibil-
ity. An increase in ground return resistance will result in an increase in
a single-phase ac and dc impedance of the total circuit. Circuit impedance
is a critical factor, and must be small enougﬁ to not adversely affect

system performance,

The primary electromagnetic threat to the electrical pcwer system, just as
with signal transmission circuits, arises from voltages induced in the
aircraft wiring. The induced voltages are conducted to power system comtrol

units that contain solid state circuits performing logic, protection, and
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Voltsages induced in wiring are also conducted to the

regulatory functilons.
Induced voltage

input terminals of electrical power utilization equipment.

levels exceeding design limits on the equipment can cause many adverse

cffects.

The shielding properties of structure are directly related to the conductiv-
ity of structural matarials and the electrical continuity between structural

components. The most pressing need in this asrea is development of the

analytic tools to determine the electrical characteristics of a structural

component from the laminate configuration and layup geometry. With this

means of evaluating a design, electrical conductivity and shielding design

allowables could be established. Marked changes in grounding criteria for

wire und cable shields, wire bundle categorization procedures, and wire

bundle separation criteris are expected with major application of advanced

composites.,

4.1.4 Euvirommental Effects

1t is well known that absorbed moisture will affect the mechanical proper-

tios of graphite/epoxy lLaminates at elevated temperatures. Since sircraft

components are exposed to atmwospharic moisture, rain, and accumulated
water, quantitatlve data are required showing the amount of fluids absorbed

undetr various onvironmental conditions, and “he effect of this absorption

on mechanical properties. Among the parameters to be investigated are:

geographic location, flight profiles, solar heating effects, ultraviolt

degradation, retrieval times, spacimen types, and test temperatures. A

curreat NASA/Boeing experimental program includes in-flight and ground

exposure to obtain mechanical, physical, and chemical data. This program

is desipgned to supply wost of the field data required for the extensive use

of advanced composites material. The development of analysis methods must
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include the correlation of environmental degradation with strength, damage

tolerance, and fatigue properties of the material.

The key, then, is to quantify the degradation of the material properties so
that we are able to predict how the material will react to both long-term
and short-term exposure to these effects. Understanding what these effects
are, and defining them as we currently do with static design loads and the
fatigue spectrum experienced by the aireraft, are necessary if we are to
satisfy all our management and certification questions concerning environ-
mental effects on these materials. The important aspect of this definitive
characterization of materials is the ability to select and/or tailer material
improvements required for resistance to these environmental effects. A
critical need is the ability of the industry to take pleces of information
of various areas and combine them in a methodology that will truly define
the effects of more than one environment on structure, and determine the
effects of these combined environments on the full-scale hardware, as illus-

trated in Figure 4-1.

These scale-up effects are extremely important to the commercial transport
industry, because the large size of commercial ailrcraft makes it economic-
ally impossible to envirommentally test full-scale wing components. The
ability to scale data from coupons and subcomponent testing is, therefore,
esscential. Although each segment of the industry has begun its own effort
in this area, it is important enough to be recognized as a major technology

need,
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coupons, simple jeints, complex [oints, and subassambly

Figure 4-1 Development of Environmental Effects Technology
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4.1.,5 Material Improvement

There is a consensus within the commercial aircraft segment of the iIndustry
that material improvement is necessary prior to the extensive commitment of
advanced composites to primary structure. Specific properties that should

be improved are:

Toughness
Resistance to the environment

Cast effectiveness

® & e o

Fiber containment

It is seen that this list does not contain the basic waterial strength
properties that are considered adequate to achieve weight saving goals, but
the list does contain the factors that are considered to be the principal
constraints on the desigr, When any one property is improved, other proper-
ties are affected. It is not only necessary to identify what needs to be
improved but also to quantify or clearly defime all engineering and manufac-
turing requirements for any new material system, so that each can be moni-
tored to ensure an accurate overall evaluation. Once the new material
requirements are defined, quality assurance methods and procedures must be
made available to ensure the repeatability of producing and processing the
material. This aspect of quality control can provide an element of material
improvement by ensuring material consistency. Inherent in the material's
characteristics must be its long-term durability. Therefore, quality
assurance is an essential part of assuring both engineering and management

that the material's systems will remain unchanged.
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In addition, engineering must cooperate with manufactqring. Each must be
ready to compromise its needs, and understand the needs of the other. The
material selected must not only meet all the engineering structural require-
ments but must also have process ease and flakibility to improve the quality

of the product and to reduce costs.

An area that has been identified as a key in the evaluation is the sensitiv-
ity to damage tolerance of the material, as well as the configuration
effects. The current materials being utilized by the industry in general
have resin systems that exhibit brittle characteristics. Therefore, the
configuration of the structure alone may not be sufficient to provide

damage tolerance.
The critical elements for the material improvement development are then:

o Definition and quantification of engineefing and manufacturing
requirements, so that evaluation can be monitored

e Achievement of improvements in material toughness, resistance to
the environment, cost effectiveness, and fiber containment

[ Investigation of hybrids, thermoplastics, and formulation
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4.1.6 Other Concerns

Associated Materials -~ The use of advanced composites material in aircraft

wing structure involves integracion with the technology of other material,

and affects interfaces with other materials. These technology areas encom-

pass adhesives, corrosion protection, sealants, materials involved in

lightning protection, and chemical/thermo/physical control,

Present commercially available 3500F cure adhesives have demonstrated the

capability to bond graphite/epoxy components in secondary bonding processes.
The initial unexposed honds exhibit strength in excess of 3,500 psi overlap

shear, which is comparable to values obtained in structural metal—~to-metal

assemblies. The major technology concern for adhesives in secondary bond

operations is envirommental durability. Very little data exist with respect

to advanced composites bonding, and the stability of adhesive bonds under

combined temperature/contaminant/stress/time exposura, Moisture is consid-

ered the most degrading medium on bond strength. However, effects of fuels

and fluids must also be investigated to ensure long-term bond structural

integrity. The large variance of thermal expansion characteristics betwean

graphite/epoxy advanced composites and aluminum alloys may restrict use of

such alloys in 350°F bonding, to ensure stress-free structures. Titanium

and steel alloys are the most compatible with advanced composites expansion

properties. Current surface preparation techniques for these metals are

considered adequate, but not as good as those that have been developed for

epoxy/aluminum bond surface preparation. Major concern for this technology

is again in the durability of composite-to-metal bond in a long-time mois-

ture, fuels, and fluids exposure. Additional work on surface preparations

for titanium and steel alloys could significantly improve bond strengths.
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Also of concern in the use of large graphite/epoxy structure is the galvanic
corrosion of adjacent aluminum alloy components. Exposed advanced com-
posites and aluminum, in the presence of contaminated moisture as a conduct-
ing medium, can cause significant corrosion to the aluminum. The protective
measure currently used for design specifies electrical isolation of graphite/
epoxy and aluminum structure, Present programs are being conducted to
determine the severity of this problem, and the protective measures required.
Lightning protection systems that are being developed incorporate a thin
aluminum screen, or employ flame spray or foil on the advanced composites

surface.

How corrosion protection measures involving isolation can be meshed with
the electrical continuity requirements for lightning current flow has not

been resolved.

Data available at present are insufficient co scope the effectiveness of
sealants used with advanced composites structure, Two potential problems
that are of concern are the ability of commercial sealants to contain fuel
using standard sealing techniques, and the possible diffusion of fuel
through advanced composites laminate wing structure. In addition, the
durability of the sealant-to-composite bond has not been established.
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Crashworthiness - The crashworthiness of advanced composites primary struc-

ture is often seen as a concern, because with standard coupon specimens the
energy absorbed at failure is less than that with aluminum alloys. However,
the primary means of achieving a safe design in an emergency landing are
just as applicable to advanced composites as they are to metal structures.
Those methods include criteria for fuel containment in an emergency landing,
where the local wing box structure at the attachment of flaps, centrol
surfaces, nacelles, and landing gear is designed to sustain more load than
would be required to separate any of these components from the wing.
Configuration control is another primary means of retaining fuel tank
integrity, by reducing the risk of possible penetration of the fuel tank.
Although ductile materials do absorb more emergy at failure, the energy
involved at the point of failure of a large structure is small compared
with the total emergy involved, This is demonstrated in the ultimate load
tests of metal wings, which usually give very small indication of strain

nonlinearity before failure.

Thus, with careful attention to configuration and design criteria, it is
anticipated that primary wing structure fabricated from advanced composites
will have the same high level of safety as an aluminum alloy structure.
However, development and testing in this area is needed to assure management
and regulatory agencies that equal passenger protection can be obtained

with advanced composites.

Repair - Techniques must be developed for performing high-quality repairs

suitable for primary structure. The methods must recognize the significant

real-world repair constraints imposed by an in-service environmment. They
must allow for the many different forms that damage can take in advanced
composites structure, including failure of the matrix, broken fibers,
delaminations, cracks parallel to and in-plane with the fiber, and combina-
tions of these. In additiom, the structural integrity of all repairs must
be verified by analysis and test.
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4.2 PRODUCTION CAPABILITY DEVELOFMENT

This section describes the production capability development that is required
for a production commitment. The production plan, toecling concepts, produc-
tion facility equipment requirements, and process development plans are
elements of production capability development. These elements were planned
with the cost target of competitiveness with aluminum wing structure as the

major goal,

The approach to production capability development involved four integrated
efforts; 1) working with engineering in designing wing structural concepts
that are producible and inspectable, 2) preparing a production plan, 3)

ﬁ establishing a tooling and facilities plan, and 4) planning the process

developments that are required to make a production commitment.

The close tie between engineering, manufacturing, and quality assurance was
essential in developing cost-effective wing design concepts. Cost/producibil-
ity studies were performed to identify the basic wing breakdown, and to

select design concepts for major wing components.

A production plan was prepared using the structural concepts that were
developed during the manufacturing/design interface. The completed produc-
tion plan was then used to prepare the tooling/facilities and process devel-

opment plans,

4,2,.1 Production Plan

The production plan was prepared co establish manufacturing and quality

assurance needs.
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Initially, different production methods were evaluated for each wing struc-
tural concept. Cost trade studies were then performed to select the most
cost-effective approaches to fabricating the major wing components. The

selected approach also had to:

® Be production-ready by 1985
. Support a production rate of eight airplanes per month

] Have a back-up fabrication technigue

A producticn flow was prepared to identify significant requirements for each

manufacturing approach.
The following provides results of the cost trade studies and production flow
for the major wing manufacturing operations. These operations include spar

fabrication, rib fabrication, panel fabrication, and wing assemkly.

Spar Fabrication - The front and rear wing spars' design ‘see Paragraph

3.1.4) presented some unique manufacturing problems, due to their 29.38-m
(80-ft) length and a cross section that tapers from approximately 127 cm
(50 in) to 25.40 cm (10 in). The processes that were evaluated for fabri-

cating the spars, and the respective relative cost are listed below:

Production Process Relative Costs
® Hand layup-autoclave cure 1.0
® Hand layup-elastomeric aided 1.0

autoclave cure

' Hand layup-captive elastomeric 0.9
mold-oven cure

® Mechanized layup—diaphragm 0.7

press-mold cure
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Production Process Relative Costs
] Thermoplastic molding . 0.9
. Filament winding-elastomeric 0.7

aid to autoclave cure

rilament winding-elastomeric aided autoclave cured provided the lowest cost
and risk process. Mechanized layup-diaphragm press-mold cure was too high a
risk process for fabricating the spars. A high rejection rate due to wrinkles
in the radii was anticipated during the diaphragm press molding, Hand
layup-elastomeric aided autoclave cure will be s back-up process to filament

winding the spars.

The filament winding process involves the winding of four spars on a single
mandrel. Then the four spar windings are siit. The slit spar devices are
transferred individually from the mandrel, and placed into a female curing
mold with elastomeric tooling pressure aids. After autoclave curing, the
spar is inspected and edge-trimmed using an automated router. Figure 4-2

depicts the spar detail fabrication flow.

Product quality will be closely monitored throughout the manufacturing of
the spars. Mechanized methods (Figure 4-3) such as resin chemical analysis
and fiber qualicy analysis for receiving inspection in-process adaptive con-

trol and cure monitoring will be utilized to ensure quality and reduce costs.

Rib Fabrication - Honeycomb, truss, and solid laminate rib designs were

evaluated during the study. The solid laminate configuration described in
Paragraph 3,1.4 wus selected as the most producible design, The production

processes and relative costs that were studied for this component are as

follows:

67

. S

I o I T A TP P P




Boeing Commercial
Airplane Compuany
Contract NAS1-15003

Multispar
filament
wir. ding

To
spar
assembly Edge Slit winding }
(4 spars/mandrel) 1
1
1
§
i
|
Nondestructive i
inspection (NCV) Autoclave !
cure i
Figure 4-2 Spar Detail Fabrication Flow i
i
"
Adaptive '/,/ 4
controls |
]
7!
;
— 1 f
In-process adaptive control Cure monitoring f
Figure 4-3 Production Quality Assurance ’
|
k

68

i
P e ,__—1




Boeing Commercial
Airplane Company
Contract NAS1-15003

Production Process . Relative Costs
(] Hand layup-autoclave cure 1.0
® Hand layup-elastomeric aided 0.9

autoclave cure

A . Hand layup-captive elastomeric-— 0.9
E autoclave cure §
® Filament wind-autoclave cure ' 0.8 i
° Mechanized kitting-elastomeric 0.7 'i
die molding/cure LA

3
%
X . Compression molding ‘ 0.7
:
[
|

Mechanized kitting-elastomeric die molding/cure was selected as the lowest
cost and risk process for producing the ribs. Compression melding will not
provide ribs with adequate strength for use on the wing. Hand layup-
elastomeric aided autoclave cure will be used as the back-up process for

elastemeric die molding.

< The elastomeric die molding process is illustrated in Figure 4-4, An auto-
mated kitting machine (Figure 4-5), will be used to cut cloth for the ribs.
These will be hand loaded on a heated male die and press cured using an
elastomeric rubber female die to provide pressure distribution and conform-
i ity. Several of the inboard wing ribs are too large to mold in a press.
These ribs will be hand laid and autoclave cured. After cure, the ribs will

be nondestructively inspected and trimmed using an automated router.

f Skin Panel Fabrication - The skin panels are tle largest and most complex

basic structures of the wing box. These panels were evaluated and a trace

study was conducted to determine the most pi2ducible manufacturing approach:

oo Ty TR

1) manual fabrication of the skins, stiffeners, and closure layers, and 2)
automated layup of the skin an: closure layers, and pultrusion of the stif-

feners. The automated processes were selected, based on cost. The manual

processing was two times more costly than the automated processes.
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Figure 44 Rib Fabhrication Flow
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The panel fabrication process involves automated layup of the basic skin,
followed by autoclave cure nondestructive inspection. The stiffener will be

pultruded as a plank and then slit into stiffeners.

These will be positioned on the cured skin, and the closure layers automatic—

ally laid to tie the stiffeners to the basic skin. After autoclave cure,

the panel will be reinspested and trimmed on an automated router.

Automated layup, pultrusion, and ultrasonic through~transmission inspection,
{(Figure 4-6) are the significant processes that will be employed tc produce
and inspect the skin panels. As 1llustrated in Figure 4-7, two skin panels
will be laidup simultanecusly. This will be done on a contoured, graphite/

epoxy mold that also will be used during autoclave cure,

Wing Assembly - The advanced composites wing design concept has many of the
same assembly sequence, tooling, and methods requirements as today's metal
designs. For this reason, the wing assembly will closely resemble that used
for current commercial airplane production wings. Although the overall
approach involves mechanically fastening of ribs, spars, and skin cover
panels, an initial engineering design alsc required assembly bonding of the
skin cover panels to the spars. This approach was evaluated and compared to
mechanically fastening only. The cost trade of these two alternatives
revealed that assembly bonding would add an estimated 20% to the overall

assembly costs. Mechanically fastening only was selected as the assembly
methed.

The spars and ribs are joined initially, then the wing cover panels are
fastened to this understructure to complete the structural box. Sealing and
systems installations, as well as leading- and trailing-edge secondary

structure work, will follow completion of the basic box. Both the spars and
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ribs require mechanical attachment of clips, angles, brackets, and fittings.

These items will be drilled and fastened using the automated ":ssembly machine
shown in Figure 4-8.

Production Needs - In summary, the following major needs were identified
from the production plan:

Automated inspection method

) Mechanized tabrication, such as filament winding, pultrusion, and
automated layup

o Automated assembly methods

These needs were used in preparing the tooling, facility, and process devel-
opment plans.

4.2.2 Tooling/Facility Plan

The production plan provided the basis for preparation of the tooling and

facility plan. Each manufacturing process was analyzed for tooling and
facilities requirements.

Tooling Concepts - The large-part sizes and handling problems were areas
that required consideration from a tooling standpoint.

Development of tool
design and fabrication techniques will be required for master models, layup

molds, {(especially graphite/epoxy molds), filament winding mandrels, and

inspection tools. Tolerances, thermal expansion differences, mating surface
control, tool coordination, and substructure stability are important factors

that must be established for these types of tools.
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Facility Requirements - The major production capital equipment required for

component fabrication are as follows:

Autoclave—38.1 m x 6,1 m (125 ft x 20 ft) diameter, air heated

Filament winding machine—computer controlled, 24.4 m (80 ft)

Automated layup machine—4-axis computer controlled
Elastomeric die molding presses—272 154 kg (300 ton) and 544 308
kg (600 tom)

Pultrusion unit with in-process inspection

Automated prepreg cutting machine—computer controlled

Automated trimming wachines

e & e &

Quality Assurance-teceiving and final inspection

An automated assembly machine and portable drilling/fastening equipmeﬁt are

the capital equipment itews needed for production assembly.

A floor plan layout of & building for component fabrication is shown in

Figure 4-9. This building would be a new facility, dedicated to wing fabrica-

tion, and would be required to support the eight sirplanes per month produc-
tion rate. Assembly can be accomplished in an existing building, Figure
4-10. An area of 11 706 m2 (126 000 ftz) would be ncoded for spar and major
wing assembly.

The existing component fabrication and zssembly facilities are adequate to
support the Option C (see Paragraph 4.3.4) and process verification develop-
mental efforts. Current facility plans show over 9940 m2 {107 000 ftz)

of floor space will be available for advanced composites fabrication or

Joint use by advanced composites fabrication and associated production.

4,2,3 Production Development Plan

The production plan identified the following major development needs:
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Quality Assurance

® Material acceptance improvements
] In-process adaptive controls

® Skin panel cure monitoring

e

Automated nondestructive inspection methods

Fabrication Processes

Filament winding long structural shapes
Automated layup machine for large panel
Tapering thick~sandwich pultrusion development
Elastomeric die molding structural components
Automated prepreg cutting center

Improved prepreg materials
Repair methods

® & 9 O @& & 0

Assembly Methods

(] Hole preparation

) Fastening systems

® Sealant and sealant application
®

Automated assembly - equipment

These requirements represent the major items that were addressed in the
process development plan., Figure 4-1) provides the schedule for the process

development efforts. They will be discussed later in this section.

The ipitial step in preparing the production development plan was the assess=—

ment of the current advanced composites production technology ( sse. This step
identified the technology needs for waking a production commitment to advanced

composites wing structure.
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Maijor
development Developrent schedule
areas
1979 1980 1981 1982 1983 1984 1980
Cure Material
monitgring acceptance
Quality 9’
assurance
Adaptive Automated
controls NDI
; Filament
Elastometic winding
die molding il
Fabrication A g &
Automated Automated
prepreg layup and
cutting center pultrusion
Hole Fuel tank verification
prep:/ation sealant
Assembly L
Fastening A ated
systems assembly

Figure 4-11 Process Development Schedule
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Technology Assessment - The technology assessment involved an evaluation of

the manufacturing and quality assurance state-of-the~art. Information for

the assessment was obtaiiled from industry contacts, Department of Defense contract

reports, Boeing research programs, and NASA contracts. Emphasis was given
to the information that will be obtained from the NASA Research and Technol-

ogy and NASA Aircraft Energy Efficiency (ACEE) Programs.

These vn-going efforts were assessed for the significance of their contribu-
tions. Three levels of contribution were used; limited, moderate, and

significant.

Table 4-1 provides the results of the technology assessment., In summary,
there is a limited technology base in quality assurance and a moderate
technology base in the detail fabrication and assembly areas to support wing

production process development.

Quality Assurance Development - Quality Assurance development efforts are

required to establish: 1) improved receiving inspection techniques, 2) in-
process adaptive contrel system for the automated fabrication processes,

such as filament winding, 3) cure monitoring methods apnd 4) automated non-
destructive inspection. The following further describes these development

efforts.

To support wing production, improved receiving methods for acceptance mate-
rial must be developed. Current receiving inspectilon methods are slow and
costly. The initial developments will include a system of chemically charac-
terizing the prepreg resin. Following this will be a fiber analysis system
which will automatically determine fiber mechanical properties. Together
these systems will allow fast and accurate inspection and improved quality

control.
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Table 4-1 Production Capability Assessment Sheet

Technology iterm

Detail fabrication

Tapered shape puitrusion
Sandwich panel pultrusion
LG shape pultrusian
Contoured shape pultrusion
Cocuring

Filament winding
Thermaplastic forming
Compression molding
Conv GR/EP machining
Laser & water jet trimming
Ti prebond treatment

| nasA ACEE Programs |

Other programs J

N - =N

b e ek A) b ek b mh md b

Extant of
existing
technology
base

R R e

&
) - N
NRN=MNIN=WNNN

Assembly processes

New fastener concepts
Advanced comp fasteners
Titanium rivets

Titanium nutplates

Bund fasteners

GR/EP hole prep 1improv
GR/EF metal hole prep
Hole quality allowables
Dust collection

Corrasion protectfsealing

-k wk
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Mo =

NN

to

N =
N =
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W
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- md ot b = ek od ek b

-

NN
NN
N
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Materials
Improved prepregs
Pultrusion prepregs
Adhesives
Thermoplastic comp
Chapped fiber molding
Preplied broadgoods
Lightning strike protect
Exterior finishes
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A =W w

-t

WMWNRW

N RN NN

W ww W N
NWRNNNNR
NMNNN WA N =

Tooling concepts
Mat
Mechanized layup
Tooling advancernents
Compression muolding
Elastomeric mold/cocure
Captive elastameric mold
Intagrally heated dies

inflatable mandrels

-

-

el EAN NS
MNNG A NN W

Quality assurance
Mat ‘] acceptance improv
Cure monitaring
In-ling process control
NDI methods
LG/eontoured panel NDT

Maintenance and repair
procedures

L

1

2

3

3134212

-

WNWWN

Level of contribution: [} Significant

{2} Moderate

BN el Ayt

{3} Limited
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Current techniques used to fabricate composite components require visual
inspection of individual plies as they are laid. These techniques will not

be practical for the automated fabrication procesases.

Layup, filament winding, and pultrusion processes will require an adaptive

control system that can ideutify defects as they occur.

The control system will then zorrect the error or stop the operations.,
Also, video records will automatically be made for later inspection. The

shape pultrusion process will incorporate such a contrel system by the end

of 1979. Development of adaptive controls for filament winding and automated

layup will proceed along with these manufacturing processes.

The high cost of scrapping a wing component that is improperly cured makes
the development of a system for monitoring and controlling the cure cycle
mandatory. The initial task inveolves correlating cure-cycle variables to
the actual physical properties of the laminate. A system will then be
developed to automatically monitor the cure throughout the part, and control

the cure cycle. This system is scheduled to be implemented into production
by the end of 1980,

The wing box components will require nondestructive inspection. A develop-
mental through-transmission ultrasonic inspection machine has been built for

medium-sized components., However, this machine is slow and is difficult to

maintain,

Additional means of inspecting advanced composites parts are being developed,
including real time radiography, eddy current, and pulse echo. The most

economical and effective of these techniques will be automated and verified.
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Fabrication Process Development - Detail fabrication is the most productive

area for reducing wing structure manufacturing costs. Approximately 40%Z of
the total cost (fabrication, assembly, material, tooling and quality assur-
ance costs) is incurred during detail fabrication. Automated production
processes, such as filament winding, machine layup, and pultrusion, must be
developed to achieve the cost target of competitiveness with aluminum wing

structure,

Filament winding is the most cost-effective method of fabrication of the

Spars.

Major development tasks include establishing a tool-concepts approach for
the elastomeric covered winding mandrel, datermining whether prepreg or a
"wet" resin system will be required for winding, and establishing processing
and handling methods for producing four spars on a mandrel. Deflection of
the winding over an 24.38-m (80-ft) length will be a major concern. By the
end of 1980, filament winding capabilitv will be available to fabricate a
7.62-m (25-ft} long spar. This capah!tity will be followed by winding of a

full-scale spar configuration to verify the process for production.

As shown in Figure 4-7, an automated layup machine will be used to fabricote
the cuter skin plies of the cover panels, position the stiffenev, and lay

the closure layers that tie the stiffeners to the outer skim plies. &
feasibility trade study and conceptual design of this machine will be accom-
plished initially. Efforts will concentrate on Jdesigning a dispensing head
that can lay tape and woven fabrics up to 122 cm (48 in) wide. This design
will be followed by the design and fabrication of a prototype machine capable
of producing 4.57- by 7.62-m (15~ by 25-ft} structure. The prototype machine
will be available to fabricate rhe center section skin panels for the Option

C fatigue and flight test wing hardware.

84




r s

R

Boeiny Commercial
Airplane Company
Contract NAS1I-15003

After manufacture of the Option C flight test panels {(see Figure 4~-22), a pro-
duction machine will be designed and fabricated. Two full-size wing cover
panels will be produced, using this machine to verify the processing and

tovling concepts prior re 1985 production commitment.

The Boeing pultrusion process involves the pulling of graphite/epoxy prepreg
through a shaped ceramic die, while affecting a continuous cure of the
advanced composites material simultaneously with its compaction during the
passage through the die. Microwave energy is used for the curing of the
materjial. A feed system is used to handle and feed advanced composites

preprey tapes into the microwave curing chamber containing the ceramic die.

The stiffener has a tapering solid cap on the top and bottom and a correspond-
ing expanding core section between the caps to maintain a consistent 7.62-~cm
(3-in) high exterior dimemsion. A tapered thickness and thick sandwich

panel pultrusion capability will be developed to fabricate the stiffeners,

This will be accomplished by the end of 1982 to facilitate implementation on
the Option C flight test hardware center section. The pultrusion stiffener
process will also be verified to support the 1985 production commitment by

fabricating full-size wing hardware.

The wing ribs will be elastomeric die molded. The initial development will
involve establishing processing parameters and tooling concepts. Following
feasibility studies and refinement efforts, the molding process will be used
to produce the outboard ribs for the static, fatigue, and flight test hard-

ware for Option C.

Other development efforts that will be accomplished to support the production

plan and the 1985 production commitment include: 1) automated preprer
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cutting (kitting) center, 2) improved prepreg materials (lower flow, less

brittle, no-bleed resin system) and, 3) repair methods. The last two efforts
will be worked in cooperation with the engineering technology developrent

activities.

Assembly Process Development — To further reduce the manufacturing cost,

improved methods and automated equipn.nt will be developed for assembling
wing structure. Areas that will be emphasized include hole preparation and

fastening system, sealants and application me “wods, and automated assembly

equipment.

Techniques and equipment have been established for drilling and fastening

all graphite/epoxy and graphite/metal combinations. However, improvements
will be developed to support wing structure assembly. These involve defining
hole quality allowables such as fastener fit, fiber breakout, and fiber/resin
erosion; and developing methods for producing holes and fastening titanium/
graphite stack-ups at acceptable production rates and quality. Other improve-
ments include establishing a dust collection system for drilling, reaming,

and countersinking graphite/epoxy advanced composites, and developing fas-
teners and assembly methods for wing strucrure  All of these improvements

will be integrated with and validated thrc gh ¢ wing test hardware of

Option C.

Material with improved strength and porosity, and mathods for rapid im: la-
tion will be developed for wing tank sealing. These will be available :

the wing test hardware.

Automated assembly equipment, similar to the numerical control metal spar
machine shown in Figure 4-8, will be developed to eliminate the current

labor-intensive drilling and fastening methods. This equipment will be used
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for assembling the center section spars on the Option C flight test hardware.

The equipment will be verified by assembling the full-scale, filement-wound

verification spar.

Process Integration and Validation - Figure 4-12 lists the process validation

that will be accomplished for the quality assurance, fabrication, and assem-
bly capability developments. The filament winding, automated layup and
pultrusion processes will be partially validated by fabricating the wing
center section for the Option C ground and flight test hardware. Validation
of the automated kitting equipment and elastomeric molding wilil also be done
during manufacturing of the Option C hardware. For the production commitment,
additional verification will be required for spar filament winding, automated
cover panel layup, stiffener pultrusion, automated spar assembly, and auto-

mated cover panel nondestructive inspection. This will be accomplished by

fabricating full-size hardwaraz.

4.3 INTEGRATICN AND VALIDATION HARDWARE DEVELOPMENT OPTIONS

This section describes the four hardware options that were developed to
provide the inLsgration and validation needed for a production commitment.
Uptions discussed were selected to provide a range of risks, costs, and
overall development approaches. The principal milestone in each case is
"production commitment readiness." At that time, there would exist a state
of readiness from technical, cost, risk, and benefits points of view, but

staffing and production facilities would remain to be committed and acquired.

Principal goals of the hardware development options are to integrate and
validate the design, production concepts, and production cost projections;
define certification requirements; and validate anticipated cost and weight

benefits. An underlying requirement is that the hardware option selected
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Capability )

developments

All options

® Filament winding—7.62-m (25-ft) spar
© Automated layup—section

® Pultrusion—6.10-m (20-ft) stiffeners
@ Elastomeric die molding

@ Automated prepreg cutting

Additional full-scale verification

@ Filamen* winding—24.38-m (80-ft) spar

@ Automated layup—24.38-m (80-ft) panel

@ Stiffener pultrusion—24.38-m (80-ft) length
@ Automated spar assembly

©® Automated !arge panel NDI

Figure 4-12 Process Integration and Validation
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should develop confidence in advanced composites primary structure sufficient

to lead both manufacturers and airlines to make the desired commitment.

4.3.1 Description

Development of a full-scale, realistic primary structural component is
necessary to satisfy integration and validation requirements. Design,
certification, and production capability risks are too high for a production
commitment without operational hardware validation. Options that were
studied in detail are based on existing aluminum wing boxes, because of

ant icipated significant advantages in having an aluminum baseline for direct
comparison of costs and weipghts, and in having an actual design configuration

to torcee design realism. Four optivns were studied.

Jption A is a4 ground test of a Boeing Model 737 wing box shown in Figure
4-13, from the side-vf-body splice to the outboard tip. Principal tests that
would be addressed would include static and fatigue tests, damage tolerance

tests, and system tests including lightning strike.

Jption B provides d minimum amount of flight service experience in addition
tuv the ground tests of Option A. This option thus consists of a Model 737
sround test wing identical to Option A, plus a Model 707 outboard wing
section (Fipure 4-14). The Model 707 wing has a production splice outboard
vt the outbeard engine that provides an easily removable section approxi-
mately .10 m (20 ft) long, which contains an integral fuel tank and vent

system and which is in a critical lightning-strike zone.

Optioas € and D are similar except for the airplanes, which are a Model 737

\Figure 4-15) and a Model 727 (Figure 4-16), respectively. Thise options

utilize two wing-ground test sections, comprised of a center section as well
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Figure 4-13 Option A—Ground Test 737 Left-Hand Wing Box

Left-hand wing ground test

Static and systems tests
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Figure 4-14 Option B—707 Qutboard Wing Flight Service

Left-hand wing ground test

Static and systems tests
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Figure 4-16 Option D—727 Wing Box
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as the side-of-body-to-tip section. Thus, center section development and
fuselage interface developrent are included. One wing section would be used
for static and systems tests, and the other would be used for fatigue tests.
Included in each of these programs is flight service ¢f a full tip-to-tip

wing utilizing a third test article,

4.3.2 Program Option Evaluation

Evaluation of the above described integration and validation options was
based on risk, cost, and benefits of each option with respect to the produc-
tion readiness commitment goals. It is important to note that evaluations
of risk were made with respect to the ability of an option to support the
production commitment, not with respect to the ability to successfully

complete the vption itself.

In the folloviug discussion, the options are evaluated on a relative basis
with respect to key requirements. Evaluations are made by judgment, and are
summarized by theis anticipated level of risk to a successful production
program with a given option as the precursor. Final selection is made by

comparing program cost with the risk as described.

Evaluations were subdivided into technical, production, and financial areas.
Technical considerations include principal technology development, design
readiness, and demonstration of the certification process. Production
considerations are production plan validation, cost data substantiation, and
resoutrve availability verification. Airline acceptance considerations
ineluded cost and weight validation, technical foundation validation, and

flight experience,
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Table 4-2 summarizes the technical evaluation for the four options. All
options provide a high level of testing and design development, with a
higher level provided by Options C and D due to inclusion of a wing centex
section. Option A does not cemonstrate the certification process, as the
ground test wing box is not certified. Option B provides only certification

of an outboard section.

Table 4-3 summarizes the manufacturing evaluation. Option A lacks the
opportunity to use production processes in the test article and limits the
probability of successfully reaching production plar verification and cost
data validation goals. Option B adds to the production experience base but
decreases total manufacturing risk only slightly. Options C and D provide a
much broader experience base than the other options by including the use of
production processes in the mapufacture of test articles. However, there
can be a substantial scale-up in size and effort for the larger 1985-90

production wing, a remaining eiesment of risk considered acceptable.

Airline acceptance evaluation is summarized in Table 4-4. The principal
shortcoming of Option A is that no flight service is provided, an element
considered to be a necessary part of airline acceptance and the marketing
efforts. Option B provides a significant £light service program in a techni-
cally ecritical area, and gives a minimal maintenance background. Options C
and D provide good flight service background of the complete wing box and
integrated systems, and are anticipgted to be sufficient to substantiate

maintenance cost data and repair concepts.

4.3.3 Summary and Recommendation

Table 4-5 summarizes the previous evaluations together, with relative cost

data and an estimation of the change of a successful option program support-

ing the desired preoduction commitment. Options A and B provide major building
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Table 4-2 Technical Evaluation

o>
C -
S
T2
A B Cc . D § %
i (2) (2)
r - i I A:p Aj]
DJoes option -l A | . i} z0
‘ - — I~ | &2
3 I ®
' —
<
o
o
W
Provide development of identified areas
sufficient to ensure freedom from !’robubly—dou not Same as (A) Yes Yes
major faults? include center section
Same as (A), but
Pre.vide design development background mbf:y—d;";;:m additional experience
so that production design can be readily ;:u - u!"c:I . gained by outboard Yes Yes S 0
initiated? t not cnts 707 wing section =5 =
= B
Provide sufficient schedule flexibilicy m.?'”""‘"":“ o 9 vy
to allow design/technology integration/ tho%, Saquence, Uming Yes Yes Yes S
validation? m )
L:l e
< @
. No—supplies data, but Probably a minimal
Demonstrate FAA_cenmntnon processes certification process program with some Yes Yo
(for production airplane)? probably incomplete uncertainty
Risk Evaluation High—unacceptable Marginal —probably Low—acceptaole Low—acceptable
unacceptabie

(1) Could be improved by schedule extension
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Table 4-3 Manufacturing Evalaution
C D

|

3

Aji] {2}
et

4 (2)
T

No—insufficient

Validate production use of production Same as {A) Substantial-some use of Same as (C)
manufacturing plan? methods (1} production methods (1)

No—insu Hicient number Partially—more use of
Estahlish required of units, use of produc- Same as (A) production methods Same as {C)
cost data? tion methods desirable {1)
Ensure resource Yes Yes Yes Yes
availability?
Risk Evaluation High—unacceptable High—unacceptable Low—considered Low~same as {C)

acceptable

(1) Could be increased by schedule extension
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Table 4-4  Airlire Acceptance Evaluation (1985)

Does option:

A

dp (2)
e H

4[%] (2)
— I

Provide substantiation of costs/

Partially/Yes (see

) No/Yes No/Yes manufacturing Same as (C)
weights 1o validate benefit? evaluation)
Ensure technical foundation is Partially—does not Partially—flight servica
free of major faults? provide flight service not for complete wing, Yes Yes
experience but is significant
Provide flioht experience for
in-service g;:;ste:'t v::Iida:‘mn? No—no flight service Partially—outboard wing Yes Yes
pragram area only
Risk e"_‘_""aﬁ"" High—unacceptable Marginal Low--zccaptable l.ow—acreptable
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5
i Table 4-5 Option Evaluation Summary
¥
' Chance of a
Degree of | successful
Option Description  |Relative| Technical | Production | airline program leading
cost risk risk acceptance | to a production
commitment
——‘F:_
737 Outboard . . Pour
A wing ground 1.0 High High Low (building
test block)
Option A plus
B 707 partial 14 Marginal High Marginal Marginal
wing flight
test
%

737 Ground
test + tip-to-tip
flight test

727 Ground
test + tip-to-tip
flight test

Acceptable

b ¥ B iR v m A ot BB 2 3 Vil

96

i




i
¥
j
L
i
)

i

Boeing loummercial
Airplane Company
Contract NAS1-15003

blocks for more gradual development programs, other than a 1985 commitment.
Only efforts of the scope of Options C and D can successfully meet the goal

of production readiness commitment at acceptable risk in 1985. OUption C

is selected as the recommended integration and validation option, with Option

D providing an alternative program depending om flight service airplane

availability.

4.3.4 Option C

Option C utilizes two wing-ground test articles comprised of center wing and
left-hand side-of-body-to-wing-tip sections, plus a third tip~to-tip wing

secticn for flight service evaluation.

One ground test article is used for static and system tests. The other

would be used for fatigue and damage tolerance tests.

The schedule for Option C, showing the major milestones from design develop-

ment through flight service evaluation, is shown in Figure 4-17.

The manufacturing development phase consists of process integration and
validation. Table 4-6 identifies the process validation that will be accom-—

plished for quality assurance, fabrication, and assembly capabilities.

Significant capabilities to be validated:

'y A prototype fabric-dispensing machine will be available to fabri-
cate the wing ceater sectilon skin panels for the fatigue and
flight test articles

® A filament-winding machine will be available to fabricate front

and rear spars for the static, fatigue, and flight test articles
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Desizn
development

Taoling/
component
fabrication

Ground tests
Static

Fatigue

Fiight
tests/
service

1979

1980 | 1881 1982 1283 1984 1986

Test Mater.tals 25% 100%

systems tests

AR 100% Graphite/epoxy
Subcomponent and Static test
Start article
fal%icatinn o assaml;!ts; Flight test article
i i wmemaa assembly complete
a O Fat{gm test article
Start  Producibitity
taoling verification assambly complete
complete Ultimate load Systems tests

-

Damage
toleranca
Fatigue tests _ __ fail-safe

Flight test Retrofit FAA

airplane on dock complete ification
§ E % a¥

A R
Ground Flight Flight
testi test l service

Figure 4-17 Option C Schedule
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Table 4-6 Production Capability Integration and Validation Process—Optian C

Fabrication Assembly Quality
pracesses methods assurance
Qption C
&
&/ F &
Ff& &
Outboard X x| x X %
Static
Centsr
section X X1X X
bo
Oipoard x| x| x|x X %
Fatigue
Genter
section X X X XX X
Outoard x| x| xlx|x X X
Flight '
Center
section Xl X ' A I S B ¢ X
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A pultruding machine will be available for fabricating thick,

constant-height stiffeners for the center section of the flight

test article

] Elastomeric die molding will be used to produce outbeard ribs for
the static, fatigue, and flight test articles

@ A prototype automated fabric kitting machine will be available for

cutting the outboard ribs on the £light test article :

. The design development phase consists of three segments, which are:

@ Preliminary design and integration of the structural concepts
described in Paragraph 3.2 into the existing 737 wing box teo
develop a baseline configuration

® Design of subcomponents to support the structural development
tests, systems testing, and manufacturing technology tasks

e Final design of the ground test articles and flight service evalua-

tion vehicle

Preliminary design development includes the integration of the existing
metal control surfaces, and their interfaces with the structural box, together
with the systems requirements to achieve an optimum baseline configuration.

The subcomponent design task is the refinement of the basic structural
concepts and their application to the structural Z4evelopment testing {(Figure
4-18) to provide verification of these concepts and further the detail
design, including the integration of systems into the design based on the
results of the systems development tests outlined in Figure 4-19.

The final portion of the design development phase is the design of the
ground test articles and the flight service evaluation vehicle., This is the
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Built-up structure

% P

Detail tests Combined loading
Figure 4-18 Structural Development Tests
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Attachment
damage

Arcing ant————
sparking
@ Lightning protection
@ Electrostatics
@ Fuel systam
Current and ® Efectrical systém
contintity @ Electronie system
Bonding
graunding
Fuel eléctrification
Shielding

Figure 4-19  System Development Tests
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I integration of the efforts of the structural development testing, systems -
f '

§ testing, and manufacturing technology tasks, which haue provided ongoing ]
Q building~block support to the design activity to achieve the final design.

i | ' R
T . The deslgn.dEVeIOpment phase, shown in Figure 4—17 defines the wing config— ey

uration, and involves the integration of engineering and manufacturing
technology. Initial testing in this phase must support material selection,

structural component definition, and systems and manufacturing feasibility.‘

4 product of this phase w1ll be the establishment of design criteria that

will determine,minimum‘ga o, stiffness requirements, and inspectable damage.___'

Y e

This design effort will also produce an overall test plan that addresses

sohedulxng of tests to meet program milestones, establishes ‘the data require-
ments that will be needed for certification, and further establisheS‘the
support needed from the technology development progrem.-

[y

R T i o R 2 L

In support of the
program design phase, material.mechanical property and panel data offsuitable

quality must be generated. The thickness of the advanced composites,lamir-'-«f*'.

nates for wing design will, in general be greater than the.maximum gages in :_HT” D
‘the ! mechanical properties tests associated Wlth the current ACEE programs._f_h_.qtgi_;:
Although, current programs will establish the: parametric information'pertaineg}*--

ing to process variations, tolerances, and env1ronmenta1 exposure'eflect .

basic mechanical. properties testing of the thicker laminates wi
required.

Figure 4-18 shaows examples of the types of panel and subcomponent
tests that must be conducted to support design activity by‘supplying

'durahility, and damage tolerance data for all structural compo'
deVeloped. T, o

These tests will establish the critical failure modes for comtinations
temperature snd moisture content.

o

A.series of systems tests will also be
'1performed to prove that the Selected concept meets:plectromagnetic and fuel

P
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system requirements. Figure 4-19 shows a typical developmental teStrboi
that will be used for these tests. ' ' '

The major structural and system tests will supply the data to develop and
verify the analysis methods that will be used for cer.tflcetion.l In commer-
cial aircraft design criteria, the manufacturer has the option.of designing
to EIthEt damage—tolerant or safe-life criteria. All present commercﬁal
aircraft of United States orxgln are desrgned to the damage—tolerance coas
cept; The Boerng Gompany will eontinue to use this desagn philosophy, }
which is considered essentlal in achleving high 1evels of safety. Therefore,
damage tolerance and statlc strength proof-of-structure testing is necassary
to validate analysis methods. The major structural test articles wmlT
involve a fully representatlve advanced composltes w1ng box prlmery struc—
ture. as shown in rlgure 4-20. leed 1eading—edge and tralling~edge struc~‘
ture will also be represented and the test setups, 1oad1ng systems, instru-
mentatron and critical condltlons to be investigated have been defined in
detarl The schedule for magor structural and system tests, and the princlr
pal informatlon deriVed from t .m is shown in Figure 4_21.'-‘*"'-aw_;iA&_';

Statie testing will be performed at amblent temperature. The effects ofdh :

temperature and moisture, and the possible degradation of st ‘

(Figure 4—17), will also be at ambient condltions. Damage.growth rests wd;l
be conducted by introdueing damage at several locations, and hy testi & wit
repeated load cycles to obtain damage growth rate cu¥ves. Compliance
resrdual strength requlrements will then be demonstrated by loadlng to
damage tolerance load levels as defﬁaed by FAA requiremrnts. The_dsmaged
:eas w111 be increased or additional areas w111 be damaged 1f nec_ ¥

<
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Test article

® Fully representative naft-hand wing box.

@ Center section
o lleedleadlngedgeandtraﬂmﬂedge Ao T .
. C s C ‘ ._.oLandmggearbeam O RVOU
. , . ®.Engine strut Lol e e e
S A iBudystructureadjaceuttothewmg R R T
Dummy oF simutated- structure - e e e e ED
-"\ ; - ‘eRighthandwing’ =~ = R TR

“
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¢
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Test article -

" Figiire 4-20  Major Structural Tests
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' verification

Strain -{ ‘Ultimate | |~ System’
- survey | load .o f . lests. . .

o oo | Damage
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® Ground vibration test bl T E ALl o Flight fiuiter tests
: ? _ ® Functional tasts r—-—y‘ tests tasts P71, nSvstem tests”.

i : - — S S Cemflcatlon tests

Figure 4-21 Major Structural and Systém Tész‘s

IT’:\ 105




Boeing Commercial -
Airplane Company
Contract NAS1-15003

to satisfy the defined” damage tolerance crlterie. The.pﬁrpose of the major
.fatlgue test is to expose. details that are. fatlgue sensitive. It ié.e3§e~'
cially useful in exposing load path problems that do not exist in auhcompo~_
uent tests. It will aiso:gssist in the in-service inspection of the fllght _
evaluation airplane. SR :f“_-‘*‘*j o - e L , f;

The reason for two test articles and the timing of tests was determined by

two considerations:

] The strain survey should be, perfurmed early to. support mathematiecal
madel validation '

& Repeated load tests should not be preceded by the dpplication of .
high loads, because they probably influence fatigue performance
and may affect the results of damage growth and resideal strength S %
testing | R o

Testing of the flight service airplane will commence with a ground test S ' -?2
program that Wlll 1nc1ude the functional testing of the fuel feed and gaglng
systems, and the control syatem. A ground vibrations test Wlll establish a

comparison of mode shapes with the metalwdegagn.‘_Fl;ght.testmng will include

ey

£light flutter tests, covering a sufficient range of parametérs’to demon-
strate compliance with.ce;tificetiqﬁ,:equirements, and eesting to demonstrate

. stall, maneuvef,_and,eﬁability characteristics of the airplane and the : X

operation of tﬁe-primarygand automatic edh;rbi system.

Emhe 12~month alnllne flight service evaluation .that is planned will 1€

:tate the coordinatann of the alrline, the airframe manufacturer, and the "}:‘ v v ' %
'icertifyang avency to establish structural inspection and maintenance procer o
dures to ensure safe and efficient-airplane operation. - Instrumentatlon on ° IR s

' the“aifﬁlaae'ﬁiil reeordVflighgxlead“h;etoryfaud-Iightaiagea"ike data, It
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is estimated that the airplane will be struck by lightning at least once
during the test period. Other areas that will be monitored at regular

. intervals will be the fuel systems, including tank sealant:, and protective
systems and finishes, ' ‘

*

' Operation of the evaluation airplane by a commiercial airline is considered

o an important step in the plan to provide the confidence in advanced compos-~

G e L L o T
L4

ites w;ng structure that is necessary prioxr to production commitment veadi-~
ness. This program brings about iuvolvement of the airline and manufacturer
in identifying and solving actual prohleme associated with actual airplane

At

operation. The service evaluation obviously ‘nvolves more than the accumula-

. BRI ST~ s

e e R TR

T

tion and verification of technical data. _deféﬂEnae;iﬁVOlvesimany intangible

factors, such as realism of the enviraﬁmegthin*WhichV;este.a;e performed,

e o e

4.4  RECOMMENDED PROGRAM SCHEDULE

The recommended program schedule is 82 months long, including a l2-month
- flight service evaluation: -Based on an assumed go-ahead" of Jenuery 1y 1979,
a production readiness commitment would be made in 1985. The program would -
. be concluded in Octobex, 1985, with the completion of the flight service
evaluation, {see Figure 4-17).

Accomplishment of the three major program eiemenﬁs'Wfil fellué the integrated'
schedule plan shown in Figure 4-22. Technulogy and productlon capability

{'. deveIOpment efforts are integrated for maximum support from.ﬂptinn c wing

: box design, fabrication, and test. Ccntinuing development activities w111 ‘ ﬁ
build from the earlier results, and establish the desired expanded technologr _ :
ical basis for a production readiness commitment in 1985. See Table 4—5 fur S o
option evaluation and relative cosk.
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1979 1980 1981 1982 1983 1984 1976
Produciicm
commitment
. asiessment o
Engineering ‘ _ ;
technology T —
development | |
8.14m (30-ft) Spar ;:';;gf;SE ttl 50-1t) Spar Ful.If-_sE.l.e spar
Praduction apgbllltv i Y " H'
capability N e :
development Rib capability 7.62m (25-t) Skin Stiffenar
panel capability process
Flight Flight
Design test service
Go- review article evaluation
Option C e i — ' —n
Start Start Static FAA
tooling fabrication teste certification

Figure 4-22 Recommended Program Schedule—Option C
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SECTICN 5.0
AIRLINE COORDINATION

An important area of any Boelng commitment that affects a commercial trans-
port involves the customer., Early involvement with the airlines, and identi-

fication of their concerms, can minimize potential end-item problems.

In summary, the airlines have expressed concern with lightning strike effects,
and repair and maintenance, and have suggested that fliight demonstration of

a wet wing would be a good confidence builder. The success of current
programs using graphite/epoxy in routine airline service will determine te a .
large extent the airline operator's ready acceptance of this material.
Coordination with the airlines is a continuing endeavor that would actuélly

30 on long past a production commitment of an advanced composites wing
structure.
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SECTION 6.0
FAA CERTIFICATION

The successful application of advanced composites to primary wing structure
is dependent upon the maintenance or improvement of the current levels of
safety provided by metallic structure. To achieve this level of safety,
designs using advanced composites will require considerable development and
verification before they are accepted for use in commercial airecraft primary
structure. Specifics of the design to meet safety standards are guided by
FAA certification regulations, and the current conmsensus in industry is that
the requirements now written should be retained for advanced composites.
Preliminary guidelines that propose acceptable means of achieving compliance
for advanced composites structure with Federal Aviation Regulations are set
forth in a draft Advisory Circular., This draft was the result of FAA/
industry meetings. The criteria, although still in the development stage,
are scheduled for initial completion in the near feature. The evaluation
criteria will undergo an updating process that will extend over a consider-

able time, with periodic meetings between FAA and key aviation specialists.

As part of the NASA Wimg Study program, a meeting was arranged with the FAA
for the purpose of discussing the activity and objectives of The Boeing
Company's participation in the wing study, and to exchange information and
views on advanced composites technology development. The test plans for
technology development and each integration and validation option, which had
been generated in some detail for costing purposes, were sent to the FAA
prior to the meeting. A request was made that the FAA review the plans and
determine if the approach and scope of the test plans were consistent with
the FAA's present view of the level of development and test validation that

may be required for composite wing certification.
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Subjects discussed at the meeting included The Boeing Company's certification

philosophy, which has been to demonstrate accountability primarily by test-
validated analysis procedures. This approach has had a successful history
There are many reasons for its continued vse, such

with metal structures.
Other benefits derived

as the impracticality of testing for all conditioms.
from analysis methods include optimization procedures, and accounting for

growth capability.

An outline of the extensive technology development efforts to be conducted
in conjunction with the proposed desipgn, fabrication, and flight evaluation
program was also given. The technology development program is designed to
pravide the analysis tools required in the certification process, and to

satisfy all envirommental questions, including the zffects of fuel on the

material system.

The FAA concluded that it appeared that no major deficiencies exist in the
structural substantiation test plans submitted to them. However, since the
data were quite general in some testing and detaill design areas, the FAA was
unable to comment on the adequacy of the mumber or type of structural tests
proposed, oxr which should be accomplished. It was agreed that future involve~

ment with the FAA must include frequent and regular FAA-airframe manufacturer's

meetings as the program develops.
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SECTION 7.0
CONCLUSIONS

The wing program reconmended by The Boeing Company maintains development
momentum and expands on an established base of technology and skill, It is
2 logical and timely follow-on to the curzent NASA, Air Force, and industry
graphite/epoxy davelopmant and production programs. A 7-yeer lead time plus
forecast fugl price incraases add support to the timeliness and logie of
continuing development. A 20%=-30% structural weight reduction in wing box
gtructure compared with currvantc aluminue wing boxes ls attainable, and would
contribute significently to the NASA/ACEE program goel of achieving a
minimum of 40% fuel saving over current desigms. The cost to déﬁélap‘aabanced
composites for extensive commercial transport application is acceptabié whenm
balanced against the 12%-15% fuel savings attainable. Further, the benefits
of extensive use of graphite/epoxy could be accomplished without requirins
highly unusual skills to perform desipgn and manufacturing activities.

Technology and production capability development, and hardware testing are
necessary to establish acceptable risk levels before commiting advanced
composites wing structure to production. There is a need for extensive
teating of advanced composites material to develop data on damage tolerance,
durgbility/repeated loads, electromagnetic effects, environmental effects,
and materiel improvemenis. Downstresm developments in technology, such as
advanced material resin systems, cen be practically introduced when proven
superior, Wing bozes of advanced eotmposites materiale must be fabricated
and tested full-scala to provida productien methods validation and adayuate
ctatic and fatigua data for ceviificetion. To meke graphite/epoxy cost
compatitive with aluminum, toolt sad procaeszes nsed to be devalopad that
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will mechanize production fabrication of large components, and improve

production assembly metheds, materials repair techniques, and quality

assurance,

Flight service experience under routine conditions with a commercial trans-
port retrofitted with a2 wing box of advanced composites material is necessary
to demonstrate positively to airlines the advantages of the material in the

L

operator's environment.

Developing the needed technology and production capability, and obtaining
FAA certification of advanced composites material primary wing structure can
be accomplished over a period of 6 years assuming an aggressive, well-

planned program with adequate funding.
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