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FOREWORD 

The analytical structural study reported in this document 
was sponsored by the Air Force Flight Dynamics Laboratory (AFFDL). 
This work was performed under contract F33615-75-C-3104, AFFDL 
Project Number 1368, Task Number 136802, Work Unit Number 13680223, 
"Supercritical Wing Preliminary Design Study". 

Mr. Charles L. Ramsey (AFFDL/FBS) was the Aii: Force Project 
Engineer. 

This study was performed at General Dynamics Fort Worth 
Division with D. F. Davis as Program Manager.  Other principal 
participants in the program were: E. W. Gomez, Stress Analysis; 
W. C. Rister, Fatigue and Fracture; 01in E. Weiss, Structural 
Design (Composites); R. W. McAnally, Structural Design (Metals); 
C. J. Sawey, Manufacturing Engineering; R. L. Haller, Flutter 
Analysis; and H. E. Bratton, Information Transfer. 

The study was conducted April through October of 1975. 
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SECTION 

INTRODUCTION  AND  SUMMARY 

This document reports the procedure and results of the 
analytical work accomplished under contract F33615-75-C-3104 
Supercritical Wing Preliminary Design Study". 

This study involved the development of preliminary design 
defxnitions and evaluation of optimum metallic and composite wine 
box designs for a variable camber supercritical wing designated 
as ATW-4.  The ATW-4 wing is sized and configured for the FB-111 
aircraft or various growth versions of the FB-111.  Results of the 
study analytically demonstrate the feasibility of significantly 
reducing the cost and weight of the wing box component while main- 
taining strength, fatigue and fracture characteristics consistent 
with requirements of the FB-111 aircraft. 

The cost and weight advantages of the advanced designs 
developed during the study when compared to the baseline (633RW000) 
give the following results: 

633RW001  - Laminated Skin Y-Spar Wing Box 

Weight Savings 15% 
Cost Savings 12.3% 

633RW002  - Laminated Skin Canted Spar Wing Box 

Weight Savings 12% 
Cost Savings 10.7% 

C33RW003  - Composite Skin & Y-Spar Wing Box 

Weight Savings 27% 
Cost Savings  -29% to -4.4% (Depending on 

Assumed 1980 Gr/Ep Cost) 
Figure 1  Program Flow Diagram, outlines the approach taken 

and shows the sequence of tasks accomplished to complete the ATW-4 
wing box study.  The main tasks completed during the program are 
summarized below: 

'•■*'» -*— T   ""T r r-  ■ - „ .. miiii I' 



1. Assembled baseline loads, ATW-4 geometry and criteria 
and reduced to a usable form. 

2. Selected materials for consideration in the study and 
developed fatigue and fracture allowable stress curves 
for each material. 

3. Assembled an array of 31 metallic and composite wing 
box concepts from other programs and through innovation 
of new concepts. These were defined on cross-section 
sketeches, sized, weighed, and costed with the most 
promising selected for analytical assembly iteration. 

4. Defined alternate concepts plus a baseline on 48 inch 
span analytical assembly drawings. These were analyzed, 
evaluated and two metallic and one composite concept 
were selected for input into the preliminary design 
iteration. 

5. 

6. 

7. 

8. 

Preliminary design drawings were prepared defining the 
three selected concepts plus the baseline for the entire 
ATW-4 wing box from pivot to tip. 

Static strength, fatigue, fracture and flutter analyses 
was conducted for each of the preliminary wing box designs. 

Evaluative data for each design parameter in the AFFDL 
Merit Rating System was computed for each of the prelimi- 
nary designs plus the baseline. The preliminary designs 
were then scored and ranked. 

A follow-on plan that would provide the proof-of-concept 
was developed. 
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SECTION  II 

BASELINE  DEFINITION 

The baseline article is the wing box structure from pivot to 
tip for a supercritical wing configuration designated as ATW-4. 
The ATW-4 configuration incorporates variable camber leading and 
trailing edge devices and provides a planform area of 725.7 
square feet.  The planform is shown in Figure 2. 

2.1 BASELINE DESCRIPTION 

The wing box is defined as the primary wing structure from 
the wing pivot fitting outboard to the wing tip splice.  It con- 
sists of seven spars, upper and lower one-piece skins, and eight 
primary bulkheads.  The outer section is spliced to the wing 
pivot fitting between center spar stations 97.7 and 106.8.  All 
wing box loads are transferred to the pivot fitting through this 
connection.  The configuration was developed in this program by 
revising the F-111F wing box to the planform and airfoil for the 
ATW-4 configuration, deleting provisions for the external stores, 
and conducting trade studies to optimize the number of spars. 
The concept for manufacturing each element of the box assembly 
for the F-111F was retained in that the skins are tapered and 
etched and the spars and bulkheads are designed as integrally 
stiffened machined members. The materials used in the F-111F 
wing box were retained in the new baseline, such as 2024 aluminum 
for skins, spars, and bulkheads, and D6ac for the wing pivot 
fitting.  The baseline structure is shown in Figures 3 and 4. 

The baseline criteria includes the requirements of the FB111 
aircraft, but in addition, imposes the requirements of 
MIL-STD-1530 and MIL-STD-83444.  External loads and fatigue 
spectrum for the ATW-4 wing differ from those for the FB111 wing. 
The ATW-4 loads and fatigue spectrum are defined in FZM-12-6466 
which was developed under Contract No. F33615-75-C-3018 and is 
included in Appendix A of this report. 
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SECTION  III 

DESIGN 

Design definition and analysis was conducted in sufficient 
detail to determine the applicability of innovative and advanced 
structural concepts to the main wing box of a supercritical vari- 
able camber wing configuration. 

3.1 DESIGN APPROACH AND 
EVALUATION SYSTEM 

A systematic iterative design method was applied that uti- 
lizes the AFFDL merit rating systa-» to quantitatively evaluate 
each design parameter of each alternate concept after each 
iteration for scoring and selecting concepts for the succeeding 
iteration. 

3.1.1 Design Approach 

A methodical system developed on previous contracts (F33615- 
72-C-2149 and F33165-74-C-3026) was used in this program which 
allows a large number of ideas to be evaluated for potential 
application to the final design.  In this process, ideas are 
developed into one inch span cross-section drawings; the cross- 
sections are analyzed and ranked; highest ranking cross-sections 
are further developed into forty eight inch span analytical 
assemblies; the analytical assemblies are analyzed and ranked; 
the highest ranking analytical assemblies are then drawn up as 
preliminary designs of full wing boxes; and finally, these prelim- 
inary designs are analyzed and ranked for final selection of the 
highest potential concept.  Details of each step of this methodo- 
logy are discussed in the following paragraphs. 

3.1.1.1 Cross-Section Concept 

The use of one inch span cross-sections provide a valuable 
iterative step in the overall design process leading to an optimum 
design. Advantages of the cross-section methodology are as follows: 
(a) the cross-section sketches provide a work sheet for integrating 
element concepts into workable wing designs; (b) by considering only 
one inch length a large variety of designs can be economically 
weighed, costed, and evaluated; and (c) by configuring all concepts 
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at a specific wing station and to the identical static load, fatigue 
spectrum, and fracture criteria that occurs at that station, a 
meaningful and equitable evaluation will result. 

The initial design effort was sizing end defining applicable 
concepts from previous programs as one inch span cross-section 
analytical specimens with geometry and load taken at Load Reference 
Axis (LRA) Sta. 140.0.  Innovative effort produced several new 
concepts which were also sized and defined as one inch span cross- 
section specimens.  The one inch span cross-section concepts were 
weighed, costed and scored (see paragraph 3.2.1). 

3.1.1.2 Analytical Assembly Design 

Advantages of the analytical assembly designs as a prelimi- 
nary desxgn tool are as follows: 

o Provides on a single drawing a definition of the 
configuration and the critical numerical values that 
measure weight, cost, strength/stress levels, fatigue 
quality, damage tolerance and overall desirability of 
a design concept. 

o Serves as an instrument to coordinate the technical 
efforts of the various disciplines necessary to 
optimize and effect a complex design concept. 

o Promotes concept reiteration by showing up promising 
elements of one assembly that can be comined with 
promising elements from other assemblies to provide 
a new assembly with the best collection of elements. 

o The concept data block provides detailed evaluation 
data on each configuration of each part or element, 
such as a spar or skin, for better visibility as to 
which element is the principal driver for cost, weight, 
etc. 

o Provides valid data for evaluating a number of design 
concepts to specified design parameters on a completely 
uniform, equitable basis. 

From the one inch cross-section concepts, fourteen metallic 
concepts and five composite concepts were selected for definition 
on analytical assembly drawings.  The analytical assembly models 

.. ^ , , ^.^r_- 



are 48 inch span constant section wing box assemblies deslEned t-n 
the geometry and loads that occur at LRA Sta. 140 0  These 
assemblies „ere sized to static strength, fatigue and fracture 
allowable stresses.  Weights and costs were computed and othe? 
parameters evaluated.  Scores and rank were computed for each con 

graPphi5.2?2TanCe "^ ^ ^ merit """« system (see para!" 

3.1.1.3 Preliminary Design 

„™ Alter  ^^ 80ne throu8h the screening of the cross-section 
concepts and the analytical assembly design!, the next sten is t^ 

armie's"1^::^^818118 0f the ^^ -nkinVanaly^a S ^ assemblies.  These drawings are much more complex and comoletP 

and costs were computed and other parameters evaluated' Scares 
and rank were computed for each design (see parag^ph 3.2 3) 
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3.1.2 Merit Rating System 

The design parameters that were evaluated and the "weighing" 
value applied to each parameter in computing a weighted score was 
specified by AFFDL.  The merit rating system is shown in Table I. 

3,1.3 Evaluation and Ranking of Concepts 

An important part of the design methodology used in this pro- 
gram was the evaluation and ranking of design concepts via a formal 
rating system.  The objective of the rating system tfi to minimize 
personal opinion and to ensure that each area of responsibility has 
an opportunity to influence the design configuration chosen for the 
production effort. 

The basic elements of the rating system are shown in Table I. 
The approach used to implement this system is discussed in the 
following paragraphs. 

3.1.3.1 Structural Efficiency (407o) 

Two parameters were used to evaluate the structural efficiency 
of a concept; cost and weight, sixty percent of the structural 
efficiency score is assigned to cost (24% of total ranking) and 
forty percent is assigned to the weight (16% of total ranking). 
Use of these parameters is discussed below: 

Cost Cost was computed for each concept by estimating 
and summing the material cost, the tooling recurring 
cost, and the fabrication costs. The cost score 
recorded in the Evaluation Summaries are: 

Cost Score = Cost of lowest cost concept 

Cost of concept being scored 
X .24 

Weight - Weight was computed for each concept which has 
been sized to the controlling criteria of static 
loads, fatigue, or fracture. The weight score 
recorded in Evaluation Summaries are: 

Weight Score - Weight of lightest concept X .16 
Weight of concept being scored 
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3.1.3.2 Technology Improvement (107o) 

The weighted technology improvement score is made up of the 
sum of the weighted scores from Concepts, Manufacturing Technology 
and Materials Technology. The weighted scores for each of the 
three technology parameters is defined below: 

Concept Technology - The weighted concept technology 
score was computed for each concept by counting the 
number of innovations embodied in each ci/ncept and 
rationing the scores such that the highest ranking 
score equals .05. 

Manufacturing Technology - The weighted score for manu- 
facturing technology was computed by scoring the con- 
cept from 07o  to 1007o on the degree to which it will 
advance manufacturing technology and multiplying the 
percent value by .03. 

Materials Technology - The weighted score for materials 
technology was determined by identifying the number 
of new materials and processes used in a concept and 
rationing the scores such that the concept using the 
greatest number of new materials and processes receives, 
the highest score of .02. 

3.1.3.3 Damage Tolerances (20%) 

The parameters assessed during this portion of the rating 
system were safe crack growth and fail safe characteristics as 
discussed below: 

Safe Crack Safe crack is interpreted as referring to 
the maximum stress in the fatigue stress spectrum con- 
sistent with stable crack growth. Each design concept 
was analyzed for cracks starting at both surface flaws 
and at holes (unless the concept was free of holes). 
There are four damage tolerance categories:  (1) fail- 
safe, hole free structure; (2) fail-safe structure with 
holes; (3) slow crack growth (not fail-safe) structure; 
and (4) slow crack growth structure with holes. 

The critical crack growth stress level, Fcr, is con- 
trolled by the damage tolerance category and the type 
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mm^m 

of material in accordance with MIL-STD-1530  The 

maxilf s^H^^f1 "^ 8rOWth Stress ^ tL maximum static tension stress is considered a measure 
of excess damage tolerance capability.  The ratios 
aM HhKn d^ided by the maximSm such^atio and multi- 
plied by .08 to obtain the final weighted values 

Fal1 PjSlf " f count was «"de of the maximum number of 
individual structural elements in a concept thlt 
could be failed without impairing load capability 
By dividing all such counts by the number in the 
concept with the highest number and multiplying this 
number by .12 the weighted score is obtained 

3.1.3.4 Abilities (307.) 

The parameters  that were evaluated to arrive at the AMUM — 
weighted scores are inspectability,  manufacturabiUty    repa r 
ability,   and durability.    All concepts were ranked on a 07^0 1007 

parkte" ^LT^T ^ ^M^ ^ the «e'a defined'by ^he 

KTnimbS: b^oVror^ L^onTng^i^ 

3.2    WING BOX DESIGN 

3.2.1    Cross Section Iteration 

as crosf-s^tlon Hechel    IZf'l?'^"^ ^"^ defi"ed 

Section Concept Scoring^ R^X S^ary^Tab""^!^^^. 

enable"! Zl^Ty tt:ratl»eleCtln8 COnCeptS £or lnput ln" ^ 

3•2•1•1    Metallic Cross-Section Concepts 

»elght^inprove fatigue life and Improve damage toU«nce chärac- 
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Alternate aluminum lower skin concepts defined and studied 
include the following: 

o Monolithic skin with fastener penetrations 

o Laminated lower skins with& without fastener penetrations 

o Planked (fail safe) laminated & non-planked (not fail safe). 

Alternate spar concepts included several configurations to 
increase the allowable compressive buckling stress of the upper 
skm, and at the same time achieve low weight and cost for the 
spars.  These concepts are as follows: 

o Extruded and built-up sheet metal "Y" spars 

o Corrugated sheet metal spars with wide extruded caps 

o Conventional integrally machined spars 

o Inverted "A" sheet metal spars 

o Slanting sheet metal spar web having stabilizing inter- 
cos tals with two upper extruded caps. 

The upper wing box skin configurations included: 

o Machine pocketed aluminum plate 

o Non-pocketed aluminum plate 

o Aluminum honey comb sandwich panel. 

The concepts showing the best total score (scoring cost at 
a weighting value of .60 and weight at a weighting value of 40) 
were as follows: *  ' 

o Laminated aluminum sheet lower skins without fastener 
penetrations where these skins are planked to fall into 
the "fail safe catagory of MIL-A-83444. 

o Spar designs that provide a broad area of support for the 
upper skin member in a manner that increases the upper 
skin compressive buckling stress allowable over the base 
spar concept. 

o Configurations of sheet metal or extrusions in lieu of parts 
integrally machined from heavy plate. Reducing the ratio 
of starting material to finished material achieves a cost 
savings in material and fabrication. 
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3.2.1.2 Composite Concepts 

The twelve composite cross-section concepts defined and eval- 
uated incorporate a variety of concepts that improve producibility 
are economical to manufacture and that reduce weight. 

Skin concepts defined and studied are as follows: 

o Planked, solid graphite epoxy layup 

o Skins with and without fastener penetrations 

o Graphite epoxy skins with and without buffer strips 

o Lower skins with integral front and rear spar 

o Intermediate lower spar caps embedded in the skin 

o Graphite epoxy sandwich skins with nomex honey comb core 

o Waffle pattern, Kevlar hat stiffened skins. 

Alternate spar concepts considered were: 

o Sandwi-h intermediate spars with nomex honey comb core 

o Intermediate spars with embedded titanium lower caps 

o Sine wave spar webs 

o "YM spars with and without solid nomex core in the webs 

o "X" spar with trussed web 

o A truss spar arrangement. 

The concepts showing the most promise for low weight and cost 
and those selected for the composite analytical assemblies were as 
follows: 

o Corrugated sine wave intermediate spars with embedded 
lower spar cap and buffered graphite epoxy skins 

o Trussed spar arrangement with integral graphite epoxy 
sKxns 
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o "Y" spars with and without embedded lower caps and solid 
graphite epoxy skins without buffer strips 

o Sandwich spars with lower titanium cap embedded in the 
lower skin. Both skins solid laminate graphite epoxy 
with buffer strips. 
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3.2,2 Analytical Assembly Iterati on 

of all^esLn1! *nd.. V COntain tabulated evaluation summaries 
system for « P

h
aram*ters  specified in the AFFDL merit rating 

system for each analytical assembly concept studied Thl .■ 
ground rules are defined in Section VIII   StUdled'  The costln8 

3'2'2'1 Metallic Analytical Ags^bli es 

that ^frehLrf^edteient^
Sin8i^talliC cros—ction concepts 

concepts   that emerged with IZÜT' ^^ ****"<>*.   the  two 63lRAnn^ ani   /      ,8! ^r-th the hlghest overall scores were 
633RA003-801   (ranked first),   633RA001-1  (ranked second^! 

with i-iL3^?L8°\syLieLanr?1rconcept is confi^ed 
exposed,   stepoed SDL rpn! 8    ,0 fastener Penetrations and 
alSminu^ pla?e upper skS^rinr6^ m0nolithic 202^T851 
sheet aluminum weCstabiiiSd by ^Ih^d^3." haVin? Canted 

support dual extruded upper spar caps      ?h! f™ ^T*1*  that 

are integrally machined^bers        P ""' ^ "" Spars 

same up^r^^^'iLeTsk'in^ron^8^^ T"^ ^^rates  the 
633RA003-80lihe different Sf l*** ?* "^ Spar "^epts as 
intermediate spars.     Thr633LoorfeH  T T deSi8nS i8 in the 
"Y" spars. Ö33RA001-1 design incorporates extruded 

3•2•2•2    Composite Analytical. Assemblies 

«nation ,f che
p :it^räi.t1

h^1^jc^.'^,,sSit^er- 
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I 3.2.3 Preliminary Design Concepts 

The baseline concept, two advanced metallic concepts, and 
one advanced composite design was defined as complete wing designs 
from pivot to tip on preliminary design drawings.  The main fea- 
tures of these 4 designs are described briefly below. 

3.2.3.1 Baseline Configuration 

The baseline concept. 633RW000 illustrated by Figure 47 
embodies the same fabrication, material and joining concepts as 
the FB-111 wing box.  However, the supercritical airfoil geometry 
and is larger, 725.7 sq. ft. versus 550.0 sq. ft. for the FB-111 
wing. The closure and intermediate spars are machined from 2024- 
T851 Al plate. The upper and lower skins are machine pocketed, 
then chemically milled from 2024-T851 plate.  The pivot fitting 
is a weldment of D6ac steel machined forgings and machined plate. 
The lower skin is joined to the spars and pivot fitting with 
Taper-Loc fasteners.  The upper plate is joined to the spars and 
bulkheads by means straight shank, close tolerance fasteners. 

3-2-3-2 Laminated Lower Skin "Y"-Spar Configuration 

The 633RW001-1 wing box concept is illustrated by Figure 48 
This wing box concept incorporate an adhesive bonded laminated 
2024-T81 lower skin without fastener penetrations, extruded alumi- 
num Y intermediate spars, exposed lower spar caps, and a con- 
stant tapered non-pocketed not-etched upper skin.  The upper skin 
is attached with blind rivets in lieu of close tolerance bolts 
?no/D^oc? Pfessnuts-  The front and rear spars are machined from 
2024-T851 plate. The pivot for the -1 assembly is a closed tor- 
que box to the pivot pin spool that encloses the pivot pin  The 
lower skin is continued inboard of the pivot to form one of three 
load pathes of a fail-safe lower pivot lug. 

3-2.3.3 Laminated Skin Slanted Spar Configuration 

The 633RW002-1 and -3 concepts are identical except in the 
^^L^9^01'     The 633RW002-1 Pivot concept is the same as 
the 633RW001-1 pivot concept. The 633RW002 wing box outboard of 
the pivot is illustrated by Figure 49.  This design has a lami- 
nated adhesive bonded 2024-T81 aluminum lower skin with embedded 
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lower spar caps.  The intermediate spars are configured of a 
slanted sheet aluminum web stabilized by "V" shaped sheet alumi- 
num intercostals.  Each spar has two extruded aluminum upper caps. 
The front and rear spars are machined of 2024-T851 aluminum plate. 
The upper skin is a non-pocketed non-etched constant tapered 
2024-T851 aluminum plate. 

The 633RW002-3 pivot concept is similar to the -1 pivot con- 
concept except -1 is open in the area of the pivot lugs and trans- 
fers wing shear loads to the pivot spool by means of two vertical 
shear lugs. The lower pivot lug incorporates the same fail safe 
feature as the 633RW001-1 lower lug design. 

3.2.3.4 Composite Wing Configuration 

The 633RW003-1 and -3 designs are graphite epoxy wing box 
concepts. The -1 and -3 designs differ only in the pivot area. 
The lower skin is a solid layup design without buffer strips. The 
intermediate spars are of a "Y" shaped configuration with lower 
cap embedded in the lower skin. The lower cap design is a unique 
configuration that incorporates a prefabricated, embedded longi- 
tudinal member that provides transverse or chordwise bending con- 
tinuity, longitudinal axial load continuity plus a shear load 
path in the lower skin at its intersection with the vertical web 
of the intermediate spars. The intermediate spars have a core of 
nomex laminate with graphite epoxy outer plys.  The front and 
rear spars and the upper skin are solid graphite epoxy laminate 
with no buffer strips.  The upper skin is attached with blind 
rivets. The -1 pivot concept is open in the pivot area with 
double shear fittings between the inboard pivot bulkhead and the 
spool that encapsulates the pivot pin. The -3 pivot concept is a 
closed torque box design. Both -1 and -3 designs are configured 
with the upper and lower skins fonning a major load carrying 
layer of the pivot lugs.  The metal in the pivot lug members is 
titanium. The 633RW003-1 and -3 designs are shown in Figure 50. 
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SECTION  IV 

STRESS  ANALYSIS 

A large number of structural concepts was considered for 
application to the ATW-4 wing box.  The majority of these had 
been considered in depth during Contracts F33615-72-C-2.49 and 
F33615-74-C-3026. During those contracts the concepts were 
evaluated using a merit rating system which was acceptable to 
the AFFDL.  It enabled refinement of very large numbers of ideas 
into a manageable few which are outstanding for minimizing weight 
and cost while meeting the strength and durability requirements 
of MIL-A-83444, MIL-A-8866, and MIL-STD-1530. 

4.1  BASELINE STRENGTH CONSIDERATIONS 

The current, ATW-4, baseline is similar in aspect ratio and 
root attachment to the baselines for the two previous contracts. 
For this reason, it has been possible to select directly the 
more promising arrangements and evaluate them for compliance 
with the current merit rating system. 

The baseline for this study is a wing withn f^P"
criJi^a};Ä _ 

airfoil.  Its aspect ratio is similar to the F-lll wing but has 
a greater scan. The baseline then is a wing that resembled an 
existing wing but one which had to be defined for this program 
(see Figure 51). Construction of the baseline was chosen to be 
the same as the F-lll except that two additional «Pa« were 
required to accommodate the increased chord while maintaining 
sSn stress levels similar to those on the F-lll. The baseline 
meets the requirements of MIL-A-83444, MIL-A-8866, and 

MIL-STD-1530. 

4.2 DESIGN LOADS 

Preliminary external loadings were used to make an i^ial 
sizing of the baseline wing box for purposes of obtaining inertia 

data^calculating preliminary stiffness data "d «f^^rltlan 
finite element model. These data were utilized for the preparation 
of the "DS Loads Data for the Variable Camber Supercritical 
Wing Program," FZM-12-6466 (see Appendix A). 

i 
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External loads from FZM-12-6466 were then applied to the 
finite element model to obtain internal loads for sizing Analytical 
Assemblies and Preliminary Designs of full span wing boxes. 
Samples of these internal loads are illustrated in Figure 52 thru 
Figure 54. 

Fuel pressure loadings were computed using the roll rates of 
the F-lll with the load factors of this study and 6.0 psi constant 
system pressure.  The resulting pressures are shown in Figure 55. 

4.3  STRESS ANALYSIS AT THE ANALYTICAL ASSEMBLY LEVEL 

The first evaluations for this program were made at the level 
of "Analytical Assemblies", as first used in Contract F33615-72-C- 
2149:  These being 48.0 inch span length boxes of full wing-box 
chord and of constant cross section, sized in complete detail. 

All sizing was made using internal loads data obtained from 
the baseline finite element model and fatigue and damage tolerance 
designs allowables shown in Figures 56 thru 64.  These design 
allowables were converted to equivalent static ultimate design 
stresses by multiplying them by the ratio of the maximum static 
ultimate root bending moment to the maximum root moment in the 
cyclic loading spectrum, but limited by the static tension 
strength of the material.  These data are summarized in Table VIII 
for the Analytical Assemblies at span station 140. 

Analytical Assemblies at span station 140 were given "Fail 
Safe" and "Safe Crack" ratings which are illustrated in Tables IX 
and X.    The rating procedures are the same as those used during 
Contracts F33615-72-C-2149 and F33615-74-C-3026: Fail safe scores 
were given to concepts which are capable of resisting at least 
115% of limit load with one major load path, such as a spar cap, 
failed; and the concepts wiLn more elements at a spar cap were 
given higher scores.  Safe crack scores were awarded proportionally 
to the safety factor between fracture design allowable stress and 
maximum static design tension stress. 

The graphite epoxy Analytical Assemblies were rated with the 
maximum score of eight percent for Safe Crack. 
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FIGURE 57    Fracture Design Allowable Curve - Wing Box 
Lower Surface (2024-T851 Aluminum Corner Flaw) 

105 

\ 

— —— , 
. -w ———■— ►—..«—-— 



MS)i   ssauis wmaoads 'xvw ii 

CO 

O   fe 
03 

(1) 
öO O 
C   CO 

QJ e 
>  3 
^ c 
u § 
<U   rH 

^^ 
$ m 
o oo 

iH  H 
-I   I 
< <t- 

CN 
C O 
öO (N 

•r-l   V-' 
CO 
(U   0) 
Q   ü 

CO 
(1) U-l 
u u 
3   D 

4-1  CO 
u 

ft. -3 

00 
u-l 

W S 5 o 
M 
fit 

106 

MWHH^i  *mm —»"■r* 



[S5i 'ssgyis wnMoaas •xvw 

> 
CO 
r-l 
^ 
4) 
O 
CO 

IM 
VJ 
3 

X C/1 
o 

CQ S 

SO c 
C •r^ 

•r-l Q 
3 P 

r-l 
i < 
0) r-^ 
> 00 
U H 
3 1 
U vt 

CVJ 
0) O 

r-l <N 
-Q 
CO -a 
:* (U 
0 4J 
H a 
r-< c 
< •H 

c S 
MHJ 

•rl v_x 
(0 
01 0) 
Q o 

CO 
a) 1W 
Ui u 
3 3 u w 
u 
to 
^1 ^ 
fe ►J 

ON 
in 

w 
S 
o 
M 
h4 

107 



a/2c - 0.5 

52 
(0 
w 
Qi 
U 
u 
CO 

u 
o 
0) a 

ifiTiniiIli 
NOTE:    MAX.   SPECTRUM BM @ PIVOT = 16.42 X 10b IN.-LBS. 

 |I|||||||||||||||||||||||||||||||||||||||W 
.06 .10 .14 .18 .22 .26 .30 .34 

Initial Flaw Length, 2C0, In. 

FIGURE 60   Fracture Design Allowable Curve - Wing Box 
Lwr Spar Cap (2024-T8511 Aluminum Surface Flaw) 
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FIGURE 61  Fracture Design Allowable Curve - Wing Pivot Fitting 
(Ti-6AL-4V Surface Flaw) 
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4.4 STRESS ANALYSIS OF FULL SPAN WING BOXES 

The full span wing box preliminary designs (see Figures 65 
thru 67)  have been analyzed in two portions each with an arbitrary 
line of demarcation at span station 1Ü0, for the metal designs; 
and at span station 107 for the composite design.  The demarcation 
line permits examination of features associated with splicing, or 
attaching the wing to the fuselage.  It also permits evaluation 
of the various wing box concepts without the accommodations 
required for attachment to the fuselage. 

Sizing of the structural members was done using internal 
loads from the finite element model of the baseline, fatigue and 
damage tolerance design allowable stresses and fuel pressures as 
described for the Analytical Assembly phase. 

Finite element models of the Preliminary Design wings were 
made to demonstrate the member stress levels, to examine the 
deformations of the boxes and to obtain the modes of vibration 
for the various designs, including the baseline, updated for 
fatigue and damage tolerance allowables. Figures 68 and 69 
illustrate the stress distributions. 

4.5  PIVOT FITTING STRESS ANALYSIS 

The desirability of a fail-safe multi-loadpath wing pivot 
fitting, for possible weight and cost reduction, prompted evalu- 
ation of a three path fitting:  One path in the continuous lami- 
nated aluminum skin and two additional paths through steel plates. 
This concept was modeled mathematically and is illustrated in 
Figures  70 thru 72.  Figures 73 and 74 show the pivot 
fitting arrangements for preliminary design drawirogs 633RW001 
and 633RW002. 

A three path fitting was also used with the graphite-epoxy 
wing, as shown in Preliminary Design drawing 633RW003, and 
illustrated by Figure 75. In this case two Titanium tapered 
plates supplement the continuous composite skin. 

Two concepts were evaluated for reacting wing torque at the 
attachment to the fuselage. The first concept as illustrated by 
Figures 72 and 73 maintains a closed torque box up to the center 
of the pivot lugs. A second concept terminates the wing torque 

116 



^^^^^z 

U 
cd 
a 

en 

0) 

fa 

117 

i 
i --»- 



w 
u 
CO 
CL 

01 

c 
Ü 

I 
•rl 

118 

^■»f^iwi pyini "WüiiB—gi ^^-^^ 



X) 
-J 

•O 
T3 
0) 

JO 

a 
CO 

o 

00 

(1) o 
4J 
'rtr-i 

CO 

l^ 

a 
w 

8 
•t-t 

I 
•i-l 

119 

n ^ ii II  -M HI M^wp^i 



CO 
a 
CO 

£ 

w 
Q 

U 

I 

o 
o 

en 
en 
vO 

t- 

u 
r 

2 

13 
0) 
-a 
0) 

in 
U 
CO 
a 

o 
CQ 

00/-s 
C CM 

•H 

o 
0) 
4J (N 
•H 
(0 -U 
O   0) 
a a> 

CO 

g 
a 
w 

4J 

CO 

o 

t 

0) 

120 

~    ' '     "' |. H'l-m«.! "w 



mm 
■ 

p M. 
r ... 

u. M, M. «. M. M. 
■■- 

!•. 1*1 if J,~ 4.~] 
M. H, »«. It. «1. 11. B. 14, t. «, J. 

M W. *J. U. *i. it. «1. 11. 1% 1. *. 

Mi M. K. «. - 
W. 

- 
H. - 

U. - 
w. Uk   1 

Figure 68   Lower Surface of Metal Y Box Finite Element 
Model with Condition 1 (KSI, Ultimate) 

121 

V 

■».  -■!.■■■«»,■  „  :l??.,. 



mm 

4«, 4», 
—♦r."— 

41. 
4«. 

4J. "^ 

44.^ 41. 

•41. 
4t. 4.1. 

■«l.~ 
_   4j: 

■«." 4«. "1 —n— 4. ~ . 4. **) 
•1 i. 

■11. 

4i. 

«J. 

4*. 
4». 
44i 

41. 
4>. 
41. 

4J. 
4». 
4». 

41. 
4!. 
4«. 

44. 
41. 
■il. 

' -rtj  

«i 

IF- E^fe 
r  *>— 

■M. -4«. 

4». 

4«. 

4). 

4«, 

•4«. 

44, 

41. 

4«. 

4». 
4i, 

tit 
<ai, 

-11. 
-1». 4. _        4. 

•MHI»«!. »T«1« < 

Figure 69  Upper Surface of Metal Y Box Finite Element 
Model with Condition 4 (KSI, Ultimate) 

122 

-,»-r«r -v- .. 



•»miVl IT«»» » 

Figure 70   Failsafe Pivot Inner Steel Element 
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Figure 71   Failsafe Pivot Outer Steel Element 
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Figure 72   Failsafe Pivot Aluminum Element 
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box outboard of the pivot as illustrated in Figure 76.   This 
second concept permits improved accessibility to the area of the 
lugs, but it produces additional bending in the upper and lower 
skins in the vicinity of the pivot fitting. 

The weights of these lugs are shown in combination with wing 
boxes in Table XI.  One of these combinations, the composite 
wing box and the continuous torque box metallic pivot fittings, 
has not been explored fully.  This combination represents a goal 
which should be achievable, but whose details are not essential to 
the study at this stage. 

4.6  FLUTTER ANALYSIS 

Flutter checks were made of the baseline wing box, the 
graphite-epoxy wing box and the Y-spar advanced metallic wing box. 
Results of these checks are sumnarized in Table XII and they indi- 
cate satisfactory flutter characteristics on the basis of having 
more than twenty percent speed margin above .90M at sea level with 
the wings swept fully forward. 

The normal modes of vibration were obtained for each design 
by means of the program (UGO) used for mathematically modelling 
each design; and with the final mass distribution of the wing box 
and concentrated masses representing the leading and trailing edge. 

Flutter speed solutions were obtained using procedure AA8 
which uses the normal modes expressed as generalized mass coordi- 
nates and aerodynamic force coordinates computed using the Kernel 
function method. 

The Kernel function relates pressure at specific points on 
the airfoil as functions of "downwash". The "downwash" is a 
function of the model deflections and is also related to  the free 
stream flow normal to the chord plane. 

Integration of these data over the airfoil forms a pressure 
distribution, or aerodynamic force coordinates, for each deflec- 
tion mode, for use in the solution procedure, and each solution 
yields a value of frequency and the damping required to maintain 
neutral stability. 

Plots of damping versus velocity provide the means to pre- 
dict a critical velocity or flutter speed with respect to the 
minimum damping criteria.  These plots are illustrated in Figures 
77  through 79. 
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Figure  77  ATW-4 Composife Wing Mach No. 0.9 Seal Level 
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Figure  78  ATW-4 Advanced Metallic Wing Mach No. 0.9 Sea 
Level 
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Figure 79   ATW-4 Baseline Wing Mach No. 0.9 Sea Level 
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4.7  "FAIL SAFE" AND "SAFE CRACK" 
SCORES FOR FULL SPAN WINGS 

"Fail Safe" and "Safe Crack" scoring of the preliminary 
designs was made using the same procedure that was used for the 
"Analytical Assemblies" and the results are shown in Tables XIII 
and XIV. 
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S E C T I 0 N V 

FATIGUE  ANALYSTS   0 K 
ADVANCED  TRANSONIC  WIN C (A T W ) 

i. 
2. 

3. 

Fatigue analyses have been performed to demonstrate analyti- 
cal compliance of the three preliminary wing designs with the 
baseline fatigue requirements.  The following discussions provide 
a summary of fatigue analysis procedures and results. 

5.1  FATIGUE CRITERIA & PROCEDURES 

The fatigue life requirements used for this contract are 
identical to those of the baseline and are summarized below: 

The structural service life shall be 1280 flights. 
The fatigue design lite shall be the structural service 
life times a scatter factor of 4. 
The AFFDL furnished General Dynamics with an analytical 
fatigue loads spectrum of B-l wing pivot bending moments. 
This B-l wing pivot bending moment spectrum was adjusted 
to yield wing pivot bending moments compatible with the 
ATW-4 wing geometry and configurations as discussed in 
paragraph 4.0 of FZM-12-6466. The analytical fatigue 
loads spectrum for the ATW-4 wing box is shown in Table 
XV and Figure 80.  The analytical design sections were 
selected at a wing chord plane perpendicular to the load 
reference axis (LRA) as shown in Figure 80.  Hence, the 
wing pivot bending moment spectrum was adjusted by the 
appropriate factors for each mission segment to yield the 
wing bending moment spectrum 68" outboard of the wing 
pivot for the fatigue analyses. These factors are pre- 
sented in Table XV under the column heading BMp/BMCeS"). 

The fatigue loads spectrum in Table XV was range pair cyclic 
counted using computerized procedures developed for the AMAVS pro- 
gram (Contract No. F33615-73-C-3001).  The wing pivot bending mom- 
ent was used for all analyses. 

The safe-life concept was used as the primary means of satis- 
fying the fatigue life requirements.  The fatigue analyses were 
generally done according to the following procedure: 

1. Fatigue control points were selected. 
2. Control point unit stresses (stress per unit of 

load) were established. 
3. Fatigue test (S-N) data were selected for each control 

point for the appropriate material and stress concentra- 
tion (Kf) . 

4. A fatigue stress spectrum was established for each con- 
trol point by combining the repeated loads and occur- 
rences with the unit stress data. 

143 



1 

•"^ -'. 
en o 
i.i f- ^ 

J tn 
u en 
>■ ^-4 

u £ 

HO     • 

^ >: 

H o 
O r-4    X 
> K   < 
M a. s 

o  O (N  CN* 

O  O  O  dC 

Id -J 

[/I < 

i? 

a- ■ fc 5 c r 
n «-i lj 

CN vO no vT 
>£i cr* IA o 

l/'l lJ^ l/^ <t 

iA IA m <i 

sC O (?> OD u-i QO r^- 

u~i m >—* oo 
rsj ao C^J ^o in 00 *A 

O O O 
*£) sO m 

O  --^ O (N  00 <^ 00 

o o u-i m o in IA 

r^ vD O ^ '-, ■*) Csl 
.-n in IA ,t ^ i ^ -^ 

C. in O O iA O IA 

^  -.t   ^   <T> vD  ^}  vO 
iA sO  iA  ■£)  vt  iA <I 

r»  tA iA fA  CT^  r-   fA 

r^ <f IA ^-t esj   i 

CJ r-^ >X) n r- <-< ^0 
^r 00 tN oo ■-* ^3 

ti. 
U. 
O 

o < 

r>* iA <J   »A 'T f     CO 

>:  H S 
M ^J ^ U, 

(^ o r- rj f i <t ir\ 

i 1^. —• tN ^-* C 

o co r^ r~ u"i -* <*■> 

<N  O  iA ^-(  -H  ^J  <t 

oo no <t oo oo <r as 
^ CN m       ^-«i 

f^.   »-4   »-*  *£)••-«   vß   \£> 

<t   "^  lO CO CM  00  CT^ 
v£> iA ^t  <j  m CN  ^-i 

r^ oo 

:A  »£)  -J 

o -* 
d d ■ 

O   ON 

8 

H       3 
3   3 

^1 

cno^O'-'rin-j-tA   PI 
,-< .-i IN Ai <N (N CN n rj CN 

_. a c 
Ai N  •' 

i ^j r-j (y> oo -t 

oo o IA r- A. oo 

(A rH ^-i o o o 

^ f^  vO  CT^  ■-«   '-< 

r*. ^ f^ T- f^i ^c 
vj »A m CA <r <t 

oo r- o ^D <r o 

vo iA r-» O r^ rA 
r- sO ^O vD iA tA 

<f    IA 

o 
v£>  IA 

H Ul 
0 ^•. 

Id D 
X ^-^ u 

Ba K-« 

_J 
M 

li. 

>-. llj :.) UJ 
a. ^ (/) 
(r. H 
-.J < 
J A« 
( >H ZJ 
>■ .'. 
I I iM 

«O O h- 

rr. LJ 
-t o >", 
>T .-. >-< ;« 
f. Q 
J) V. c>n 

111 
X 

r^t J: 
H CJ 

*3 * l^^ 
>; + 

Q H ■—■ 

w 

H >: 

V) 
CO Q^* 
10 <X 
J o< 
U J >.      M 

^1 CJ ci 

en 
ui 

O 
O > <   >-. o a. 

u 
3.   K« 
P   3 

OS', tx, 
UJ < >-" o 
J o 
CO  ,.4 t/J 03 
<        M 'i H « O 

UJ H 

tn x. o 
in < i. 

o — 
•s. 
tl 
o 
o- Ul 
o L.J 

11 

o 
i-. 

UI       H   S5 

O   •■ ' J 
O Q " 00 

NO 

'•n "' , i 

,—' 
X UJ 'X 
H JH 03 

-4 (N r i ,7 

144 



ANALYTICAL 
DESIGN SECTION 
AT 68" O/B 
OF PIVOT 

\ PIVOT 
B.L. 70.3 

A/P 

F.S. 419 

TIP 
B.L. 475 

Notes: 
1. LRA = Load Reference Axis 
2. Wing Bending Moment is in the Load Reference 

Axis System. 

FIGURE 80     Baseline Wing Geometry 
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5.        The   fatigue  damage  calculations were made   for 
the  stress  spectrum of  (A)  using  the S-N data 
selected  in   (3)  and using Miner's  cumulative 
damage   rule which  is 2(n/N)=1.0 at   failure. 

Flexibility  and  rapid determination  of   fatigue  damage was   ac- 
complished   for  this  program by expanding  the  above  procedure  on   a 
parametric   basis  as   shown  schematically  in  the   figure  belnw. 

For a particular 
o    Material 
o    Load/Stress  Spectrum 

(A 
VI 

u 
u 
m 

E 
3 
u 
•u 
u 
ai 
a 
w 

ca 

A 

B 

C 

D 

0.25 

Fatigue Damage,  2(n/N) 

The approach in the above figure was used to compile a li- 
brary of fatigue data which reflected the applicable material and 
stress level.  The data in the above figure was then cross plotted 
at 2^/^0.25 to produce fatigue damage data as shown schematically 
in Figure 151.  The fatigue damage for an intermediate KT value can 
be readily determined from Figure 81. 

i) 
v> 
01 
u 

C/5 

I 
V. 

o 
8L 

i 

Allowable Curve 
for one life 
(includes S.F. - 4) 

Figure 81  Fatigue 
Damage Data Schematic 

Stress Concentration 
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Fatigue S-N data curves were adjusted to account for the re- 
duction in Catigue strength due to elevated temperatures which 
occur in certain usage segments.  The operating temperatures were 
not available for the various mission segments in the fatigue 
spectrum.  Therefore, an arbitrary 5 per cent reduction in all 
fatigue S-N data was assumed to apply to all the control points. 

The fatigue design allowable curves introduced in this sec- 
tion essentially indicate the interacting relationships between 
stress, stress concentration factor (Kx), and fatigue life for the 
baseline fatigue loads spectrum.  These curves were developed con- 
sidering each of the materials utilized in the design of the wn g 
lower surface.  The fatigue allowable curves are presented in 

Appendix (B). 

5.2 PRELIMINARY DESIGN FATIGUE ANALYSIS 

Fatigue design allowable stresses were determined for each 
fatigue control point in the three preliminary wing box designs 
and in the baseline wing box.  These allowable stresses are the 
maximum allowable spectrum stress based on the calculated KT of 
each control point and are suimnarized in Table XVI.  As previously 
stated Miner's Rule was used in the fatigue analyses for develop- 
ing the fatigue design allowable curves.  Each of the designs were 
sized to meet or exceed the fatigue requirements summarized in 
Daraeraph 5.1.  For the slow crack growth structure the final 
allowable design stress was generally based on the damage toler- 
ance requirements of Section VI whereas the final allowable design 
stress for the multiple load path-fail safe structure was gener- 
ally based on the fatigue requirements. 

Figures 82 through 87 show the general location of the se- 
lected control points.  Table XVI indicates the KT used for 
design and the net section max allowable spectrum stress at each 
control point.  The max spectrum wing pivot bending moment is 
16.42 x 106 in.-lbs. The max design limit wing pivot bending 
moment is 18.3 x 106 in.-lbs. 

The selected control points are located in the wing lower 
surface of each design because the lower surface has primarily 
tension loads. The upper surface is primarily loaded in compres- 
sion or some small tension loads; consequently, the upper surface 
has been statically designed primarily for compression buckling 

requirements. 

The selection of control noints was based on a review of the 
stresses and a review of the final preliminary design drawings to 
to locate areas of known or potential stress concentrations. Con- 
trol point locations other than those documented in this section 
would probably require evaluation during a detail design effort. 
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Stress concentrations (Kx) were determined using the guide- 
lines discussed in paragraph 5.2.2. The best way to evaluate stress 
concentration effects is by spectrum testing of components or full 
scale hardware.  This type of test establishes a fatigue quality 
parameter, Kf, which reflects fretting, residual stress, fabrica- 
tion, installation quality, etc. that may increase the theoretical 
stress concentration based on the structural geometry at the control 
point.  In lieu of tests results, the K-p's assigned for this pre- 
liminary wing design program are thought to be conservative but 
within the bounds of good engineering judgement. 

5.2.1 Fati'sue S-N Data 

Notched fatigue S-N data was available for 2024-T851 and for 
10 Ni Steel, but no S-N data was available for 2024-T81/-T8511. 
The following table shows a summary of the S-N data used in the 
four ATW-4 wing box designs: 

TABLE XVII  S-N DATA SUMMARY 

Material 

2024-T851 
2024-T81 
2024-T8511 

L: 
10 Ni Steel 
(HY 180) 

S-N Lata Used for Analysis 

2024-T851 Aluminum, 2" PI, Long. Grain, 
KT=2, 3, 4, and 5 available from F-lll 
fatigue programs. 

10 Nickel Steel, 0.5" PI, Longitudinal 
Grain, Kx=1.0, 2.4 and 5 available from 
AMAVS program. 

;    6AL-4V Ti 
(Beta Annealed) 

6AL-4V Titanium  (Beta Annealed),   0.59" PI, 
Longitudinal Grain,   Kx"1.0,   2.4,   and 5.0 
available  from AMAVS program. 

5.2.2    Stress  Concentration Factors 

The  prime objectives  of this  program have been cost and weight 
reduction.     The 2024-T81  sheet material is cost effective.     The 
laminated structure allows a considerable weight  reduction.   Except 
for the wing pivot  fitting,  generally the laminates were bonded 
thus eliminating the need  for bolts  thru the  lower surface of the 
wing box.     Consequently,   there are no stress concentrations  for 
bolt holes  in most of the  lower wing surface.   However, in the base- 
line wing box  structure of F-lll construction, bolts were used to 
attach the wing skins to the  spars and to the wing pivot  fitting. 
These bolts caused stress concentrations resulting in lowering the 
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allowable fatigue stress. Also, the wing lower surface fuel pump 
cutout was eliminated thus removing another area of stress concen- 
tration.  Both bolted and laminated types of construction were 
used and evaluated during this preliminary design program. 

Stress concentration factors for bolted load transfer joints 
were calculated usir^g a procedure taken from Metal Fatigue by 
Sines and Waisman.  This procedure accounts for ehe AKx resulting 
from loaded fasteners as shown in Figure 88. 

Using Sines and Waisman's technique, a KT of 2.9 was calcul- 
ated with the following formula for the stress concentration at a 
taper-lok in the baseline wing box lower surface skin. 

KT = K'  + .75 U^ 1 T      \f ten/ 

KT = 1.9 + .75(||) 

KT = 2.9 

The K T - 1.9 is based on F-lll fatigue developmental tests for an 
unloaded taper-lok bolt. However for the baseline wing tox lower 
surface skin, a Kj of 3.2 was used based on a F-lll fatigue test 
failure. 

A KT of 3.2 was also used for the stress concentration at a 
taper-lok hole in the splice of the wing box lower surface to the 
wing pivot fitting lower surface. This K? was chosen because a 
KT of 3.2 was calculated from the F-lll fatigue test failure at a 
taper-lok hole in a splice at this same area of the wing and with 
similar geometry. 

" 

A Kj of 4.5 was used for the wing pivot fitting lower lug 
based on a 3/8 scale spectrum loaded fatigue test specimen of 
similar geometry evaluated during the F-lll fatigue development 
test program. 

For the splicing of the lower spar cap to the center spar web 
of the laminated structure, a Kx of 3.5 was used. This was calcul- 
ated by using the Sines and Waisman's technique and by using Stress 
Concentration Design Factors by R. E. Peterson. 

Wing designs other than the baseline and the Graphite-Epoxy 
(Gr/Ep) composite designs use taper-lok bolts in the wing pivot 
attachment. These taper-lok bolts cause local stress concentra- 
tions at the holes. The Sines and Waisman"s technical and Stress Con- 
centration Design Factors by R. E. Peterson were used to determine 
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structure' TT^T^T  f ^f86^0^ holes ^ the laminated structure.  A KT of 3.7 was calculated for a hole In the aliiminnm 
portion of the structure.  A KT of 4.8 was calculated for a^r 
in thp steel portion of the structure. 

1« ,-h!he-Gr/E^ comPosite ^"8 design used two plies of 6AL-4V Ti 
in the wing pivot attachment. The two plies of titanium are 
bolted and adhesively bonded to the Gr/Ep composite  ™ese 

holL18 V^1* h0ltS  CaUSe l0Cal Stress concentrations at the bolt holes. A stress concentration factor of ? A 4« I-I,- ......      c 

detenBlned by using the Slnea^d^L^n^ectol^ STlTr™ 

stress in the titanium was detennlned to be relatively low re- 
sulting in a small  KT. Thus the KT of 2.4 was determl™L rm 

sequently. taper-lok bolts „ere deemld not necessa" ™ r-düee ^ 
stress concentration. y        r-auce the 

Generally the Gr/Ep composite is not fatigue and fracture 
critical when good engineering design is practiced- therefore no 
fatigue and fracture allowables were developed for'this mfterial 
for the preliminary wing design. material 
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SECTION  VI 

A D V A N 
DAMAGE 

C E D  T R A 
TOLERANCE  0 

NSONIC  WING 
F 
(A T W - 4) 

I 

I 
i 

Fracture mechanics was utilized throughout this program as 
the primary technology in providing damage tolerant design.  Frac- 
ture analyses were performed for the purposes of (1) developing 
fracture design allowable data and (2) verifying that the final 
selected designs meet the specified damage tolerance criteria. 
The detail damage tolerance requirements utilized for this program 
are spacified in MIL-A-83444. 

6.1 DAMAGE TOLERANCE CRITERIA 

Damage tolerance requirements are specified in MIL-A-83444 
for slow crack growth structure (monolithic structure) and two 
i.ypes of fail safe structure. In this program the structure was 
classified as slow crack growth or multiple load path-fail safe 
structure.  Tnese requirements basically specify initial flaw 
sizes, residual strength loads, and flaw growth limits. A non- 
mspectable category was chosen as  the basis for sizing the wing 
box structure.  One design service life is 1280 flights. 

6.2 DAMAGE TOLERANCE EVALUATION 

Fracture design allowable curves were initially prepared for 
surface flaws and bolt hole flaws in the materials considered for 
design to aid in the sizing of structural parts. The emphasis was 
on those readily available materials which would be most cost 
effective and which possess relatively good fracture properties. 

Preliminary analyses were prepared for the wing box lower sui> 
face parts which appear to be fracture critical. For example 
fracture critical parts are those whose failure would cause loss 
of the aircraft or severe operating penalties. Analyses were also 
prepared for points in the wing pivot attachment area for both the 
baseline structure and a viable alternate for the baseline wing 
pivot attachment area.  This analysis reflects the preliminary 
part thicknesses, fastener sizes, and stress levels. Maximum 
principle stresses were calculated for areas of biaxial loading. 

The cyclic loads spectra used for crack propagation analyses 
was identical to that used in the fatigue analyses. This spectrum 
is shown in Table XV.  Flaw growth was calculated in 10 flight 
block increments. Loads experienced once per 10 flights or once 
per 100 flights were applied in the proper sequence. 
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6.2.1 Fracture Design Allowables 

Fracture design allowable curves are included in Appendix (C) 
and were developed for each material and flaw type as shown sche- 
matically in Figure 89.  The following four steps are a detailed 
explanation of the analytical technique used to develop the frac- 
ture design allowable stress. 

1. For an anticipated flaw type and thickness, crack growth 
analyses were performed to establish a series of crack 
growth curves representing a range of stress levels. 

2. From step 1 the maximum initial flaw size was determined 
which would permit one interval of growth (one or two 
lifetimes) as a function of maximum stress in the spec- 
trum. The interval of growth selected was a function of 
the specified period of unrepaired service usage for the 
applicable degree of inspectability. The specified 
period of unrepaired service usage for the noninspectable 
multiple load path-fail safe structure is one design life- 
time. The specified period of unrepaired service usage— 
for the noninspectable slow crack growth structure is two 
design service lives.   

The allowable spectrum stress was plotted as a function 
of initial flaw size. 

The allowaUe spectrum stress level was determined from 
step 3 in accordance with the initial flaw size and per- 
iod of unrepaired service usage requirements specified 
in MIL-A-83444. 

Procedures and assumptions used in the fracture analysis 
effort are discussed in paragraphs 6.2.2 through 6.2.4. The basic 
fracture data utilized fo • analysis are discussed in paragraph 

3. 

4. 

6.2.2 Flaw Growth Model 

The basic flaw growth model used for fracture analysis is 
described as follows: 

N 
an - a0 + 2  (c )  (da/dN) - f(AK)       where 

n-1 

an - Crack length after "n" load applications 
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a0 = Initial crack length 

on Cp ' ornTgro«haCtl0n Parameter that reflects "carda" 

da/dN = Rate of crack growth 

AK - Range of stress intensity during a load cycle 

The spectrum retardation parameter    r      i0  f-K« K„„-     ü 
Wheeler model developed for use du^in^^^; i ?i  » S1S  f 0r the 

6.2.3    Stress Intensity and Flaw Growth 

tlon afthe'edgeVSfhMf^V" ^"^ SMSS —-tra- 
fastener sysc«      In Che GJ? ^e?0 ^ aCC0Unt f0r effacts of Che 

stress cOTcStl;,,^      SI WaS ?ade t0 handle the cases iS?» 
(M0S)Sexc3r^teriar;i:idhs%rSslmUmThr:aT ^ T"""8 StreSS 
Figure  90)    was  th^n rL«     ? stress.    The maximum value of GKT (see 
nifion is ba^ed ^ thf 5 ?S th! ratio &•*****>-    This defi- 
yield stren^h n^^h      reasfning that peak stresses are limited to 
yield strength of the material because of plastic flow. 

part-throu^^T1"^6 Wa8 a88umed for analyses involving 
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2. 

soMe„hat  Uss computer llflZ.  ^^1111 an"""."  lnVOlVeS 

6.2.4 Initial Flaw Sizes 

MIL-A^lf ^o/iM Si2ef.and typ?« a" given specifically in 

tur^  TK- i ii  f asfumed to be In-Service Non-inspectable Struc- 
ture.  The followmg is a brief summary of the initial Jl a« Jl 
and types for noninspectable structured       lnltial flaw sizes 

1.  Slow crack growth (monolithic) structure 

(a) nl\nitial Crrk len8th' 2cO' for a ^rface 
flaw is assumed to be 0.25 inches in length. 

(b) hnL1-1"131 Crrk len8t:h' cO'    a cracked 
hole is assumed to be 0.05 inches in length. 

Multiple load path-fail safe structure 

(a) nL1?1'"1 CrTk  len8th' 2co. £or  a surface 
flaw is assumed to be 0.10 inches in length. 

Cb) hoi/?1"31 "^ len8t:h' C0' «or a cracked 
hole is assumed to be 0.02 inches in length. 

6.2.5 Material Fracture Data 

1. Fracture Toughness - KIC, Kc, KISCC 

2. Crack Growth Data - da/dN, da/dt 

materiair«!?J^ f,? liminary analyses because the metallic 
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Max. 1-fi Sustained Tensile Stress 
Max. Operating Tensile Stress O ISCC KlC 

However, additional data must be developed before ascertaining 
the importance of sustained load crack growth on the Graphite- 
Epoxy (Gr/Ep) composite materials. 

The following is a summary of thi  fracture toughness data 
assumed for the preliminary design analyses: 

Material Kic, ksi (in )* Kc, ksi (in.)^ 

35.4 2024-T851 Alum. 22.2 

2024-T81 Alum. 

* 

60 60 for 1 ply 
170 for 4 ply 

35.4 

160 

193 

2024-T8511 Alum. 

10 Nickel Steel 

22.2 

160 

6AL-4V Titanium 
(Beta Annealed) 

80 

The toughness values shown in this summary represent values in the 
L-T direction.  All values are typical of the raw stock sizes for 
the forms specified for the more critical parts evaluated such as 
the wing box lower surface. 

Flaw propagation data (da/dN) used for the analyses is sum- 
marized in Table XVIII. When flaw growth data was not available for 
the desired material thickness, the growth data from a thicker 
part of the same type material was used for a conservative analy- 
sis.  In Research Report ERR-FW-1584, flaw growth data is available 
from small test specimens of 4 ply bonded laminates made from 
2024-T81 aluminum.  Where applicable the decrease in flaw growth 
rate due to the bond lines in laminated panels was used to greatly 
increase the allowable fracture stress.  Figure 91 shows a plot 
comparing flaw growth data for 1, 2, 3, and 4 ply bonded laminates 
of 2024-T81 aluminum.  Figure 92 compares the fracture design 
allowables stress for sheet, plate, and 4 ply bonded laminates 
made from r.024 aluminum.  Figure 93 compares the structural life 
of 2024 aluminum sheet, plate, and 4 ply bonded laminates. 
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6.2.6 Residual Strength Load Determination 

«•^/.A ^ resldual strength load requirement specified in MIL-A- 
83444 for nonmspectable structure is denoted as PLT, which is the 
maximum one time load occurring in 20 lifetimes as determined from 
average load exceedance data. u«rniinea rrom 

Wing pivot bending moment cumulative exceedance plots were 
construct, d from the fatigue loads spectra data shown in Table XV 
and documented in FZM.12-6466.  The exceedance plot was increased 
fied lnC£?L °f 20 to develop exceedances for 20 lifetimes as speci- 
fied m MIL-A-83444 for non-inspectable structure.  The two points 
on the plot for the two largest wing pivot bending moments were 
used to make a straight line extrapolation of the plot to the one 
time occurrence level.  This exceedance plot is shown in Figure 
tut'     """V  extrapolated data for the 20 lifetime occurrences 
the residual strength load requirement, PLT. is 23.5 X 10* in tbs 
of wing pivot net bending moment.  The design limit wing pi^ net" 
bending moment is 18.3 X 10* m.-lbs. MIL-A.83444 statL that if 
PLT IS greater than the design limit load for one lifetime, then 
the residual strength load nee* not be greater than 1.2 titles the 
maximum operating load for one design lifetime. Therefore PLT 

-^Q fis'y fnl"11"^1131^68 Was ^"»ined to be 1.2 (16.4 X 1&) 
21 S x in6    ?:  !' 0f Win8 net bendin8 moment  instead of the 
^J.5 X loo in.-lbs. determined from the exceedance plot. 

6.2.7 Preliminary Wing Design Analysis 

Preliminary fracture analyses sufficient to evaluate the base- 
line wing box, two metallic wing boxes, and one composite wing 
box are presented in this section.  All four wing boxes were de- 
signed to conform to the MIL.A-83444 damage tolerance requirements 
for in-service non-inspectable structure.  Even though some of the 

thl^rV8 insPefable. ^  ^e analyses were accompl shed as if 
the structure was In-Service Non-inspectable Structure.  For each 

tru. LnUfy8eS the fraC^re allowable ^ress for the maximum spec- 
trum bending moment was developed to conform to the residual 
strength requirement specified in MIL-A-83444.  The four wine box 
designs are the baseline box and the final three configurations 

at vC h' :CC°rdin8 t0 ****  rankin8 in the Preceding tfsk.  Gener- 
ally the analyses are of the wing box lower surface. 
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6.2.7.1 Baseline Wing Box (633-RW000) 

The baseline wing box. 633-RW000, shown in Figures 95 and 96 
was classified as monolithic structure because the whole lower sur- 
face skm is one piece construction in the chordwisfdirectlon 
Failure of the wing lower surface skin would cause loss of the'air- 
craft. Consequently, this lower skin was required to sustain twi 
design service lives without the specified initial  fLw sizes 

b th1« "f "i^1 CuraCk  Si2e- Corner flaws ***  surface flaws were both analyzed for the lower surface of the baseline wing box 

6'2'7'2    (633-RW0Qnth I'amlnat:ed S1Hn ^nd ExDOsed §£££ 0^ 

«n« Ih! AJ1?:4 ^ng b0X desi8n ^^ the laminated lower surface 
skin and with the exposed lower spar caps as shown in Figure 97 
and 98 was classified as multiple load path-fail safe structure 

olv'a^h68 V31"*111^ WaS prOVided in ^ design by ending each Ply at the adjacent spar; hence, a chordwise crack in a ply woulS 
^PMf?^8?'6 lnt? 0r paSt the  adJa"nt ply or spar during the 
Hint .      inspection inter-val because of the inability o? the 
crack to propagate through the bonding material. For a similar 

^Hine* iT^Z^ ^ ^'^^ ^ relive 

lowe/sDar^aof^hfi^? laminfted Win8 loWer surface *** exposed lower spar caps,   the laminated lower wing surface panels were 
treated as multiple load path structures! i.e.,  each ply was con- 
sidered a load path within the laminated panel    and each ply was 

?hen the'c^tica'l^l1181118 ^^ techni^e8 "ther than fas't^rs. 
^ich^ SStirÄT^S^accordin8 to the followin8 criteria 

1. A crack was allowed to propagate for one design lifetime 
trom a specified initial surface flaw. During the crack 

^Ädf" ^ lifetline' a11 the Plies «e'ass^f 

t^^ ££ i^ff^6 0f S***'   the  "^"d residual load 
(PLT) was applied to this ply without causing the crack 
to propagate to critical crack length for this ply. 
During the application of the required residual load, 
this cracked ply is assumed to liave been delaminated from 
the remaining structure. 

lowerWSDaracaosi8thfLthe-la,ninated ^ l0Wer 8Urface had exP^ed lower spar caps, these spar cap,; were analyzed by using the follow- 
ing procedure to apply the MIL-A-83444 criteria. 

2. 
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1. Crack propagation data for this type of spar cap was 
unavailable because of the stepped forward and aft 
flange of the cap and because of the laminated effect at 
the forward and aft edges of the cap flange.  As shown in 
Figure 91, the laminated structure (bonded plies) has a 
slower crack growth rate than the monolithic structure 
(single ply).  The crack growth rate for this exposed 
spar cap is thought to be between the rate for the lami- 
nated plies and the rate for plate material.  Therefore, 
crack propagation data for the plate material was used 
as a conservative crack propagation rate lor this spar 
cap. 

2. Because the spar cap could fail without loss of the air- 
craft, the spar cap was treated as multiple load path- 
fail safe structure. 

3. Therefore, a specified initial surface flaw was allowed 
to propagate for one lifetime while assuming the cap was 
not bonded to the plies. 

4. After one lifetime of growth, the required residual load 
(PLT) 

was applied to the spar cap without causing the 
crack to propagate to critical crack length. During the 
application of the required residual load, this cracked 
cap was assumed to have been delaminated from the remain- 
ing structure. 

6.2.7.3 Wing Box with Laminated Skin and Imbedded Spar Cap 
(633-RW002) 

Another ATW-4 wing box design has a laminated lower surface 
skin with imbedded lower spar caps as shown in Figure 99 and 
100.  The exterior ply of the lower wing surface is continuous 
from the front spar to the rear spar.  Some of the interior plies 
terminate at the spar caps.  Because loss of the exterior ply 
would result in loss of the aircraft, the exterior ply of this wing 
box design was treated as slow crack growth structure.  This 
exterior ply was sized according to the MIL-A-83444 criteria by 
using the following procedure: 

1. A crack was allowed to grow for two design lifetimes fron 
a specified initial through-the-thickness flaw while 
assuming this ply was bonded to the remaining structure. 
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2. 

2. After two lifetimes of growth, the required residual load 
(PLT) was applied to the cracked ply without causing the 
crack to propagate to critical crack length.  During the 
application of this residual load, this cracked ply was 
assumed to have been delaminated from the remaining s«ttc- 
ture. 

For the wing box design having a laminated lower surface skin 
with imbedded lower spar caps as shown in Figures  99 and 100 no 
fracture analysis of the imbedded spar cap was made because no 
crack growth data was available.  However, a fracture allowable 
stress was determined using the following rationalization: 

1.  No crack growth data was available for a stepped fore and 
aft fUnge of a spar cap. 

No crack growth data was available for a spar cap bonded 
to or in a laminate. 

However, the crack growth rate in an imbedded cap is 
thought to be between the crack growth rate for the ex- 
posed spar cap and the laminated skin panel. 

The imbedded cap and adjacent plies of skin must strain 
at the same rate to remain bonded.  Hence, the allowable 
operating stress is the same in the cap as in the adjac- 
ent plies of skin.  Consequently the fracture allowable 
stress for the cap was assumed to be the same as the frac- 
ture allowable stress for the exterior ply of the skin 
panel. 

Graphite-Epoxy (Gr/Ep) Composite Wing Box (633-RW003) 

The ATW-4 Graphite-Epoxy composite wing box design. 633-RW003. 
as shown in Figure 101 has Gr/Ep skins and imbedded Gr/Ep "Y" 
spars.  The upper wing surface skin is bolted to the spars.  The 
lower wing surface skin is bonded to the precured intermediate 
spars and bolted to the front and rear spars.  Ordinarily the 
bolts are in Nomex buffer strips, whijh have only t 45° plies 
thus reducing the stress concentrations at the bolt hole and pro- 
longing the fatigue life.  However, a small amount of test data 
developed during a current program has indicated the Nomex buffer 
strips are unnecessary for this design because the bolt bearing 
stresses are so small.  To save cost these buffer strips were 
omitted.  This composite design was classified as slow crack 
growth structure because the lower skin is one piece construction 
having no spanwise buffer strips or splices.  An assumption 
has been made that the graphite epoxy wing box will be 

6.2.7.4 
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prevented from absorbing moisture, fuel, and etc. by painting all 
the wing surfaces, installing a fuel bladder inside the wing box, 
and etc.  Thus the Gr/Ep would be kept dry.  Generally a Gr/Ep 
composite exposed to a high humidity or fuel and to an elevated 
temperature greater than 200°F loses much of its strength for 
shear and compression loads but retains most of its strength for 
tension loads.  Usually shear loads and compression loads do not 
cause fatigue or fracture problems.  Dry Gr/Ep composite material 
is very resistant to fatigue and fracture. The static design 
allowable stress was used for the fatigue and fracture design 
allowable stress for three reasons:  (1) the Gr/Ep composite 
would be kept dry, (2) shetr and compression stresses generally 
do not cause fatigue or fracture problems, and (3) dry Gr/Ep com- 
posite structure is generally not fatigue or fracture critical. 
Thus no fracture analysis has been made for the preliminary design 
of the Gr/Ep composite wing box. A detailed fracture analysis 
will be accomplished for this Gr/Ep composite wing box if this 
design is selected for the final ATW-4 wing. 

6.2.7.5 Baseline Wing Pivot Fitting 

The baseline wing design has a wing pivot fitting with simi- 
lar geometry, similar construction, and the same kind of material 
as the F-lll design. The lower surface of the wing pivot fitting 
is classified as slow crack growth structure. An assumption was 
made to use the same fracture allowable stresses for the baseline 
wing pivot fitting as was used for the F-lll wing pivot fitting. 

6-2-7-6 Metallic Wing Pivot Attachment (633-RW001 and 633-RW002) 

The ATW-4 metallic wing designs have a wing pivot attachment 
classified as multiple load path-fail safe structure. The wing 
pivot attachment consists of laminated 2024 aluminum plies bolted 
to two 10 Ni steel plates by using 1" taper-lok bolts as shown in 
Figures 102 and 103.  This wing pivot attachment is fail safe 
because the laminated aluminum plies or one of the steel plates 
can fail without loss of the aircraft. Three control points were 
chosen for fracture analysis. As shown in Figure 102, one con- 
trol point is located at the 1" taper-lok bolt hole in the end of 
the 10 Nickel steel plate that has a shape similar to a boomerang. 
A second control point is located at this same taper-lok bolt hole 
but in one of the aluminum plies instead of the stell plate as 
shown in Figure 103.  The procedure used for analyzing both of 
these control points is as follows: 

1. Assume an initial comer flaw, c0, of 0.02 inch long 
per MIL-A-83444 criteria. 
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If 2. This initial flaw was allowed to propagate for one design 
service life. & 

3. The aluminum laminate was sized such that the crack in 
the cracked ply would not grow to critical crack length 
when the MIL-A-83444 required residual load was applied 
after one design service life. When the residual load 
was applied, the aluminum ply was assumed not to have been 
attached to the remaining structure. 

The 10 Nickel steel plate was sized such that the crack 
in the plate would not propagate to critical crack length 
when the MIL-A-83444 required residual load was applied. 

The third control point is located in the 10 nickel steel por- 
tion of the ATW-4 wing pivot attachment lug as shown in Figure 102 
For this preliminary fracture analysis, the allowable stress for 
the wing pivot lug was assumed to be the same value as was used in 
the 1 taper-lok bolt hole control point in the 10 Nickel steel 
plate as discussed in the first paragraph of this section. A de- 
tailed fracture analysis will be accomplished for this 10 Nickel 

Pteei Ai,r;8,piV0t attachn,ent lug if this design is selected for the 
final ATW-4 wing. 

6.2.7.7 Graphite-Epoxy (GT/ED)  Composite Wing Pivot Attachmen«- 

The ATW-4 Gr/Ep composite wing design has a wing pivot attach- 
ment that is different from the metallic wing designs. The lower 
surface of the wing pivot attachment of the Gr/Ep composite wing 
nas Gr/Ep composite sandwiched between two plies of 6AL-4V Titanium 
(Beta Annealed) as shown in Figure 104.  The outboard portion of 
the titanium is both bolted and adhesively bonded whereas the area 
near the wing pivot pin is only adhesively bonded.  This fracture 
analysis concerns the area of bonded titanium plate without bolts. 
This structure is classified as multiple load path-fail safe struc- 
ture because one ply of 6AL-4V Ti or the Gr/Ep composite could fail 
without loss of the aircraft. A fracture analysis of the titanium 
plate was performed using the following procedure: 

1. Assumed bonding effects were negligible. 

2. Assume an initial surface flaw, 2c0, of 0.10 inch 
long per MIL-A-83444 criteria. 
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3. This initial flaw was allowed to propagate for one 
design service life. 

4. The cracked interior titanium ply was sized such that 
the crack would not grow to critical crack length when 
the MIL-A-83444 required residual load was applied after 
one design service life. 

6.3 DISCUSSION 

Figures 95 through 104 show the flaw growth analyses for 
each assumed failure mode.  These failure modes are part-through, 
through the thickness, and bolt hole flaws as shown on the figures, 
Maximum operating stress (MOS) are indicated and correspond to the 
maximum spectrum wing pivot bending moment of 16.42 X 106 in.-lbs. 

Table XIX presents a summary of the fracture design allow- 
able stresses for the control points in the baseline wing design 
and the preliminary ATW-4 wing designs. 

Appendix C contains the preliminary fracture design allowables 
data for the baseline and the other wing designs. This data is 
presented for surface flavs and comer flaws in each of the designs. 
This data consists of plots of initial flaw length versus the 
maximum spectrum or operating stress for one or two design life- 
times.  The fracture allowable design stress is determined by 
entering the allowable curve at the initial flaw size specified 
in MIL-A-83444 and then reading the maximum spectrum stress for 
the appropriate number of lifetimes.  This data is presented for 
selected control points of surface flaws and corner flaws. 

6.4 CONCLUSION 

The fracture allowable design stresses are much larger for 
the bonded laminated structure than for the monolithic structure. 
As was stated before, all the fracture analyses were done in accord- 
ance with the MIL-A-83444 damage tolerance criteria for In- 
Service Non-Inspectable Structure.  The crack growth is much 
slower for a 4-ply lamination of 2024-T81 sheet material than for 
a single ply of the same material. A comparison of the flaw 
growth data for 1, 2, 3, and 4 ply bonded laminates of 2024-T81 
aluminum is shown in Figure 91.  Where applicable, the decrease 
in flaw growth rate due to the bond lines in laminated panels was 
used to greatly increase the fracture allowable stress values. A 
comparison of fracture design allowable stresses for 2024 aluminum 
sheet, place, and bonded laminate is shown in Figure 92.  For an 
assumed initial flaw size in Figure 91,  the max. fracture 
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allowable operating stress is much larger for the 4-ply bonded 
laminate than for the plate or sheet material.  To further illus- 
trate the advantages of bonded laminates for increasing fracture 
resistance, a comparison of structural life of 2024 aluminum sheet, 
plate, and 4-ply bonded laminate is shown in Figure 93.  For an 
assumed max. operating stress, the sheet and plate material show 
less than ^ design service life whereas the 4-ply bonded laminate 
shows greater than 6 design service lives.  Consequently, the 
bonded laminate designs were controlled by the fatigue requirements 
whereas the monolithic structure design was controlled by the frac- 
ture requirements. 

The Gr/Ep conposite material is fatigue and fracture resistant 
when kept in dry air; therefore, provisions should be incorporated 
in design to prevent moisture absorption during the composite mat- 
erial service life. However, more data is needed to determine th»i 
importance of environmental effects on the Gr/Ep composite. 
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SECTION  VII 

SPAR  LOCATION  SENSITIVITY  STUDIES 

Front and rear spar location sensitivity studies were per- 
formed. The Front Spar was relocated from .150C to .175C and 
.200C, while holding the Rear Spar at .650C; and the Rear Spar 
was relocated from .650C to .700C and .750C, while holding the 
Front Spar at .150C.  Figures 105 thru 108 show these spar 
location changes. 

The studies were performed on the laminated lower skin box 
concept with three extruded "Y" internal spars, using the existing 
finite element model with the necessary spar relocation and the 
material thicknesses unchanged. 

Stresses for the relocated spar case were used to adjust 
thicknesses to restore the stresses to their original values 
and the sum of the effects of thickness change is shown in 
Table XX for each relocation case. Table XX also shows the 
fuel volume changes associated with the spar location changes. 

It has been determined that changing spar locations would 
not re-rank the three preliminary designs. The most significant 
effect of changing the spars is the change in fuel volume. 
Moving the rear spar to .75C will add 1386 pounds of fuel per 
aircraft. 

It is interesting to note that moving the rear spar aft 
increases fuel volume but also increases the box weight. The 
weight increase is due to the fact that aft of .65C the added 
skin material has a reduced centroidal distance and also to the 
fact that the outboard portion of the wing skins is sized by 
fuel pressure.  Extra chord width outboard, then, does not reduce 
skin stresses at all. 
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SECTION  VIII 

VALUE  ENGINEERING 

Throughout this program Value Engineering in consonance with 
grass roots estimating personnel have provided accurate cost data, 
evaluation and trade study inputs to design personnel for each 
concept, at each phase of the program, identifiable by element 
within the concept.  This information was used to identify areas 
requiring additional design and trade study effort as shown in 
Figure 109. 

8.1  COSTING GROUNDRULES 

Costing groundrules were as follows: 

o Estimates to be made for recurring acquisition 
costs 

o Production rate of four ship sets (8 units) 
per month 

o Avr age cummulative costs for 200 ship sets in 
1975 dollars for the analytical assembly concepts 

o For the preliminary design concepts compute 1975 
and 1980 average cummulative costs for 1, 4, 40, 
100 and 200 ship sets 

o Use General Dynamics rates and cost structure. 

The costs developed included recurring costs such as: 

o Manufacturing o Tool Engineering Maintenance 

o Product Assurance o Tool Manufacturing Maintenance 

o Configuration Control o Quality Assurance 

o M« trials o General & Administrative 

o Overhead o Tool Material Maintenance 
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The estimates did not include non-recurring costs such as: 

o Engineering Design & Development Costs 

o Basic and Augmentation Tooling 

o Production Aid Tooling 

o Flight Testing 

8.2 MATERIAL COSTS 

Material costs were projected to a cummulative average for 
200 ship sets from a list of material (LM) on the released full 
size component and analytical assembly drawings.  Start and finish 
weights and dimensions were provided for costing purposes. 

Procurement department estimating personnel estimated each 
line item in detail using recent purchase orders, vendor published 
catalogues or direct vendor quotes. Material form, dimensional 
requirement and "extras" such as heat treat, cut to length, etc., 
were considered in the estimates. 

Historical material factors were added to the basic estimate 
to reflect hidden costs such as attrition, freight in and material 
overhead. Costs for quantities of one through 40 were adjusted to 
reflect a 95% learning curve. Because materials are usually pur- 
chased in yearly lots, only one half of the value for the 95 per- 
cent cost curve was used to project average unit costs for 100 and 
200 unit quantities. 

The material cost data was made available to the designers 
through a series of master costing drawings which were left open 
Ln the design area for review, evaluation, and comparison. 

8.3 MANUFACTURING COSTS 

Industrial Engineering personnel, utilizing labor standards 
and applicable realization factors considered the material form, 
material type, and approximately 827. average learning curves to 
project cummulative average 200 ship set manufacturing costs for 
the various configurations. 

Included in those estimates are provisions for historically 
hidden costs such as processing, allocations, rework and shop 
liaison. 
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An additional factor was applied to these direct labor hours 
to arrive at a projected cost for quality assurance. 

This data was then made available to the designers through 
the same series of master costing drawings as was described in 
section 8.2 under material costs. 

8.4 TOOLING COSTS 

Projected recurring costs include provisions for various 
"maintenance type" tooling costs such as tool manufacturing, tool 
engineering, tool materials, and tooling QA charges.  These costs 
were derived through use of empirical ratios applied to detail 
estimates for non-recurring tool manufacturing and tool augmenta- 
tion costs. 

These detail estimates include the basic tools which would be 
necessary to fabricate the full size components in addition to the 
augmentation tools necessary to arrive at a four ship set per 
month production rate. 

8.5 COMPARISON OF ANALYTICAL ASSEMBLY COSTS 
BETWEEN BASELINE AND ADVANCED CONCEPTS 

Table XXI is a tabulation of cummulatlve average costs for 
200 units of each advanced analytical assembly concept and the 
baseline in 1975 dollars. 

8.6 COMPARISON OF COSTS BETWEEN BASELINE 
AND ADVANCED CONCEPTS FOR PRELIMINARY 
DESIGN CONCEPTS 

Table XXII is a tabulation of cummulatlve average costs of 
1. 4, 40, 100, and 200 unit wing boxes for advanced concepts and 
the ATW-4 baseline shown In 1975 and 1980 dollars.  Illustration 
of these designs are shown In Figures 110 through 113. 
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TABLE XXJ. SUMMARY ANALYTICAL ASSY COST 
WING BOX 

(1975 DOLLARS) 

ASSY NO MATL $ MFC $ TOOLING $ TOTAL 

633RA000-1 4244 7777 289 12310 

633RA001-1 3395 6442 254 10091 

633RA001-3 3612 6917 245 10774 

633RA001-5 3589 7067 336 10992 

633RA001-801 3503 6965 192 10660 

633RA00I-803 3168 6291 282 9741 

633RA001-805 2799 6672 306 9777 

633RA002-1 3033 6301 212 9546 

633RA003-1 4956 7058 263 12277 

633RA003-3 3699 8835 259 12793 

633RA003-5 2999 7643 276 10918 

633RA003-801 3520 6985 228 10733 

633RA004-1 3770 4048 173 7991 

633RA004-3 4564 4594 150 9308 

633RA004-5 4198 4277 207 8682 

633RA005-1 37762 5227 291 43280 

633RA006-1 39507 5652 149 45308 

633RA0^-3 32690 4973 149 37812 

633RA007-i 36838 11043 212 48093 

633RA008-1 38011 5508 202 43721 

Average for 200 Units 
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Table XXII   Wing Box Cost Analysis Supercritical 
Wing Preliminary Design Study 

Lot 
Size 

A«Ar«crp Unit Values (000)                                  A 
1975 Dollars       1 1980 Dollars     1 

Ponflduration Cost EarninRS Price  i Cost EarninRS Price 

Baseline Design 
Drawing No. 
633RU00-1 

1 
4 
40 

100 
2C0 

578 
465 
287 
234 
200 

59 
47 
29 
23 
20 

637 
512 
316 
257 
220 

728 
585 
362 
294 
252 

73 
59 
36 
30 
25 

801 
644 
398 
324 
277 

Supercritical Design 
Drawing No. 
633RW001-1 

1 
4 

40 
100 
200 

496 
398 
248 
203 
174 

50 
40 
25 
20 
18 

546 
438 
273 
223 
192 

626 
503 
314 
257 
221 

63 
50 
31 
26 
22 

689 
553 
345 
283 
243 

Supercritical Design 
Drawing No. 
633RW002-1 

1 
4 

40 
100 
200 

519 
416 
256 
208 
178 

52 
41 
26 
21 
18 

571 
457 
282 
229 
196 

654 
524 
324 
264 
225 

65 
52 
32 
26 
23 

719 
576 
356 
290 
248 

Supercritical Design 
Drawing No. 
633RW002-3 

1 
4 

40 
100 
200 

542 
434 
267 
216 
185 

54 
44 
27 
22 
18 

596 
478 
294 
238 
203 

682 
547 
336 
274 
234 

68 
55 
34 
27 
23 

750 
602 
370 
301 
257 

Supercritical Design 
Drawing No. 
633RW003-1 

1 
4 

40 
100 
200 

651 
554 
398 
355 
326 

65 
55 
40 
35 
33 

716 
609 
438 
390 
359 

727 
610 
427 
375 
341 

73 
61 
43 
37 
34 

800 
671 
470 
412 
375 

Supercritical Design 
Drawing No. 
633RW003-3 

1 
4 
40 
100 
200 

621 
528 
383 
342 
315 

62 
S3 
38 
34 
32 

683 
581 
421 
376 
347 

689 
578 
406 
357 
325 

69 
58 
41 
36 
33 

758 
636 
447 
393 
358 
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SECTION   IX 

MANUFACTURING 

The method of manufacturing of the wing boxes developed in 
this study was determined at both the analytical assembly level 
and at the preliminary design phase.  This included a listing 
of all tools required to manufacture the analytical assemblies 
and the preliminary design boxes as well as an estimate of the 
non-recurring cost of these tools.  This estimate was necessary 
in order to determine the recurring cost to maintain these tools 
in the production lots required by the contract as well as define 
the manufacturing plan for use by industrial engineering to 
develop the manufacturing costs. 

9.1 ANALYTICAL ASSEMBLY STUDY 

Each of the analytical assemblies was evaluated to deter- 
mine the manufacturing processes that were required and the tools 
necessary for fabrication. Added to this was the additional 
tools required to meet the production rate requirements.  From 
this information the tool manufacturing hours were estimated. 
Table XXIII summarizes a typical tooling summary for 633RA003-801 
analytical assembly.  The total non-recurring tooling mfg. hours 
were then determined for each analytical assembly, including tool 
engineering hours and tool material costs.  From this information 
the total recurring costs were determined. A summary of these 
costs are shown in Table XXIV. 

9.2  PRELIMINARY DESIGN STUDY 

The preliminary wing box designs were analyzed to determine 
the manufacturing processes and tools that would be required for 
the fabrication of %  complete wing box.  In addition, the extra 
tools required to i ,et the production rate requirements were also 
considered. Total tooling recurring costs were determined and 
manufacturing plans were outlined for each preliminary wing box 
design in order to develop the manufacturing costs and to assist 
in the evaluation of each of the wing box configurations. The 
manufacturing plan for the baseline design, the top ranked 
design, and the canposlte wing design are being discussed in 
this section. 
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TABLE XXIII      633RA003-801 TOOL SUMMARY 

TASK ITEM TOOL 
CODE 

UNIT 
HOURS 

ADD FOR RATE 

REMARKS NO. 
TOOLS 

TOTAL 
HOURS 

-7 SKIN FLTP 
CKTP 
RTEX 

1 
1 
1 

6 
12 
40 

SAW (EXCESS) 
BRAKE FORM 
ROUT TO SIZE 

-83 F. SPAR 
-91 R. SPAR 

PDTA 
MLFX 

80 
80 

2 
2 

160 
160 

MILL COMPLETE 

-175, -177 UP.AUX.SPAR CAP 
-179, -181 UP.AUX.SPAR CAP 
-183, -185 UP.AUX.SPAR CAP 

MLFX 80 6 480 MILL COMPLETE 

-191 LWR.AUX.SPAR CAP 
-193 LWR.AUX.SPAR CAP 
-195 LWR.AUX.SPAR CAP 

PDTA 
MLFX 

60 
80 

3 
3 

180 
240 

MILL COMPLETE 

-187 INTERCOSTAL FLTP 
TOTP 
HPFM 

6 
6 

18 

1 
1 
2 

6 
6 

36 

SHEAR TO SIZE 
BRAKE ONE FLG 
FINISH FORM 

-189 SPAR WEB SCS - SHEAR TO SIZE 

SKINS (-1 ASSY) CKTP 
FLTP 

8 
6 

6 
12 

48 
72 

SHEAR FOR 4 SKINS 
ROLL CONTOUR 
SHEAR TO SIZE 

-203 LWR SKIN ASSY PRFX 
VFBX 
BNFM 

1 
1 
1 

120 
80 

240 

PREFIT DETAILS 
BOND PROCEDURE 
SAME AS 633RA001 

-801 ASSY ASFX 1 240 LOCATE DETAILS, 
DRILL, INSTALL 
FASTENERS 

TOTAL ESTIMATED 
TOOL MFG. HRS. 

* * 2126 

211 

i 
■T---'" 



I 
H 

o 

H 

o 

VO <f 00 rH f>« 
cvj (^ r* o o 
m oo r>. <f m 
f> CM tN <!" CM 

^OvOOr-IOCv|PnOO>ir»OOtncMr-l 
oor>»ooocr>cooovOi-i-^-oooo> 
i—)<t-<j-ONONi—^l^>o^r^■f^cocMl^|C^^ 
COcnCMCMCVjmtNJ      .-tr-ICN^CMCVJCM 

O     O    Q    >D     <t 
«n   o  <f   m   I-) 
oo   m  <f   ON   ^ 

CV|<M<tv000<tONO 
mo^vfr-ieM^iH 
vooocgmmso   mo 

i-( vo vo r^ r^ r-> 
r». iH r- m ON co 
00  Csl  VO  00  CM  r-t 

oo r^vomvom\omsoir>eseN00r-ivteMvoincNj 
vooocor^inr^^t-soesioONstr^.vOsS-mcOiHr-1 
mcMcMsOON^i-inocorocOi-ioor^o^r^^o 

•^   o <r «4-   oo   o 
n   »o  -^  oo   i**   o mvoeMcnvo^j-r^cM   cno^too 

fl<l-CMC«J0>00P>l00<|-Or-IC"l<f- 
irt'd'r^r^vOi-icoor^socsj 
mmm^-cntn^oovo^vt 

ocMcMinr^ovOsOi-iaovor^^ocnoooNO 

incgcMvooNcnmocncMcnr-toor^o^tr^oo 

^CMsO^oocMOvO^tOvOvOOJ^OOOOO-d' 
owoqovOcMvor^irii-ir^cN   i-ii-icnvovomoo 
o^cncMr-ir^vooooN^si-iniHvovj-ONsocoooo 
CMCMCMcnr-ICMCMr-ICMMCMCM     rH.-lr-lCMr-ICMrH 

fH     fO     IT» ,-4 
O     O     O O 

r-<rHfninopoOOOi-<Hcnir>OOiHCOU->rHi-lr-lr^ 
'••••• I I        I        I        I        I        I        I 
2iS^,H,H,~',-,c>,*fr>fr>pr>pr>^J,,<fst->r»sor>.oo 22225000c>oooooooooo 22229299995<52<5o<=>ooo 

cnfOforoponncnMrotncococococnr^fncn 
SONOVOSOVOVOVONOVOVOVOVOSOVOSOVOSOVOVO 

212 

" ■■> ' » I---- ——— I I  III. 

■--————- 
—■ 



9.2.1 Preliminary Manufacturing Plan 
for Baseline 633-RW00C 

The manufacturing process for the baseline design is defined 
in Table XXV  and schematically shown in Figure 114. The methods 
of fabrication are discussed below: 

9.2.1.1 Upper and Lower Skin Fabrication 

The upper skin and lower skin are sculptured plate made from 
2024-T851 aluminum alloy. 

Basic tapers will be machined on a numerical control skin mill. 
Contour will be formed on a 1000 ton numerical control brake.  The 
skin will then be etched and routed to finish dimensions. 

9.2.1.2 Spar Fabrication 

The wing spars are all integrally machined structure made 
from 2024-18511 aluminum alloy extrusions. 

9.2.1.3 Bulkhead and Rib Fabrication 

The bulkheads and ribs are all Integrally machined structure 
made from 2024-T851 aluminum alloy. 

9.2.1.4 Pivot Fitting Fabrication 

The pivot fitting is a welded assembly containing a mechani- 
cally attached shear web (Fig. 115). 

The welded assembly consists of an upper plate, a lower plate, 
shear ring, and shear webs machined from D6Ac forgings and plate. 

The mechanically attached shear web is machined from 6A1-4V 
titanium plate. 

9.2.1.5 Final Assembly of Wing Box 

A major assembly and drill fixture commonly known as a "wing 
buck" will be required to perform final assembly operations of the 
box. 
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The fixture will first be used to receive and locate the 
pivot fitting assembly, bulkheads, and spars. 

The fixture will then be used to provide a method for posi- 
tioning, holding, and locating hole drilling tooling for drilling 
holes common to the upper skin, understructure, and lower skin. 

Upon completion of the hole drilling operations on the lower 
skm, all faying surfaces formed by the front and rear spars will 
have fuel sealing applications and all understructure will be 
permanently attached to the lower skin with taper-lok bolts 
Following the hole drilling operations on the upper skin, the 
skin is removed and self-locking nuts are installed in the upper 
attach surfaces of the understructure. All faying surfaces formed 
by the front and rear spars will then have fuel sealing appli- 
cations and all understructure will be permanently attached to the 
upper skin with bolts. 

9.2.2 Preliminary Manufacturing Plan for 633-RW001 

The manufacturing approach for the number one ranked design 
is discussed below. The process is defined in Table XXVI and is 
also shown schematically in Figures 116 through 126. 

9.2.2.1 Front and Rear Spar Fabrication 

The front and rear spars are one-piece, integrally machined 
structure made from a 2024-T8511 aluminum alloy extrusion. Numeri- 
cally controlled milling machines are used to pocket and contour 
the spar (Fig. 116). 

9.2.2.2 Intermediate Spar Fabrication 

The intermediate spars are one-piece, machined and chem-etched 
structure made from a 2024-T8511 aluminum alloy extrusion. 

The upper caps (flanges) are contour machined to the inner 
surface of the upper skin and machine tapered. The spar web is 
routed to the proper depth profile. The spar web and diagonal 
legs are then chem-etched to finish dimensions. 

The manufacturing steps are shown in Figure 117. 
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9.2.2.3 Lower Skin Laminates 

The laminates will be formed from 2024-T81 aluminum alloy 
sheet stock, ranging from .063 to .071 inch thickness. 

Laminates are to be sheared, rolled to contour, taper etched, 
routed, and deburred in preparation for bonding operation (Fig. 118) 

9.2.2.4 Lower Spar Cap Fabrication 

The lower spar caps are tapered and stepped "TeeM type struc- 
ture machined from 2024-T8511 aluminum alloy extrusions. 

The lower caps are contour machined to the outer contour of 
the lower wing surface.  Numerical control machining techniques 
will be used to generate maximum effective metal removal and ulti- 
mate dimensional control. 

The manufacturing steps are shown in Figure 119. 

9.2.2.5 Upper Skin Fabrication 

The upper skin is a one-piece tapered plate containing the 
entire upper surface contour and machined from 2024-T851 aluminum 
alloy. 

Basic tapers on the inside skin will be machined on a numerical 
control skin mill. Contour will be formed on 1000 ton numerical 
control brake. The skin will then be routed to finish dimensions 
(Fig. 120). 

9.2.2.6 Fabrication of Bulkheads and Ribs 

Major bulkheads and ribs may be fabricated by machining from 
plate or by machining from castings.  Production quantity and rate 
will determine the most economical method. Figure 121 depicts the 
two methods. 

9.2.2.7 Lower Pivot Plate Fabrication 

The lower pivot plate is a one-piece integrally machined 
structure made from a 2024-T851 aluminum alloy forging. 
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The outer surface of the oivot plate is contour machined to 
the inner surface of the inboard lower skin laminates  The inner 
surface of the pivot plate is machined to finish dimensions. 

The manufacturing steps are shown in Figure 122. 

9.2.2.8 Pivot Fitting Fabrication 

The pivot fitting consists of an upper pivot plate shear 
rxng, root spars, failsafe straps, and steel bushings 

The upper pivot plate is a one-piece integrally machined 

ofrtheUn? m?de1
f^m.a HY-180 steel urging.  The Üter sSe 

thetp^Ä^urfac^?00^ ^^ t0 the ^ C— 'I 

.ade Ir^roAl^Z^^^^^ ^^d structure 

a 2024h?8sntJPafS »" ,int«8r»Uy machined structure made from 
a Zü^4-T8511 aluminum alloy extrusion. 

from ^lIS1!^? n1
t;;PS a"d,bus?in88 a« machined structure made 

rrom HY-180 steel plate and forgings respectively. 

9.2.2.9    Assembly of Lower Surface 

«nH ™is/*sembly consists of the aluminum skin sheets laminated 
and joined to the lower spar caps which were step macnineHn 
detail to provide overlap of each individual skiS laminate with 

cyci:P(FigaP mT* ThiS tÖtal a8Sembly iS bonded in 0- *£ 

9-2'2'10    Assembly of Lower Surface and Lower Pivot Plate 

r.lHn^h8 a"embly consists of the laminated lower skin panel 
(skin sheets/spar caps) joined to the lower pivot plate (Fig  124) 
This assembly ;iS bonded as a secondary operation to the bonding 
operation described in paragraph 9.2.2 9 oonaing 
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9.2.2.11 Final Assembly of Wing Box 

A major assembly and drill fixture commonly known as a "wing 
buck" will be required to perform final assembly operations of the 
box. 

The fixture will first be used to receive and locate the 
basic lower skin panel assembly, pivot fitting, bulkheads, and 
spars.  The fixture will then be used to provide a method of 
positioning, holding, and locating hole drilling tooling for 
drilling holes common to the upper skin, understructure, and 
lower skin. 

Upon completion of the hole drilling operations on the lower 
skin and under structure all faying surfaces formed by the front 
and rear spars will have fuel sealing applications and all under- 
structure will be permanently attached to the lower skin with 
bolts (Fig. 125). Following the hole drilling operation on the 
upper skin all faying surfaces formed by the upper skin will have 
fuel sealing applications and all understructure will be perma- 
nently attached to the upper skin with blind fasteners (Fig. 126). 

9.2.3 Preliminary Manufacturing Plan for 633-RW003 

The manufacturing approach for the composite wing design is 
discussed below. The processes are shown schematically in 
Figures 127 through 131. 

9.2.3.1 Front and Rear Spar Fabrication 

The front and rear spars are made of graphite/epoxy material 
with fiberglass material for the upper cap sealing grooves. The 
spars are manufactured by draping machine-layed, "dinked-out" 
pieces into a hard female tool and cured with a male rubber punch 
in place.  In this manner, skin/spar cap faying surface geometry 
can be well maintained (Fig. 127). 

9.2.3.2 Intermediate Spar Fabrication 

The intermediate spars are made of graphite/epoxy material 
and nomex cloth material with chopped fiberglass/epoxy pre-cast 
material for the lower skin transition members.  The spars are 
machine-layed, "dinked-out", and draped over the tool and cured 
(Fig. 128). 
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9.2.3.3 Fabrication of Bulkheads 

The bulkheads are made of graph!te/epoxy material. The 
bulkheads are made by draping machine-layed, "dinked-out" pieces 
into a hard female tool and cured with a male rubber punch in 
place to maintain outer surface contour. 

9.2.3.4 Fabrication of Closure Bulkhead 

To?.clfSure bulkhead ls a one-piece, machined casting made 
from A356-T6 aluminum casting alloy. 

9.2.3.5 Pivot Fitting Fabrication 

The pivot fitting consists of upper and lower skin transition 
doublers, a shear fitting, root spars, and steel bushings. 

The upper and lower skin transition doublers are machined 
structure made from 6A1-4V Beta annealed titanium. The outer 
surfaces of the doublers are contour machined. 

The shear fitting is a one-piece integrally machined struc- 
ture made from 6A1-4V Beta annealed titanium. 

*, Jhe r00t  Spars are inte8rally machined structure made from 
6A1-4V Beta annealed titanium. 

The bushings are machined structure made from 17-4PH steel 
forgings. 

9.2.3.6 Assembly of Upper Skin 

The upper skin is a bonded assembly consisting of a graphite/ 
epoxy skin and machined titanium transition doublers (Pivot Area) 
The graphlte/epoxy skin material is layed-up (machine-layup) and 
co-cured with the transition doublers (Fig. 129).  It is assumed 
that the machine-layup of the graphite/epoxy material requires no 
pre-bleeding. 

9*2'3'7 Assembly of Lower Skin and Intermediate Spars 

The lower skin is a bonded assembly consisting of a graphite/ 
epoxy skin, the intermediate spars, and machined titanium transi- 
tion doublers (Pivot Area). The skins' graphite/epoxy outer plies 
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are first layed-up (machine-layup) and draped and the intermediate 
spars located. The skins' inner plies are then layed-up and draped 
and the entire lower skin assembly is co-cured.  It is assumed 
that the machine-layup of the graphite/epoxy material requires no 
pre-bleeding; i.e., the graphite/epoxy tape is "net material". 

9.2.3.8 Final Assembly of Wing Box 

A major assembly and drill fixture commonly known as a "wing 
buck" will be required to perform final assembly operations of 
the box. 

The fixture will first be used to receive and locate the 
basic lower skin panel assembly and understructure (pivot fitting, 
bulkheads, and front and rear spars). The fixture will then be 
used to provide a method of positioning, holding, and locating 
hole drilling tooling for drilling holes common to the upper skin, 
understructure, and lower skin assembly. 

Upon completion of the hole drilling operations on the lower 
skin and understructure all faying surfaces formed by the front 
and rear spars will have fuel sealing applications and all under- 
structure will be permanently attached to the lower skin with 
bolts (Fig. 130). Following the hole drilling operation on the 
upper skin all faying surfaces formed by the upper skin will have 
fuel sealing applications and all understructure will be permanentl 
attached to the upper skin with blind fasteners (Fig. 131). 
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SECTION  X 

CONCLUSIONS 

The overall goal of the program was to establish the appli- 
cability and payoffs, in terms of acquisition cost and weight, of 
innovative structural concepts to a variable camber supercritical 
wing  box configuration. The program has met this goal by develop- 
ing preliminary designs that provide cost savings up to 12.3% and 
weight savings up to 27%. 

10.1 COST EVALUATIONS 

Preliminary design configurations were developed and analyzed 
that produce the following results: 

c33RW001 

633RW002 

633RW003 

12.3% savings 

10.7% savings 

29% Increase for Vendor A 
13.97. Increase for Vendor B 
4.4% increase for $20/Lb 

See para- 
graph 10.1.2 
& Table XXVUI 

The two metallic configurations produce a cost savings while the 
composite configuration gives a cost Increase. Detailed exami- 
nation of the items that make up the cost for the composite box 
as compared to the baseline is shrwn in TableXXVII. It is evident 
from this table that the total cost for the composite design is 
dominated by the material cost. 

10.1.1 Factors That Influence Costs 

The costs shown in Table XXVII above were derived by the Fort 
Worth Plant Industrial Engineering, Tooling, Material, and Division 
Estimating Departments. The costs used in this section are those 
defined by the groundrules listed in Section VIII and excludes pro- 
fit. The numbers for 1980 year dollars reflect the professional 
opinions of the estimating personnel in these departments with 
regard to the effect that certain economic factors will have on 
wing box prices in 1980 year dollars. The economic factors con- 
sidered to be most significant in increasing costs are: in-house 
labor rates, vendor labor rates, transportation, energy cost 
changes, and general economic Inflation. Significant decreasing 
costs at the Fort Worth Plant are: diminishing overhead and admis- 
istrative costs, learning, technology advancement and production 
quantity increases. It should be noted however, that all of the 
designs costed were estimated by applying the same procedure to 
each design. 
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General Dynamics recognizes that other assumptions could 
have been made in predicting the 1980 prices, particularly in the 
area of composite materials. 

10.1.2 Composite Material Costs 

The cost of the composite material was based upon $.95 per 
foot for 3 inch tape in 1975 dollars ($66.50/lb). The projection 
for 1980 used a basic tape cost of $.55 per foot in 1S75 dollars 
(38.50/lb). Currently, there are other sources of material that 
are not qualified to our specification but that may meet our 
requirements in the future. One of these materials, (designated 
as Vendor "B" in Table XXVIE) is quoted at about 3/4 the cost in 
1980 of our qualified material. Another popular figure being 
quoted by many for the 1980 cost is $20 per pound.  In light of 
these variations in predictions the cost of the 633RW003-3 con- 
figuration using these various estimates is shown in Table XXVIII. 

10.1.3 Other Costs 

A breakdown of the total material costs for each of the pre- 
liminary designs is shown in Table XXIX.   it is evident frcm 
this table that the increased cost of the 633RW003 design is not 
entirely due to the composites. Part of the cost increase can be 
attributed to the titanium pivot fitting that was used to be able 
to get the 27% weight savings. A bolted steel fitting would have 
yielded a better cost picture, however, the weight savings would 
not have been outstanding. It would have been desirable to have 
conducted a study of a steel bolted configuration in order to have 
established the boundaries of the designs for maximum weight savings 
and the minimum cost composite designs. 

A comparison of the fabrication hours for each of the prelimi- 
nary designs is shown in Table XXX.   This table shows that there 
is a reduction in factory manhours for the composite design over the 
metallic designs. 

10.2 WEIGHT EVALUATIONS 

The preliminary design configurations all saved weight over 
the baseline as follows: 

633RW001 15% 

633RW002 12% 

633RW003 27% 
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^uSnS    nt.ltem hecame  aPParent during the program.  The 
633RW003 canposite wing box indicated a potential of approximately 
40/o savings in the analytical assembly phase.  When trying to 
splice this wing into the existing wing pivot fitting/much of the 

^8
fl^

Sarn8S T8  8^in8 t0 dissaPPe«. The important of tailoring 
the attachment for the structural concept was clear; therefore a 

savings'0'     8 WaS de8i8ned ^ eval^ted for cost anSweight 

A second important item is that while the canposite concepts do not 
rank above the baseline by using the merit rating systeS it does 

basfisr ^biTSr rJ^is**1**9 on a doiiar p*r ^ -ving: 
materials Potential for the various composite 

10.3    FINAL EVALUATION SUMMARY 

As part of the groundrules of the program all desiens were 
thfb^VT ^ T" rll'ln« sy8tem-    Thedesign tSt ^ovHes the best balance of all the priorities established by this sysL 
Hil    b?,co"sidered *%**£ de8i8n-    The concept chSsen using 
Wn^in Ii1* .iS thf 633RW001-    TW« configuration has a bondfd 
laminated aluminum lower skin,  etched aluminum "Y" intermediate 
spars,  machined aluminum front & rear spars,   straight tapered 
aluminum upper skin,   and a 10 Ni fail safe wing piSot fitting      it 

of c^Jn^enfati0n &t ^ point th&t m P^«^ into a "p^of of concept" test program as outlined in Appendix D. 
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APPENDIX A 

DESIGN LOADS DATA 

FOR THE 

VARIABLE CAMBER SUPERCRITICAL 

WING PROGRAM 
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Abstract 

Preliminary design loads data are presented for conceptual design 
of a supercritical wing with leading and trailing edge variable 
camber devices.  The baseline wing is Advanced Transonic Sing 
ATW.4 integrated into a study configuration of the FB-111 air- 
plane for a strategic mission.  The preliminary design conditions 
are presented with criteria used to establish condition £ra^te?s 
A brief discussion of basic data and analysis procedures is 
included.  Static design loads distributions and related data 
are presented for design of the wing box and leading and trailing 
edge variable camber devices.  The final section presents a    8 

fatigue loads spectrum of wing bending moment and the data for 
developing fatigue loads spectra for the variable camber devices. 
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APPENDIX  A 

DESIGN  LOADS  DATA 

A.l BASELINE WING GEOMETRY 

u?6 b^er1/ine win8 "8ed for ^is data package is Advanced Transonic 
Wing ATW-4 as configured for a strategic mission aerodynamic and 
performance evaluation in Reference 1. The leading and trailing 
edge variable camber surface hinge lines were taken along the 
reference wing 15 and 65 percent chord lines respectively  A 
load reference axis was taken along the reference wing 33.64 per- 
cent chord line passing through the wing pivot center.  The 
reference wing geometry is shown in the Figure A 1 

o AREA - 725.7 Sq. Ft. 
o M.A.C. - 117.1 In. 

PIVOT 
B.L. 70.3 

A/P 

F.S. 419 

EXPOSED 
ROOT (3 B.L. 103.51 

Figure A.l Wing Geometry 
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A.2    PRELIMINARY DESIGN CONDITIONS 

to be representative of Ukelv M.h i    ?       condition, are thought 

on past ^rl^^^ZX^^l^ 

Table A-I   -   Preliminary Design Conditions v 

Condition Numbfir 
Description 

Wing Sweep,  Deg. 

Mach No. 

Altitude,  Ft. 

Gross Weight, Lbs. 

Center of Gravity,  %c 

Angle of Attack,  Deg. 

Load Factor,  g's 

L.E.   Deflection,  Deg.(a) 

T.i:.   Deflection,  Deg. (a) 

Take- 
off 

(c) 

16 

.35 

SL 

128,500 

1A 
Take- 
off 

2        I        3 

16 

.51 

SL 

128,500 

Dash     I Refuel 
(Syro.MaO 

2.0 

20.0 

15.0 

(Fig.12) 

20.0 

7.5 

65 

.85 

SL 

110,400 

36.4 

10.78 

3.0 

12.5 

-3.1 

16 

.80 

20,000 

110,400 

25.14 

6.68 

2.6 

4.0 

3.5 

Refuel 
(Ml Control) 

16 

.80 

20,000 

110,400 

25.14 

4.8 

1.9 

10.0 

3.5+5.o(b) 

(a) Plus sign is for surfaces deflected downward. 

(b) Linear variation 0° at root to + 5° at tip. 

(C) wMfh^f Wit? ;e8peCt t0 the ««""rfacturing chord plane 

261 

""""' " .:,. ■■    . ,    •• 

»"^WyW^g"' w^W   ■'■^ ■ I "■' j^_ 



A. 3 CRITERIA 

A.3.1 Maneuver Load Factor 

The general approach was to establish limit maneuver load 
factor for each condition based either on wing carry-through 
box allowable load limits or on a desired maneuver capability 
goal. The carry-through box allowable load limits for the 
F-111A series airplanes were used.  The following symmetric 
maneuver capability goals were established: 

(a) Take-off and Landing Conditions; i^ » 2.0g 

(b) All Other Conditions; nz - 3.0g 

Asymmetric maneuver load factor goals are equal to l.Og + 2/3 
(nz symmetric - 1.0). 

As shown on Table A-I the maneuver load factor goals were 
achieved for conditions 1 and 2, while the load factors for 
conditions 3 and 4 are somewhat less than the goals (3.0g 
for condition 3 and 2.33 g for condition 4). The analysis 
resulting in lower maneuver load factors is conservative 
having been based on linear aerodynamic theory and, very 
likely, conservative trailing edge camber settings. 

A.3.2 Airplane Weight and Balance 

Airplane gross weight and center of gravity values are based 
on a GD/FW procedure R5C weight study for the FB-111F with the 
ATW-4 wing, dated 5-30-75. The fuel burn sequence used 
assumes that wing fuel is used first. Wing net loads for 
gross weights with and without wing fuel were checked for 
relative criticalness to establish design maneuver load 
factor levels. As a result, the gross weight used for 
conditions 2, 3, and 4 on Table A-1 is for wing tanks empty of 
fuel (produces the lowest allowable maneuver load factor). 
Full wing tanks was assumed for the take-off condition. The 
design gross weight for this condition is set somewhat greater 
than the maximum from procedure R5C in order to develop net 
wing pivot loads at 2.0 g's load factor wt ich are equal to 
the carry-through box allowable load limits. The design 
center-of-gravity was set at 1.5 percent M.A.C. forward of 
the actual location. 
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A.3.3    Variable Camber Settings 

The leading and trailing edge variable camber surface deflec- 
tion angles used for developing airload distributions are 
preliminary estimates of l.Og  trim flight camber settings  for 
optimum performance.     These l.Og  trim camber settings were 
also assumed to be held constant during maneuvering flight 
conditions.     Leading and  trailing edge deflections are 
measured as  Illustrated below. 

WV   6L 

DEFLECTIONS WITH RESPECT 
TO THE BASIC SECTION 

Endpoints and vertices of the chordal angle reference lines 
are located on the mean camber line(s). The chordal angles 
specified are for the wing in the reference position (i.e., 
16 degrees  leading edge sweep angle). 

The  trailing edge trim camber setting used for Conditions  3 
and 4 is most likely conservative for structural loads. 
A constant deflection angle of 3.5 degrees was assumed along 
the span for these conditions.    A more likely deflection 
schedule would have a linearly varying angle along the span, 
i.e.,  3.5 degrees at the inboard end to 0.0 degrees at the 
outboard end. 

A.3.4    Thermal Criteria 

Static strength properties of external structure shall be 
established  taking into consideration the effects of 56 
total hours exposure at 2.0 Mach number at 35,000 feet 
altitude. 
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A 4    PROCEDURES AND BASIC DATA 

Analyses  required  to evaluate  the relative criticalness of  the 
complete operational loads environment were beyond the intended 
scope of this program.    Therefore,   the critical structural design 
loads  conditions  for the ATW-4 wing box and var .able camber 
devices were postulated based on past supercritical wing design 
studies   (B-l/Wll wing and F-111/TACT wing),  and preliminary usage 
criteria for the variable camber system.     The conditions  selected 
are summarized  in Table A-I. Preliminary desifui loads were not 
developed for supersonic flight conditions based on the following 
considerations: 

1. The B-l/W-11 wing box supersonic condition was 
considerably less critical  than subsonic flight 
conditions. 

2. Lifting surface leading edge airloads for supersonic 
flight conditions are typically of smaller magnitude 
than loads  for subsonic/transonic conditions. 

3. Expected use of the variable camber system for  trim 
control, while configured  to aft wing sweep positions, 
results  in relatively low net differential pressure 
load normal to the trailing edge variable camber 
surface. 

Wing local ^essure distributions are strongly influenced by 
variable camber settings  (deflection angles),  and thereby, 
unique load distributions are produced at any given flight 
condition.    Geometric simularity  (supercritical wing planform 
and flap settings)  of the low speed high lift configurations 
enabled the development of preliminary design loads data for 
the ATW-4 wing conditions  1 and 1A by scaling load distributions 
which were available from the B-l/W-11 wing design study program. 
Equations used for scaling airloads accounted for effects of 
differences  in wing area,  span, wing loading,  exposed wing root 
location,  pivot location,  etc.     The flight conditions for the 
ATW-4 configuration conditions  1 and 1A were established at a 
higher Mach number and dynamic pressure than used for the 
corresponding B-l/Wll conditions due  to a slightly higher wing 
loading.    Using  this approach,  airplane trim angles of attack 
were not predicted to develop the ATW-4 wing data;  therefore, 
values are not given for angle of attack in Table A-I for 
conditions  1 and  1A. 
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Variable camber settings cause the load distributions for 
conditions 2, 3 and 4 to be unique for the ATW-4 wing; 
therefore, the required data for these conditions were developed 
using theoretical prediction techniques.  Kigid airframe pressure 
distributions and airplane force data (l-'.ft and pitching moment) 
were predicted using the finite element theo.y and procedures 
presentee1 in Reference 2.  In addition co basic camber and angle 
of attack data, pressure distributions and force data were also 
predicted for leading and trailing edge variable camber deflec- 
tions.  These rigid aerodynamic data were corrected for static 
aeroelasticity, based on preliminary estimates of wing box 
structural stiffness (El and GJ distributions), using the pro- 
cedure described in Reference 3.  The resulting flexible aero- 
dynamic data were used to determine trim airplane angle of attack 
and to build up wing airload distributions. 

Spanwise load distribution data are presented with respect to 
the load reference axis (LRA) as shown in Figure 1.  This implies 
local strip loads are on chords oriented perpendicular to the LRA. 
The wing basic aerodynamic distribution data (local pressure, C£ 
and Cm) were predicted for streamwise chords. As an expediency 
in developing design load distributions for the conditions having 
16 degrees wing sweep (conditions 3 and 4), it was assumed that 
local streamwise aero data at given span stations could be applied 
to chords oriented perpendicular to the LRA at that station. 
This assumption is invalid for higher wing sweep conditions. 
Therefore, for condition 2, streamwise pressures were interpolated 
onto the exposed wing panel (i.v., outboard of B.L. 103.51) chords 
oriented perpendicular to the ..RA.  This accounts for the truncated 
appearance of the chordwise prersure distributions Inboard of 
.4738 ETA for condition 2. 
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A.5 DESIGN LOADS DATA 

Preliminary design loads data for the wing box and variable camber 
surfaces are presented on the figures which follow. All loads data 
are design limit values.  Data presented are summarized below  

Figure Number 

A.2 

A.3 and A.4 

A.5 thru A.14 

A.15 

A.16 thru A.27 

A.28 thru A.43 

A.44 thru A.58 

Data 

Loads Reference Axis and Sign Convention 

Wing Unit Inertia Distributions 

Loads Data for Condition 1 

Loads Data for Condition 1A 

Loads Data for Condition 2 

Loads Data for Condition 3 

Loads Data for Condition 4 

Loads data for Conditions 1, 2, 3 and 4 consist of: 

(1) Wing spanwise shear, bending moment and 
torsion distributions. 

(2) Leading and trailing edge camber surface loaus. 

(3) Chordwise pressure distributions. 

(4) Non-dimensional aerodynamic wing span load 
distributions for panel local lift force 
and torsion. 

Loads data for condition 1A (see Figure A-12) consist of one 
distribution each for the leading edge and trailing edge 
variable camber surfaces. Comparable conditions are included 
in the B-l/W-11 data package. This condition was not critical 
for W-ll wing box design, therefore, the associated ATW-4 wing 
box spanwise load data were not developed for this design loads 
package. 
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Some of the structural loads data presented are obviously not 
critical for determining structural static strength. For example 
the trailing edge flap load for condition 2 is quite low compared' 
with other conditions.  In this case, the flap is used to augment 
airplane trim (i.e., the surface is deflected up from the basic 
position) and thereby produces a tendency to washout the usually 
dominant local pressures from basic camber, as evidenced by the 
net chordwise pressure distributions.  The flap load for this 
condition is included in this report for use in development of 
variable camber surface fatigue loads spectra. 
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NOTES: 
(1) RIGHT HAND RULE FOR MOMENT VECTORS 
(2) LRA = LOAD REFERENCE AXIS 
(3) ALRA = 12.301° WHEN ALE - 16° 

(4) ^LRA " yLRA/414.21 
(5) LOCAL CHORD 1 TO LRA:  C - 142.836 - 81.919 i?LRA 
(6) AVG CHORD 1 TO LRA: CAVG ■ 101.876 IN. 
(7) S/2 - (LRA) X CAVG " 293.042 FT2 

144 

Figure A.2 Sign Convention and Reference Axis for 
Wing Loads - ATW-4 Wing 
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Figure A.3 ATW-4 Wing Structure Inertia Shear and 
Bending Moment Distributions (Nz - l.Og) 
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Figure A.4 ATW-4 Wing Fuel Inertia Shear and Bending 
Moment Distributions (Nz ■ 1.0g) 
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A,5.1 Condition 1 - Take-Off with Full Flaps 

Figures A.5 through A.14 define preliminary design loads for 
condition 1, take-off with full flaps. 
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Figure A.5    AIV-4 Wing Shear Distribution  - Condition 1 
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Figure A.6    ATW-4 Wing Bending Moment Distribution  - Condition 1 
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Figure A.7    ATW-4 Wing Torsion Distribution  - Condition 1 
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Figure A.9 ATW-4 Wing Chordwise Pressure Distributions 
for .251 and .369 ETA^^ - Condition 1 
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Figure A. 10 ATW-A Wing Chordv/ise Pressure Distributions 
for .251 and .369 ETAj^ - Condition 1 
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NOTES: 
1. SCALE DISTRIBUTIONS BY .917 TO MEET 

F-111A CTB LIMIT ALLOWABLE 
2, Ap (PST) - 1.26ACp 

AC, 
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Figure A.II ATW-4 Wing Chordwise Pressure Distributions 
for ,485 and .603 ETALRA - Condition 1 
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NOTES: 
1. 

2. 

SCALE DISTRIBUTIONS BY .918 TO MEEr 

F-111A CTB LIMIT ALLOWABLE 
Ap (psi) - 1.26ACp 

AC. 

4=3a= 
iMmmmmmmm 

i.o c 

AC. i    lilli^gj llii \R4 - -M mmmm Sasfetö m 

Figure A. 12    ATW-4 Wing Chordwise Pressure Distributions 
for  .818 and  .940 ETAj^ - Condition 1 
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A.5.2 Condition 1A - Take-Off with Half Flaps 

Figure A.15 shows the wing leading and trailing edge running 
loads for the take-off condition with half flaps. This con- 
dition is not critical; therefore, the chordwise pressure 
distributions were not plotted. 

282 

  

'W|<P», ■'mi »|, 'Ui.wn■ »a»*! ■■«■r.,1«»1*!,.  r  „■..■„.mr- 



A - 16° 
M - .51 

ALT - SL 
GW - 128,500 LBS 
n7 - AS NOTED 

8LE ' 20°e 
6T£ ■ 7.5 

.150 

Xc£ 

CF 

.66 

'LRA 

•  cp** 

w,   LBS/IN. 

M 

W 
PQ 
H3 

^-100 ^3? 

ft 
.2 .=4= i     i *.^ — 

NORMAL LOAD - -16,444 LBS ^grPftS^ggg^j 
4-1-41 j iff -^ XT^I xm; mi:.: ■ ■ ^ —,   '.,._i   __,.    " „xnr i—: -rritt^- U-Liiiii 3 

.8 1.0 

LEADING EDGE CONDITION 
(nz - Og) 

w, LBS/IN. 

TRAILING EDGE CONDITION 
(nZ - 2.0g) 

Xcp 

&'■" 

Figure A.15 ATW-4 Wing Leading and Trailing Edge Flap 
Running Loads - Condition 1A 
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A.5.3 Condition 2 - Dash 

Figure A.16 through A.27 define preliminary design loads for 
condition 2,   the sea level dash condition. 
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Figure A. 16   ATW-4 Wing Shear Distribution  - Condition 2 
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Figure A.17  ATW-4 Wing Bending Moment Distribution - Condition 2 
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Figure A. 18   ATW-4 Wing Torsion Distribution  - Condition 2 
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Figure A. 19 ATW-4 Wing Leading and Trailing Edge Flap 
Running Loads - Condition 2 
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NOTES: 

1.  DISTRIBUTIONS ARE TRUNCATED @ INTERCEPT 
OF EXPOSED WING CHORDS (-t TO LRA) WITH 
EXPOSED PANEL ROOT CHORD LINE (B.L. 103.51) 

135.938 IN. 

X 
c 

127.427 IN. 

Tit! mv ^«#^p4H^;^iitnijii^iiil|  v 

Figure A.20 ATW-4 Wing Chordvd.se Pressure Distributions for 
.0842 and .1881 ETALRA - Condition 2 
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NOTES: 

1. DISTRIBUTIONS  ARE TUNCATED (3 INTERCEPT 
OF  EXPOSED WING CHORD   (J.TO LRA)   WITH 
EXPOSED PANEL ROOT CHORD LINE   (B.L.   103.51) 

2. Ap  (psi) - 7.43 AC, 

. -. -. i., J .. -i.i "_ ...::x .71+.    4 

Iffi^SW^M^^IM 

C = 123.1669 IN. 
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.8 i.o" c 

Figure A.'il ATW.4 Wing Chord^lse Pressure Distributions 
for .2401 and .344 ETA^ - Condition 2 
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Figure A.22 ATW-4 Wing Chordwise Pressure Distribution«? for 
.4738 and .550 ETALRA . Condition 2 
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Figure A-23 ATW-4 Wing Chordwise Pressure Distributions 
for .650 and .750 ETALRA . Condition 2 
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Figure A.24 ATW-4 Wing Chordwise Pressure Distributions for 
.850 and .900 ETALRA - Condition 2 
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Figure A.25 ATW-4 Wing Chordwise Pressure Distribution  for 
.950  ETALRA - Condition 2 
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A.5.4 Condition 3 - Refuel with Symmetrical Maneuver 

Figures A.28 through A.43 define the preliminary design 
loads for the refuel mission segment with symmetrical 
maneuver loads applied. 
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Figure A.28 ATW-4 Wing Shear Distribution - Condition 3 
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Figure A.29 ATW-4 Wing Bending Moment Distribution - 
Condition 3 
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Figure A.30 ATW-4 Wing Torsion Distribution - Condition 3 
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NOTES 

1, 

2. 

3. 

Xcp DISTANCE FWD.  OF  .15C FOR 

L.E.   FLAP C.P. 

Xcp DISTANCE AFT OF .65C FOR 

T.E. FLAP C.P. 

CF IS LOCAL FLAP CHORD 

A - 16° 
M - .80 

ALT - 20,000 FT. 
GW - 110,400 LBS. 
nz - 2.6g 

6T r. = 4° 

ol 5    0, 
t*      0 

ifji 
Wim N0RMAL L0AD " ^*578 LBS 

MllllllllllllllimiUiP;;.!  :::i;T;:iM::n^rrHS- m 
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Figure A.31 ATW-4 Wing Leading and Trailing Edge Flap 
Running Loads  - Condition 3 
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Figure A.32 ATW-4 Wing Chordwise Pressure Distribution for 
.123 ETALRA - Condition 3 
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Figure A.33 ATW-4 Wing Chordwise Pressure Distribution for 
.213 ETA1RA - Condition 3 
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Figure A.34   ATW-4 Wing Chordwise Pressure Distribution for 
.321 ETALRA - Condition 3 
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Figure A.35 ATW-4 Wing Chordwise Pressure Distribution for 
.443 ETALRA - Condition 3 
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Figure A.36 ATW-4 Wing Chordvd.se Pressure Distribution for 
.567 ETALRA - Condition 3 
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Figure A.37 ATW-4 Wing Chordwise Pressure Distribution 
for   .690 ETAj^ - Condition 3 
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Figure A. 38   ATW-4 Wing chordwise Pressure Distribution 
for  .784 ETALRA  - Condition 3 
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Figure A.39   ATW-4 Wing Chordwise Pressure Distribution 
for  .845 ETALRA - Condition 3 
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Figure A.40   ^-4 Wlnf choose Pressure Distributions 
or  •'U/ tTALRA ~ Condition 3 
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Figure A.41   ATW-4 Wing Chordwise Pressure Distribution 
for  .968 ETALJ^ - Condition 3 
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A.5.5 Condition 4 - Refuel with Roll Maneuver 

Figures A.44 through A.58 define the preliminary design loads 
for the refuel mission segment with roll maneuver loads 
applied. 
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Figure A.45 ATW-4 Wing Bending Moment Distribution - 
Condition 4 
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Figure A.46   ATW-4 Wing Torsion Distribution 
Condition 4 
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Figure A.47 ATV-4 Wing Leading and Trailing Edge Flap 
Running Loads - Condition 4 P 
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Figure A.48 ATW-4 Wing Chordwise Pressure Distribution for 
.123 ETALRA - Condition 4 
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Figure A.49    AIW-4 Wing Chordwise Pressure Distribution for 
.213 ETAj^ - Condition 4 
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Figure A.50 ATW-4 Wing Chordwise Pressure Distribution for 
.321 ETALJ^ - Condition 4 
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Figure A.51   ATW-4 Wing Chordwise Pressure Distribution for 
.443 ETALRA - Condition 4 

322 



HnRuuS 

i 
''- 

Ap  (psi)  = 3.024 AC. 

'LRA .567 

X 
C 

Figure A.52 ATW-4 Wing Chordwise Pressure Distribution for 
.567 ETALRA - Condition 4 
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Figure A.53 ATW-4 Wing Chordwise Pressure Distribution for 
.690 ETALJ^ - Condition 4 
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Figure A.54 ATW-4 Wing Chordwise Pressure Distribution for 
.845 ETA^ - Condition 4 
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AC, 

Figure A.55 ATW-4 Wing Chordwise Pressure Distribution for 
.907 ETALRA - Condition 4 
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Figure A.56 ATW-4 Wing Chordwise Pressure Distribution for 

.968 ETA^ . Condition 4 

327 

i 
--»r--r--".,lti i irmf -»r^^1^-,. 



«.,♦. 

8 

O o o 
OsT 
O    *o 

O    -O OOo 

PQ 
e   -^ •n o 

VO 00 O r-i    • O 
r-«   • CM r-i «d- t-t en (Si 

I   I   I   I   I  I   I 
< S H S ö    UM 

rH    CM 

g 
•rl 
4J 
•H 

g 

§ 
•rl 

4J 
CO 

0) 
09 

I 
Q. 

CO 

u o 

00 
c 

§ 

< 
0) 

E 
•^ 

O 

328 



::::::::::::::::::::::::::::::"::::::::::^;^^i » 

W W 
CO 
PQ PQ PQ 

E MO 
O O <&(& 
Osf 
O    •>© o    o o   o   -o coo   mm 

vDCOOr-l      «O     •     • 
r-l     • CM  i-l »^ r-l CO 00 

I     I    I     I     I     I     I 

<a^ga w w 

CO <o 

3 I o  o 
p g 

"'s 
us 
O   "<5 O 

H 

i ^ 

[X4   Q 

O W 
O W 
►J    CO 

t-l   eg 

H 
H 

i 
CO    SB 

•   r-l 

a 10 

en   ^a- 

CM 

o 
I 
to 

329 

i 
, 

^   - «III   .It.,.,,,«,,^,.   lW   



A.6.0 FATIGUE LOADS SPECTRA 

A.6.1 Wing Box 

The spectrum of wing bending moment is presented in 
Table A-II (2 pages). This spectrum is based on the B-l 
flight-by-flight composite mission analytic wing bending 
moment spectrum.  ATW-4 wing bending moments are used 
in lieu of B-l wing values. Also, the percent of 
condition max/min values for load steps 9 through 15 
and 33 were adjusted upward.  This was done because the 
magnitude of the ATW-4 wing l.Og bending moment, expressed 
in terms of percent design limit bending moment of baseline 
condition 3, is higher than the corresponding percentage 
ratio for the B-l wing.  Therefore, the upward adjustment 
of cyclic peaks provides a more reasonable distribution 
of the bending moment spectrum with respect to the l.Og 
bending moment.  The column headed ,,B^/BM(68M)" is the 
ratio of wing net bending moment at the pivot to the 
bending moment at the conceptual design section located 
68 inches outboard of the pivot along the load reference 
axis (LRA).  The ATW-4 wing design data were utilized as 
listed below; 

Mission Segment ATW-4 Wing Data 

Ground -— unit Inertia (Full Tanks), 2.0g,s 
Post Takeoff  Condition 1 (91.87.) 
Climb, Cruise, Refuel — Condition 3 (With Condition 4) 
Fly-Up   Condition 2 
Terrain-Following Condition 2 
Prelanding   Condition 1 (91.8%) 
Ground   unit Inertia (Full Tanks), 2.0g,s 
Takeoff   Condition 1 
Climb —  Condition 3 (With Condition 4) 
Prelanding   Condition 1 (91.8%) 
Ground ---  Unit Inertia (Full Tanks), 2.0g,s 
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Condition 4 loads are for a roll maneuver at the same flight 
condition as symmetric maneuver condition 3.  The wing 
bending moment in the vicinity of the pivot is essentially 
the same for both conditions since the carry-through-box 
allowable limit is developed in each case (compare Figures 
A-26 and A-41) .  However, the bending moment on the outer 
portion of the wing panel is slightly higher for condition 4. 
therefore, the loading for this condition should be included 
in the spectrum for fatigue evaluations on the outer portion 
of the wing panel.  For this purpose it is assumed that 50% 
of the maneuver occurrences (designated "M" on Table A-II) 
are symmetric and 50% are roll maneuvers. 

A.6.2 Variable Camber Devices 

Cyclic loads spectra for the leading and trailing edge 
variable camber devices are assumed to be comprised of: 

1. Maneuver and gust occurrences as shown for 
the composite mission spectrum on Table A-III 
(3 pages). 

2. Load cycles related to different trim settings 
in changing from one mission segment to the 
next while progressing through the composite 
mission on Table A-III. 

The flap loads spectra data in Table A-III are based on the 
wing bending moment spectra data in Table A-II.  In addition 
to maneuver and gust load cycles per mission, the percent 
of condition (wing bending moment) max/min values shown on 
Table A-II have been retained on Table A-III. These wing 
bending moment data were used to estimate the delta Nz 
spectra max/min values on Table A-III.  The leading and 
trailing edge flap unit loads data for developing loads 
spectra are referenced on Table A-III by figure numbers 
associated with given mission segments.  Finally, the 
load steps on Table A-II have been resequenced on Table 
A-III to accommodate roll maneuvers and additional load 
cycle? from changing trim settings between mission segments. 
The latter spectra are presented in supplementary Table 
A-IIIA, and integrated into the total spectrum according to 
load step numbers. Three cycles per mission are assumed for 
each load step on Table A-IV. 
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The unit loads data referenced on Table A-III are presented 
in Figures A.59 through A.62 for four baseline conditions. 
These conditions correspond with preliminary design 
condition 1 through 4 presented on Table A-I with the 
exception of values for load factor and angle of attack. 
For each of these conditions, leading and trailing edge 
flap spanwise running loads and center-of-pressure 
distribution data are presented for the following cases: 

1. Nz = l.Og 

2. \N2 = l.Og 

Leading and trailing edge flap loads for maneuver and 
gust loads spectra are developed using the following 
equations for running load and center of pressure 
distributions: 

W
P ' "i.og + f <Nz ■1-0) 

vlV^c^^^-m^ 
where 

1) Values for w and Xcp/Cp appearing on the 
right hand side of the equations are read 
from Figures A. 59 through A.66 at given ETA 
stations. 

2) (Nz-1.0) - AN2 values given for load steps 
on Table A-III. 

3) Subscript p is attached to cyclic peak 
load distribution. 
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For the "Climb/Cruise/Refuel" mission segment it is 
assumed that 50% of the maneuver occurrences are 
symmetric maneuvers (baseline condition 3) and 507 
are roll maneuvers (baseline condition 4). 

^la^H^Vf T±liing  ed8e flaP load distributions related to trim change cycles correspond with the 1 Og 
distributions referenced by figure number on TaHe A-IV 
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NOTES: 
1. +Xcp MEAS FWD OF .15C (? L.E. 

FLAP 
2. +Xcp MEAS AFT OF .65C @  T.T. 

FLAP 
3. Cp IS FLA? LOCAL CHORD 

'LRA 

LRA 

Figure A.59 ATW-4 Wing Leading and Trailing Edge Flap Loads 
for Nz - l.Og - Condition 1 
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NOTES: 
1. 

2. 

3. 

Xcp MEAS. FWD. OF .15C @ L.E. FLAP 

Xcp MEAS. AFT OF .65C @ T.E. FLAP 

CF IS FLAP LOCAL CHORD 
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Figure A.60 ATW-4 Wing Leading and Trailing Edge Flap Loads 
for ANZ - 1.0g - Condition 1 
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NOTES: 
1. Xcp MEAS. FWD. OF .15C (? L.E. FLAP 

2. Xcp MEAS. AFT OF .65C Q T.E. FLAP 
3. CF =- FLAP LOCAL CHORD 
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Figure A. 61 ATW-4 Wing Leading Edge and Trailing Edge Flap 
Loads for Nz - l.Og - Condition 2 
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NOTES: 
1. 
2. 

3. 

XCp MEAS. FWD. OF .15C @ L.E. FLAP 
Xcp MEAS. AFT OF .650 (3 T.E. FLAP 
CF - FLAP LOCAL CHORD 
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Figure A. 62    ATW-4 Wing Leading and Trailing Edge Flap Loads 
for ANZ - l.Og - Condition 2 
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NOTES: 
1. 

2. 
3. 

+XCD MEAS. FWD. OF .15C (? L.E. 
FLAP 
+XCP MEAS. AFT OF .650 (? T.E. FLAP 
CF IS FLAP LOCAL CHORD 
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Figure A. 63  ATW-4 Wing Leading and Trailing Edge Flap Loads 

for Nz - l.Og - Condition 3 
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NOTES: 
1. Xcp MEAS. FWD. OF .15C @ L.E. FLAP 
2. Xcp MEAS. AFT OF .65C &  T.E. FLAP 
3. CF IS FLAP LOCAL CHORD 
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Figure A. 64 ATW-4 Wing Leading and Trailing Edge Flap Loads 
for ÄNZ - 1.0g - Condition 3 
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NOTES: 
1. +XCP MEAÖ.   FWD.   OF   . 15C (? L.E.   FLAP AND AFT 

OF  .65C (? T.E.  FLAP 
2. CF  IS  FLAPI£CAL CHORD 
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Figure A. 65 ATW-4 Wing Leading and Trailing Edge Flap Loads 
for Nz ■ l.Og - Condition 4 

/">- 

346 



■■■■■■    ■■ . 

■       ■ ■ ■        ■ ■ ■ -  ■ ;        ■■'■     ''-       "■■  ' 

1.2T 

8- 

o 

u 
X 

00 

PQ 

<1 

•'♦r O 

O 
2 

oJ « 

f 
m 

<i 
Q. 

ol 

z 
M 
z 

NOTES: 
1. Xcp MEAS. FWD. OF . 15C @ L.E. FLAP 
2. Xcp MEAS. AFT OF .650 @ T.E. FLA? 
3. Cp IS FLAP LOCAL CHORD 
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Figure A. 66 ATW-4 Wing Leading and Trailing Edge Flap 
Loads for ANg - 1.0g - Condition 4 
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i:i!  IliimflfilJltltil  !i|IUltti 
STRESS CONCENTRATION »i K-p rl-.i 

Figure B.2  Fatigue Design Allowable Curve - Wing Box 
Lower Surface (2024-T851 Aluminum) 
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NOTE: MAX. SPECTRUM BM 0 68M O/B OF PIVOT = 11.08 X IQÖ iN-LBS 
MAX. SPECTRUM BM @ PIVOT = 16.42 X 10^ IN-LBS. 

2(n/N) for one life - 
0.25 - 0.2375 
The 5% reduction is an adjustment 
for the thermal environment. 

0.01 
IJJ:.: 

0.0 1.0 

FATIGUE DAMAGE FOR 1 LIFE (1280 FLTS) 

Figure B.3 ATW-4 Wing Box Lower Surface Fatigue Design 
Allowable Curves (6AL-4V Beta Annealed Titanium) 
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rr[rf STRESS CONCENTRATION FACTOR, KT - L -K 

Figure B.4  Fatigue Design Allowable Curve - Wing Box 
Lower Surface (5AL-4V Beta Annealed Titanium) 
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a/2c - 0.5 

NOTE: MAX, SPECTRUM BM (9 PIVOT - 16.42 X 106 IN.-LBS, 

.06      .10 

Initial Flaw Length, C0, In. 

Figure C,2 Fracture Design Allowable Curve - Wing Box 
Lower Surface (2024-T851 Aluminum Corner Flaw) 
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a/2c = 0.5 

(0 
(0 
0) 
u 
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4J 
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0) a 
CO 

I 

NOTE: MAX. SPECTRUM BM @ PIVOT - 16.42 X 10° IN.-LBS. 

.06   .10    .14    .18    .22    .26    .30    .34 

Initial Flaw Length, 2Co* In- 

Figure C.4  Fracture Design Allowable Curve - Wing Box 
Lwr Spar Cap (2024-T8511 Aluminum Surface Flaw) 
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THICKNESS '   MATERIAL 
A»0.2 IN 2024.T85U AL 
B=0.09  IN 2024-T81 AL 
C=0.063 IN 2024-T8I AL 
D=0.31 IN 10 NICKEL STEEL 

ijSip 
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Initial Flaw Length,  C0,  In. 

•18 '-22 L     .?6 

Figure C.5 Fracture Design Allowable Curve - Wing Pivot 
Fitting (Laminated 2024-181 Aluminum Corner Flaw) 
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a/2c = 0.5 
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THICKNESS     MATERIAL 

A=0.2 IN 
B«0.09 IN 
C-0.063 IN 
D-0.31 IN 

2024-T8511 AL 
2024-T81 AL 
2024-T81 AL 
10 NICKEL STEEL 

NOTE: Max. Spectrum BM 0 Pivot - 16.42 X 106 In-Lbs 

0.010 0.015 0.020 

Initial Flaw Length, Co, In. 

Figure C.6 Fracture Design Allowable Curve 
(10 Nickel Steel Corner Flaw) 
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Figure C.7 Fracture Design Allowable Curve 
(Ti-6AL-4V Surface Flaw) - Wing Pivot Fitting 
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APPENDIX  D 

FOLLOW-ON  PROGRAM 

The logical steps that are needed to fully develop the 
supercritical wing for use on a future vehicle, such as the 
ATF, would include the following: 

o Kinematic model that demonstrates the 
mechanical feasibility of Variable Camber 
High Lift System 

o Supercritical Wing Structural Component 
Test Program 

o Full Scale Wing Structural Test Adv. Dev. 
Program 

o Flight Test Adv. Dev. Program 

The first two of the above tasks arc described with a 
statement of work in this section. 

D, 1 STATEMENT OF WORK FOR DESIGN AND 
CONSTRUCTION OF VARIABLE CAMBER 
SYSTEM KINEMATIC MODEL 

D , 1.1 Introduction 

The task defined herein encompasses the design definition 
and fabrication of one (1) constant section kinematic model that 
duplicates a production design concept of a leading and trailing 
edge variable camber system. The task will span a 5 month period, 
The kinematic model will be used as an instrument to: 

o Promote interest in the variable camber wing concept. 

o Build confidence in leading and trailing edge variable 
camber devices, particularly in the area of flexible 
skins and variable camber driving mechanisms. 

Mm m matmßm .—■-=- 



o Improve understanding of selected variable camber 
devices and provide insight into the principles of 
operation of these devices. 

o Demonstrate the aerodynamic shapes and smoothness 
obtainable with variable camber devices. 

The variable camber devices will be supported structurally 
by a simulated wing box which will be supported or an attractive 
pedestal. 

D.1.2 Engineering Task 

D . 1.2,1 Design 

The design task will require the preparation of the following 
drawings: 

D. 1.2.] L.l Leading Edge 

(a] 1 Layout 

(b: I Actuation Arm 

(c] I Roller 

(d: I Leading Edge 

(e] 1 Upper Skin 

(f: 1 Lower Skin 

(g: 1 Front Spar 

(h: 1 Machined Details 

a: 1 Leading Edge Variable Camber Assembly drawing. 
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D'1-2-1.2 Trailing Ed^P 

(a) Layout 

(b) Upper Skin 

(c) Lower Skin 

(d) Skin Beam Details 

(e) Skin Details, Trailing Edge 

(f) Channel Link Details 

(g) Actuator Beam Details 

(h) Socket Fitting Details 

(i) Sleeve Fitting Details 

(j) Coupling Details 

(k) Swivel 

(1) Beam Pivot Block Details 

(m) Pin and Bolt Details 

(n) Link Details 

(o) Fork, Trailing Edge Actuation 

(p) Slide Members, Trailing Edge 

(q) Bushing Details 

(r) Pivot Fitting Details 

D,1-2-:l-3 Electrical nrlve & r.cmtr-ni 
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D-1-2-1-4    Pedestal & Siimilatnd wtnc Box 

pared* draWln8 0£  the PedeStal & *™l*ted „Ing box will be „«- 

D . 1.2.2    Stress Analysis 

criteria required under contract F336l|.5£c"oi8? ««Pi»« 

D. 1.2.3    Engineering Support 

of th^o^r1"8 SUPPO" Sha11 be Pr0Vlded '""^"out fabrication 

D.I.3    Tooling Task 

the tool^rf i manui&c^^ Plan shall be made to assure that 
the tooling and manufacturing task is executed 1« «« -SfV 
manner.     Parts  olannlnp «hoii   «i       t    execuCed ln an efficient 
shall make maxl^ us^of^Jir-f •CCOTPHshed-   "««• f^«^g 
the parts planni^ task? g referen<:es  ^ °rder to mintoize 

glass^Sr »r^l0d1inr8u^1
pa1tsPr0V^eadsS

f0r
bl

the 'T^ required. ruooer parts.    No assembly tools will be 

D.I.4 Fabrication Task 

and on^dS^s^Sd^/hr^er^hiiJ £» edge "-*^ on Fieure D 1  rh*  ,7   m mmtot  shall be fabricated as shown 
.echanic'l fis^eners tolo™ :1„?0rnPOnentS Wil1 be Joined "* j:«sceners to form a wing cross-section member. 

on a ^cde'n pe^estaTars^'m"?^"^.00"61 ^ be ^^ 

lnstaUed1L0Vihe60p:dP:;tn4anHS tZ'  'T™™* "^^ *" ** 
leading edge SivrÄft1^?1 ^tTAriiU1^ ?,** . 
Four protective limit s^tches vifl ^prov'Je'S8 STAU'' 

367 



0) 

ü 

•U 
W 

CO 

368 

'*   -yfi-tm ■'w »Wiwr.!—wyint».^- 



the leading edge device and two on each of the trailing edge device 
Two control switches in separate circuits will be provided so that 
the leading edge and trailing edge can be operated separately. 

D.I.5 Inspection 

Inspection will be limited to material receiving inspection 
only. Final disposition of rejected material will be determined 
by engineering design personnel. 

D.2 STATEMENT OF WORK FOR ADVANCED 
TRANSONIC WING DEVELOPMENT PROGRAM 

D.2.1 Objective 

The objective of this program is to evaluate the feasibility 
of integrating the advanced technologies of the Variable Camber 
Program and the Supercritical Wing Box Program on to a full scale 
advanced technology test wing. The overall approach used to 
accomplish this objective will be to conduct a test program to 
demonstrate the feasibility of the leading and trailing concepts 
developed during the Variable Camber Program and the wing box con- 
cept developed during the Supercritical Wing Box Program. 

D.2.2 Scope 

This program will consist of designing, fabricating, and 
testing a supercritical wing section which incorporates the top 
ranked leading and trailing edge concepts developed during the 
Variable Camber Program and the top ranked wing box structural 
concept developed during the Supercritical Wing Box Program. The 
task will span a 12 month period. 

D. 2.3 Program Tasks 

The following paragraphs define the basic tasks that are e 
part of this program 
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the selected .Xmi" ^'^ Z^ ^"IT*" *"* 
will be approximately 72 inches 1« lI«^K  .. 5 S test component 
airfoil shape (ATW-4 «irfon rL«   8.h and 0f constant size H  ^Aiw H  airfoil configuration at C.S.S. 140). 

D. 2.3.1.2 Perform stress a„slysls to size test component. 

D- 2.3.1.3 Perform fatigue analysis t-n «=<.,« -  . 
accordance with M?L-A!O08866I   ^^ COinp0nent in 

D. 2.3.1.4 Perform damage tolerance analysis to size test 
ponent in accordance with MIL-A-83444 corn- 

corn- D. 2.3.1.5 Compute deteiled „eight calculations for test 

■>. 2.3.1.6 Compute budgetary cost estimate for test co^onent. 

D' 2'3"1'7 äSSS: the ?eJ
th0dS 0f ««"rlcation and quality 

thltT,    provision8 necessary for the manufacture of 
the test component. Develop a manufacturing Plan for 

futu«,' IZZ™and fabricate a11 toolln' "r 

D. 2.3.2 Fabricate test component. 

D. 2.3.2.1 Fabricate one test component for the leading and 
trailing edge and wing box design.       8 

mm 
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0,2.3,2.2  Conduct (NDI) inspection procedures required during 
tabncation of test component using current state- 
of-the-art equipment with the necessary refinements 
for adapting to the specific component. 

D .2.3.2.3 Monitor all costs relevant to the fabrication of the 
test component. Compare these actual costs with 
those estimated in paragraph 0,2.3.1.6. 

0.2.3.2.4 Oetermine actual weights of test component and compare 
with those estimated in paragraph 0.2.3.1.5. 

0.2.3.2.5 Develop test plan for static and fatigue testing 
(wing bending and variable camber deflection) the 
test component.  Include loads, instrumentation, 
inspection requirements, fatigue spectrum, and safety 
provisions necessary for testing. 

0. 2.3.2.6 

2.3.3 

Fabricate the test fixtures required for conducting 
the static and fatigue tests. 

Conduct  testing of the component  in accordance with 
test plan prepared in paragraph 0r2 3 2 5 and «.m. 

l^n  n •ab,le "-^    The 1«<l» «>.? will be sh^ SttT'test 
rlTZtl    Slm'1"<! those "»"ured on the besellne alrcr.ft 
The instrunentatlon required by the test plan will be edeou.f. 

th0eC.Tplled1^UdC:.and ■"e"Ure ^ ""'"""on aidleÄlc 

0.2.3.3.1    Conduct strain survey of test component at limit load 
to determine stress distribution. 

0.2.3.3.2 Conduct fatigue test of component to four lives. 
Ouring fatigue loading (wing bending loads) perform 
cyclic operations (deflections) of variable camber 
systems. 
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D.2.3.3.3 Conduct static test of component to failure after 
completion of fatigue testing. 

D.2.3.3.4 Conduct nondestructive evaluation prior to testing 
to detect and monitor any failure. 

D. 2.3.3.5 Reduce recorded results, analyze, and evaluate. Cc... 
pare with analytical predictions calculated previously. 

-om- 

D. 2.3.4 Evaluate reliability and efficiency of the leading and 
trailing edge systems and wing box configuration. 

D.2.3.5 Evaluate operational durability of the variable camber 
systems. 

D.2.3.6 Evaluate internal loads and stress distributions in the 
leading and trailing edge systems and wing box structure, 
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