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SECTION I

INTRODUCTION

The purpose of the CAST program is to demonstrate that aluminum cast-

ings can be used for primary aircraft structural components. The program

goal is to achieve the above with no weight penalty and with a minimum of

30% cost savings. The baseline airplane selected for the CAST program is

the YC-14 prototype AMST. This airplane provides multiple choices for

baseline components and is at a development stage such that near-term im-

plementation is a definite possioility.

The Phase I objective is to establish the design configuration to be

continued in Phase III, "Detailed Design,' and to provide preliminary data

and criteria for all following phases of the program.

The preliminary design phase (Phase I) consists of: baseline compon-

ent selecticn from YC-14 candidate components and compilation of baseline

component data for comparison purposes; establishment of design criteria to

be used throughout the program including design strength, fatigue, durabil-

ity, and damage tolerance criteria; development of preliminary design

allowables data for A357 aluminum casting alloy to be used for design until

completion of allowables testing; design of a minimum of three conceptual

configurations with supporting cost and weight data compiled for selection

of the design configuration to be used in Phase III (Detailed Design); and

an on-site design review covering Phase I activity plus a recommended

selection and customer approval of the design configuration.

This report summarizes the work completed during Phase I.

i1



SECTION II

PRELIMINARY DESIGN

The Phase I Preliminary Design efforts were directed toward deter-

mining conceptual casting configurations for testing and possible detail

design application and to compile preliminary design criteria, allowables

data, damage tolerance methodology, and test plans.

BASELINE COMPONENT

At the beginning of Phase I, the YC-14 structural assembly candidates

for baseline component were reviewed and selections made, based on the

following requirements:

o Primary airframe structure

o Large complex structure with both heavy and thin sections to

provide casting challenge

o Good potential for cost reduction

0 Potential for no weight penalty

o Cost ,ffective structural test capability

o Potential for near-term application

o Accessibility for inspection in airframe

2..



The component assemblies selected for final comparison were:

o Station 170 Body Bulkhead (Figure 1)

o Wing Box Nacelle Rib (Figure 2)

o Fin Tip Rib, including Stabilizer Support Assembly (Figure 3)

o Aft Body Bulkhead-Lower Segment (Figure 4)

A trade study chart was prepared (Figure 5) to provide a comprehensive

comparison of the candidaip component assemblies with the characteristics

and criteria for the casting application.

A review of the trade study chart clearly shows that the Station 170

Body Bulkhead is the best choice for the baseline component. This compon-

ent has the best potential for meeting the cost and weight objectives,

possible near-term implementation, and ease of inspection access. The Wing

Box Nacelle Rib is first alternate, with a good rating except for structural

test complexity and poor accessibility for inspection. The Aft Body Bulk-

head-Lower Segment and the Fin Tip Rib were judged consecutively lower in

meeting the baseline component criteria.
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I I ~~CASTING TFCHNOLOGY EITN
STRUC~TURAL APPLoCATION~ SIZE IIN.- CHALLENGE (N~

OSETS
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _COST

1END RIB OF FIN TORQUE
fIOX, PRIMARY SUPPORT FOR VR OPE FJjA
H4ORIZONTAL STABILIZER & VERR COPLXOTUA

1. FIN TIP RIB WITH FIN 'lIP FAIRING. NOT MENTS FOR CASTING COST RE
STABILIZER SUPPORT PRACTICAL TO MAKE AS ONE - FWD: I"x 44 x 17.5 ALMOST TO THE POINT MULTIPLE.U
ASSEMBLY PIECE CASTING. FWD RIB IOF BEING IMPRAClICAL. PARTS AflES

WOULD RE 3-PIECE CASTING SEPARATE CASTINGS. MATING PA
FOR FAIL-SAFIE STABILIZER REQUI RED
ATTAH SRTURE__

CARRIES CABIN PRESSURE
LOADS AND SUPPORTS LOWER 316.870
SEGEN OFT TAIL BUAIRING. STRAIGHTFORWARD CAST GOOD POT

r 2 AT BDYBULHED- PRIMARY LOWER BULKHEAD 12ARGE SZE WTH ASSEMBLY -

SUPPORTS AEROYNAMIC LEAST CHALLENGE oF DATA NOT
PRVDS UPRTFRTHE GROUP. FLAT SIFT BASIS.

3. WING BOX NACELLE RIB PROVIDES SUPPOISRBT FOR ECIINISA0IPOETANACELL AN2DSTIBTE PRACTICAL TO CAS-,OTNTA

IBL 23?NACELLE LOAD THRU SHEAR LRESZWIHTINSS REDUCTION.INTO WING ROX. RIB AND LRG SIOM INTIMUMES CASTING CRUNNIRO IIU REPLACEMIFSHEAR TIES FORM A FUEL TO APPROX. .50 IN.TANK END RIB. AMED
PROVIDES SUPPORT AND
REACTS LOADS FOR FORWARD STRAIGHTFORVYARI) B8UT 2,3
NOSE GEAR ATTACH POINT CHALLENGING. LARGE VERY GOO0j4. BODY BULKHEAD - AND NOSE GEAR DOOR SIZI: WITH A WIDE COST REDUC

STATION~ 170 ACTUATOR SYSTEM. UPPER 89. x* 56.2 .i RANtiE OF SHAPES AND PART REP
SEGMENT CARRIES CABIN THICKNESS, RUNNING MACHINE
PRESSURE. PROVIDES FROM MINIMUM TO ATTACH F4f
SUPPORT FOR NOSE RADOME. APPR~OX. 1.5 IN'



U~94 j L

EXISTING COMPONENT CnST COMPONENT WEIGHT
IINCt.UOMOIG TOOLINGi & &POTENTIAL WEIGHT STALCTURAL TEST PONOL E NEAR TERMgJp~y~
COMMENTS ON POTEN71AL CHANGE COMPLEXITY IMPLEMEUTATOON

COST REDUCTION

584 FWD. 134.3 L116 REQUIRES EXTENSM WRV9SI OF RGIF

COST REDUCTION AS PCOP POTENTIAL FOR EQUAL SNMPLE LOAD CONDITIONS - IDIALIZER SUP1101RT AMA. 04CI 01M.

MULTIPLE COMPLEX CAST WEIGHT, ESPECIALLY IN TOM*UESOX E11D PLUS LARGER HINGE PITYSM DUE TO LWR FI TU

PARTS ARE REQUIRED & AFT SEGMeNl WHERE LARGE ELEVATOR HINM"OAS CASTING ALLOAIS 111RES ACCESS T
EXTENSVEF REVISION TO PARTS ARE HIGHL Y LOADED. NO PREMAUR LOAMS REVISION TO MO40USM XUYOULZE R H CRZOTA
MATING PARTS ALSO (LWR CASTING ALLOW.) HINGT ATO 16 MUE FITTINGShREQUIRED

525.870 3.5 LS
POOR POTENTIAL FOR EQUAL NDIAAJ. LOAD CONDITIONS.

GOOD POTENTIAL FOR WEGT SUIGTEDO IG OD LS COULD BE RtEA0O~ftY LEANTED. SCAFFOLIN

COT EDCTONOF ASSEMBL Y WEIGHT COULD BE LOWN IMWEA CMHORD EEMRSDWO M U OTC#ASSEMBLY BUT TO015 EXISTING11 WOVSL IE. I OF LARGE
INSTALLATION REQUIRES EQUALLED. THE SPLICE LOADS PUSBODY 'TPEES.BG a

ADATONPATSPARTS FOR INSTI WOULD CABN 11141S.JNE
ADOTIO PATSADO WEIGHT CriMPLEXIYY FACTOR -1.14

DATA NOT AVAILA0PI E - 80.6 LBS (EA,

S/F8Q T'BSI)VEY GO AV PAIR POTENTIAL TO EQUAL MULTIPLE~ LOAD CONDITIONS C0OULD BE RES~t#LV ILEMINTED. WAFFOLDINO
S/ffBAIS VRYGOD E IGHT OF EXISTING COMBINE Q WING BENDING. REmNuDS 41IMSHOMNONUUM WANG FUEL'E

POT ENT'AL FO'. CGIST PTUTR.DCESET*UR N 4AEL IS IGED FOR
REDUCTIONI DUE TO LE~AST STU-R.ACES OSO ADNCLE TE.LWRSR

CASTIN CHALLNGE b FROM OVERLAP E LIMINATION LOADS PLUS FUEL PRESSURE LWRSR

CEPASIGCHAENGEF UTIL WOULD MATCH INCREASE FROM COMPL.EXITY FACTOR I U
REPACIEMSEAT MULIPL LOWER ALLOWABLES.

92,935 GODPTNILNOEUL 1ORMAL LOAD CNIOS.COULD BE REAOWLV 11PLEMIENTEO. EASV ACCESS7
VERY GOOD POTENTIAL FOR WE IGHT OF EXISTING STRUC- MOSE GEAR b NMS GEAR RECIUIRECLO@E TOLERANCE BULKHEAD mq
COST RE DUCYION. L AST TURE THE LARGE PART DOO0R POINT LOADS PLUS LOCATION OF WXOLK FOR LANDING TO UPPER REA~
PART REPLACES MUt rIPLE COUN4T PROVIDES EXTENSIVE BODY SHEAR AND BODY GEAR FITTING ATTACH. TO REPLACE SAY INSIE Alq
MACHINED NOSE GEAR AREA OF OVERLAP REDUJCTION CAIaRSUE WMALNNCOEITN OWR bE
ATTACH FITTINGS. TO MATCH INCREASED T" COMPLEXITY FACTOR- 1.00 'ITTINQSATTACHSD TOGULK4EAD. DOOR. SHORT

FROM LOWER ALLOWA*BLES.

TRADE STUDY CHART

Figure 5



NT WEIGHT-ETSNIAI. WEIGHT STRUICTURAL TEST POSImLE NEAR TIEM INWECTION AtS IVOANMACS
CHANGE COMPLEXITY IMPLEMENTATON

LOSL REQUIRES EXTENSIWE 4111411tO REQUIRES SCAFPOLD 00 CHERRY
#vWTIAL FOR EQUAL UMPLE LOAD CONDITIONS - MTATIG PI SUPPORT AMAHE PICKIER. DIFFCW.T ACrNS mmou

[pcIALLY IN TONGUJE 30X END PLUS UALIER SUGEP#OT* UE TO FIM STRIUCTURIE T0 LWE SURFACE
~WWAInNE LAMGE ELEVATOR MONM LOADS. LASTIGR ALaMGIES 01TiDUE O S OF FIN TOP RIG. UPMU SURACI

GUHIGL. LOADED. No PRESSURE LOAM CRTVISIN TOALL111110 SUAILUES A ACCESS THRU FNIRNG AND
Fitv ALL W)COMPLEXITY FACTOR - A5 RVIS ITNTOH TU HORIZONTAL STABOIUMS REMOVAL

frENTIAL FOR EQUAL NO111MAL LOAD CONDITIONS. CUDB E8~Y~ETD CFOPN UJRD ~
ASSIUMING THE 00OR HINE LOOPS PLUS COLBEEAMAIL 01PMETD SAFL4WNREIID.ONR
LWEIGHT COULD BE Lma sUA.KEAO CHORD REQUIRS D l SPLIC P1111m PORTIDIJ ACCESS EWJIRES R~oAL

THL PIELAO LSBD TO 15 EXWIING Vfff4nL AI OF LARGE CARGO DOOR AND A"T
INSTL WOULD CABIN PRESURE T1PONRSBDYFWIG

NT COMPLEXITY FACTOR - 1.14

L NTIAL TO EQUAL MULTIPI.E LOAD CONCHTIONS COULD SE RE5.VNL MPL&AENTED. SCAFFOLDING REQIRED. REGWIRU
EXISTING COMSIN4EQ WING SENDING, RECOMISSS4REIobsEA 10144 FUEL BE DRAINED AND TANK

DERAE TORSI ON AND NACELLE Ties. RGED FOR ACCESS THRU INGNLAP ELIMINATION LOAMS PLUS FUEL PRESSURE LOWEFR SURFACE.
TCI4 INCREASE FROM CO t.xITY FACTOR IMU
LOWASL ES.

ENTIAL TO EQUAL NORMAL LOAD CONDITIONS. COULD SE REAIGUADLV SLENTED, EASV ACCESS TO LOWER AFT PAIW OP
EXISTING STRUC. NOSE GEAR &i NOSE GEAR REQUIRUSCLOSE TOLERANCE BULKHEAD THRU NOSE GEAR COMING

LARGE PART DOOR POINT LOADS PLUS LOCATION Of: HOLES FOR LANDING TO UIPPER REAR TI4RU UNDER-PIJOOR
OVIDES, EXTENSIVE BODY SHEAR AND BODY GEAR FITTING ATTACH, TO REPLACE SAY INSIDE AIRPLANE. ACCESS TO
OVERLAP REDUCTION CABIN PRESSURE. SHIM ALLOWANCE ON EXISTING FORWARD SIDE THRU RADOME ACCIS

H INCREASED 'T" COMPLEXITY FACTOR- 1.00 ITTINASATTACNGD TO GDLKHEAD. DOOR. SHORT LADDER REOUIR9D.
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Baseline Component Lata

Costs of the YC-14 Station 170 Body Bulkhead with component parts were

derived from actual records. The actual costs could not be isolated to the

detail level, so the cost breakdown was estimated based on the overall

bulkhead cost. Figure 6 shows the total cost for the two YC-14 units with

the unit cost based on the two-airplane run. Figure 7 shows the results of

a cost analysis based on: (1) the first unit YC-14 bulkhead total cost,

and (2) the projected unit cost of the bulkhead based on a 300-airplane

production run. This last unit cost ($10,900) was used for all cost com-

parisons of cast concepts to baseline component. The cast concept costs

are calculated and projected to a 300-airplane production run for direct

cost comparison.

The weight of the baseline component was compiled starting with the

weight of the Station 170 Body Bulkhead. The weight of the parts of the

bulkhead that would not be included in the casting was deleted. These

parts included that portion of the bulkhead above WL 150, a seal retainer,

and the skin strip across the front of the landing gear bay. The weight of

the fittings and attaching parts for mating structure that were not part of

the bulkhead assembly but will be included in the cast concept was added.

The total weight of the baseline component is 184.6 pounds.

9



Costs

The following costs wore derived primarily from actual records; but in some
cases the actuals could not be ;solated to the detail le'.l, so calculated estimates
were made. Final assembly of the bulkhead was accomplished upon instailation
and Is not included. This deletion is reasonable as the final assembly would
compare to the locatiny, drilling, reaming, and bushing of the landing gear
fitting attach-holes after the cast bulkhead is installed. Man-hours and costs
noted below are for both units of the YC-14.

Man-hours Dollars

Raw material - $1,920
Tooling 3.178 79,450
Fabrication 2.838 70,950
Sub-assembly 534 13.350
Total (2 un;ts) 6,550 165,670
Each unit (2 unit run) 3.275 82,835

Figure 6. Baseline Component Data: YC-14 Bulkhead Assembly, Body Station 170

YC.14 1st prototype

Raw materia! $ 1,000

Labor
Tooling

0 Detail tools 35,000

# Assembly tools 43,700

* Detail fabrication* 35,500
* Assembly* * 6,700 *Detail fabri ation - - Making of 230 parts.

Total cost "Assembly - - Assemble and install parts.

Cost per unit $122,700

C-14-300 shipsets -____

Nonrecurring Recurring

Raw material $ 300,000

Labor

* Engineering $ 53,000 53,000

* Developmental 16,000 20,300

* Tool design and fabrication 530,000 53,00

* Production and production
planning 22,000 2,072,400

* Quality control 34.000 120,000

Total cost $655,000 $2,618,600

Average/shipset $10,900

Figre 7. Conventionally Fabricated Station 170 Bulkhead Costs (1976 Dollars)

10



rESIGN CRITERIA

Preliminary Design Criteria

Preliminary design criteria for the CAST component include:

1. All applicable Military Specifications: MIL-A-008860A, MIL-A-

008861A, MIL-A-008866B, rIIL-A-83444, MIL-STD-1530A.

2. Design allowables verification test requirements.

3. Applicable YC-14 airplane requirements and objectives.

4. Design loads requirements per YC-14 Airplane Strength Analysis.

5. Repeated loads derivation from design usage as noted in the YC-14

Damage -olerance Assessment Document.

6. CAST design service life requirements (same as C-14 design ser-

vice life requirements).

7. General requirements including deviation from MIL-A-008860A -- no

casting factor.

8. Reliability requirements, durability, and damage tolerance cri-

teria.

The final design Lriteria document for CAST will be submitted in Phase

III pur CAST projrpm schedule.

11



Damage Tolerance and Durability Control Plan

The damage tolerance and durability control plan identifies and de-

fines the tasks necessary to ensure compliance with damage tolerance and

durability requirements of MIL-STD-1530A, MIL-A-83444, and MIL-A-008866B.

The test plan for the fatigue and fracture characterization testing of

the casting alloy A357 is included in the damage tolerance and durability

control plan.

A section of the plan contains the fracture control specification for

the Station 170 bulkhead in the event it is declared fracture critical.

A detail description of the flight-by-flight loads spectrum for the

bulkhead is attached to the plan. It includes a description of the deri-

vation of the analysis and test load spectrum r damage tolerance and

durability analysis and full-scale testing.

The damage growth prediction and durability methodology are described

in the plan. A plan for sensitivity studies that will be performed during

Phase III of the program is also contained in the Control Plan. These

studies will identify the sensitivity of life predictions to material

properties, spectrum make-up, aircraft usage, and initial flaw sizes assum-

ed to exist.

12



PRELIMINARY DESIGN ALLOWABLES DATA

During Phase I, preliminary design allowables were developed for A357-

T6 aluminum alloy castings procured to MIL-A-21180. The allowables were

developed from data collected and analyzed by Battelle Columbus L.aborator-

ies under subcontract to the CAST Program. The data base included 3900

test results representing 47 separate parts from 14 different foundries.

Sixteen strength/elongation classes were represented, including the

four classes defined in MIL-A-21180. Table 1 shows the number of results

(n) available for each class listed as the minimum required ultimate ten-

sile strength/tensile yield strength/elongation (TUS/TYS/elong,). Average,

standard deviation, minimum, maximum, and A and B statistical values were

reported by Battelle as shown in Table 1 for each class. App.'oximately 55

percent of the data were contained in the 50/40/5 class.

Data for TUS, TYS, and elongation of the 16 strength/elongation class-

es are shown in Figures 8, 9, and 10, respectively. Each of these figures

shows the number of results, mean, and the computed A and B statistic for

each class.

The CAST preliminary allowables have been established for the four

strength/elongation classes of MIL-A-21180 with the same distinctions

regarding designated areas or total casting.

13
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1 ,

These classes are designated as:

o Class 1 -- 45/35/3

o Class 2 -- 50/40/5

o Class 10 -- 38/28/5

o Class 11 -- 41/31/3

Ultimate tensile strength preliminary design allowables were developed

from the data of Figure 8. A straight line through the measured UTS mean

values describes the four designated classes, and provides a reasonable fit

to the other classes. In turn, straight lines were constructed through the

computed A and B values for the four designated classes for which allow-

ables are provided. Class 10 (38/28/5) does not have an A value statistic

due to a nonnormal distribution and insufficient data to establish the

value by the nonparametric ranking method.

Figure 9 shows the measured tensile yield strength data plotted

against the TYS specification values. The same straight line plotting

method describes the data reasonably well and was used to develop the A and

B allowables.

Measured percent elongation data are shown versus elongation specifi-

cation values in Figure 10. The range of results within Pach strength/

elongation class is large, from approximately 1 to 15 percent. Since the A

values computed for Classes 1, 2, and 11 are essentially the same, a common

value of 2.5 percent elongation was established for all values. In accor-

dance with MIL-HDBK-5, a B value was not established for elongation.

18



The values for Fcy, fsu' Fbru' and Fbry were developed from the Ftu

and F values using derived property ratios determined from the values
ty

shown for A357.0-T61 in Section 3.13.16 of MIL-HDBK-5B as follows:

o FFcy ty
su = 0.7 Ftu

S F b 1.4 Ftu (e/D = 1.5)

bru

o Fbru = 1.8 Ftu (e/D = 2.0)

o F = 1.6 F (e/D = 1.5)
bry ty

S Fbry = 1.8 Fty (e/D = 2.0)

The values for E, Ec , G, and l are the same as those in Section 3.13.6

of M'IL-HDBIK-5B for A357.0-T61.

The preliminary design allowables developed for the CAST program are

h',qin in Table 2.

Phase II requires the development of a process (procurement) specifi- I
ca- 4on for castings and a test program to obtain final structural design

allowables. These allowables will be suitable for design use without a

(..astinn) factor.

In general, statistical allowables are based on an analysis of a

collection of data from material produced to meet the requirements of a

spe:ification. In the case nf wrought metal products, the properties data

are segregated by product form, , sheet, plate, extrusion, forging,

associated with the method of producing the material. Also, the method of

19
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Table 2. "CAST" Preliminary Design Allowables

ROOM TEMPERATURE MECHANICAL PROPERTIES

Program CAST Preliminary Design Alow les

Alloy A357

Specification CAST-XXXX

Form Castings

Tenwer .. T6

Class Q 1 -2 10 11

Basis A B A B A 8 A B

Mechanicai properties:

Ft ksi 42 46 47 51 35 40 38 42Fty ksi 36 37 40 42 29 31 31 34
F ksi 35 37 40 42 29 31 31 34

FSU ksi 29 32 33 36 24 28 27 30

Fbru  ksi
fe/D - 1.5) 59 64 66 71 49 56 53 60
(D 2.0) ( 76 83 85 92 63 72 63 77

Fbry kii

(e/D = 1.5) 56 53 64 67 46 5 50 54

(a/0-2.0) 63 67 72 76 52 56 56 61
Elong Per'ent 2.5 2.5 2.5 - 25
E 103 kso 10.4

E 103 ku 10.5
G 103 ks| 3.9

p 0.33

Class desgnations ru.piese.nt streng(h classes froin MIL-A21 180
Program CAST MI.'A-21180

C;lass I Class 1 (45135,15
C;lass$ 2 Class 2 (W040'5)
C;lass 10 Class 10 (38/28/5)
Class I11 Class 11 (411'31/3)

Classi.s I and 2 represent properties of specminins cut from desitutn.ad dise

Classes 10 id 11 represent properties of sJcimenls cut from ally ared Of a *..1irtiig

20



manufacture of wrought products is generally continuous and/or repetitive

in nature and produces consistency in the end product. This consistency

and the adherence to a process specification produces a properties popula-

tion whose characteristics can be described by statistical analyses of past

historical samples.

The castiing process, however, allows the produc: ,i of complex config-

urations of almost unlimited dimensional variability by many different

fmethods and techniques. These processing differences cause uncertainty

about the validity of past historical data for describing the rharacter-

istics of a future population. This uncertainty is due in part to the

following items in the specifications for procuring castings:

1. Many of the requirements for inspection for quality can be ix-

empted by the drawing or purchase order.

2. Strength in the part cannot be verified without destroying the

part.

A consequence of these characteristics and the unique nature of the

confidence in castings.

The proposed elimination of the casting factor will require a means

for qualifying foundries and a new procurement specification that willf ,assure the required quality or integrity in each part.

21



CASTING CONCEPT CONFIGURATIONS

Three different cast concepts of the Station 170 body bulkhead were
completed to obtain cost, weight, casting method, and structural compari-

son. The three concepts with design approach rationale were:

o Stiffened Web Concept (Figure 11) -- This configuratinn was

chosen for study on the basis of being the most direct design

approach. The idea was to design a casting that physically

matched the existing bulkhead structure as closely as possible;

to provide continuity of existing structural load paths and

require no revision to existing adjacent structure. The resul-

tant one-piece cast configuration is similr to the baseline

component built-up structure.

-0 Hybrid Concept (Figure 12) -- During the proposal effort and

early in the preliminary design phase, the ability to cast large

areas of thin web was in doubt. ThiF concept was to provide a

cast framework including all the heavy structure and fittings,

with a sheet web mechanically fastened to the cast frame for

shear and pressure loads. The primary tradeoff was the thin,

higher allowable web plus the frame overlap versus the all-cast

one-piece structure.
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o Truss Concept (Figure 13) -- Another design to reduce the re-

quirement for a thin cast web is the truss configuration. This

design concept was to take advantage of the thick cross-section

members to transfer loads through tension and compression only,

deleting the requirement for a web in the nonpressurized area.

It was anticipated that ".ne casting simplification of this con-

cept would reduce cost with little weight increase.

Concept Drawings

Layout drawings of the Station 170 bulkhead were made for each of the

three cast concept configurations and distributed to Structures Staff and J
the Casting Foundry for analysis, comments, and required revisions. The

layout drawings were subsequently completed and sent to Manufacturing and

Weights for cost and weight analysis.

Stiffened Web Concept (CGst Concept #1)

The stiffened web c.,4 cept was designed to meet the following goals:

o Basic YC-14 dimensional and strength requirements

o Minimum weight

o Least effect on existing mating structure

o Inclusion of :Il parts of Baseline Component

o Match cf cast structure to existing structural load paths

o Maximum cost reduction consistent with above goals

25
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The goals listed above were achieved by the following design features:

0 The bulkhead web is designed to minimum castable thickness and

the vertical beams have flanged outer edges and zero draft.

o The interface with mating structure was designed into the cast

bulkhead to match existing structure without requiring structural

revision for load path continuity.

o All parts of the Baseline Component were included in the cast

concept except one small clip-angle of approximately 0.2 pound.

o Reduction of parts to one cast bulkhead with machining required

only to match close tolerance mating fittings.

In this concept, the weight goal was maintained without striving for

the utmost in casting simplicity for maximum cost reduction.

Hybrid Concept (Cast Concept #2)

The hybrid concept was designed to meet the following goals:

o Basic YC-14 dimensional and strength requirements

o Utilization of aluminum sheet as bulkhead web in minimum gage

areas

0 Niinimum cost through casting simplification

o Matching of (-(st structure to existing structural load paths

o Minimum weight consistent with above goals

27



The goals listed above were achieved by the following design features:

0 Areas between beams and high load fittings were filled with a

sheet aluminum web sized by shear load only.

o Coring requirements were held to a minimum by designing a chan-

nel-shaped chord and channel beams, both with angled surface to

provide natural draft.

o The interface with mating struct, re was designed to match exist-

ing structure and existing load paths. An additional assembly,

the WL 150 Slanted Beam, was included as part of the cast bulk-

head to provide a direct interface with the slanted upper portion

of the bulkhead.

o Weight was reduced by part overlap, replacement of the WL 150

slanted beam with a more efficient cast-in beam, and by using the

slanted side of constant-thickness channels to provide natural

draft.

In this concept, the primary goals were hybrid structure usage and

simplicity of casting.

28
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Truss Concept (Cast Concept 43)

The truss concept was designed to meet the following goals:

o Basic YC-14 dimensional and strength requirements

o Primary load transfer through truss members instead of shear webs

o Minimum cost through casting simplification

o Minimum effect on existing mating structure

o Matching tif cast structure to existing structural load paths

o Minimum weight consistent with above goals

The goals listed above were achieved by the following features:

o In the lower segment of the bulkhead, the jammed door load was

reacted through truss members and a web for carrying landing gear

fitting loads to reaction at side panels. The upper segment

utilized a diamond-shaped trusswork in an effort to reduce the

pressure web gage.

o All beams and members except outer chord were designed with draft

and no flanges to keep coring requirements to a minimum. The aft

horizontal member at WL 130 was shortened to simplify casting.

o The interface to existing structure was designed into the casting

with the exception of the WL 130 tie to the horizontal pressure

deck. Built-up structure would have to be added here to replace

the shortened horizontal member noted above to complete load path

requirements.

29
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o Weight was reduced by part overlap and by retaining the angled

tee outer chord concept.

r In Lais concept, the primary goal was truss structure usage and sim-

plicity of casting.

Evaluation Data

Cost, weight, advantages, and disadvantages were compiled for each of

the three concepts (Figures 14, 15, and 16).

The weight shown was derived as follows:

o Weight of casting concept

C PLUS -- weight of baseline components not included in cast

. structure

-- weight of additional built-up structure, if required

o MINUS -- weight of any additional structure utilized in casting

which was not originally in baseline concept

The projected cost to a 300-airplane production run was estimated for

each concept, in a manner similar to the baseline component cost estimation

noted earlier under "Baseline Component Data." The percent savings from

baseline cost are noted for each concept.

The pertinent advantages and disadvintages were compiled from Manufac-

turing, Quality Control, Structures Staff, and Structures Design inputs.

30
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Cost
Weight 1 of 300

0 bs) shipsets Advantages Disadvantages

Concept no. 1 172.9 $7948 0 Under target wt: can absorb 41 Dif ficult areas to cast
cast - L/0-004 reduced allowable for fatigue. 9 High flanges at' .. L. 130
(Similar to etc., if required e Beam flanges r(- uire coring
as-built) *No revision to adjacent struct * Outer chord requires coring

Includes all parts of baseline * Core required across top at
component W.L. 150

(27Z e Large areas of minimum gage
savings) web

Baseline 1 84.6s $10.900

Figure 14. Evaluation Chart Concept No. 1

Cost
______Weight___ I of30

(Ibs) shipsets Advantages Disadvantages

Concpet no. 2 2039.4 $6.393 a Casting simpliciation * Erif ficuilt ateas to cast
Cast - L/0-002 9 Outer chord is open angle a High f lages at W.L. 13U
(Hybrid) (No core required) * Core reqluired across top

e No beam flanges (Peduced W.L. 150
coring) s More fastener holes

0 Concept includes slanted beam possible crack growth
at W.L.115O problem

a More dif ficult to inspect
(NOT)

* Heavyweight
e Does not include radonte

attach parts, requires revised
(41% j (heavier) seal retainer (to be

___________savings) usda de stiff)

Baseline 184.6 SO90 _____________

Figure 15. Evaluation Chart Concept No. 2

Cost
Weight 1 of 300
(fbs) shipsets Ad~vantages Disadvantages

Concept no. 3 210.8 $7,154 0 Casling simlilfication *Diflicult areas io cast
Cast - 1./0-003 * No beam flanges (reduced *Outer chord requires coring
(Truss) coring) * Heavyweight

* Web trusses (diamond shape) * Requires new built-uo
ads wet) flow during casting intercostals at WA, 130

*Lowered flange height at * Does not include attach angle
W.L. 130 for slanted bulkhead

(34%
savi ngs

Baetn I1S4.6 $1090

Figure 16. Evaluation C'hart Concept No. 3
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PRELIMINARY DESIGN STRUCTURAL ANALYSIS

Static Strength Analysis

Preliminary strength analysis was performed on the three candidate

bulkhead concept configurations. Structural sizing on all elements was

accomplished to support weight and cost comparisons. The design lcads used

were those for the YC-14 existing bulkhead design, and were obtained from

YC-14 Airplane Strength Analysis documentation. Pages through pre-

sent detailed strength analysis for the following major elements of the

recommended configuration bulkhead:

o Critical lug (landing gear support)

0 Bulkhead webs

0 Critical vertical stiffener

o Actuator hinge backup structure

Figures 17 through 23 show the design bulkhead loads and reactions.

Damage Tolerance Analysis

The four nose gear attachment details (FigurL 24) are common to the

three bulkhead concepts. Since the load attachment points are a critical

item for damage tolerance consideration and since the unit load solution !

for these points is already available, this detail is selected for this

study. Other details must also be considered, but the detail stress

analysis of the bulkhead to be performed in Phase II is required before a

meaningful analysis can be performed. For the purpose of this study, the

cast bulkhead is classified as slow crack growth structure and in-service

noninspectable.
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WES5 BUCKLING (SHEAR)

PROGRAM.CAST

A357-T6 CASTINGS 709F __________

CL 1 50/40/5 PRELIMINARY DESIGN
CL 11 45/35/3 ALLOWABLES
CL 111 40/30/3
CL IV 35/30/5 S-BA$IS

FOR USE WITH FIGURE 8..11OF DM8681 FSCR mFSCR (ELASTIC).Cp

.8

R-

-J.4 CLSS1
C LASSES
III & IV

.2

0 1 II
0 10 20 30 40 50 60 70

F (ELASTIC) - ksi
SCR

(Boeing Design manual) Fiqure -1i. Shear Resistant Web Design
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COMPRESSION CRIPPLING CURVES
A357.0 - T6 (CAST-X XXX) CASTING

[ ROOM TEMPERATURE
NOTE: CUTOFFS AT FCY PRELIMINARY DESIGN ALLOWABLES S BASIS

.10
9 -NUMBER OF81

8 CLASSI FREE EDGES m

7 -Os 1.0
6 _______________.061 .75

5

U.

2

*1 V 3 4 5 6 7 89 10 2 3 4 6 6 7 8 9100
b/oft4

Figure 22? Compression Crippling Curves
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Initial Flaw Assumption -- In accordance with MIL-A-83444, the assumed

initial flaw is a 0.05-inch radius corner flaw at the side of the hole

(Figure 25). The most critical detail is either outer attachment point A

or D (Figure 24).

Material Crack Growth Property -- Due to lack of any crack growth data

for A357, a :rack growth rate curve has been assumed (Figure 26). The

equation is expressed as:

da/dN : (3 x lO ) (D) (Kr)4

where 0 R > 1.0

(l-R) 2 4  0 < R < 1.0

(l-R/2) -l < R < 0

1.5 R < -1 I
Based on the ratio of S-N data of 7075-T73 and A357, this equation is

derived to give approximately the same crack growth rates for A357 as for

7075-T73 at a K-level of 80% of that f.r 7075-T73.

The integration of the crack growth rate equation is performed by

computer program POWER6.

Stress Intensity Factor Solution -- The stress intensity factor, K,

for radius corner flaws at holes is expressed as:

The correction factor, , is the result of a number of correction

factors, -.e.,

B 1 I 2" B3" 4 5 6
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10

6 10-5

ASSUMED A357-T6
da/dN

(IN/CYCLE]

AVERAGE 7075-T76j

10-6 - A357-T3

daldN -3.10O9 D.fKMAX) 3

D-0 R >1.0
D(1-R) 2 .4  R<.

D-11/2) -1 <R <0

1 2 4 6 810 20 40

Figure 26. Assumed Crack Growth Rate - A357
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The individual i are derived from reference 2. Over the small range

of "a" to be considered for this solution and in comparison to the thick-

ness of the material, the total correction factor, a, is assumed constant.

The stress intensity factor solution is, as a first approximation:

K = a i °l.45

The applied stress, a, is the nominal average stress resulting from

the applied load through the pin and from the assumed lug geometry.

Plane Straini Fracture Toughness -- Plane strain fracture toughness,

KiC, Aata ft;r A357 are reported by Alcoa. An average value of KIc = 20

ksivTn. is assumed for the analysis.

Repeated Loads -- The repeated external loads noted in the Damage

Tolerance arnd Durability Control Plan for the CAST Program are used for the

analysis. The stress2s applied are representative of the design usage as

given by the mission-mix reported in the control plan. Local detail

stresses are derived based on unit load solutions for the gear attachment

points. i

Results -- The crack growth of the corner flaw due to the design usage

is as shown in Figure 20. According to MIL-A-83444, the initial damage of

in-service noninspectable sloUI crack growth structure shall not grow to

critical size and cause failure of the structure due to the application of

PLT in two design service lifetimes. Figure 27 demonstrates that this

requirement is met. The initial corner flaw grows to 0.10 inch in two

service lives. The critical size is 0.17 inch for the load PLT' which is

determined as the design limit load due to turning.
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k 0.20

UN RETARDED

~ 0.10RETARDED

SERVICE SERVICE

SERVICE LIFE IBLOCKS OF 16 FLIGHTS)

Figure 27. Flaw Growth at Hole of Gear Attachment Point
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Durability Analysis

The two nose gear attachment details, A and D (Figure 24), are the

most critical for durability considerations. They are common to all three

bulkhead concepts. The loads acting on these details can easily be calcu-

lated from external loads using the unit load solutions. The Boeing Dura-

bility Method is used for the calculations.

Detail Design S-N Curves -- Detail design S-N curves for A357 are

derived from Alcoa data (Figure 28). Design S-N curves for smooth and open

hole details (Figure 29) are derived from the test data b,y applying appro-

priate factors to achieve 95% confidence and 95% reliability on a Weibull

distribution.

Detail design S-N curves 2re expressed by two parameters: a detail

fatigue rating, DFR, and slope ratio, S. The slope ratio, S, is generally

steels is assumed as S = 1.8. The geometric severity of a particular de-

tail considering its fatigue performance is therefore expressed by the DFR.

For a clevis or lug detail, the DFR is derived from:

DFR DFRBASE A

The DFRBASE value accounts for the particular geometry of the clevis

or lug. Since the DFRBAsE charts are presently derived for wrought alum-

inum alloys, the factor A accounts for the effect of the casting alloy.

The factor A is derived from the ratio

A = DFR (OPEN HOLE A357)
DFR (OPEN HOLE 2024)
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where DF (open hole A357) is as shown on Figure 29 and DFR (open hole

2024) is obtained from durability design charts.

Therefore,

A 11 = 67
16.5

The DFR for the detail in consideration is

DFR (DFRBAsE) (A) = (12) (.67) : 8

The value for DFRBASE is obtained from the durability design charts

for the particular geometry.

Economic Life -- The economic life of the cast bulkhead is predicted

for the design usage as represented by the mission mix noted in the Damage

Tolerance and uurability Control Plan for the CAST Program. The relative

damage due to the five different flights within the mission mix consisting

of 16 total flights is calculated and summarized in Table 3.

The relative damage of each flight is the sum of the damages of the

individual stress excursions applied during each flight. The relative dam-

ages for the individual stress cycles are calculated from the S-N curves by

l0,O00

relative damage = 1 N applied
S-N

A relative damage of 1.0 for an individual cycle means that fatigue

failure is predicted after 100,000 applications of that stress cycle and

assuming a DFR of 16. The GAG damage ratio is calculated from
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Table 3 -- Relative Damage

Flight No. of Damage Each Total GAG Damage
Type Flights Flight Damage Each Flight

1 1 .0805 .0805 .0720

2 4 .0805 .3220 .0720

3 3 .1564 .4692 .0373

4 5 0536 .2680 .0373

5 3 .2753 .8259 .0373

16 1.9656

average damage per flight = .1229

average GAG damage .0482

5-7

j.i

I.
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G drelative damage GAG cycleGAG damage ratio =
relative damage total flight

and is therefore independent of DFR.

The average relative damage of the GAG cycles is established as

relative GAG damage = .0482 (ref: Table 3)

The average GAG'damage ratio is:

.0482 _

.1229 .39

For the life predictions, the GAG cycle will be used in place of the

variable amplitude flight stress excursions. For that purpose, an equiva-

lent number of cycles for the GAG excursions must be established as the

life goal. The design service life of the bulkhead is 25,000 hours. Using

the average duration for one flight of 1.03 hours, the number of flights is

24,272. The equiv.lent number of GAG cycles for the life requirement is

(NFLIGHTS) (FRF)
Nequ GAG damage ratio

N (24272) L15. 92,880 cycles
equ .392

An additional fatigue reliability factor, FRF, is applied in accordance

Nith the Boeing Durability Method. This factor is mainly a function of the

location of the analysis detail on the airplane.

Using the aetail design curve defined by a DFR = 8 for the detail in

question results in a life prediction expressed in terms of GAG cycles of

150,000 cycles. In terms of hours, the economic life is predicted as

S150000 = 40,380 hoursLife= (2000) 9880j
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SECTION Ill

CANDIDATE DESIGN SELECTION

CONTRACTOR EVALUATION AND RECOMMENDATION

A comparison chart (Figure 30) was prepared listing the weight, cost

with percent differential, primary advantage, arid primary disadvantage for

each of the three concepts, with the baseline weight dnd cost also noted.

None of the three concepts meets both primary criteria -- equal or less

weight and a minimum of 30% cost reduction.

A composite concept (Figure 31) was established that has an estimated

weight of 9.2 pounds less than baseline and an estimated cost reduction of

38% (Figures 32 and 33). This concept is based primarily on concept #1

with minimum gage web;, angled tee outer chord, and vertical beams matched

to existing structure. The first revision, inclusion of the slanted beam

at WL 150, is very efficient in that the beam can be sirply cast-in and re-

places approximately 158 separate parts, reducing both weight and cost.

The second revision, deleting outstanding flanges and adding draft to the

aft beams, adds weight but reduces cost through reduction of coring re-

quirements. Further refinement in detail design is assumed with no weight

credit assigned.

This composite concept was established as the Contractor recommended

cast concept bulkhead to be carried into Phase III, "Detail Design," of the

CAST program.
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74F- M7 1'- . ...

AConcept Weight ICof30 Primary Primary
no. (Ib) 1 f3)~advantage(s) disadvantage(s)shipsets

1 729 $7,948 Lowest weight: under Highest cost due to
(-27%) target weight casting complexity

$6393 Least cost due to Apoiaey2
2S209.4 casting simplicity of

K(-41%) outer chord and inclus.,rt pondghrtare
of beam at WL 150 ~ ih

Less cost than no. I Approximately 26 pounds

3 210.8 $7,1 54 due to deletion of beam over target weight. Requires
(-34%) flanges and lower flange aoditional built-up structure

height, WL 130 (WL 130)

Baseline 184.6 $10,900

Figure 30. Concept Comparison

IA
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Coneptno 1 Cas-LO-O4~revsedasshon:Estimated Estimated
C o ncept~ no C s - / - w eight A co st

0 Include slanted beam at W.L. 150: -10.5 lb $-840./unit

component)

0 Delete bcam flanges - aft side only +12.4 lb $355/unit
Note: Forward beam flanges to be retained along

with closed angle chord - deletion of all coring
requirements on aft side of bulkhead will be
design gaal

* Tailor all beams in height and thickness to match finai
refined load requirements

+1.9 lb $.-1195/unit

Figure 32. Cost ond Weight Increments to Concept No. I
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Concept no. 1 172.0 $7.948

Revisions +1i -1.195

Recomnmended concept 174.8 $6,753

Basel ine component 184.6 $10,900

"seiht - -9.8 lb (provides allowance for weight
increases during detdil design for fatigue
damnage tolerance, and revisions for further
crst reduction)

&Cost - 10,900-6,753 (100) - 38% reduction

439 part + fasteners replaced by one castng

Figure 33 Recommended Casting Cost and
Wigit Summary
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ON-SITE REVIEW

An on-site review was held on February 7 and 8, 1977 at Boeing with

the customer and second source supplier representatives in attendance. A

complete review of the program to date was presented, ending with the

recommendation of the composite concept for detail design as noted above.

The customer review team requasted further study of the recommended

concept for detail design. This further study consisted of evaluating a

corrugated upper web in the cast bulkhead to facilitate casting operations.

FINAL DESIGN SELECTION

A design layout of the revised CAST concept for detail design, Station

170 bulkhead, was completed. This concept has the outer chord, upper beam,

and landing gear fittings similar to the concept recommended by the con-

tractor for detail design. The upper web is corrugated with a transition

to stiffened web below WL 130 (see Figure 34).

The revised concept resulted from the comments of the customer during

the Jn-site review noted above. There was concern that the return flanges

and web-to-stiffener junctions of the previously recommended concept would

be a source of casting defects such as shrinkage and dimensional mismatch.

The corrugations of the revised concept avoid these junctions and back-

drcf ;s, while being fairly easy to cast.
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Weight aralysis of the new concept indicated weight equal to the

recommended concept, which is approximately 10 pounos under the weight of

the baseline component.

Manufacturing comments were solicited with the result that the new,

corrugated web concept was favored for detail design in Phase III, in the

basis of reduced risk of casting defects resulting in the possibility of

further cost reductions.

The concept layout data and comments were presented to the customer at

a second review meeting, where it was verbally agreed to use the new corru-

gated concept in Phase III Detail Design.
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