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PREFACE

This Technical Report was prepared by the Aircraft Division of Northrop
Corporation under Contract No. F33615~75-C-3103 for the Air Yorce Flight Dy-
namics Laboratory, Air Force Wright Aeronautical Laboratories, Air Force Sys-
tems Command, Wright-Patterson Air Force Base, Chio. Mr. Richard J. Hirt,
AFFDL was the Air Force Program Manager. This report covers the period fram
1 April 1975 to 31 March 1976.

The work described in the report was carried out by Northrop Corporation,
Aircraft Division, D. J. LeBlanc, Program Director. Principal contributors

AR Y
to the Northrop activities described in this report and their areas of respon-

sibility are listed below:

Contributor Responsibility
J. Lorenzana Principal Cost Investigator
A. Kokawa Cost Analysis
T. Bettner Cost Analysis
F. Timson_ Cost Analysis
J. Proctor Cost Analysis
H. J. Behrens Industrial Engineering
L. Lyle Detail Ingineering
M. Voo Canputer Programming
L. Bernhardt Design and Analysis
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1.0 INTRODUCTION

1.1 BACKGRO'ND

The emerging cost consciousness within Government and Industry has
resulted in a reassessment of the state-of-the~art cost estimating methodo-
logies, particularly their applicability to new and developing technologies
such as advanced composites. The basic problem that the Industry is con-
fronted with in developing reliable estimating technigques for new technolo-
gies is the lack of a meaningful historical cost data base. Some sectors
within the Government and Industry believe that this problem exists even
in current established technologies such as conventional metals.

C~st has been a significant parameter in various advanced composites
R & D programs funded by the Government. Improvements in design, manufac-
turing processes, equipment and material systems to reduce costs have been
the goal of the majority of these programs. This emphasis on cost has
accentuated che need for a reliable tool that can be used by Government
and Industry for cost estimating, tradeoff analysis, allocation of research

and production funds, and pricing.

1.2 OBJECTIVE

The objective of the "Advanced Composite Cost Estimating Manual Program,"

Contract No. F33615~75-C-3103 was to develop a computerized methodology for
estimating the recurring costs agsociatcd with the fabrication for advanced

composite parts, and to fully document this methodology for use by Government

and Industry. This program was conducted by Northrop Corporation, Aircraft

Division, fram I\prll 1975 to 31 March 1976
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This program represents the initial effort towards a long-range goal of
achieving a capability for estimating, reliably and consistently, production
' costs of aircraft airframe structures. To provide a scope that was both nean-
ingful and achievable within the program timeframe. The cwrrent program was
limited to the fabrication of advanced camposite detail parts. To achieve
the long range objective, this methodology will be expanded to cover the
fabrication of metallic parts as well as the subassenbly and assembly of com~
posite and metallic structures. The steps required in expanding this methodo-

logy are illustrated in Figure 1.
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1.3 APPROACH

The ACCEM camputerizad estimating methodology utilizes Industrial
Engineering Standards equations to calculate the pure labor standard hours
associated with the detail fabrication operations performed in the manufacture
of a camposite part. These standard hours account only for the basic work
content of a task and do not allow for other elements which are part of fac-
tory labor as experienced in a real production environment, such as fatigue,
waiting time for tools and materials, attention to personal nceds, etc.

Figure 2 depicts the total work content of factory labor.

PERSONAL DELAYS |\

ELEMENTS | |UNAVOIDABLE DELAYS
OF b e —ee e
VARIANCE FATIGUE
OTHER TOTAL
T [oonrenT
FACTORY YA
LABOR CONTENT

STANDARDS | | (SETUP § RUN TIME)

L )

FIGURE 2. ELIMENTS OF FACTORY LABOR
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Developing estimates of factory labor hours at specificd units of procd-
uction is accamplished by the application of appropriate variance factors
and improvement ~urve slopes to the standards. ‘'Thesz variance factors re-
presents allowances for these elements which must be accounted for in esti-
mating the total work content of factory labor. The procedurc for applying
these variances is illustrated in Figure 3.

_—-7|IMPROVEMENT CURVE SLOPE |

N7

VARIANCE i
(REE] (e
!

PROJECTED FACTORY
.~ LABOR HOURS

s -

— | FACTORY LAsoq

HCURS =

STANDARDS

UNIT NUMBER === 1

FIGURE 3. ESTIMATING FACTORY LABOR HOURS

Cost estimating relationships have been developad in this program to
estimate the labor hours for the recurring support labor functions, i.e.,
engineering, quality control, tooling, manufacturing engineering, and
graphic services. Total direct labor costs are calculated by the application
of appropriate labor rates. Production material is estimated by applying
unit raw material costs to the camputer-calculated material usage. Support
material and manufacturing allowances are estimated as functions of produc-
tion material and factory labor costs. Overhead rates are applied to the
direct labor and material costs to arrive at total recurring costs.
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The Industrial Engineering Standards approach was selected over conven-
tional parametric approaches for the following reasons:

® It estimates at the det:i.i? level and therefore identifies cost signi-
ficant fabrication opera’ions.
e It is sensitive to design and manufacturing processes making it a

useful tool for tradeoff analysis.

® It provides a highar degree of a.curacy in astimates because of the
many part parameters that it relates to.

® It provides one consistent base for estimating.

® It cun be expanded to cover conventional and advanced metals, assem-
bly operations, new manufacturing methods and ecuipment, new design
approaches and new materials.

® The camputerization of all the Industrial Engineering Standard equa-
tions provides quick response time.

1.4 PROGRAM IMPLEMENTATION

The objective of this program was accamplished through the implementa-
tion of five (5) tasks:

Task 1 Data Research

Task 2 Development of Industrial Engineering Standard Equations
Task 3 Development of Support Functions Estimating Relationships
Task 4 Development of Cost Projection Factors

Task 5 Documentation

DATA RESEARCH: ‘Throughout the program, pertinent data was solicited
from various Government and Industry sources. "The Structural Fabrication
Guide for Advanced Composites," a program conducted by Lockheed-Georgia
Company and assisted by Grumman Aerospace Corporation, Aeronautical Research
of Princeton (ARAP), and Pratt and Whitney Aircraft Division of United Air-
craft Corporation provided an insicht to the quality and guantity of data
available withir the Industry. It also provided quidelines in the identifi-

cation, definition and catergorization of the camposite fabrication processes.
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Cetail drawings and actual hours data provided by Boeing Corporation, Bell

Helicopter,and McDonnell-Douglas, St. Louis, were used in assessing and

A evaluating the projection factors developed in this program. The Advanced

“ Compraite Design Guide prepared by the Los Angeles Aircraft Division of
Rockwell International Corporation was used to promote a better understanding
of the various advanced composite fabrication processes. Composites-related
literature provided the team with an overview of various cost estimating

techniques used within the Industry. It also provided guidelines on improve-
ment curves and variance factor development. Northrop's fiberglass data was
used extensively in this program. Support labor estimating relationships

and cost projection factors were developed almost entirely from this experience.

INDUSTRIAL ENGINEERING STANDARDS EQUATIONS: Industrial Enginecring Time
Standards were developed through stopwatch observations of graphite and fiber-

glass fabrication at Northrop. The stopwatch tume study technique involves the

- actual time measurement of a defined task performed by a qualified operator

working at a normal performance level in accordarce with a specified method.

This technique was first applied to advanced composites in the "Advanced

Devclopment of Not-Critical- ro-Flight-Safety Advanced Composite Aircraft :
Structures Program" (NCTFS) Contract No. F33615-72-C-1781, conducted by 1
Northrop Corporation Aircraft Division. The detail procedures followed in 1
establishing these time stendards included: '

e Defining the task and its elements

e
et L v e il

® Recording actual and lapsed times for each observation

® Rating the operator's performance level

® Adjusting recorded actual times based on operator's performance rating
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e Establishing ranges for adjusted recorded times
e Tabulating the standard times by range

This technique was used in this program to establish standards for
graphite woven material handling and layup, and for operations related to the

trimming and drilling of cured composite parts.

The tabulated standards for composites were transformed to mathematical

equations for computer applications. Representative graphs that correspond

to these equations were also prepared to provide the user with a visual tool

for manual application.

DEVELOPMENT OF SUPPORT LABOR ESTIMATING REIATIONSHIPS: Cost estimating
relationships for support labor functions were derived from data generated
These relationships define support
The equations that express
An option has

by Northrop's fiberglass experience.
labor as a function of factory labor hours.
these relationships are described in detail in this report.
been provided in the computerized methodology allowing the user to enter his

own factors or relationships for support labor.

DEVELOPHMENT OF VARIANCE EQUATIONS: Variance factors that are applicd
to the standards in calculating factory labor hour were developed from de-
tailed analyses of Northrop's fiberglass data. Actual hours for each fab-
rication process category were plotted and curves fitted through these data

points. Three types of curve functions were investigated. These are:
The "Dog-leq" theory was also inves-

arithmetic, logarithmic and hyperbolic.
tigated. Results of this analysis are presented in detail in this report.

The user has the option of either applying these factors, or of entering his

oWm.
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1.5 SCOPE

This computerized methodology was designed to estimate only th= recurring
costs associated with the fabrication of composite parts. Recurring costs are
those incurred by all departmental elements for their repetitive and sustain-
ing effort associated with and in support of the serial manufacture of a part.
These costs are highly sensitive to design and manufacturing processes and
provide a responsive criteria for evaluating the cost effectiveness of these
parameters. Recurring costs include Factory Fabrication Labor, support labor
functions for Emdgineering, Quality Controi, Tooling, Manufacturing Engineering,
ard Graphic Services ; Production and Support Material; indirect charges such
as Labor and Material Overhead and General and Administrative costs. These
elarents are illustrated in Figure 4.

l RECURRING 00ST OF

ADVANCED COMPOSITE PART
DIANCED CONPOSITE PART.
B —1
[worect | DIRECT ] !
i [ . |
LABOR OVERMEAD [_tnsor ] [materiaL | |
MATERIAL. OVERHEAD _'__] “_J— ;
GEN'L & ADMIN FACTORY FABRICATION PRODUCTION :
QUALITY CONTROL SUPPORT :
TOOLING ]
MEG ENG
ENGINECRING ;
GRAPHIC SERVICES j

FIGURE 4. RECURRING COST OF ADVANCED COMPOSITE PART
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Factory PFabrication Labor is the direct effort required to transform
production raw material to the final advanced composite part. The factory
fabrication processes covered in this methédology have been grouped into four

major categories: Layup, Honeycomb Core Operation, Part Consolidation, and
Finishing. The layup program includes, in addition to the basic deposition of
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composite material, ply handling, cutting, debulking, and draping over contoured
tools. Aluminum honeycarb core operations includes raw stock sawing, machining,
core forming and stabilization., Part consolidation includes vacuum bagging;
autoclave, oven, and elastaveric curing; bonding of detail parts; and splicing
of core elements. Finishing encompasses all trimming and drilling operations
perforied on a cured part.

The mechanical assembly or consolidation of detail parts was not con-

sidered in this program.
The estimating methodology was developed from observations of aravhite
and fiberglass operations. Provisions have been made to incorvorate other

composite materials when data becomes available.

1.6  ORGANIZATION

This report is camposed of three volunes:

Volume 1 Mvanced Composite Cost Estimating System Development
Volume 1I User's Manual
Volume III  Backup Data

Volume I describes the elements of the cost e&timating system. It dls-
cusses the development of Standards Estimating Relationships (SER's), Cost
Estimating Relationships (CER's), and Cost Projection Factorc.

volume II describes the implementation of the camputerized estimatina
svstem. Instructions for campletion of the input forms, program listings, and
a description of the outputs are also presented in this volume to further aid
the user in understanding the procedures to be followed in using this systaom.

Volume 111 is an indexed campilation of all backup data used in developr-
ing this systom.
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ESTIMATING METHODOLOGY:  The computerized methodology is composed of
three routines:

1 - Factory Labor Standards Estimating
2 - Support Function Estimating
3 - Cost Projections

. e . P AUTADONEL L Tty TR PIRUFONCPPEAE. ¥ b -
il 1 ot Bl T ik 2 A o ERGE B e AT . .

These routines are described in detail in this report.

o i e e
il

OUTPUTS: The camputerized cost estimating system generates a printing
of the input data in coded form and of the calculated costs of advanced com~
posite part fabrication. These outputs may be outlined as follows:

e GENERAL j?
- IDENTIFICATION OF ESTIMATOR AND PART THAT IS ESTIMATED ;
-~ QUANTITY OF EACH INPUT FORM
e LAYUP \;
~ CODED FORM OF INPUT DATA
- STANDARD SETUP AND RUNTIME HCURS FOR DETAIL LABOR ELEMENTS ;
- MATERIAL USAGE AND SCRAP
- WEIGHT AND COST OF CQMPOSITE MATERTAL ]

e HONEYCOMB CORE PREPARATION ' o

- CODED FORM OF INPUT DATA
~ STANDARD SETUP AND RUNTIME HOURS FOR DETAIL LABOR ELEMENTS
- WEIGHT AND QOST OF CORE MATERIAL

& PART CONSOLIDATION
- CODED FORM OF INPUT' DATA
- STANDARD SETUP AND RUNTIME HOURS FOR DETAIL LABOR ELEMENTS
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¢ FINISHING
= CODED FORM OF INPUT DATA
- STANDARD SETUP AND RUNTIME HOURS FOR DETAIL LABOR ELEMENTS
e SUMMARY OF TOTAL FACTORY LABOR STANDARD HOURS
e COST PROJECTICHS
- CODED FORM OF INPUT DATA
= UNIT COST ESTIMATE AT SPECIFIED UNIT NUMBER
- CUMULATIVE COST ESTIMATE AT SPECIFIED UNIT NUMBER
- CUMULATIVE AVERAGE COST ESTIMATE AT SPECIFIED UNIT NUMBER
= WEIGHT FSTIMATE OF NET COIMPOSITE AND CORE MATERIAL

e —— ey
..

An overview of the camputerized cost estimating system, showing tle 3
relationships of its three parts is presented in Fiyure 5. )
IAct!I-l COST PROJECTION I '
INPUT & l
l ACCEN-A ¢ -
QPERATIONS INPUY 1 cost | 3
ACCEM- PART [, PROJECTION 3
CONSOLIDATION INPUT I m—lp | k
Jacctu-x CORE PALP INPUT . _t
J_Accum LAYUP INPUT 'J l _ J ' ;
N—T* Ne :
PP pr—— ]l - gmml::: SUPPORT FUNCTION ESTIMATING l COST ESTATES 1
™ o uave %1 o AECUNRING QUALITY CONTROL o vouns ;
o] o BAGGING o RECURRING 100LING ® DOLLARS i
I R . 0e | k
I |
l_ COMPUTER SYSTEM
i
FIGURE 5. COMPUTERIZED COST LESTIMATING SYSTEM :
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2.0 COMPUTERIZED COST ESTIMATING SYSTEM

The camputerized cost estimating system is composed of Inputs, Estimating
Methodology, and Outputs.

INPUTS: Six (6) Input Forms have been designed for this system. ACCEM-0
gives general information about the user and the part to be estimated. 1In
addition, this form serves as a checklist that the computer uses to determine
the type and quantity of the subsequent input forms submitted by the user.
ACCEM-1 (Layup) provides detail information on the part or parts layed up,
specifying the layup methods and techniques used and the type and form of
advanced composite material layed up. It also provides information on sup-
plemertary layup operations such as debulking and trimming as required.
ACCEM-2 (Core Operations) describes the processes performad to prepare aluminum
honeycamb core according to specifications. ACCEM-3 (Part Consolidation)
defines the provesse~ performed in joining and/or curing composite and
detail parts. When co-cufing, this form identifies the various composite
and core elements that are to be cured simultaneously. 1In addition, this
form covers the splicing and bonding of core. More than one curing/joining
cycle is available via this form, thereby accomodating pre-curing and secon-
dary bonding operations. ACCEM-4 (Finishing) identifies and provides detail
information on the various trimming and drilling operations that are per-
formed on cured canposite parts. ACCEM-5 (Cost Projection) specifies the
projection factors and rates that are used in calculating final cost estimates.

A detailed description and definition of each input element is presented
in Volume II (User's Manual) of this report.
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2.1 FACTORY LABOR STANDARDS ESTIMATING

The computerized system estimates the standard hours for the detail
elements of layup, core operations, part consolidation, and finishing by
solving the appropriate detail industrial Engineering Standards equations
using the information provided in the input forms. In this routine, pro-
duction material costs are also calculated, specifying total usage, and
scrap. Weight is calculated by applying the densities of the various material
material used to the net material usage (i.e., total usage minus scrap).

This section describes in detail, the fabrication processes covered
by this routine. In addition, the detail Industrial Engineering Standards
equation for each of these processes are discussed.

Figure 6 illustrates the factory labor standards estimating routine.

PART DESCRIPTION
(PROGRAM INPUTS)

DETAIL o CONSTRUCTION
INDUSTRIAL ENGINEERING ¢ MATERIAL
STANDARDS EQUATIONS o PROCLSS

COMPONENT PART
STANDARDS ESTIMATE
(PROGRAM QUTPUTS)
e FACT. LABOR STDS.

¢ MATERIAL COST
¢ PART WEIGHT

FIGURE 6. FACTORY LABOR STANDARDS ESTIMATING

e

- ‘ a . il
. L) Y% \v‘- ~
;-om‘t W d Vs v

t
.

bl st Dl i

bstich dem. iaini




g

b
‘
i

TP

g s ot Rk

2.1.1 LAYI,P

Layup is the process of depositing advanced composite material on a tool
in a predetermined pattern to form a designed rart. Layup methoads and pro-
cedures vary according to part shape, size, number of plies, type of material,
etc. In addition, supplamentary opcrations such as debulking and trinming
may be performed.

2.1,1.1 LAYUP METHODS

MANUAL IAYUP is the application of camposite tape or woven materie;l by
hand on a template or tocl. This method is most conmonly used because of its
applicability to any shape or contour using any typve or form of camposite
material. Industrial Engineering Standards h.ve been developed for the hand
layup of 3" and 12" wide unidirectional tape and woven cloth (broadgoods) .

Figure 7 graphically represents the standards for tape layup. The curves
and their corresponding ecuations define the standard runtime hours to layup
one strip of tape of length "L" on a flat surface. The detail operations
covered by these equations include: unroll tape on tool, template or pre-
ceding ply; smooth down; cut and peel backing paper. Setup time is 0.05 hour.

2 e




{

i 0.120 .

2 L
3 0.110 }~ [SETUP TIME 0.08 | /
: 0.100
0.090 |~

%\ 124N TAPE
0.080 /r‘d + 0.001454.0:82951 )
0070 }- /
0.060 /

0.050 - /
0.6013 14)

0.040 H = 0.00140L

3.N TAPE
0.030 |~ /

0.020

co10 - F’q

3 0 20 40 80 80 100 120 140 160 180 200
L = LENGTH UF STRIF IN INCHES

- e

H = RUNTIME HOUPS PER STRIP

T TR T

FIGURE 7 STANDARDS BQUATIONS FOR
MANUAL LAYUP OF 3" and 12" WMIIDIRECTIONAL TAPE
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Standards for the manual layup of woven composite material on flat sur~
faces were developed through analysis of 44" wide graphite broadgoods. How-
ever, the standard equations, shown in Figure 8 are applied to any width of
woven material. They define the layup hours per ply in terms of the ply area
in square inches. The activities encampassed by this ecquation are: ‘unroll
woven material on layup table, flatten, scribe pattern, position straight
edge, cut pattern, move to flat layup tool, and smooth down. Setup tire is
0.05 hour.

l

SET UP TIME .05

.20 /
18 ’;,g:f'<;::"
_,——*""'—" H = 0.000751A0-6295 (L6)

p

.05
/l J ] ) |

0 1440 2880 4320 5760 7¢00

H = RUWJTIME HOURS PER PLY

A = AREA OF PLY I[N SQUARE INCHES

FIGURE 8. STANDARD EQUATION FOR
MANUAL LAYUP OF WOVEN MATERIAL

HAND-ASSIST IAYUP uses a machine designed to assist the operator in the
placement of acdvanced compor © @ unidirectional tape. Northrop's hand-assist
Flintstone tape layup machine was used in the develomment of the standavrds
for this layup method. Flintstone lays uo 3" and 12" tape on a flat surface
only. Spacing is controlled by presetting the transverse movement according
to the width of tape used.
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The operator moves the tape laying head along the length of the illu-
minated tape lay-down area. The cutting of strips and removal of backing
paper are done manually. The results of the time studies are charted in
Figure 9. The standards in Figure 9 cover the following activities: posi~
tion gantry in start position on template, lay tape by moving dispensing
headds along track for required length of strip, cut strip and peel backing
paper. Setup time for this operation is 0.10 hour, and among others, covers
such activities as mounting roll of tape on reel and threading it. through

machine.

0350 f~———7
oss |- [sETUPTIME 010 _

0300 —,//4
0275 |

0250 12.IN TAPE

H = 0.001535.0: 5830 7
0225 |- >/ /

0200
0175 -

H = RUSTIME HOURS PER STRIP

0180 / " 3.IN TAPE
oz | / P i = 0.000368L0 8466
2100 —
,

007% B / //

0.0050

0025 % r/

0 20 40 Go 80 100 120 140 160 180 200,

L = LENGTH OF STRIP IN INCHES

FIGURE 9, STAMDARDS EQUATIONS FOR HAIID-ASSTST LAYUP
USING FLINTSTONE MACHINE
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AUTOMATIC IAYUP: The CONRAC autamatic tape laying machine was analyzed
in thix program. This machine is numerically controlled for orientation,
spacing and cutting. Removal of backing paper is done automatically through
a take-up reel. This machine has two speeds: 360 ipm and 720 ipm. The stan-
dards for CONRAC machine layup are shown in Figure 10 . These cquations
cover layup, cutting and removal of backing paper. Setup time is 0.15 hour
ard covers loading of tape roll and threading through machine (0.1167 hour

per occurrence), and emptying of take-up reel at the end of each roll (0.0167
hour per occurrence).

0.015 T "
SETUP TIME /
. 0.1
g 0.012
360 IPM SPEED

& / ™H = 0.000s8 05716
g e
g 0.008 ~720 IPM SPEED
z " |~ ~ 0.00063 1. 04942
]
-
-4
L}
T 0.003 —

0

0 30 60 90 120 150 180 210 240 270 300

L = LENGTH OF STRIP IN INCHES

FIGURE 10. STANDARDSG BEQUATIONS FOR LAYUD
USING CONRAC AUTOMATIC TAPE LAYING MACHINE
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2.1.1.2 DEPOSITION TECHNICUES

The procedures followed in laying up ccmposite material vary according
to the physical characteristics of the part. The procedures covered by this !

program are "ply-on-ply" and "ply-on-mylar",

PLY-OI- PLY When corposite strips are layed up directly on tape of a
previously layed up ply, the procedure is called ply-on-ply layup, as illus-

trated in Figure 1ll.

e e Yo il

SECOND PLY LAYED UP DIRECTLY ON
TOP OF FIRST PLY\

FIRST \

LAYUP TOOL

et Lt

FIGURE 1l. PLY-O~PLY LAYUP
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PLY-ON-MYIAR When each ply is first layed up on an individual template,
then stacked to form the part, the procedure is called ply-on-mylar layup.
Figure 12 illustrates this procedure.

_PLY 1

' —
rJ p———

ZPLY 2 |_-PLY 2
TEMPLATES{ ==ip 7 IS |
PLY 3 . ’
. pd
I £ PLY 3 ~
L

ST G R TR Sl 1D N e R e R N S T
s i e RO i kithlies

X

T p LT T

FIGURE 12. PLY-ON-MYLAR LAYUP
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Standards for template handling represents the time required to
position and tape down the template.

o et A

1A ik e deltdner

= 0.000107a 0-7701 (L3)

H = Runtime hours per template :
A = Area of ply, in square inches

Total template handling time is obtained by multiplying the
results of this equation by the number of occurrences.
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Standards for transferring each layed up ply from the template to
the stack or layup tool are as follows:

JRc R

T U—
Dok peorz el

H = 0.000145a0-6711 (L11)

WHERE:
H
A

Runtime hours per transfer
Areca of ply, in square inches

U IR € v e e s

et

Total transfer time is obtained by multiplying the results .
: 3
of this equations by the number of plies layed up. i
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2.1.1.3 HANDLING METHODS

PRE-PLYING When plies are layed up on a flat surface (using either ply-
on-ply or ply-on-mylar technique) to form a stack of plies and then trans-
ferred to the layup tool as a group, this techniques is called preplying
(see Figure 13). Preplying is conmonly used when forming slight contours of
minimal thickness, or when tapered plies are to be layed up.

PREPLIED STACK
FORMED TO CONTOUR
ON LAYUP TOOL

PREPLIED STACK
LAYED UP FLAT
(PLY-ON-PLY
OR
PLY ON MYLAR)

GROt;P\!:’A
TRANSFER
TO LAYUP

TOOL

LAYUP TOOL
W\A

FIGURE 13. PRE-PLYING

The additional time required to transfer each pre-plied stack to the
layup tool is calculated by the following equation:

H = 0.000145a0-6711 (L12)

WIERE:
H = Runtime hours per transte.
A = Area of stack, in square inches

Total transfer time is obtained by multiplying the results of
this equation by the number of preplicd stacks layed up.
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DIRECT-ON-TOOL When the first ply is layed up directly on the layup
tool and subsequent plies are layed up on the preceding ply, the procedure
is called "direct-on-tool" layup. This may be accomplished using either
ply-on-ply or ply-on-mylar deposition technique as illustrated in Figure 14.

SECOND PLY LAYED UP DIAECTLY ON

T SR £ e I e i T g 3 s,

s T T

YOP OF FIRSY ALY,
\ /n.v '
ST e
TEMPLATES > l‘h”.rl' '15 E
- i f=— LAYUP TOOL
| LavuP 1004
PLY-ON-PLY PLY-ON-MYLAR

FIGURE 14. DIRRCT-ON-TOOL LAYUP

2.1.1.4 LAYUP COMPLEXITY

The cost estimating system contains factors and equations that quantify
the layup camwplexity of a camposite part. This complexity, defined in terms
of bends, is measured by the amount of additional effort required to form
the part to its required shape during the layup process. Bends have been
classified under two major categories: Straight Bends and Curved Berds.
Straight bends have bend lines that follow a straight line pattern. They may
be sharp (abrupt change in ply plane direction) or radial (gradual change in
ply plane direction, i.e., having a radius of curvature). In addition,
straiglht bendsmay be described as male (layed up on a male tool) or female
(layed up on a female tool). Curved bends have bcfnd lines that follow a

23
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curved pattern.

They cause either a shrink or stretch condition in the part
flanges.

Figures 15 and 16 illustrate these different types of bends. The
hours associated with each type of bend were derived through a detailed analy-

sis of data collected from actual observation of layup operations. When lay-

ing up on bends, extra effort is required to smooth down plies along the bend
1 line. The amount of extra effort required varies for each type of bend and

is generally a function of bend length and, when applicable, radius of curva-
ture and flange width.

As an example, smoothing down a ply layed up on a

male tool along a straight bend simply involves the application of pressure
i along the exposed bendline. For curved bends, however, pre-heating, cutting Qi
of gores or darts and/or stretching of plies might be necessary to obtain the
desired part shape. These degrees of complexities have been quantified and o
are presented in the Sumary of Layup Standards. A more comprehensive analy- B
$is of curved bends is presented in Volume III.
. 3
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L, = BEND

BENDLINE Ly, = BEND LENGTH l LENGTH :

BEND R = RADIUS OF CURVATURE

SHARP, MALE RADIAL, MALE

R = RADIUS OF CURVATURE ©

BENDLINE Lo

3

7 .

Ly, = BEND LENGTH b

;‘"raeno b L, = BEND LENGTH

£

I
1 L
e [

oy

o4
SHARP, FEMALE RADIAL, FEMALE b
FIGURE 15. STRAIGHT BENDS

= RADIUS OF CURVATURE i

]

L, = BEND LENGTH g

R o BEND LENGTH

1

F = FLANGE WIDTH .

: F = FLANGE WIDTH .y ,

‘

R = RADIUS OF CURVATURE

; SHRINK FLANGE STRETCH FLANGE 3

FIGURE 16.  CURVED BIDS
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2.1,1.,5 DEBULKING

When a large number of plies is to be layed up, debulking is performed
after every 10 to 12 plies, or as specified. Debulking is the process of
densifying plies during layup and is usually accomplished through the applica-
tion of vacuum pressure to a stack of plies enclosed in a vacuum bag. The
bag used may be reusable or disposable.

The standards equations for debulking are presented in Figure 17. The
equations include the application and removal of release agent, vent clcth,
and vacuum bag; sealing or clamping the edges; and application of vacuum.
Setup time is 0.02 hour.

0.14 | —

H = 0.00175A0-691 (L16)

0.12

[SETUP TIME
0.02

0.10

- 0.81
DISPOSABLE BAG H = 0.000557A (L17)
0.08 >~

L~

N
0.06 / </
// “REUSABLE BAG
-

0.04 // /

0.02 Vil

H = RUNTIME HOURS PER OCCURRENCE

o0

50 100 150 200 250 300 350 400 450 500
A = AREA OF LAYUP IN SQUARE INCHES

FIGURE 17. STANDARDS EQUATION FOR DEBULKING
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2.1.1.6 TRIMMING OF PRECURED LAYUP

e e

Layed up plies are usually trimmed to net size or near net size after
layup, to minimize machining operations after cure. The standard equation
for trimming by hand using a sharp-edged tool is as follows:

o e ——a———

H = 0.00011P, (L18)

H = Runtime hours per part 1
P = Perimeter of part, in inches , :

SUPEREI .
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2.1.1.7 _ SUMMARY OF LAYUP STANDARDS
BASIC DEPQSITION

: DETAILL ELEMENTS SETUP  RUNTIME .
é CLEAN LAYUP TOOL SURFACE 0.000006A (L1) .
; APPLY RELEASE AGENT TO 3
! LAYUP TOOL SURFACE 0.000009A (L2) ik
| POSITION TEMPLATE (MYLAR) 0.77006 J
2 OR TABLE AND TAPE DOWN 0.000107A (L3) ;
0 PLY DEPOSITION :
i MANUAL - 3" TAPE 0.05 0.00140.0-6018 (L4) £ ]
| - 12" TAPE 0.05 0.001454.0+8245 (L5) 1]
3 - WOVEN MATERIAL 0.05 0.000751A0+6295 (L6) 5
. HAND-ASSIST - 3" TAPE 0.10 0.000368L0- 8446 (L7) 1
: - 12" TAPE 0.10 0.001585L0+ 2580 (L8) '
3 CONRAC AUTO. (720 IPM) 0.15 0.00063L0+ 4942 (L9)
A (360 1PM) 0.15 0.00058.%-5716 (L10)
§ TRANSFER PLY FROM TEMPLATE 0.6711
1 T0 STACK OR LAYUP TOOL 0.000145A°" (L11)
i TRANSFER STACK TO LAYUP TOOL 0.000145A0+ 6711 (L12)
1 CLEAN CURING TOOL SURFACE 0.000006A (L13)
3 APPLY RELEASE AGENT TO
3 CURING TOOL SURFACE 0.000009A (L14)
3 TRANSFER LAYUP TO CURING TOOL 0.0001454°+6711 (L15)
s WHERE :

A = Area of ply, orgreatest ply area of stack or layup,in square inches

L = Length of ply strip, in inches
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LAYUP COMPLEXITY INCREMENTS

BEND_TYPE BEND_FACTORS

STRAIGHT BENDS

SHARP, MALE 0.00007L,
SHARP, FEMALE 0.00016L,
RADIAL, MALE 0.00007L
ND FACTOR APPLIED
RADIAL, FEMALE 0.00016L,
[0.00047R“'3585]Lb

CURVED BENDS

=
=
m
w

(B1)
(B2)
WHEN R < 2 (B3a)

WHEN R > 2" (B3b)
WHEN R < 2" (B4a)

When R > 2" (B4b)

TAPE
STRETCH FLANGE [0.015R“5532F'74563Lb (85)
SHRINK FLANGE [o.oos4R‘-5379F'5”3]Lb (86)

WOVEN [0.00444r70-59%8 0.00073L,, (87)

WHERE: Lb = Length of bendline
R Radius of curvature
F Flange Width

NOTE: The additional increment of runtime is added as follows:

Ply-On-Ply/Direct-On-Tool
Ply-On-Ply/Pre-~Plying

Ply-On-Mylar/Direct-On-Tool

Ply-On-Mylar/Pre-Plying

BT AT N A A ST o, 1y

Fon ANpiALRE S i, I IEN

(L4) - (L6) Ply Deposition
(L12) Transfer Stack to

Layup Tool

(L11) Transfer Ply to

Layup Tool

(L2) Transfer stack to

Layup Tool
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SUPPLEMENTARY LAYUP OPERATIONS

DETAIL ELEMENTS SETUP

DEBULKING
DISPOSABLE BAG 0.02
REUSABLE BAG 0.02

TRIMMING

RUNTIME

0.00175A0: 6911

0.000557A

0.00011P

WHERE:
A = Area of layup, in square inches
P = Perimeter of layup, in inches

0.81%9

(L16)
(L17)

(L18)
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; 2.1.2  ALUMINUM LIONEYCOM3 CORE PREPARATION ?:
! '
i
4, Aluminum honeycomb core proparation involves all the operations required
» to transform the raw stock to its final dimensional specifications. These
operations include: sawing, machining, forming, and stabilization. Standards
L for core operations were derived from Northrop's long experience with honey-
b . : .
E‘! cob core, and have becn contirually updated to incorporate new processing
EJ methods, tools, equipment, ete. The detail standards for cach operation are
i discussed below.
5;:3
£
. 2.1.2.1 SAWING 1
This operation is required to saw appropriate part configuration out of 3
: vendor supplied standard size raw stock. This procedure is acconplished by ;
placing raw stock on the band or radial arm saw, position and saw it to re-
i quired dimensional specifications. ;
| “
3 3
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T = CORE THICKNESS IN INCHES 3

F FIGURE 18. STANDARDS EQUATION FOR CORE SAWING !

3 i

‘ The equation for sawing as shown in Figure 18 represents standard hours

. per lincal inch to saw the core as related to core thickness. Sawing runtime

3 is calculated by multiplying the results of this equation by the length of o

' the cut. The handling time equation which accounts for the handling of the

core before, during, and after the sawing operations is as follows:

H = 0.000453A0 3810, (H1)
H = Runtime hours per part
A = Arca of core, in square inches §

Sunming the results of these calculations will give the total standard

i hours for sawing.
E
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] 2.1.2.2 MACHINING ‘
POLYGLYCOL APPLICATIONS: Polyglycol is a chemical compourd which is
applied to the cells of the aluminum honeycamb core to hold it rigidly in
. the tool fixture, and to prevent the collapsing or crushing of the cells
F} . during the various machining operations. Solid chips of polyglycol are
3' melted, and then poured into the core which is positioned on a heated chuck
; ‘ plate or tool fixture. After all machining operations are campleted, poly-
£ glycol is removed fram the core cells by immersion in a hot water bath.
, The graph in Figure 19 represents the standard hours to fill and remove the E
; polyglycol.
;| ]
% 0.200 . - i
: SETUP TIME 3
: 3 0.180 }— 0.02 5
4 W 0,160 : 4
3 a o : E
( € 0.140 |~ // r:
a. E
] @ 0.120
s 2 |
2 o0.100
£ 0.080
=~
w 0.040 ]
x i
0.020 ;
0 W,
o} 100 200 300 400 £00 600 700 800 900 1000 ;
A = AREA OF CORE IN SQUARE INCHES
FIGURE 19. STANDARDS BEQUATION FOR POLYGLYCQOL APIHLICATION } ,
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MACHINING: Machining operations are performed to bring core into its

i final dimcnsional specifications. There are nuncrous ways of machining core.

Those analyzed in this program include: flat and contour machining, ond mill
machining, and cut outs.

are discussed below.

These operations and their associated standards

The handling time for these operations which represents hours per piece

g to load and unload the core is expressed as:

i

% [

1 H = 0.00265720+ 2051 (H4)

i VHERE:

g H = Runtime hours per part

?; A = Core area in square inches

;E Flat machining is the process of machining the exposed surface of the
%E aluminum core parallel to the machine bed, the standards equation for this
1 operation define total runtime in terms of the maximum width and
M average length of the cut, (utilizing a 3" cutter) and the cut-~
%i ting rate. To determine the machine time the following formula
| is used:

3

-

2 H=175(L + 6) (.0002) (s)

3 WHERE:

H = Runtime hours per part

W = Maximum surface width, in inches

PEPEE S ORI

L = Average length of pass, in inches
6 = Overrun of 3" at each end of pass
0.0002 = Cutting time per lineal inch

FONIPR YL NSRS S LER PR

Setup time = 0.050 Hour

Total runtime hours is obtained by summing the results of the machine
time and hardling time equations.
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Contour machining is the process by which the exposed core surface is

machined to a contour as exhibited in Figure 20. The cutter makes passes

along the percent line of the part following the contour established by the
guide bars of ‘he machine. The depth of the cut for this operation is .250
inch per pass with a 1" valve cutter. The standards for this operation are

a function of the surface contour width, average length, and the cutting rate.
This standard applies to both rough and finish cuts.

CORE BEFORE
MACHINING

MACHINED
CONTOUR

FIGURE 20. CONTOUR MACHINED CORE
To determine the machine time for contour cuts, the following formula

is used.

H = 4W (L + 6) (.00005) (H6)

WHERE :
H = Runtime hours per part
W = Maximum surface contour width, in inches
L = Average length of pass, in inches
6 = Overrun of 3" at each end of pass
0.00005 = Cutting rate per lineal inch

Tot..l runtime hours is obtained by summing the results of the machine
time and handling time equations.
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END MILL MACHINING: The use of an end mill allows many different types
| of machine operations to be performed. A step cut is made perpendicular to

it the core surface, whereas a scarf cut is angular. Blending is the process
of machining the mated surfaces of core and s;_ructural members (see Figure 21).
The standards for these operations are dependent on the width and length of
the cut to be made.

To determine the machine time the following formula is used:
STEP AND SCARF
H = 0.0006L, for cutting width =1 inch (H7) ' 2
H = 0.0006A, for cutting width >1 inch (H8) o

e

. BLENDING

H = 0.0009L (H9)
WHERE

3 H = Runtime hours per cut

;l L = length of cut, in inches i ﬁ
;'g A = Area of cut, in square inches
Setup time is 0.11 Hour.

Total runtime is obtained by summing the results cf the machine time
and handling time equations.

1 I—‘-—q---w=wmm OF cur

L= LENGTH
OF BLEND

i et ki el 1 et o e o5 e AR

L = LENGTH |

AN L E

[T I

END MILLED STEP END MILLED BLEND 3

i
K
1

FIGURE 21. END MILL CUTS OF CORE
36
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QORE CUIOUTS: This operation is used when holes or slots are required in
the core. This is accomplished after the polyglycol has been removed and the
aluninum core is free of the fixture. Cutouts are made using hand tools and
guided by a template.

To determine the runtime the following formula is used:
H = .0120N (H10)

WHERE :
H = Standard runtime hours
N = Nurber of cutouts

Setup time = 0.0l Hour.
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2.1,2.3 FORMING

Forming is the process of berding the core to desired contour, It may
be accomplished by hand or pover brake.

_HAND FORMING: This is the method of shaping the core against contoured

tools utilizing rubber rollers. Cradual contours and curvatures are formed ‘
using this method. The equation for hand forming of the core, shown graphi~ 3
cally in Figure 22 relates runtime hours to core area. £l
:

0.035 3

0.030 }— | SETUP

. P —

0.020 (
0.015 /
/ H = 0.000008 A 1-20 (H11)

P

0.010
/

0.005

ol

0 100 200 300 400 500 600 700 800 900 1000
A = CORE AREA IN SQUARE INCHES

et Mot s e SRR e AL e ik, e i s

x

H = RUNTIME HOURS PER PIECE

FIGURE 22, STANDARDS EQUATION FOR HAND FORMING CORE
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POWER BRAKE. FORMING:

If a sharp radius or compound contours are required,
then a power brake is used to form the aluminum core.

In order to prevent

the crushing or damaging of the core cells curing this operation, the core
is placed between two aluminum sheets before the core is hit by the power
brake.

operating time (includes handling of core) per part. Tor varying cell sizes,
additional increments of brake forming time are to be added, per inch of

radius of curvature.

H = RUNTIME HOURS PEP PIECE

The standards for the brake forming operation (Figure 23) represents an

0.15 Hour, if die length < 5 feet

Setup Time =
= 0,19 Hour, if die length > 6 feet
Add 0.12 Hour per die change
AA4d 0.03 Hour per die reposition
0.014
0.012 —
0.010 Pt
0.008 /’
0.006 v
H = 0.0008L0-5268
0.004
0.002
0
0 20 40 60 80 100 120 140 160 180 200
L = LENGTH OF PIECE IN INCHES
FIGURE 23. STANDAINS BQUATION FOR BRAKE FORMING CORE
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Additional incremental brake forming runtime:

H = 0.0091R, if C = 0.1250 (H12a)

| H = 0.0065R, if C = 0.1875 (H12b) b3
! H = 0.0052R, if C = 0.2500 ' {H12¢)
;I H= 0.0039R, if C = 0.3125 (H124) b
?é ;
| WHERE :
i
! H = Runtime hour increment per part
3 E
| R = Radius of curvature, in inches
t C = Cell size, in inches
. Total runtime hours are cbtained by adding the operating time and the 3
additional incremental brake forming time.

:
| 2.1.2.4  STABILIZATION | ;
L’ Stabilization is the strengthening of localized areas of honeycomb core
: by filling the cells with chemical agents. The two methods of stabilization ';
are liquid potting and tape foaming. Potting is accomplished by pouring i

liquid into the core cells. The standards for ligquid potting encampasses 3:

the time to obtain ingredients, weigh and mix, positioning of the core, and . ,

the pouri  and brushing of the potting liquid into the cells. The liquid ]

votting standards equation is as follows: ;

H = 0.0105V (H13)

H = Standard runtime hours per part

V = Vol: .. of area to be potted, in cubic inches

Setur Time = 0.05 Hour %

]
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Tape foaming is the process by which a tape adhesive is pressed into the
core cells from both sides, until the area is filled. The standard for tape

foaming represents the time to obtain tape, cut to required length and width
Heat is then applied to soften the tape prior to

pressing into the core cells. Tape foaming standards equation is as follows:

and position tape on core.

H = 0.0257v

WHERE::
H = Standard runtime hours per part
V = Volume of area to be foamed, in cubic inches

Setup Time = 0.05 Hour.

2.1.2.5 CLFANING

After the core has been machined and formed, it is cleaned by immersion
in a chemical bach. The standards equation for cleaning covers the time to

immerse and remove the core in the bath.

H = 0.00046v0 4257

WHERE :

Standard runtime hours per part
Volume of core, in cubic inches

H
v

Setwp Time = 0,05 Hour,
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2.1.2.5 SUMMARY OF CORE PREPARATION STANDARDS ESTIMATING RELATIONSHIPS

in dinches

DETAILL ELEMENT SETUP  RUNTINME g
SAWING {
] HANDL ING W = 0.00045340: 3810 (H1) }
: SAWING 0.05  H = (0.00066370- 4330 (n2) 3
] MACHINING
: POLYGLYCOL 0.02  H = 0.00257A0:817° (H3)
! HANDL ING H = 0.002657A0 >0} (Ha) ;
| FLAT 0.50  H = 0.0002(W/1.5)(L+6) (M) :
| CONTOUR 0.60  H = 0,00005(au)(L + 6) (H6) 1
2 END MILL STEP 0.11 R = 0.0006HL (H7) :
1 END MILL SCARF 0.11  H = 0.0006HL (H8) :
f END MILL BLEND 0.11  H = 0.0009L (H9) 1
{ CUTOUT 0.01 It = 0.0120(N) (H10) ]
] FORMING 1
3 HAND 0.05  H = 0.000008A 208 (H11) ‘
j POWER BRAKE H = 0.0008L032¢8 (H12) »
4 SETUP : -
. IF DIE LENGTH < 6 FT. 0.15 f
3 IF DIE LENGTH > 6 FT. 0.19 ?
PER DIE CHANGE 0.12 . !
: PER DIE REPOSITION 0.03 ]
3 INCREMENTS -
1 IF C = 0.1250 IN. H = 0,0091R (H12a) {
IF ¢ = 0.1875 IN. H = 0.0065R (H12b) :
IF C = 0.2500 IN. H = 0.0052R (H12c) iE
IF € < 0.3125 IN. H = 0.0039R (H12d) 3
LIQUID POTTING 0.05  H = 0.0105V (H13) .
TAPE FOAMING 0.05  H = 0,0257V (H14) :
CLEANING 0.05  H = 0,00086v°+4%%7 (ms) %
WHERE : b
A = Core area in square inches N = Number of cutouts 3
T = Core thickness,in inches R = Radius of curvature to be formed, :
L = Length of cut, in inches in inches :
W = Maxiwum width of cut, in inches C = Cell size, in inches i
V = Volume to be potted or foawed, -g
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2.1.3  PART CONSOLIDATION

Part congolidation refers to the processces involved in joining detail
elarents and/or curing composite material. The joining operations include
splicing and bonding. The curing processes include vacuum bag/autoclave
cure, vacuum bag/oven cure, and thermal expansion molding.

2.1.3.1 JOINING DETAIL ELEMENTS

Two consolidation gperations in which an adhesive is used to join detail
elements arve splicing and bonding. Splicing is the edgewise joining of two
or more pieces of core. Bonding is the process in which the element surfaces
are adhered. The standards equation for applying the adhesive relates run-
time to adhesive application area. 1n order to camplete the consolidation
cycle, the part which results from the joining of elenents may be cured using
one of the processes discussed in the following sections (complete lists of
standards elamerts are presented in the Summary), or it may be cured by heat-
ing with a hand gqun. For the latter method, a standards equation has been
developed for handling time which represents time to gather details, prefit,
assemble tlie details after adhesive application, and apply heat. Total run-
time is the sum of the handling and adhesive application equations.

HANDLING 1)
H = 0.0015A06311
ADHESIVE APPLICATION (C2)

H=0.000055A,

WHERES:
H = Runtime hours per part
A = Core arca, in squarc inches
A= Adhesive application area, in square inches

<

Setup Time = 0,05 Hour,
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2.1.3.2 CURING PROCESS

Curing is accamplished through the application of pressure and heat
to advanced composite material. There are several ways of curing, as shown

below.

CURING PROCESSES

PRESSURE HEAT MOTES
Vacuum Bagging &

Autoclave Autoclave Curing over 15 psi
Vacuum Bagging Oven Curing at or below 15 psi
Thermal Expansion

Molds Oven Heat by convection
Thermal Expansion

Molds Heating Element Heat by conduction

ORI 1

The detail elements of each process and their corresponding eqﬁé\tions
are presented in the Summary. %

VACUUM BAG/AUTOCIAVE CURE: Vacuum bagging is thesprccess of applying
full vacuum pressure (15 psi) to layed up advanced canposite material. This
process is accamplished by containing the material in a bag and applying
vacuum pressure via a vacuum pump.

Two types of bag material are used: ; 'fii:sposable bags and reusable bags.
Disposable bags are material that need to ae replaced after every curing opera-
tion. Disposable bags are sealed to the curing tool by the application of
zinc chramate sealing tape along the bag periphery. Reusable ‘ags are made
of silicone or butyl rubber and are custom fitted to the part: it envelopes.
Sealing to the curing tool is accomplishedl by clamping around the edges.

These bags are initially more expensive than disposable bags, but are cost
campetitive in the long run because they are reusable and repairable.
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vhen advanced composite materials are to be cured at pressures higher
than that provided® by vacuum bagging (15 psi), an autoclave is used. The
autoclave provides the additicnal pressure as well as temperature required to
cure a composite part.

VACUUM BAG/OVEN CURE: When camposite material is to be cured at vacuum
bag pressure (15 psi), the bagged material is heated in an oven (a vessel
that provides heat hy convection). The bagging procedures for oven curing
are similar to bagging for autoclave cure.

THERMAL EXPANSION MOLDING: An alternative to vacuum bagging is the use
of thermal expansion molds (elastomeric tools). Thermal expansion molding

is the process of curing advanced composite material by the application of
heat to encased expandable rubber molds that contain the layed up material.
Heat is transferred to the mold cage (and to the camposite material) by
convection in an oven or bv conduction from a heating element. The rubber
molds expand as heat is absorbed, This exnansion causes the required pres-
sure to be applied on the material.
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2,1.3.3 _SUMMARY OF PART CONSOLIDATION STANDARDS ESTIMATING RELATIONSHIPS i

SPLICING/BONDING

DETAIL ELEMENT SETUP  RUNTIME
APPLY ADHESIVE 0.05 0.000055A a (€1)
HANDLING 0.0015a7-6311 (€2)

WHERE: : %

>
-2
"

Adhesive applicatiaon area, in square inches
Part area, in square inches

>
"

NOTE: These standards are applicable only if the adhesive which joins the

detail elements is cured by applying heat with a hand gun.
ﬁ ) -3
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VACUUM BAG/AUTOCLAVE CURE

DETAIL_ELEMEN] SETUP

RUNTIME

SETUP 0.07

GATHER DETAILS, PREFIT,
DISASSEMBLE AND CLEAN

APPLY ADHESIVE
ASSEMBLE DETAIL PARTS

APPLY POROUS SEPARATOR
FILM

APPLY BLEEDER PLIES

APPLY NON-POROUS
SEPARATOR FILM

APPLY VENT CLOTH
INSTALL VACUUM FITTINGS
INSTALL THERMOCOUPLES
APPLY SEAL STRIPS

APPLY DISPOSABLE BAG
APPLY RUBBER BAG

SEAL EDGES

CLAMP EDGES

CONNECT VACUUM LINES &
APPLY VACUUM

SMOOTH DOWN

CHECK SEALS

DISCONNECT VACUUM LINES
CHECK AUTOCLAVE INTERIOR
LOAD LAYUP IN TRAY

ROLL TRAY IN

CONNECT THERMGCOUPLE LEADS

CONNECT VACUUM LINES AND APPLY
VACCUM PRESSURE

CHECK BAG, SEAL & FITVINGS
CLOSE AUTOCLAVE

SET RECORDERS

START CURE CYCLE

0.001326 (A0-5252)

0.000055[A, ]
0.000145  (A0-6711)

0.000009Ab
0.00002Ar

o}ooooognb
0.00002A,
0.0062N,
0.0162N
0.00016P,
0.000006A,
0.000015A,
0.00054P,
0.00023P,

0.006)
0.0000064,
0.000017p,
0.0031

0.0300
0.00014540-6711
0.0250
0.0092N,

0.0061N

APPLICATION
DISP. REUS.
X
X
X X
X X
X
X
X
X X
X
X
X
X
X
X X
X X
X X
X X

[0.000006“;-000027Pb-+0.0088Nf]

0.0192
0.0560

(V1)
(v2)
(v3)

(va)
(vs)

(ve)
(v7)
(v8)
(v9)
(v10)
(V1)
(V12)
(V13)
(V14)

(V15)
(Vie)
(V17)
(v18)
(A1)
(A2)
(A3)
(A4)

(A5)
(AS)
(A7)
(AB)

L o
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DETAIL ELEMENT

CYCLE CHECK

SHUT DUWN

REMOVE CHARTS

OPEN AUTOCLAVE DOOR

DISCONNECT THERMOCOUPLE
LEADS

DISCONNECT VACUUM LINES
ROLL TRAY OUT OF AUTOCLAVE
REMOVE LAYUP FROM TRAY
RELEASE ClLAIPS

REMOVE DISPOSABLE BAG
REMOVE REUSABLE BAG

REMOVE THERMOCOUPLES
REMOVE VACUUM FITTINGS
REMOVE VENT CLOTH

REMOVE NON-POROUS SEPARATOR
FILM

REMOVE BLEEDER PLIES

REMOVE FOROUS SEPARATOR
FILM

ASIDE USED MATERIAL
REMOVE LAYUP & ASIDE
CLEAN TOOL

SETUP

RUNTIME

0.0800
0.00332
0.00332
0.0192

0.0038N,
0.0031N,
0.0120
000145806711
0.00007P,
0.000008A,
0.000003A,
0.0095N,
000291
0.000007A,

0.000007Ab
0.000007A,

O.OCJOG7Ab
0.000005Ab
0.000006A,
O.OOOOOGAb

WHERE :

Area of detail part to be consolidated, in square inches
Area of surface where adhesive is applied, in square irches

APPLICAT ION
DiSP. REUS.

> > > <
> > X X

drea of composite material used divided by ply to bleader ratio,

= l, if A <€ 432 square 1inches

IA =
Ag = Bagging area, in square inches
Ar = Area of resin bleeder plies
in square inches
Nf = Number of vacuum fittings

Pb = Perimeter of bag to be sealed or clamed

= 2, if A

to be joined together in one cure cycle
2. (v4) - (v5) and (V26) - (v27) are applicable if resin bleeding.

.wvmwﬁw»mnwwm.'-« - -
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2> 432 square inches

.(Vl) - {v3) are applicable if two or more component detail parts are

(R9)

(A10)
(A1)
(R12)

(M13)
(A14)
(A15)
(A'6)
(v19)
(v2o

(v21)
(va22)
(v23)
(ves)

(v25)
(V26)

(vez)
(v28)
(v29)
(v30)
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VACUUN BAG/OVEN CURE

DETAIL ELEMENT SETUP  RUNTINE

SETUP 0.05
SEE VACUU!{ BAG/AUTOCLAVE CURE FOR ELEMENTS (V1) - (V18)

; CHECK OVEW INTERIOR 0.0300 (01)
i LOAD LAYUP INTO OVEN 00001144, 0+ 8286 (02)
@ CONNECT VACUUH LTHES AMD
: APPLY VACUU: PRESSURE 0.0061, (03)
i CONNECT THERMOCOUPLE LEADS 0.0092M, (04)
g CHECK FOR LEAKS [0.000006A, + .00044P, +0.0083H,1  (05)
CLOSE OVEN 0.0192 (06)
SET RECORDER 0.0140 (07)
START CYCLE
CYCLE CHECK 0.0800 (08)
SHUT DOWN AFTER CURE 0.00083 (09)
- REMOVE CHARTS 0.00083 (010)
| OPEN OVEN 0.0192 :011)
i DISCONNECT THERMOCOUPLE
1 LEADER 0.0035N, (012) :
. DISCONNECT VACUUM LINES 0.0031N, (013) ’ :
1 REMOVE PART FROM OVEN 0.000114A3'8586 (014) ,j
; SEE VACUUM BAG/AUTOCLAVE CURE FOR ELEMENTS (V19) - (V30) ﬂ
|2

b ]
i i
. i
1 NHEREZ é
A, = Bagging area, in square inches
5 Ne = Number of vacuum fittings :
E Pb = Sealing/clamping perimeter, in inches i

49
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THERMAL EXPANSION MOLDING
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E’ DETAIL ELEMENT SETUP  RUNTIME

o SETUP | 0.02

. CLEAN MOLD CAGE 0.0008A (x1) 13

i APPLY RELEASE AGENT 0.0013A (x2) 3

g ASSEMBLE LAYUPS INTO CAGE [0.0237 (A%-®98%)1 v 0.0m6  (x3) s

3 APPLY HEAT: )

3 a. OVEN: 0.05  SEE VACUUM BAG/OVEN CURE ELEMENTS (01) - (014) s

: b. HEATING ELEMENT: 0.43 0.00264 (A9-3207, (x4) ]

7 REMOVE PART FROM TOOL [0.000145 (A%-6711)7 4+ 0.000253  (X5) ¥

3 ASIDE PARTS 0.000043  A0+5985) ]

2 g

{ 3

WHERE : %-

% Am = External surface area of mold cage, in square inches

A = Area of component detail part to be consolidated, in square inches

i




2.1.4 FINISHING OPERATIONS

Finishing includes all operations performed on a cured camposite part to
bring it to final dimensional specifications. Finishing operations have been
grouped into two parts: trimming operations and hole preparation.

Trimming is the final sizing of a cured composite 'part. Several tech-
niques are used in trimming depending on part size, thickness, amount of
cured material to be trimmed, equipment available, tool geometry, etc. The
technicues analyzed in this program include: routing, sawing, and sanding.
The basic difference between each of these techniques lies in the tool used.

Hole operations are performed as required by specifications. In addi-
tion to basic drilling and hole punching, other additional operations are
sometimes required. These include: reaming, counterboring, countersinking,
and hole sawing.

Standards equations for each of the finishing operations are discussed
in this section. Total operating time requires the addition of handling time
to account for part handling, and if fixtures, templates, inserts, or clamps
are used. The handling time equatians, as w2ll as each of the equations for
ret trim and hole operations are presented in the Sunmary of Finishing
Standards.
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2.1.4.1 NET TRIM QOPERATIQIS

ROUTING: Routing is a process of removing material using high speed cut-
ters quided by templates or block providing a cutting pattern. Routing is
generally performed for edge trimming or cutouts, and may be accomplished by
hand or by machine.

Kl routing uses a portable tool (hand router) provided with guide
rollers, bars, or straps which bear against a guide on a tool by hand pressure.
The standards for hand routing are illustrated in Figure 24 and rclate the
routing rate with the thickness of the cured composite part being routed.
Total runtime hours is obtained by multiplying the results of this eguation
by the length of cut. Setup time is 0.05 hour.

0.0045

0.0040

SETUP TIME
0.0035 tos

0.0030

0.0025

0.0020
H = 0.00666T0-9219 // (F1)

0.0015

0.0010

H = RUNTIME HOURS PER LINEAR INCH

0.0005 T

0 0.05 0.10 0.1 0.20 0.25 0.30
T = THICKNESS OF MATERIAL

FIGURE 24. STANDARDS FOUATTON FOR [IAND ROUTTHG
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Machine routing uses a floor mounted machine with a high speed cutter
mounted in a spindle above the work table. The routing pattern is determined
by a pin and template. The cutter and pin remain stationary and concentric,
while only the part (attached to the template with pattern) is moved. The

S R

bt

standard runtime to machine rout is defined by the equation:

3

H = 0.0015L, (F2)
WHERE : 3
H = Standard runtime hours per part

L = Router course length, in inches ’

Setup Time = 0.05 Hour
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SAWING: When a substantial amount of camposite material is to be removed,
sawing operations are usually performed. Sawing may be done by hand or by

| machine guided by lines, guide bars, templates or fixtures. The sawing opera-

tions analyzed in this study are applicable only to straight cuts.

Hand sawing is porformed with a pneumatic tool equipped with a 2" - 3
diamond abrasive whiva« Iw: standard runtime equation for this operation is

presented in Figure 25 (upper curve) amd relates the sawing runtime rate to

PR
e e M T ¢ e 0r o

the thickness of the material to be sawed. Total sawing time is obtained by 3
multiplying the results of this equation by the length of the cut. Setup :
time is 0.02 hour. 3
: Machine sawing uses a radial saw (radial arm) equipped with a carborun- : }
| dum abrasive wheel. The standard runtime equation for this operation is like- ;
! wise presented in Figure25 (lower curve). Setup time is 0.05 hour. .
|
0.0025 T - 3

I
Issr up o.ozl HAND SAW

1
//c - 0.004670.6624 (F3) o

0.0020

0.0015

MACHINE SAWING

RUNTIME HOURS PER LINEAR INCH

0.0010 ]
".' // H = 0.0022T 0:5749 (Fa) i)
! / o
L 0.0005 L
0.0002| i
0 0.05 0100 0150 0200 0.250 0300 0350 0400 0.450 0.500 L
. T = MATERIAL THICKNESS IN INCHES (
FICURE 25, STAUDARDS EQUATIONS FOR SAWING
¢
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SANDING: Sanding is a final sizing process used to smooth rough edges,
resin flashings and frayed areas. There were three methods of sanding studied
in this program: hand sanding, portable tool sanding and machine sanding.

— e et s

a small amount of material is to be removed. Wet or dry sandpaper is used
for this operation. The standard runtime equation for hand sanding is:

H = 0.0005L (F5)
WHERE :

H = Standard runtime hours per part

L = Sanding length, in inches

Setup Time = 0.02 Hour

PORTABLE TOOL SANDING is accamplished with a pneumatic disc sander
guided by a scribe. line or tenplate. This operation is used for large or odd
shaped parts that cannot be accomodated on a machine sander. Portable tool
sanding runtine is a function of both the thickness of the material and the
length of the edge to be sanded as shown below:

H:= (0.00127)L (FG)
WHERE :

H = Standard runtime hour per part

T = Thickness of material, in inches

L = length to be sanded, in inches

Setup Time = 0.02 Hour
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MACHINE SANDING is roquired when large amounts of material are to be
removed, but not enought to permit the excess to be sawed. The machine ana-
lyzed in this program is a bridge port mill with a drum coated abrasive band

fitted on a precision mandrel.

Y

The maximum amount of material removed per pass is 0.0703 square inch
with the depth of feed limited to 0.25 inch per pass. The standard
runtime equation for this operation is:

BT it A

H = (0.000046L) P (F7)

e

WHERE:

H = Standard runtime howrs per part
L = Length of each pass, in inches
P = Number of passes

T T T AT - T DT TR

Depth of Cut X Thickness ‘ :
0.0703 (rounded to the next higher number) '

Setup Time = 0.25 Hour

1 2.1.4.2 HOLE OPERATIONS

e Rt Bt S i e i 2 sle i

DRILLING: This is the process by which holes are produced in a part using
a drill notor which imparts rotary motion to the carbide drill bit that is

et e s 22

forced against the part. This operation is used extensivel; in the airframe

industry to provide a means of assenbling conponent parts with fasteners.
Equations have been developed for drilling operations and the handling time
associated with the operation. The equation for drilling represents decimal
hours per hole and is a function of diameter and depth of the hole. The
machine runtime encompasses the drill time to approach, penetrate to required
depth, retraction and aside part. If more than one hole is to be drilled, a
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repositioning time will be required for each new hole. This time is incor-
porated in the drilling standard equation. The drilling standards apply to
controlled feed and speed machines such as the (uackenbusch and Tornctie
System installed on a drill press. A nomograph representing the standards
equation is presented in Figure 26 below. The namograph has been prepared
to provide a convenient means of manual estimating. Total runtime is cobtain-
ed by multiplying the results of this equation by the quantity of holes
drilled.

0.3370,0.4562
SETUP TIME H = 0.01693D Z (F8)
0.05 HOUR
1.000 1.0
] ¥
a ; j
& 0.5000; 10,0100 l0.5 O
= .
~ 0.3750} 10.0075 T
™~ | 2 { =
Y, L —
G o.1ers 0.2 E
= 5 : a
S 0.1250} 0-00% L
w ' . o
a8 }0.0025 0.1 2
o \ 0020 SN
" . 0. .
L 0.0625 " LN
10.0015

H = RUNTIME HOURS PER HOLE

FIGURE 26, NOMOGRAPH OF STANDARDS BYWATION FCR HOLE DRILLING
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COUNTERBORING: Counterboring is the process of enlarging one end of a
drilled hole. This enlarged hole is concentric with the original hole and is
flat on the bottom. This operation is used primarily if fastener heads and/or
nuts are required to be set pelow the surface. The tool used in this operation
ig similar to an end mill and is provided with a pilot pin which fits into the
drilled hole to guide the cutting edges. A carbide tool was used in controlled
speed and feed machines to develop the standards for counterboring on cured
parts in this program. The resultant equation represents the runtime per hole
as a function of the diameter and depth of the counterbored hole. The standards
2 equation, represented in the nomograph in Figure 27, covers the time to ob-

q tain and position the part, counterboring, and aside part. Total runtime is
! obtained by nmultiplying the results of this equation by the quantity of holes
that are counterbored.

‘El
9

R
FoEAN

: SETUP TIME
4 ,
frmm, oy

3 — i 0.()0“0 %

: = 0.50C ; 0.5 = b
g 0.250 - 0-0020‘3 | . E . j
—t ; ~ o Lo
= i 0.001 0.2 w %5
Wl . A 1
g 0025 .00 g .
1] } :0‘] :‘ \%
[~] B

0.0625 00005

H = RUNTIME HOURS PER HOLE .

S, segne

FIGURE 27. NOMOGRAPH OF' STANDARDS EQUATION FCR COUNTERBORING
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REAMING: Reaming is the operation of enlarging a machined (drilled,
punched, etc.) hole to proper size with a smooth finish., A reamer is an
extremely accurate tool and is not designed to remove a substantial amount

r of cured composite material. A carbide tool held in a fixture mounted in
\ controlled speed and feed machines was used to develop the standards for ,
i reaming. The standard equation that was developed represents the machine
“ runtime per hole as a function of the diameter and depth of hole to be
; reamed, and is shown in the namograph in Figue 28 . Total runtime is ob- 2
. tained by multiplying the results of this equation by the quantity of héles i
i reamed. Setup time is 0.05 hour,
[
SETUP TINE| 0. 5338 o
-
2 1.0000 1.0
3 "‘E’ 0.7500 : 5.0100 5 Q
; Z 0.0050 : M 0.5 E §
ee 0.3750 - 0.0050 1 = i
’u_a : 0.3 = ;
g 0.250C - 0.0030 ° T E E
. : N o :
= 0.1875 0.0020 : 0.5
W 0.1250 . : : u s
o . . Q u
= ; 0.0010 : 0.1 % :f
" : \ "
a 0.6250 : \ : ~ ]
) 0 .0005 \ ’0. 05 * i
. i :
H = RUNTIME HOURS PER HOLE :

FIGURE 28. NOMOGRAPH OF STANDARDS PQUATION IFOR RFAMING
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COUNTERSINKING: Countersinking is required if the top of a Arilled hole
is beveled to acconvxlate the conical seat of a flat head screw in order to have
the head of the screw flush with the surface. A carbide tool held in a spindle
mounted in controlled speed and feed machines was used to develop the stand-
dards for countersinking in this program. This operation is generally per-
formed as a part of the drilling operation cycle. The standards equation
that was developed represents the machine runtime per hole as a function of
the drilled hole size, and is graphically illustrated in Figure 29. Total
runtime is chtained by multiplying the results of this equation by the quan-
tity of holes countersinked., Setup time is 9.95 hour.

0.0036 l I T /
0.0032 SET;";STAME
W 00028
° /
I
& 00024
[- %
& 00020 :
g o
8 W = 0.004500° 72%0 (F11)
L 00016
3 /
2 00012
.001
2 /
T 0.0008 / -
0.0004 /
0
0 0.125 0.250 0.375 0.500 0.625 0.750
D = DIAMETER OF HOLE IN INCHES
FIGUIE: 29. STANDARDS EOUATION FOR COUNTERSINKING
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HOLE PUNCHING: Hole punching is an alternative to drilling and is
erpecially adantable to thin parts. This operation can also be used to

establish pilot holes for routers cutout operations. The standards for
this operation reflect the time to place part on the machine bed, select
the correct punch size (by rotating punch magazine) and punch holes. The
standards equation for hole punching is as follows:

H 0.0036 (N) (F12)
H = Runtime hours per part

Nurber of holes punched

Setup time is 0,05 hour

z
]

HOLE SAWING: When a hole is too large to be cut by a standard size
drill, hole sawing operations are performed. The tool used in this operation
is a circular metal band with saw teeth on the edge with either a drill or
pilot pin concentric with the saw band in the center of the tool. The tool
is held in a spindle or chuck in either a portable or stationary drill mctor.
The standards equation developed for hole sawing reflect the use of a saw
with a pilot pin and includes the drilling of a pilot hole. The ecquation is
graphically illustrated in Figure 30. Total runtime hours is obtained by

nultiplyinag the results of the equation by the  antity of holes sawed.
Setup time is 0.05 hour.
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0.010 i
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2.1.4.3  SUMMARY OF FINISHING STANDARDS ESTIMATING RELATIONSHIPS

DETAIL ELEMERT SETUP  RUNTIME :

:
NET TRIM OPERATIONS i
HAND ROUTING 0.05  (0.006667"921%), (F1) ;
MACHINE ROUTING 0.20 0.0015L (F2) :
HAND SAWING 0.02  (0.004670-562%) (F3) §
MACHINE SAWING 0.05  (0.002279-6749) (F4) ?
HAND SANGING 0.02  0.0005L (F5) :
PORTABLE TOOL SANDING 0.02  (0.0012T)L (F6)
MACHINE SANDING 0.25  (0.00046L)P (F7)
HOLE OPERATIONS
DRILLING 0.05  (0.0169300-3370 7 0.4562, 4 0006)q (F8)
COUNTERBORIHG 0.05  (0.00514p0-5966 7 0-2756, 4 5a06)q (F9)
REAMING 0.05  (0.0121800:2747 ; 0.8338, 4 0006)Q (F10)
COUNTERSINKING 0.05  (0.004500%-72%0 4 0.0006)Q (F11)
HOLE PUNCHING 0.05  (0.0036)Q (F12)
HOLE SAWING 0.05  (0.01293 7 '-1915% 4 ¢.0006)0 (F13)
HANDLING TIME
PART HANDLING 0.02014540-6711 (F14)
FIXTURE - INTERNAL 0.0741440- 3264 (F15)
- EXTERNAL 0.0077740-2894 (F16)
TEMPLATE 0.000107A0-77006 (F17)
CLAMPS 0.000322¢C (F18)
INSERTS 0.0007Q (F19)
WHERE
T = Average material thickness, in inches
L = Trim length, in inches
P = Number of passes
D = Hole diameter, in inches
Z = Hole depth, in inches
Q = Quantity of holes per part
A = Part area, in square inches
€ = Part perimeter, in inches
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2.2 FACTORY IABOR VARIANCE

Estimates of direct factory labor hours are developed through the appli- :
cation of appropriate variances to the standards at specified production :
units. The cal-ulation of variances is part of the camputerized system and '
is accamplished using the variance equations developed in this program for
layup, honeycomb core preparation, part consolidation, and finishing. The

discussion below illustrates the procedures for calculating unit, cumlative,
and cumlative average variances for each of the four fabrication processes. ;
LAYUP VARIANCES: The unit variance for layup at a specified unit N is ,
calculated using the following equation: p
Vi, = 340387 for v 5 5 S
Voo = 23.24 N0 gor N3 6 ;
The application of these unit variances to layup standards gives the unit
layup hours for any unit N.
b
|
Cumilative layup hours for N units is estimated by applying to standards %
the corresponding cumulative variances calculated through the following equations:
N
= S, =6037 < 4
VoL [34.03 1 (i )] for N& 5 g
2 .-.6037 ¥, -.3840
Vg = (34,032, (17700 4 [23. 242047777 for NP 6
i=1 6
The cunulative average variances for N units is calculated as follows:
CAL ~ N ;
SYMBOLS : Vu, = Unit layup variance
VCL = Cumulative layup variance A
Vepr, = Cumulative average layup variance

N = Unit number
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j Cumulative average variance for N units is calculated as follows:
| V. = Scre
i CAPC N §
| P
% SYMBOLS:: Ve = Unit part consolidation variance P
: Vere = cumlative part consolidation variance :
vCAPC: = Cumlative average part consolidation variance
N = Unit number ‘
FINISHING VARIANCES n
Unit variance for finishing operations is calculated as follows: Lo

Ve = 135.00v%0%) for ngs
Ve = (23.80781% for w6 |
: Cunulative variance for N units is calculated as follows:
Vg = 135.1020G7%0%)) forngs ;
1 ]
5 _ - ;
Ve = 135093 (%)) 4 23,80 B ) for n2e
¢ : i=1 6 :
Cumilative average variance for N units is calculated as follows: %
; Y/
' v . _CF
1
.P SYMBOLS:: Vp = Unit finishing variance
. 1
i Ve = Cumulative finishing variance @
VCAF = Cunulative average finishing variance
N = Unit number




HONEYCOMB CORE VARIANCES: The unit variance for honeycanb core operations
at unit N is calculated as follows:

_ 15.4359
Ve = 1.3970 + —=——===
N
' Cumulative variance for N units is calculated using the equation:
! | N |
1] , Vene 1.397N + 15,4359 T 3
. Cumilative average variance is calculated as follows:
\ Vaic .
CAHC = —=—
N N
’ SYMBOLS: VUHC = Unit honeycamb core variance B
Voue = Cumulative honeycamb core variance
L V(‘AHC = Cumulative average honeycomb core variance ‘ ‘
K i
N = Unit nunber i
3 PART CONSOLIDATION VARIANCES: 3 ]
The unit variance for the part consolidation operations is calculated as a ;
follows at unit N. A ; )
Vpe = 136488 %% for wss
Ve = 125.068 301 for w6 £
Curulative variance for N units is calculated as follows:
N : ¢
. ~.6044 :
Vope = (36.485- (i )] for NE 5 .
v 2 =.6044 & -.3860 .
CPC = [36.48 = (i ° ’ )) for N2 6 i

)]+ [25.06Z. (i
i=1 6
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The variance factors and improvement curve slopes defined by the above
equations represcﬁt allowances that are applied to pure lalor to account for
activities other than the actual operations required to manufacture a part.
These allowances cover coffee breaks, waiting time for tools and materials,
rework, supervision, attention to personal needs, time lost due to fatigue,

and absenteeism, clean up time, etc.

The development of the variance and improvement curve equations were
based on fiberglass and core fabrication data. Fiberglass experience was
selected as a base for developing variances for composite related operations,
i.e., layup, part consolidation, and finishing. because of its close similarity
to camposites particularly in methods of fabrication. Variances for each pro-
cess, i.e., actual hours divided by standards. were plotted on logarithmic
charts as shown in Figures 31 ~ 34.

Analysis of these plots show the distinctive behavior of variance points
in relation to production units, i.e., the initial units. have greater fluctua-
tions about a least squares line and show a much steeper slope campared to the
latter production units. To more closely simulate these actual experiences
and be sensitive to these observed characteristics, the "dog-leg" approach
was fitted through the initial 10 plot points (representing units 1 through 10)
and then through subsequent points. The two best fit curves were then made
to intersect to determine the break point in the "dog-leg" curve. An alterna-
tive appll;oach th;a(t was investigated was the hyperbolic function of the forms

Y=A+ygand 775X . These curves have a shape in the logarithmic grid that

is similar to a logarithmic "dog-leg", i.e., the slope of these curves starts
out steep and gradually flattens out as the number of units increase. Table 1
shows the different curves equation fitted through these points and their
corresponding coefficients of correlation. The "dog-leg" break points are
also indicated. The selected regressions for each fabrication process are

drawn in Figures 31 - 34.
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TABIE 1.

VARIANCE CURVES

"DOG - LEG" HYBERBOLIC

INT.PT.
1st Curve 2nd Curve N=) A + B/N

6037 3840 5.67 5.58 + o222

._.?!._.
A8y

LAYUP 34.03N ° 23.24N°° * N -. 191 + L155%

. Corr .Coeff 83.8% 88.4% 85.7% 59.7%

6044 -.386 . 34.82 N

PART CONS. 36.48N ° 25.06N 5.58 5.98 + N =78 + L1460
Corr.Coeff. 84% 88.8% 85.8% 59.7%

FINISHING  35.10N 5035 25, gy~ 3813 5.77 3.05 + 12:0 N

N =.348 + . 290N
Corr.Coeff 82.4% 85.6% 84.9% 58.9%

CORE 12,600 6144 4 35y7r1876 1o 39 1,397 423:4399 N

N ~1.55 + .6580
Corr.Coeff. 99% 95.0% 99% 87.8%
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2.3 SUPPORT FUNCTIONS EGTIMATING

The Support Functions Estimating foutine is composed of cost estimating
relationships (CER's) that provide the user with the capability of esti.matix'ig
the recurring support functions associated with the fabrication of an advanced
composite part. 'These estimating relationships cover labor functions as well
as support material cost. The support labor functions include Engineering,
Tooling, Manufacturing Engineering, Quality Control, and Graphic Services.

The material category refers to the material expended in support of recurring
labor functions. The CER's for each of these support functions were developed
from fiberglass production data. However, the user has the option of utilizing
his experience by applying his own factors or equations into the system. In-
structions for making this override are provided in Volume II - User's Manual.

2.2.1 DEVELOPMENT OF COST ESTIMATING RELATIONSIIPS

" Cost Estimating Relationships (CER's) are quantitative expressions that
relate recurring support labor and material ccsts to part parameters and other
cost elements. The development of CER's involved the evaluation and analysis
of pertinent data made available through the cost data research activities
undertaken in this program. Northrop was the primary source of data, parti-
cularly its T-38/F-5 production program, R & D and prototype camposite pro~
grams, and fiberglass production prograrms. *

The T--38/F-5 production program provided a very camprchensive set of
data from which to develop support function CER's. Relating this metallicg
experience to composites, however, presented a problem that eventually led to
the search for ather data.

Pertinent data with respect to support functions was obtained from R & D
and prototype camposite programs. However, the limited scope and nature of
this data made it unsuitable for projecting CER's past the 4th and St}."i pro-
duction unit.
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Northrop's fiberglass experience offered extensive cost data on support
functions. Labor costs, particularly, had been tracked accurately and in
sufficient detail to provide this program with a sound base for developing
CER's. The support function CFR's developed from this data base are appli-
cable to cowosites because of close similarities in material, manufacturing

processes, and applications.

Northrop's fiberglass production experience provided actual hours (by
unit number) for Factory Labor, Quality Control, Engineering, Tooling, Manu-
facturing Engineering and Graphics Services. (This data is couwpiled in
Volume III of this report). Scatter diagrams of those data were first plotted
to examine the interrelationships of these cost elements. Ieast squares lines
were fitted through the plot points of significant relationships. The equa-
tions that define these lines are expressions of the proportional relation-
ships hetwceen the labor hours of each support function and the factory labor
hours. by unit number. Two separate sets of equations were derived; their am-
plication depends upon the estimator's use of log-linear unit or log-linear
cunulative average improvenent curves. These CER's are mcsented in the
following sections.
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Recurring Muality Contz ol is the effort required to ensure the confor-
mance to drawings and specifications of raw material, purchased parts, and
ocampany fabricated parts during the manufacturing process.

The CER's for Recurring Quality Control are as follows:

Log- Linear Unit Improvement Qurve

Unit Quality Control Labor Hours
- -0.2285, .
OCLHG () 5 = (0.3542N ) FLHy )

Cumulative Muality Cont-ol Control Labor Hours

N
OCLH, o (0. 35025,1 702285, (FLiL, )

i=1
Cumuiative Average Nuality Control Labor Hours

QCUHY am Ave = (Cliy o) /N

log-Lincar Cunulative Average Improvement Curve

Cumulative Avcrage Quality Control Labor Hours

= -0.17%7
QC""N—(.\::‘ Ae (0.4243N ) (F’XHN_Q.“ Ave)

Cumalative Quality Control Lobor Hours

oy, = (0.4243n 01737, (rot, )
tmit Ouality Control Hours

OCLHy (e = ((CL ! = OCTH 4y o)
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2.3.3 TOOLING

Recurring Tooling Labor cunsists of the effort required in the repair
and maintenance of tools, periodic tooling cycle checks to ensure continuing
dimensional integrity, design and fabrication of new tools for improving
manufacturing operations, and incorporation of any requived ocompany-generated

design changes.

The CER's for Recurring Tooling are as follows:

Log-Linear Unit Improvement Curve

it Tooling Labor Hours

T = (0,630 096 e )
Cumilative Tooling Labor Hours

N, -
TH o = 0.63132170490) (Fn )

i=1

Cumilative Average Tooling Labor Hours
Ty o ave = My o) AN

Log-Linear Cumilative Average Improvement Curve

Cumailative Average Tooling Libor Hours

- -0.2594
'nHN-CU‘n Ave - (0.7020N ) (m‘N-Qm Ave)

Cumalat ive Tonling Labor Hours

T o = 07030002 gun )

Unit 7ivoling labor Howrs

T onit ™ My o =™ 0 1) —oun!




g 2.3.4 MANUFACTURING INGINITRING

Recurring Manufacturing Engineering consists of the effort to improve
the manufacturing plan to ensure continuing methods improvement, assisting
in the ~olution of problems related tn the manufacturing operations involved
in the production of the part and the processing of campany generated changes.

@
&
H
g

The CER's for Recurring Manufacturing Engineering are as follows:

g T Y

log-Linear Unit Improvement Curve

P AT

Unit Manufacturing Engineering Labor Hours

. - -0.4256
Cumulative Manufacturing Engineeiing Labor Hours

o ,
- .~0.4256 :
MEL, o = (1.0062?_; ) (FLiy )

Cumilative Average Manufacturing Engincering labor Hours

MELH oum ave ~ M0 o AN ;

Lt ol TS

log-Linear Cunulative Average Improvament Curve

b il it 44T

Cumulative Average Manufacturing Engineering Labor Hours

MR s @722 O 8 ey )
Cumulative Manufacturing Engineeriny Labhor Hours
ML = (072201828 s )
Unit Manufacturing Engineering Libor Hours

ML nit = MEL o T PELH ) o)

T T
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2.3.5 ENGINEFRING

Recurring Engineering is the effort expended subsequent to the initial
release of the drawings, exclusive of the support for test program, continu-
ing through the duration of the production phase of the program. This effort
consists of liaison and analysis in support of manufacturing and material
procurement.

The CER's for Recurring Engineering are as follows:

log-Linear Unit Improvement Curve

Unit Engineering Labor Hours
-0.3713

ELHG it = (0.3524N ) (FLHg nie)

Cumnulative Engineering labor Hours

N, [-0.3713
EU, o= (035245 i (FLH, )

1=
Cumulative Average Fngineering lLabor Hours

E:wN-(.\n'n Ave = (EUIN—Cm\) /N

Log-Lincar Cumlative Average Inprovement Qurve

Cumilative Average Engineering Labor Hours

-0,2223
E:mhl-Cun Ave (0.3540N Hn‘HN-(_\m Ave)

Cunulative Engineering Labor Hours
-0.2223) (F1il )

m‘N—OJn = (0.3540N

Unit Enmjincering Labor lours

B i ™ (B a1 ) o

B
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2.3.6 GRAPHIC SFRVICES

Recurring Graphic Services supports Engineering and Manufacturing with
activities such as process and control of all engineering design drawings
and data, preparation of art, text, and layouts for product-oriented publica-
tions, and reproduction, printing, photographic, and microfilm services.

The CER's for Recurriny Graphic Services are as follows:

Iog=Linear Unit Improvement Curve
Unit Graphic Services Labor Hours

~0.1840
) (FLHy i)

(SLH.N_Unit = (0.0432N

Cunulative Graphic Services Labor Hours

N
_ .=0.1840
GSLHy iy = (0.0432i2=i ) (F‘U{” Om)

Cumlative Average Graphic Services Labor Howrs

GSLHY_cum ave = (G o) N

Loy-Linear Cunulative Average Improvament Curve

Cum'l ative Average Graphic Services Labor Hours

_ -0.229¢
GSLH, 1 ave = (0.0824N ) (FLHG oo ave)

Cunulative Graphic Services Labor Hours

s = (0.0824n~0+ 2298, (FLiy, )

Unit Graphic Services Labor Hours

(SU{N-Unit = ((BU*IN_Q‘“)‘(G?:Ui(N_l) C n)
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2.3.7 _ SUPPORT MATERIAL |
}
Support Material consists of raw material, purchased parts, equipment 2
standard parts, and process material required to support the fabrication of ;
cawosite parts. This category covers tooling, engineering and allocated
Z material, and includes such items as vacuum film, Osnaburg cloth, thermo-
? couple wire, teflon, potting campounds, and adhesive agents. ;
i !
?I The CER for Recurring Support Material is as follows: i i.
SM$ = 0.30 (DM$) , H
WHERE: 3
SM$ = Support Material Dollars
DM$S = Direct Material Dollars

2.3.8  MANUFACTURING ALVOVANCIE

M - acturing Allowance accounts for the cost of rework and scrap ma-
terial experienced in the production environment.

Alec it ALl Schblb o I Guhb. i - Sl e o
i i

The CER for Manufacturing Allowance is as follows: ‘
MAS = (0.02FLS) + (SCRAPS)

MAS = Manufacturing Allowance

FL$ = Factory labor Dollars !
SCRAPS = Scrap Material Dollars ]
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