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Preface

The phrpose of this study was to develop a guide to assist
analysﬁs in constructing cost niodels for airframes wﬁich have
‘incorporated composites. A literature sgarch'was performed to
determine what cﬁr:ently available co;t estimating models
account‘for the presence of composites. The primary research
methodology consisted of a Delphi'process used to elicit expert .
opinion on possible cost drivers, the impact on production
‘hours due to composites, and how composites gffedts differ
across the primary aircraft types.

In the ﬁrocess of‘const:ucting the Delphi questionnaire
and performing the Delphi iterafions I received a éreat deal AE
he}p from others. I am indebted to Mr. Jeff Danemah, myvthesis
advisor,‘who displayed 2 great deal ofvpatience throughout the
entire process. I would also like to thank my reader, Ms. 3ane
Rokbins for insightful comments and Dr. Richard Murphy for
originally suggesting the Delphi approach’ when my se;rch fo;‘
»éctual data prodﬁced few results. Additionaliy; I wouid likQ to
thank Mr. A. Michael Welch, and Ms. Donna Rosenbaum of ASD/FQCR
for their.supﬁott, encouragsment, and #ssigtance throughout the:
entire thesis process{:~Fina11y, a very special thanks to my
wife ‘Pémela ~for her . love, support, anéoutaq;ment, aﬁd

inqredible patience qﬁripg my entire time at AFIT.
Jeffrev L. Isom
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Abstract

- Z;-‘és This study provides a guide fo‘cost analysts who must
consider the impact of composite materials on'airfr;me costs.
A literature review was conducted to determine the availability
of cost models which incofporafe the effect of coﬁposites on
cost. A number of models are available, but no individual
modellwas found that is applicable for every. situation. 1In
order to provide a béseline upon which analysts can compare
model results as well as provide guidance in selecting cost
drivefs, a Delphi su:ve?‘wés conducted. Questionnairé results
.indicate that composite weight (as a percentage of total
weight), composite part éémplexity, percentage of composites in
load-bearing role, composite pdrt‘size, fabfication‘technique,

- and percentaje of composites in a low observable role are all
potentially significant cost drivers. Delphi results also
 indicate that engineering and gquality assurance labor ﬁours are
Quite sensitive to cohpos;te weight, while manufacturing and
ﬁooling-hours are more'sénsitive to composite part complexity.'
Pinally, the Deléhi rqsults indicate thﬁﬁ, although therevaré
sdmel differences‘ in composite laber hour impacts across

aircraft type, there are no discernable paﬁterns to the

differences?:éﬁr__-—-—
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A GUIDE FOR THE CONSIDERATION OF COMPOSITE MATERIAL
 IMPACTS ON AIRFRAME COSTS

General Issuve

The decrease in tensionbbetween the Unitgd States and
the Soviet Union h35~rgsulted in increasing pressure to
reduce defgnsg spéhding. At the same time, the expanded use -
of high technolongin weapons systems has given riSe to ever
increaéing costs. 'For example, the F~-42 Phantom If cost
about $9.6 million:dolldrs (fly-away cost in coastant FY86
dollars) per aircraft while the estimated cost for tﬁe
Advanced Tactical Eiéhter.(ATF) is $3¢ million per plane

(18:76). A large portionlof these cost increases can bhe

. attributed to a greater number 6f onboard and embedded

computers for targeting and control as well as ever more

advanced avionics sy;témsm However, the rising use of high

) tgchnology electrohics cannot account for the entire impact

of technology on cost. A major contributor to increased

- ai;cféft cost'is the use of composite materials in aiff:ames.

In order to meet the requirements for both lighter

.weight and higher performance; aircraft designers and

manufacturers have relied more heavily on the usge of
composites. As a percent-ot‘total airframe weight, the use

of composites has increased Zrom 1 ﬁo 2 percent (F~14A and F-

~ 16A) in the 1970's to 26 percent (AV-8B) in the 1980's and is

- 1 v . '\\: )



expected to reach 45 to 60 percent (ATF and V-22) in the
1990's (21:I-4). Because of the ability of composites to
retain many of the desirable strength and stress
characteristics 6f traditional materials at reduced weight, a
more widespfead use of composites is inevitable. The
drawback, hbwever, is sigrificantly increased costs.

Although mora costly ;han traditional materials,
coméosites provide the means to neé advances in aircraft
performance that will allow future aircraft to overcome the
greater number of ehemy weapons (11:76). Reductions in
defense spending in recent years and the cancellation of' the
Névy's ATF prograi will make it'difficult'for Congress to
fund systeﬁs that use expensive compnsite materials.
However, proponents of these composite aircraft say thét the
United States will be vulnerable without them. Former head
of the Air Force Systems Command, General Lawrence Skantze,
sai& that the revolutionary ATF wiil allow us to domiaate the
first,quartér of the 2155 centufy (18:80). The recent
successes of the F-1i7 Stealth Fighter during Operaticn
Desert Storm help o prove the capability of advanced
aifcraftvand‘ﬁill make afguments agaihst tﬁe use gf
composites more diffiéﬁlt.

Althouch th use of composites in military aircraft is
probably hera to stay, memhgrﬁ otvthe Department of Defense
(DoD) must justify the costs of these sttems to Congress to

receive appropciationsi The addition of composites to‘
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airframes as well as increased complekity makes it difficult
to accurately éredict the cost. In the past, early e;timates'
of cost were done 1using parémetric models. These models used
the relationship between cost (in dollérs or hours) and some '
p?rformance characteristic such as séeed or‘weigh; to prédict
the cost of the weapon system. In order for such a mddel to
be effeétive,,a relatively large détabase is required.
Unfortunatef§, most of'the'traditionally used models do'notv
account for the presence of composites or do so |
insufficiently to provide for a rel:tively accurate cost
estimate. A model which successfully incorporates the use of
compositgs in airframes to provide a pre-production top-down
cost estimate is needed. The problem wi#h the traditional
apﬁroach, however, is the lazk of a sutficieﬂtly lérge
database of composite aircraft as well ‘as the liﬁited
ihformation available on how exactly composites effect coét.
In order for cost aéalys;s to successfully,qreate_cost
mo&els, a mére compleﬁe understanding of composite cost
éelationships is requirgd; o

' Background
| In order tp fully appreciate ihe difficulty which
composites pose tO'COSt'QstimatotS, it is necsssary to qain'a
little understanding in cOmposiie technology. There are a
great manf different compositgs’all with varied‘materials.

manufacturing mqghods, and physical charactsfistics and the




number continues to grow. For example, there are over 300
types of graphite/epoxy composite materials (22:I1I-21).
Composites are different from traditional materials
because they contain two or more materials joined together to
produce specific performance characteristics.- The entire

technolo§y of composite material is "...based on the
controlled distribution of one or more reinfﬁrcement
maéerials in a continuous matrii phase (14:53)." Physical
agd performance characteristics are obtained based not only
~on the reinforcemeat material and the matrix, but the way in
which they interact. |

| Reinforcement Materials. Reinforcemeﬁts come in a
variety of forms, but are primgrily categorized as: fibers,
whiskers, flakes, or spheres. Each form offers unique
charactefis;ics to‘gha composite such as Qtienqth aﬂd
stiffness with carbon fibers,‘toughnass with ceramic
whiskers, or control ofvheat‘expansion with silicon-carbide:
(5;: 14:56-57; 10:36-42). In whatever form, it is the
roigforcemédt-whiéh provides the structural chgricieristits
to the composite.

Although the applications for all forms of reinforcement
hrg growing, ¢ibers still domiﬁaﬁo the aerospace industry.
Pibers ére typically woven into fabriec, braided into tubes,
or p?etormod into a three-dimensional weave (33). A common
raw.material tqrm for fiber reinforcement is unidirectiongl

tape. Piber composites first appgafed.in the 1940's with
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fiberglass, folloﬁed by boron fibers in the 1960's, apd
graphite fibers in the 1980's.

Though Boron was used in the F;14A as the first major
aerospace application, graphite/carbon fibers have become the
primary fiber ﬁséd in‘aerospace composites (10:36-39; 21:1-4-
-6). Even though gtaphite/carpon fibers do not offer the‘
absolute strength of boron, they are easier to work with,
have higher elagtic properties, can be combined with a |
greafer range of matrices, and are léss expensive.

The effect a reinforcement material has'oﬁ the overﬁll
coﬁpcsite is predominately a function of three factorﬁ: |
Lenqth, orientation, and volume fraction (31:17). ﬂengthb
actually refers to the aspecﬁ ratio (length-to-diameter) §f
‘the fiber. in general, the reintctcemeng effect increases as
aspect ratio increases. Orientation refers to the manher in
which fibers are aligned wiih applied loads.‘ Aliqnment of
the t:ber with applied loads is more effectzve than rﬁndom
orientation. Zinally, volume traction; is the pqrgentaqe of
total volume made up of rointérCOmcﬂt matefial Porkexample,
a typical volume fractxon for graphite/epoxy is 0. 6 and |
consists ot 608 fiber and 40% matrix (31 17). ‘

u;;:;x_ng;gxiglg. The mat:ix not only ptdvides the bulk,‘
form for the composite, but helps to protect the.ofton' |
brittle fcintorcqmonx ftoh abrasion or environmental
corrosion. vhdditionally.vtho matrix helps to'distribute the

longitudihai loads carried bx'tho rcintorcemént.(1@:54),

Sl
.
~

\




Since the matrix material is generally weaker in terms of
stiffness and strength than the reinforcement, the matrix
@etermines the mechanical, chemical, and thermal limits of
composite (31:22). Currently availahle-mhtrix materials
include organic (or plastic), metal, carbon, and ceramic
materials. ‘ ‘ i
Polvmer Matrix Composites (PMC), often called

organic/plastic matrices, are the most common matrix material
used in aerospace systems.’,This type of matrix is most often
used with qraphit{ fiber/carbon fibers and'offers relatively
high strength, light weight, fatigue resistance and can .
withstand modetate!y high temprratures (7:366). Organic
matrix composites have already been used on ;uch aircraft as
the Bl-ﬁ, P-15, P~-16, and EPF-11l1 ana will probably be usad
extensively in the ne# C-17. PMCs are broken into two
categories called thermosets and thermoplastics.

fhermosets, utilizing epoxies as the matrix material,
have been in use for over 20 years . The strengths of
~ thermoset composites oriéinato from chemical reactions which
take place du:inq the cure cycle. This need for chemical
reaction results in long cure times, foducos the length of
time the composite can be stored, and prevents totofminq once
the material has been cured. Thermoset composites are usually
dimensionally stable, temperature tesist;nt, an:: solvent

iusistant (31:23).



Therﬁosets, in general, are fairly strong, but are
sometimes susceptible to degradation when exposed to water,
hydraulic fluid, jet fuel, or cleaning fluids (33). The
primary weaknesses in onoXy thermosetslare relatively low
temperature tolerances and toughness (meaning brittle). .It
is possible to improve the toughness of epoxy thermosets, but
usually only by trading off tensile strenqtﬁ (15:44).
cOncern over these properties lead to the developmeat of

'bismaleimide and polyimide thermosets.

Bismaleimides (BMI) have a lower processing temperature
than polyimides, but retain,much'cf the heat tolerance
capabilities-except at the rery high-end range (13:60).
Althouqh polyimides do exceed bismaleimides in temperature
tolerance, they must be processed at temperatures high enough
‘to require modifications in typical autoclaves, while BMIs
can be cured in the same facilities as epoxies. The primary
problem with.poiyimides are the greater costs and relatively
recedt entrance into the,broduetion arena.

Thermoplastics are the secedd éenera! type of Pﬁc.' D
Development of thermopiastie composites hegan in the early
1980's in an effort to overcome the;ihherent weaknesses of .
thermosets. Thermoptastics have the potential £or .much
higher Aamaqe tolerance (toughness), improved microcrack
resistanee,-degligible moisture absorption, snd'hiqh'tlame
resistance (15:43). Additionally,isince'thermoplestics h

_require no chemical reactions, they offer an unlimited shelf




life, no necessity for cold storage, and are meltable and
reformable (33). Because of the basic properties of
thermoplastics, they are much easier to repair aﬁd quicker to
manufacture than thermosats. However, there are currently a
number of préblems which are preventing a qide: use of
thermoplastics as opposed to thermosets.

Cu:fent cémposite manufacturers have factory setups
geared toward production and use of thermosets. Since
thermoplastics require avgreat.deal more heat and presSure to
mgnufactnre, a large capital investment and factory
ghangeover would be required to switch from thermosets to
thermoplastics,(31:25426). Further, more labor is involved
.in laying-up of thermoplastics since they are often stiffer,
less tacky, and are difficult to focmT Pinally, the lack of
experience and a historical database of properties make it
economically risky to switch from well known thermosets to
thermoplastics.

| Although a. great deal of research is being devoted to
\thormoplastics,'it'will be some time before they are used
with the frequency of thermosets. .Néw manufacturing wethbds
#hich reduce the time and temperature requirements a;e‘beinq
" developed. bﬂoweier, cufzent uses of thermoplastics are
usually limited to secondary structute applications (31:28).

mu_nnnz_smmum_mm MMCs are becominq

the center of attention in advanced matcrials technoloqy. '

The high interest in MMCs can be ascribed to high strength,



redﬁced weight, damage tolerance, and their ability t-
withstand tempefature extremes without changing dimenzions
(33). These properties offer a wide range of application in
the space‘industry a§ well as in areas such as turbine or
cohptessor-blades in jet engines. Additionally, due to their
isotropic nature'oncg they are formed, MMCs can often be
treated the sam2 as traditional metal during secondary
working'(5:27).

Metal matrix composites require complex fabrication
processes and'a:e currentiy very expensive to:produce (33).
‘However, current blans for'the Advance Tactical Fighter
innclude the testiﬁg of four vertical tail structural boxes
made of silicon carbide reinfcrcement in an aluminum matrix
(31:29). , ,
sammmmmmun The unique
characteristics of carbon matrix composites make them
. suifable for a wide range of potential aerospace
applications. Cafboneca:bon composifes can ﬁithstand
temperatures beyond thoée'atfainéble by ceramics and
demonstrate increases in streﬁqth at these high temperatures.
. Typical carbon-carbon compos;tes*afe.about two?th;rds as
strong aﬁ supetalloys,.but increass in'stteﬁgth at high
tehperatures whg:e the alloys beqin to lose strength (25:27).
Carbon/carbon composites also offer goa&-resistance’to. |
"~ thermal shock §nd have good thermal_and.olecérical

condnctivit} (33).




Carbon matrix compoéites often use graphLite (a form of
_carbon) as reinforcement material thch not only gives the
composite a high degree of strength, but allows sliding
against other components with no galling. This property
gives rise to the use of carbon-graphite composites in
applications such as aircraft brakes, where reductions in
weight and'increased time between repairs have Been
demohstrated (25:31). Althodgh carbon/carbon composites have
been in use for twenty five yz2ars, they are only now béing
studied for application in aircraft structures (33).
Currentlf, the use nf cﬁrbon matrix composites is limited
because of Iqﬁg and expensive manufacturing processes,

Ceramic Matrix cComposites (CMC). A relatively
recent entrant into the advanced materials arena, ceramic
matrix compbsites offer high temperature applications.
Unlike other composites, the strength of ceramic composites
is controlled by the failure strength of the mgtfix rather
than ﬁhe‘rginfOtcemenf (5:27). Although a great deal of‘
research and expe:;mentation is beinq'conducted on ceramic
matrices, problems in the interface area, brittleness, and
matrix chemistry have resuitad iﬁ limifed application. |

CMCs have a great deal of potential,.howevet, because
they'otfer superior wear resistance, high temperature
s;rehqth, and chemical stability comﬁat&d with metals. The’
two primary obstacles to widespread use of CMCs are: the

' develqpment of high strength continuous fibers which are not

10




degraded by ce:am}c matrix processing or operating
conditions; and fabrication processes which do not result in
microcracks or_degraded aligned fibers surrounded by a porous
matrix (31:39-30). |

Eah;iga;ign. Although the reinforcementyand matrix are
critical in determining the propértjes of a composite, the
'mannér.in_which they are arranged is just as vital (14:57).
Composites are formed by introducing the reinforcement
material, in whatever form, into the matrix. Particular
f#brication methods are governed not onlg by the types of
Umateria;s used as reinforcement and matrix, but b; equipment
requirements and the desiredléohposite properties. There are
a gréat many fabrication methods and each offers specific
benefits and drawbacks.

Fabrication techniqués and cost are genéraliy driven,by'
design considerations. Primary structures are flight
critical and must be able to endure high loads, fatigue, and
environmental effacts. Thgrefore, primary structures tend to
" be more expensive,'sin&e more exacting fahtiéation.techniques
as well as higher quality materials'must be used {31:42—4}).{
Secondary structures, on the other hand, are not as £light

criticai,.do pot carry primary Ioads; and therefore may nai

require the more expensive materials and fabrication methods. L

The size and shape of composite parts also have an
impact on the fabrication technique. Vq;ylla:ge 6r'high1y'

contoured parts can only be fabricated using two of the

1




currently available techniques. 'As part size and complexity
are reduced, more fabrication teéhniqués become viable and
relative eosts can be expected to go down. |

Before fabrication begins, composite materials are
usually purchased in a "prepreg” or “ﬁreform" state.
Prepregs are reinforcement materials.(usually tape, fabric,
or broadgood) which have been pre-impregnated with liquid
matrix material and precured ﬁo a viscous state (31:138-139);
Preforms are reinforcement and matrix material combined into
;'predétermined configﬁration prior to actual fabrication.
Basically, prepreg is the oiganic matrix composite equivalent
 of the more general term preform. From the prefdrm state,
thére.are a number of steps the composite must go through
before a part is ccmpleted.

Teoling. Tooling costs for composites are usually
higher thap for metal.i One of the drivers of increased
tooling costs is the strict tool tolerances required in
cdmposite‘manufacturing."rools.for metal parts do not h§v§
the need for high tolerance, because excess material can be.

tooled to fit specifications (31:47). -»
| ' Probably the primaff cost driver for tdol; is ‘the
mismafch in thermal expansion between comﬁosite.and'tool.
Since the typical.composite’require; relatively high
temperature curing, both the composite and the tooi endur;
Iprolonqed exposure to high temperatures. Differences in

thermal expansion bétween fhe_tool and :he4cohposi;é can

t12



result in damage to both (31:47). fherefore, thermal
differences must not exceed levels where part warping is
acceptable.

Potential remedies for thermal differences include the
use of composi£e tools or more sophisticated tool design.
- Unfortunaﬁely, coﬁposite tools are a great aeal more
expensive than their metal counterparts. More sophisficated
tools use analytical models to locate potential trouble spots ‘
in tﬁe tool before actual use1(31:48)} Tools can then be
modified to minimize potential damage, but this can also
increases tooling costs.

Hand or Automated Lav-up. Before lay-up procedures

can begin, the composite material must be cut into patterns.
'Usually, several iayers (plies) are needed for each part.
Manual cuttihg of plies, although very slow and expensive .due
. te high labor costs, is common for small to medium sized
complex contoured parts (51:49). Automated pattern cﬁtting
is done using cerber‘knives, waterjets, 'lasers, or chisel
cutt?rs. Automated cutting is a §:eat deal faster than
. mauual cutting and is usuaily more accurate. Aithbuéh the.
ﬁuse of automated pattern cuéting reduces ply'inconsistenciés
and inspection requ;rements, oquipment costs are hth
Automated cutting is usually reserv-d tor large, multx layer
patterns or where a large number of parts are required.

Once the patterns are cut, each ply is lazd~up and

oriented in the tool as predetermined by'the design. Thg

13




lay-up procedure is the largest cost driver of all composite
labor costs (31:49). Costs are driven by the need for
precisely controlled fiber alignment. For example:
...continuous, parallel fibers may provide high
strength in the direction of fibers, but ocffer very low
transverse strength. Adding a 90° crossply will
provide fairly high strength in the 0 and 90°
directions, but the composite will be weak at 459.
Using 120° triple plies will supply moderate strength
in roughly all directions. 1If fibers are
discontinuous, or if they are not parallel, strength
may be reduced by an order of magnitude. (14:57)
Hand lay-up, currently the most common method, is the
simplest technique. Although labor intensive and quite
expensive, this method allows a great deal of flexibility in
design and a minimum in equipment investment.
In hand lay-up, the reinfoscement is placed in a mold in
‘the desired configuration and the matrix ié applied by
pouring, brushing, or spraying (l4:54). La?-up of material
is a complex and exacting procedure and tends to be time
consuming and error prone. Mistakes are extreﬁély likely
whenever more than 20 separate Flies must be formed (31:59).-
Unfortunately, many parts exceed the ability of currently
available automated procedures and must be accomplished
manually..
'Tape lay-up'on mildly contoured parts can often be
automated. For parts where automation is possible, the lay-
up process is much faster and the plies are laid in such a

manner that debulking is not required; Debulking is the

. 'process through which plies are compacted to eliminate gaps
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'in the laminates so the part will £it properly in the tool.

New ptogrémming tools are no becoming available which will
increase the compatibility between parts and tgpe laying
machines (31:50).v The major drawback to automation is the
high equipment costs. TheréfOTe, automated lay-up is moSt
practical for similar parts prcduced in large numbers.
Q;hg;_hgx;gg_jgghnigggg. Some additional methods
for iaying-up composites are filament winding, pultrusion,
and braiding. Filament winding is done by feeding £ilament

Or narrow prepreg tapes through a resin bath and winding them

| on a male mandrel (14:55). The process is automated and very

cost effective for shzpes with no concave curvatures (33).
Filament windings offer a very higr strength-to-weight ratib
over other lay-up meithods. . |
| ?ultrusion is useful for producing straight perts with a
constant cross section. Dry fibers are pulled through a
liquid matrix and then through a‘heated die which shapes the
part and pre-cures it‘(31:60:33), Pultrusion is very cost

effective, but somewhat limited in flexibility. This method

. produces very high strength parts due to the high fiber

concentration and alignment (14:56),

Braiding can be used for parts éith'lonq, cqnfinuous |
lengths and simple crosé'sections (31:59’. A rsinforéément
preform is iﬂpfegnated with é matrix material and braided
into a mul;idimensiopal configura*ion. Thicknessﬁénd fiber

direction can beﬁadjustpd'to give greater damage xoleféﬁéafta
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the part (31:59). Although‘an alternative to traditional
lay-up procedures, braiding is also labor extensive and
therefere fairly expensive.

| Curing. After lay-up, most composite parts require
vuring through temperature and pressure‘though some can be’ '
cured at room temperature. The‘mosf common method for curing
composites is the autoclave. Parts are bagged and sealed in
a vacuum bag which keeps pressure on the Jaminate anq'forces
against the forming tool.' Loss of vacuum ceal is the most
prevaleht cause of:scrapped parts in composite fabrication
(31:51).

Once sealed in the vacuum bag, the part is pleced in the
autoclave for a prescribed length of time at a set
temperature end pressv:e. Curing processes the composite to
'its final hardened :tate. Thermosets are often postcured in
ovens for several hours in order to achieve the maxiinum
crosslinkipg and strength in the matrix (31:52).
IThermoplastics do not require the chemical reactions
neeeeeary for thermosets. They are said to consolidate
rather than eure add require.much higher temperatures than
thermésecs. Autoclave .curing éenerally results in higher
deneification and greater reinforcemeni. than other methods,
but autoclaves are very expensive (14'56)

Curing with just the vacuum bag and an oven is also
possible. However, the only pressure provided by a vacuum’

"bag is atmospheric pressure, Therefo:e, denszfzcatxon and
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~reinforcement are substantially less than in an autoclave;
' butrc05£s'are reduced (31:59).

Therm;l expansion'curihg utilizes the differences in
expansion between materials to érovide pressure. Plies are
wrapped around a mold which is placed in a metal cavity and
heated. The mold is constructed of a material which expands
at a rate faster than the metal of the cavity. As heat |
inéfeases, the expanding mdld'farces the composite ﬁlies
against the metal cavity creating pressure. .This method is
réiatively iﬁgxpensive, but the design must be preciée enocugh

" to brovide the proper amdunt of pressure (31:59).

Qtber Fabricatiop Technigues. Almost all
composites must be cured to'an extent. However, there are
several techniques which combine thg more tradiiiona! ply
cutting, lay-up, gnd cure cycles irnto one process.
cOn:oIidated tabticatién technique$ §epgra11y require much
less time, bﬁt involﬁe varying d@grees of expensive
equipment. Additionally, miny'ot these techniques are
limiﬁed in the types of parfs th;} can produée. |

Injection molding is fairly expensive, so a large number
of parts are needed to make it cést ottéctiye. The process

Iinvolvea.injictin¢ a.m;xture of mattix'aﬂd rcintorcement,intb
a moid'whotQ heat aﬁd Tressure are applied. This process is
useful for both'ﬁhcrmcplastids»and thermos;ts and éanvp:oduce

very complex parts (14:57)._




Compression molding is fairly flexible'and can produce
larger parts than injection molding, but is fairly flexible
~as far as part complexity (14:56). The matrix and
reinforcement materials (usually a preform with resin added
at the press) are placed in a heated mold cavity and
subjected to high pressure using a hydraulic press (31:60).
Thié'technique can be usad with both thermosets and
thermoplastics as well as many otﬁers.

ﬁesin-Transfer molding can produce véry large parts with
a .high degree of ;einforcement (14357). However, maintaining
fiber alignment is difficult and éften labor ;ntensive.

Fiber mats or preforms are usually used and must be oriented
properly to assure fibe; alignment. Once the preforms are in
place. in the mold, the mold is closed and filled with loy-
viscosity reQins‘and heated until cured (33).

: E;hxi;a&j@uLjuxmnizx. the important diflerences in
fabrication techniques are the varying degrees of toudh;labor
versus maéhinoty required, the characteristics of the '
resulting infertace, and the part size or désiqn limitations
tnhotont in the technique. The differences in fabrication
methods often result in trade-offs between. cost, capital
oquipmont out-lavs, and thc desired pcrto:mance

characteristics of the compoqites.
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ific Probl

The almost limitless materials which can be used as
reinforcements and the,availability of nuﬁerous,matrix
materials and fabricatioh techniques make reliable cost
estimating an almost impossible taek. This problem is
especially apparent early in a program's Iife‘when.detailed
requirements and technical specifications are not available.
‘Additionally, siﬁce composites ateAa relatively new
phenomenon, there is little actual knowledge on the costs of
production for most of the neély availabie composites.

The relationship between metal and eampoqites in an
.airframe. manufacturing and fabrication methods, as well as
part size and compfexity all impact on cost.. Before an
effective model can be constructed,.a good workihq,knowledge
of the interactions between these "cost drivers"™ must be
obtained; The DoD needs a reliable guide which can aid the
modeler in detethiginq the appfepriate estimating methodolegy

as well as providing a tesults.Check for potential models.

- Besearch Qbjective .

‘ The objectiee'ot this reeee:ch is tolprevide a guide for
cost modelers which williidentity some potentially significant
- cost drivefs which can'eccountvtdr the presence'ot composites’
in airframes es well as explore some of the interactions

‘ betueen.them. Additionallyﬂ the quide»will probide a
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reference for the expected cost impacts for various

combinations of these cost drivers.

iqati C L

Answers to these questions will provide the means to
fulfill the're#earch objectives:

1. What are some of the available cost estimating models
which ean be used as predictors of airframe costs when
composites are involved?

2. One of the most ccmmon traditional CERs uses cost
(usuallylin hours) as the dependent variable and weight (the
size variable) as the independen£ variable. 1Is there still
such a relationship for metal-composite airframes?

3. Are there other significant cost drivers which
account forlthe differences bwtween composite and metal -
airframe costs? |

4. 1f there are other significart cost drivers for
metal-cqmposite airframes, are the tolationships increasing'or
decreasing? o

5. How do various combinations of cost drivers effect
lthc cost of an airframe in'tefms of labor hsurs for the
different labor categories?

' 6. Do these combinations of cost drivers behave in the
same manner across airctgtt type (e.g. tither, bomber,

' tanker)?
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S 1 Limitati

Detailed and accurate costvdata is not reédily available,
especially for either very new or very old programs.
Furthermore, the’ability to analyze the effect of composites
on aircraft procurement cost is hampered by lack of actual
data, widely varying material types and manufacturing ﬁethods,
and inconsistent data formats and cost ttacking'procedures'
(21:I-1). Therefore, this research will be limited to an
over-all airframe level rather than lower WBS levels.

Although there are a great variety of composige materials
available, graphite ;nd boron composites dominate current
asrospace applications. Additionallf, though newer aircraft
may indeed.use comﬁosites other than graphite or boron, little
production data is available and the addition of one or two
data points would offer very little in the way of model
validity. Thé:efore, for the purposs of this tha;;s, only '
graphite and boron will .be considered when searching for
composite cost drivers.

Pinally, this resaqréh is Qirected towards prgvidinq’a'
quidp for anilysts to aid in.tho constrﬁction of weapon.system
specific cost models or modification of oxiitinq models for a
specific purpose. As such, the guide will be useful pfimarily
early in a'proqtams‘lite when little actual data is avaiiabie
‘for cstimatihg purpo#es. The guide willlp:oyide the analyst -
with d‘bribt synopsis of generic models'cutieﬁtly aﬁailabie,

possible cost drivers, and the expected imgact on production
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hours for various combinations of these cost drivers. This
guide is not Jdesigned as a definitive composite cost
estimators hsndbook, but rather as a starting point from which

tc begin constructing a modal which must consider composites.
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Introducti

" Most paramnetric cost models uce regression analysis to
determine the relatiohship.between.cost aﬁd various cost
drivers. Usually, cost drivers take the form of oﬁe or more
performance parameters, such as weight or speed. Prior to the
use of cbmposites, models geveloped based on these para@eters
were relaéively successful as rough ordér of magnitude
estimators (20:2): aowever} the increasing complexity of
aircraft and the use of composites has se:iousl& degraded the
reliability of formerly useful models.

The need to accoﬁnt for composites in cost estimating has
been recognized and several models which attempt to do so have
been developed. Three major prthems in developing such a
mode; are: 1) the great variety of composites and
nanutactgrinq methods, 2) the relatively small composite
aircraft database, and 3) . th§ ;s yet unexplored interactions
'amonq the potentia1~cost drivers. .The difficulties poégd by
thesé problems have.a:isen':epeatediy'dutinq a review of the
relevant litérature. ' |

’Various solutions to the above ptoblgms‘have.baen'
.zyrbposdd by a number of éource;, A vatiable which adjusts for
" the gass@qo of time is a p§t9n£ial method for dealing with the
increased complexity and use of composites in more rscent.

aircraft (14:14). Another suggestion has been to include
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indicator variables for the manufacturing methods and a
technology variable to account for increased complexity
(20:5). Rather than addressing composites directly, these
methods proceed under the assumption that cost models can be
improved simply by inéorporating cost drivers other than
performance and size. It should be noted at this point,
however, that a study prepafed for Assistant Secretary’of
Defense for Program Anélysis and Evaluation concluded that the
addition of any'of the above variables offers little hope for
improving parametric models over those using only speed and
weight (24:53).

The most common, and cu:iently most often used, methods
' fo; dealing with composites involve modifications to existing
‘models, discrete models for composites only, and parts-up
mode;s‘using factors which attempt to squate aluminum parts' to
their eéu#v;lent in cdmposités (21:1112-5; 23:15-33).
AlthpughAmodels using the factors approa|h are not "pure"
- parametric models, req¥ession anilysis is often used to
"det&fmine the afuminum equivalent costs. The'major drawSa#k
to using factors in order to estimate composite costs from
their equivalent aluminum counterparts is the assumpfion that
eachlairframi sﬁructﬁre is of equal ‘importance. However, |
according to research done by'Manaqement Consulting &
Resa;rch, incdrporated (MCR), the location of the composite
structute on an airframe is an import;nt determinant of costs

(22:11-25).
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As long as the féctors approach is used op a part-for-
part basis, the results should be fairly,va;id. However, this
assumes that the estimator has data on both aluminum and
composite production for each part. It'is_erronéous to assumel'
a consistent relationship between compoéites and aluminum for
all parts. PFor example, there is typica11y>a r;née of 5
percent to 40 percent weight savingsa, from'aluminum'to
composite, depending on airframe structu;e (22:11-25).

‘'There are a number of modgls currently‘évailable to
| estimate the cost of airframes which utilize composites.

There are also a number of models deVelopéd by aircraft
manufaétuters, but by and large these models are propriétary
and not available to the government analyét Models vary in
both approach and usefulness during various stages of a
program's life. In general, a generic model must be modified
‘for any speczfic applzcatzon and no model should be considered

a panacea for all a;rframe types.

ACCEM |
| The‘cOmposité Cost Estimating Method'(hccén) was
dgveloped by Nortﬁrop primafily £or.estimatinq the éost of
composite piece parts in the 2 to 35 pound range (21:11I2).
The model was developed in 1976 and therefore does not éon;ain
data which reflect more recent cqmpositeltochnology. ACCEM is
' a computer model which uses a Work Breakdown Structure (WBS) |

approach to estimate the cost of individual'pgrtsi
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Because‘ofvthe WBS approach, a great deal of detailed
information is required and running the model can prove
extremely tedious. After using the model to compare predicted
values with actuals for the F-14 hor;zontal stabilizers,
Grumman Corporation concluded: "The ACCEM program in its
present configuration is too laborious to use in detail
design, and not suited at all fdr preliminary design (30:54)."
Additiénally, the Grumman report indicated that ACCEM |
estimates averaged ten percent low for graphite/epoxy parts

and forty percent low for fiberglass/epoxy parts (22:1I-23).

FACET ,
Also developed by Northrop, the Pabrication Cost

Estimating Technique (FACET) is basically a modified and
enhanced version of ACCEM. FACET was aeveloped in 1979 and,
while moie cuétent than its predecessor, is still sufficiently
da;ed to warrant caution when gsed for estimating'in the
current technological time frame. This modei alsq degls
~mostly with cbmposites on a parts level and includes a
'database consiséiqq of 244 composite material partsl
manufactured by 24 companies (54:17-27). |

- FACET de#ls mostly with p:e-ptoducéion programs'and'is
nog well suited for a top-down estimating approach since
detailed parts lists are required. Additioﬁally, the model
caﬂnot be used by itself to esiimate airframe costs since

parts must be summed from the bottom up and metal parts are
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not included ee~ao'output. However, FBCET does p;ovide one of
the better parametric estimators at the part level (23:18).
Testing has 1nd1cated that FACET averaged about a ten percent
cost difference for elght composite components when compared
with actual-data (22:11-23)." Therefore, if detailed
information‘ie avaiiable, this model can be used in
conjuncfion with one or more other models to pfovide a fairly

useful estimate.

Devefoped by the G;umman Corporation, the Modular»hife
‘Cycle Cosﬁ”uodeIF(MLccu) uses separate cost estimating '
relationships (CERs) for the airframe, engioes, and avionics.
Th13 model was developed in 1980 and, unlike most available
models, can be used for R&D, Production, and 0&S costs. The
CERs were built to work at a WBS level and require fairly
detailed design information such as wing chord, .internal fuel
capacity, and wing area (21:11I4). The model accounts for
advanced mendfacéuring teohniques and materials by way of
factors. The factors are tooling,‘labor; and materials and
arelbased on costs for'alunindm (16:74). The'model-estiﬁaies
the cost of an airframe as if it were all alumznum, and tge
‘f‘ctors are then applied where appropriate.

Besides the disadvantages to a facto:s approach mentioned .
previously, an additional drawback'ﬁo this model's factors is .

that they weteedeveloped by'polliog industry experts and
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averaging the responses, rather than using a more obdiective
method. Although the use of expert opinion may be quite

useful in an area of emerging technology such as composites,

RN A > -

the age of the model tends to limit credibility. The
usefulness of this model could be greatly enhanced simply by

updating the factors.

DAPCA IV |

Probably the most widefy used model for estimating
aircfaft costs early in a program’'s life, the Development and
Procurement Costs of Airpraft (DAPCA) model is an evolutionary
model with the latest version being DAPCA IV. The model was
developed by Rand Corporation duriﬂg the 1960'3 and updated in
1983 to include indices which account for the presence of
composites (23). A further update, to DAPCA IVQ was published
in draft form in 1988. .

DAPCA IV is an improvement over its predecessor, DAPCA

III, in several areas. First, the database has been

| substantially expanded to include the A-10, P-15, F-16, F-18,.

F-101, and S-3 (27:1). Secondly, the computer version is

interactive in nature as opposed to batch entty.' Finally,

since ﬁbst current aircraft.prbductibn numbers are rglatively

small, learninq‘éurve slopes revolve around unit one father

ﬁhan'unit 100 as in DAPCA III (27:1).° |
The modgl is'parahetric in naéura and uses speed and

weight‘as independent variables. Total airframe cost is the
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cutput and is broken down into engineering, quality sontrol,
manhfacturiné, and tooling hours along with material cost
(2:6). The fin&l output cost is based on a regresgion
equation which talkes into account cost-quantity slopes for the
applicable labor category. The oﬁtput is theh multiplied by a
complexity factor and a fuily burdened labor rate tb arrive at
the dollar cezt estimate (27:6‘18)f Care should be taken in
'selecting a complexity factor since it is subjective in nature
and has a multipliqative effect on the results. It mayfalso
be advisable to substitute the labor rates for specific
contractors and/or subcontractors involved in a program for
the ggheric rates provided in order to tailor the output to )
that particular program.
| The main drawback to the model is the relative age of the
-composite indices (1983), if used, and the fac£ that the
indices were not based,onlactual production data, but @éta
which was manufactured using selected ;ép;esentative metal and
’cdmposité parts. in addition, although updated to 1?88, it is
advisable to'esti%ate énly within'the database. It is'
probable thgt airfraﬁes containing a large pércgntage of
composites will fall far enodgh.outside'the'databése'sovthat'
even}vefy l2rge complexity factor a&justments-mdy prove
inadthate; |
Advantages to thi$ model are the excellent documentation.
aQailablg and easp of computerization. Although the indices

are somewhat déted and the détabase limite¢ invcomposite

‘29

\-




aircraft, the database is probably the most comprehensive
available and the extensive documentation allow relatively

easy updating as new data becomes available.

MCR Model
Thi: model was develcped in 1987 and updated in 1990.

Following a review of the various models available, Management
Consulting & Research, Inc. developed their own model.

The primary focus of the composite airframe model is on

direct manufacturing labor hours and material cost.

Other labor hours such as tooling, quality assurance

and engineering were modeled as factors of direct

manufacturing hours. (21:III7)
The resulting mbdel is especially suited to estimatldg
program costs at the very earliest stages of a pruvram.

The complete model contains CERs fér‘the airframe as a .
whole, wing, fuseiage, empenni:ge, metal fabrication,
composite fabrication, and composite assembly (21:IV). The
finai :eport contains tables with typical learning curves
slopes for various Struétures and manufacturing elements.
Additionally; the report provides tables tér.buy~to~t1y
'rat¢os for common materials as well as raw material costs.
F¢na11y, factors focr non—recurrznq engzneating and toolxng
hours per pound are provided for major structurea -3 well as
for total airftame

The primary problems with this model are the lxmited
*database upon which it was built, the fact that each CER was

not developed using the same database, and the questionable
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accuracy of some of the labor hours used as data poihts.
Since :he.mcdel's CERs were based on data of which a11,butv
one data point was comprised of figbter or attack éircfaft,
thie rmodel should not be ust to estima*e bomber or cargo.
tfpe airframe costs. Additionally, the authors recommend
that the model's CERs be refined with any new av&ilab1e data
beﬁore being used for any specific appli;ation (22:III-B).
The advantages tovthis model are similar to thoSe of
DAPZA IV. The model is well documented, relatiéely‘easy to
'use, and easily updated for to reflect additiona1 data. This
model is especially”suitéd for trade*bff 3tudie3‘§gryvearly .
in a program's ' life. Tables containing typicil wéight'
percentages (of total weight) for primary aifframé _
strugtures, lgarninq éutve slopes, material buy-to-fly
ratiﬁs, and other difficult to find information is available
i~ the fznal report and could prove very useful even if the

model itself is not used

Advanced Pighter Adrcraft Cogt Model

_ This model was sgeqially d;signed as'an‘estimaﬁinq tool
tpr next qenerationvtighters and attempts to incorporate the
cost ditterentialvduo :5 emerging t;chnoloqy. The model can
be run on computer or done by hand ‘and uses a modular
app:oach to estimato airframo, propulsion, avionics,‘and O&S; .
An additional modulo provides for inteqration tor o:her

acquisition costs. The model's tinal module is used to suna
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the appropriate costs from each individual madule and
computes the aircraft's life cycle cost (1:1-2).

The airframe mcdule produces cutput at level three WBS
for both production and FSD and is based on DAPCA III.
Although primarily a parametric model, Qeveral adjustments
are made to the regression results to obtain tha final
output. Additionally, the DAPCA III equations have peen
modified to reffect differences in weight between advanced'
and conveﬁt;onal structures; imvacts on engineering, quality
control, toolinq; and flight test due to advances in
technology; and adjusted to reflect differences in material
mix for advaaced versus conventional structures on
'manufacturing labor and material (1:3).
Qutput from the modifisd equations described above are
-~ adjusted a final time to reflect the overall impactlof
technology. ‘Thc technology adjustment factors are int;nded
to riflect the presence of emerging tachnoioqies such as
computer aided design and manufacturing (CAD/CAM),
automation, and so on. These factors are subjeétive in
natureland are based on inputs from local experts. . The
factor for siqnatﬁre‘reductién'tochnology_is scleéted from a
set of fbut-gcnoric levels of signature reduction developed
primarily from contractor data. |

Thovprimary drawbacks to this model are similar to the
previously described modcls. The database'is somewhat

limited and outdated. Adjustments to the database are biSed
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on conversion of actual weight to equivalent weight using
eqﬁations developed using a 1983 study by Boeing rather’than
actual data for airframes. Additionally, many of the factors
are based on historical trends or "typical" conditions in the
current industry which may or may not reflect actual
conditions for a specific program. Finally, the subjective
nature of the technology factors cou;d have a negative impact
on. accuracy.

The advantages to this model are essentially those of
DAPCA III with a few additions. The model is designed
specif}cﬁlly for use on computer and disks are readily
available. The model is.extremely comprehensive in
addressing areas of potential impact due to advances in

‘material and technology. Lastly, although sdbjective, the

 techno1oqy factors allow the model to be tailored to a given

contractor or subcontractor for a specific program rather

than relying on the aforementioned generic adjustments.

As opposed to the proviop#ly discussed modgls,.thisg_gw
"model is simply a part of a much.largef study. ‘The study
itself deals with both past and current aircraft and their

subsfstems. The study, as a whole, consists of tive volumes

with the first volume being a summary report. Also different .

t:omAthq other modols-discusch, this modgl.deals

specifically with the costs associated with FSD. Even if the
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model contained iﬁ the report is not used, the report -
contains a Qealth oflinformation that could prove very useful
" to the analyst.

The airframe model coﬁtained in this report is a

. parametric model. Since the report is more current than
other models discussed, the database used to develap
estimating equations is fairly up-to-dafe. The main

" difference between the equations in this model and others is
the use of two additional variables besides weight and speed.
To take into account advanced materials, a variable
consisting oflpercent of airframe structure weight made up of
titanium, advanced composites, aAd aluminuh honeycomb was

. used in place of the more traditional variables of composite
ﬁeight and metal weight. The other unique variable
_represents the extent of program development efforts carried
out by other than the prime contractor (19:39).

The‘primary drawback to the model is the difficulty in
tailoring'results for specific needs. The only variable tpat
can account‘tor'contractor peculiarities is the integration
variablo;"Othor than. ole idjustable variable, any
'ﬁoditications require additional airframe datafpoiﬁts.

 Advantagos of tho_modol.aro the wealth of information
availiblc in the report as a whole and the tairly current
databaso upon which th; model is based; ISinco the study was
not intended as a stand alone modhl, it serves its primary

purpose as a source of intormat;on quite well.
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Ad i Aj £t ! s Cost Stud

This study was conducted in support of the Advancedv
Tactical.Fighter program office (17:1). Although not
technically a model, the sfudy can be quite useful in
constructing cost modéls for‘advanced technology airframes.
" The study provides a listing of cost drivers aésociated wifh
cdmposites énd the probable impact on production.
Additionally, the study outlines a recummended estimating .
methodology. Finally, the study includes a database, based
on the Rand databa;e and inputs from various contractors,
that CQntains the most up-té-date infofmation available on
advanced materials including composites.

A LOTUS spreadsheet was also developed utilizing the
estihatiﬁq methodology contained in the study. There are
‘foﬁr versipps'of the spreadsheet;‘ Version one uses only
sizing slopes to estimate both dollars and hours, version two
use both sizing slopes and factors, versions three and four
are essentially the same asfoqe and two, but are based on
vlprojected_costs fo; 1995 (17:8). Essentially, the
sprea&sheet uﬁgs'sizing éiopas to relate cost parameters to
inpug weights and then computes éost bf.matariai tyﬁe'and
function for both simplo ind complex structures. '
Calculations are norﬁal;zed to 1000 pounds Airframe Unit
Weight (AUW) and do not include final checkout and assémbly
(17:9). Results are total-labdrfhour; and ﬁnbu:dened

matqtial doliatn}
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The only majpr drawbacks to the model are the necessity
for extremely close cooper;tion with the technical community
and the questionabfe validity of the 1995 cost projections.
Many of the requ.:.ved inputs require "educated guesses" since
early in the program'the required infofmation.may not be

available, Kdditionally, the estimated costs for 1995 were

based on applying the average ratio of.differencgs between

1988 and 1995 costs tolthe 1988 data set. Ordinarily, fhiﬁ
might not be a problem. However, there was no difference in
soma of the costs, and the factor was Sased only on those
costs which had differences. | |
Advan;ages to this approach are the availability of easy
to use spreadsheet;,_the fairly extensive database, and the
ease with which the approach can be adjusted for i particular
program. Since the study is not truly a model, the
methodology can be uscd for practically any applxcatzon with

modifications made to fit the requirements.

ane S , ‘

This model is also parametric in nature and applies
weighted matbriaii indexes to the results obt;ined.trom |
roqrussién equationsvuéinq weight and spee& is independgnt
variables. The matorials‘indaics were based on a fairly
comprehensivo industry survey and include factors for lgte
1980's and mid 1990's. Model output is in 1990 dofl#rs and

provides estimates for: non-recurring engineering and
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tooling; deﬁeldpment sﬁpporf; flight test; recurring
engineering, tooling, quality assurance, manufacturing labor
and material (31:105). |

Unlike most factor approaches, this model provides
separate CERs aﬁd materials indexes for each costlelement.
Additionally, sizing slopes‘and learning curve slopes are
provided to tailor output fq; specific uses. Finally, thg
| weighted indexes are built ﬁp based on cost element, mate;;al
cost and buy-to-£fiv ratios, and structural complexity factors
(31:105-199). This approach allows £or a great deal of
flexibility when applying the modei.

The model supplies a great deal of useful background
information as well as potential impacts due to a changing
tgéhnologiqal environment. The dollars per‘pound figures'forv
recurring cost elements as ;ell as the ratins for non-
recurring cost elements are prévided in theldocuMentation..
An average value a§ welllas minimum and maximum vaiues for
each material type 'involved in thg study are provided for
each ratio and .dollar ﬁer pound value. All ratios and dollar
per pound values are based on cumulative average costs for
100 ﬁnits for 1000 pounds‘of structure (3i:82-99)3

The primary drawback to this model is in the
construction of the material indexes. Dollars per pound
values and non-recurring cost ratiﬁs are basedlon the average
'of the average valﬁes»received'in the industry survej rather

than a consensus. 1In mqny'cases; especially in the recurring
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cost elements, the ranges of values are quite large and lend
little credibility to the averages. The oﬁly other drawback,
the accuracy of mid 1990's projections, is reported by the
author. During the time f;ame of the industry survey, the
defense contracting environment permitted a gnod deal of
optimism. The current environment, however, may reduce: the
quantities of materials purchased, the anticipated gains in
experience in working with advanced matérials, and outlays
for automation and capital eqﬁipment. These reductions may
- serve to significantly lessen the cost reductions anticipated
by the mid 1990°'s (31:94).

The advantages to this cost model are numerous. The
CERs are based on the most current information available, are
well documented, and are easily applied. While also a
 potentia1 drawback, the range values given for the varioﬁs
cost elements ;re accompanied with possible‘gxplanations for
the varianceg.' These explanations aliow thé manager some
insight into how a patticularlfactor could be tailored for a
spgcific situation. Purther, the ipdices permit ‘a great deal
of flexibility in application. Finally, the manner in which
the Weighfed material indices are conuted ;s a considérahle
improvement ove: the more typical indices found in many

models.'

Summary
This chapter summarizes some of the many problems
analysts face in aﬁtempting'to model airframes which utilize
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composite materials. In‘response to investigative question
1, the chapter presents a brief guide to currently available

composite airframe cost models. A brief synopsis of the

primary features, estimating technique, potential weaknesses,

and possible advantages for each model is included.

The analyst shouid keep in mind, however, that both
advantages an& disadvantages for any given model are highly
dependent upon the circﬁmstancés of its use. No single model
is the best alternatiye for every situation. In'many
instances, a combination of several models may ptovide the
best estimating methodology. Th# purposé of this chapter is
simplf to make ihefanalyst'aware of some of the tools thét
are available. Chapter three describes the methodology used

to answer .the remaining investigative gquestions.




‘Introduction

The objective of this research was to develop a guide
for énalysts as they construct cost models which must account
for impact of composites on airframe costs. The most obvious
starting point in terms of potential cost drivers is the
relationship that exists between cost apd weight for
aircraft. According to Maj. Ronald Decamp and Méj. David
Johnsqn, weight is the only engineering parameter that
demonstrates a clear cut trend in relation to the cost of
| historical aircraft (9). Although some of the better
parametric models use speed as an additional cost driver;
recent aircraft cuch as the F-111 and B-1, which are both
heavy and fast, could reduce the siénificadce of speed as a
cost driver.

A review of the relevant literature indicates that part
size and part complexity are also potenfially significant
cost drivers. Part size, gspeéially as size Becomes véry
‘lafge, teﬁds to increase the capital equippent reéuirement#
(e.g. large autoclaves) needed to manufactute_the part. Pért
coﬁpiexity tends to drastically increase the touch labor
" required as weil as increasing the scrap potential. An.
additional consideration is the possibiiity that compiex
metal parts are not replaced by composite parts. Rather,

several metal pafts are often teplaced by a single complex
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composite part. The results in such a situation would be 'a
coﬁbination of both complex metal and composite parts, thus
increasing the overall labor requirements. Inc:eases in |
capital equipment or touch labor usually result in higher
costs, | |

An additional potential cost driver i$ the amount of
composites serving in lo;d-bearing roles. Initial uses of’
composites in aircraft were mefély'forvthe weight szving
‘benefits. As composites were more fﬁlly developed, the.

.greater potential in other areas was recognized. In the

future, composites will be seen in almost any part of an

aircraft structure. However, it is possible that‘the

additional hours required to aesign and manufacture

composités which are able to withstand the tremendous loads. : : i
encouﬁtered during flight could result in much higher costs

' than for a metal equivalent. .

The final po;entiéi'cost driver considered is the use of
composites for the pufposes of low observability. As opposedH «I
to common belief, composite materials are not inherently low
: observ#ble byvﬁature. Many composites’afe somgwhat
ﬁ;anslucent to radar, which allows reflection from within a
compdsite sttucturé.' Ther?forq;'oply by sﬁeéiai design and
additional effort are most compésites.imbund with ihe | ' T
necessary electrolytic characteristics necessary for low |

observability. Increases in material, design, and

[
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manufacturing costs would probably result due to the use of
composites in a low obse;vable role. |

Other potential cost drivers not considered in this
research are ;ypes of composite (matrix and reinforcement
material) and manufacturing method. Increaées in the use of
automation are expected to decrease the cost of composite
manufacturing. However, currently the vast majority of
composites for airframes use hand lay-up, so other methods
were not considered. It would be nearly impossible to
succinctly connider the cost impacts of each type of
composite, as they are incrediblf numerous. Therefore, this
research will focus on polymer matrix composxtes |
(particularly graphite and boron epoxy)

Since a sufficiently large database to test the
gsignificance of potential cost drivers or the cost impacts
due to various combinations of these cost drivers does not
exist, an alternate method was chosen. Historically, when

analysts are faced with a scarcity of data, expert opinion

. has been the fallback position. In many cases (especially

very early in a program's life, cost and schedule estimates

- are based almost entirely on the opinions of resident or.

contractor experts for labor hours, months of effort, and’
material requirements. There are a number of methods for

eliciting expert opinion. For the purposes of answering the

' 1nvest1qat1ve quest1ons contained in this thesis, a modified

lDelphi technique was selected
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The Delphi Techni

. 'The Delphi teohnique can be described as a sophisticated
method for developing a consensus of opinion among experts
(4;145); Intuitively, a consensus among a group of experts
- is preferable to the opinion of one or even several experts.
The concept of the Delphi technique.originated'as a gpinoff
of defense research in the 1940's. . "Project Delphi" was an
‘Air Force sponaored Rand Corporation study with the objective
to obtain.the‘best possible consensus of opinion among a
_ group of experts (26:10).

| Althoﬁgh closely related to common polling procedures,
the belphi technique offers a means to provide feedback of
group data to the individual expert. The advantages in this
._methodology are in allowing the individual a'chance to modify
his opinion based on the collective views of the group and,
secondly, retain the anonymity associated with a polling
.procedure (26.22). Additionally, by eliminating a face-to-
face confrontation between the experts, the researcher av01ds
possible " roupthink" or the potential for dominance of
opinion by any particular indiVidual.

Althougn each of the many methods for eliciting expert
opinion have distinct advantages, the Delphi technique has
been shown to be effective for a variety of problem types.
The most common use for the Delphi technique has been

technologicallforecasting.' However, a number of areas
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exhibit the characteristics which tend to favor the use of
Delphi. Some of the better reasons to use L<.phi are:

1. The problem does not lend itself to precise
analytical techniques, but can benefit from subjective
judgement on a collective basis.

2. Time and cost make group meetings infeasible.

3. To assure validity, “he "bandwagon" effect must be
avoided.

4. There is a requirement for a broad range:'of diverse
backgrounds with respect to experience and expertise.
(26:4)

The Delphi technique is quité adaptable and fairly easy to
use. However, like any methodology, there are also
disadvantages to the Delphi.

The priméry shortcomings tu the Delphi technique include

untested reliability, inadequate or unclear questions,

problems in determining expertise, and u=zaticipated

.8ituations (8:6f10)f

In order to avecid poor results, the designer muét igsure
that gach partiéipantlis.fully aware of the time andw
resources required by the Delﬁﬂi and interprets the
evaluation scales in the same manner. Additionally, the

monitor should avoid imposing views or preconceptions upbn|

" the participadts. Finally, it is essential that

disagreements be explored or there is a risk that

pérticipants will drop out, thus creating a faulty'conéensus
(26:6). Although it is not possille to eliminate all of
these potential problems,'care should be taken to minimize

the impact to the research.
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"here are two primary factors which determine the
effectiveness of the ﬁelphi. The first is the composition‘of
the panel qf experts.l In order fpr the Delphi to provide
useful_resplts, the‘participéting experts must be truly
knowledéeahle in the field’from which the questions are drawn
(6:140): Secondly, there must be a minimum number of
participants in order io take advantage of the "Rule of
Numbers.™

Sihce the cdmposition of the panel of experts is
cr_.tical to the sucégss df the Dglphi technique,sa list of
potential participants was drawn from a wide variety of both
industry and gd#érnment sources. In qenerall Delphi results
improve in a linear fashion as exp;rts are added one-by-one
until the group size reachb; eleven, where reliability

increases at a much lcwer rate (8:6-10); 'Therefore,

approximately 25 individuals, considered to be experts in the

field of composite cost estimating, were contacted.

After ;ho decisioh was made ;q use the Delphi techniqde.'

the first step was inxoctinq the group of experts. Expertise

in a field can involve a number criteria including educatien, .

professional training, ixporicncg, and depth of knowledge.

Potontialvcahdidatos tor'panol cxporti'worc: authors of

éublishod articles or models doilinq: with composizes;




recommended by peers, or acknowledged in refere :cz
literature as experts.

The current applications for composites among gover.. -
prime contractors is extremely diverse. Most companies have
experience with only a limited number of aircraft types.
Manufacturing methods, automation levels, and production
facilities vary a great deal among different companies.

While individuals from a given company may be experts within
their own company, it is important that panelists have a wide
divérsity of experience. Therefore, in order to avoid bias,
éandidates were chosen from a number of government
contractors as well as from among government employees.

Experts from a particular company can offer valuable
insights from their individual company's perspective, while
government employees are more likely to have a_more-general‘
knowledge. In this manner a consensus will have a greater
likelihood of'reflectinq the current industry‘as a whole.

To ensure useful results, it is essential that panelist
barticipatién is‘sincare. Sincerity is achieved by
.explaining fully the requirimqnts of tﬁo‘nelphi, the pufpose
of tbq'qu;;tionhaifo,'and ascertaining the candidates. ‘
willingness to participate. Telephone conversations withxthe
25 potential panelists garnered 15 who were willing to take
part in the experiment. A letter of explanation (Appendix‘a)

. as well as the tirst round questionnaire was provided to each

of the fifteen experts.
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There are no set rﬁles for ﬁhe format of Delphi

- questionnaires. Typically, a Delphi study would involve
three rounds of questions. The initiﬁl questionnaire serves
tovprovide thé general focus for more specific questions in
the following two rounds. There are two common ways in which
to construct the initial questionnaire.  The first method
involves sending a vague descfiption of the pto?lem“area to
the participating experts in order to eliqit their views on
the specific areas for concentr;tioﬁ (6:140). The other
method is to base your initial questionnairé on a thorough
review of the 1iterature and fhen methodical}y sample ghe
‘relevant areas (32:4).v»

For the purposes of this research; the initial
questionnaire was eliminated. Rather, a review of the
literature as well as phone conversations with non*-'
participating experts were used to formulaéa specific
questions. Since the overall problem of composite cost
?stimating is far too complexlan area for ; ;ingld exerci#e,
the tieid of int;rast wa; narrowed to the point uher§
specific questions cqﬁld be determinQd‘without the need for
an inltill questionnaire.

The first round questionnaire (Appendix B) was
congtructed in such a way as to Ansa#r the investigative

| qué;tions, while remaining within the scope of interest }
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The question: were designed to minimize ambiguous or

irreievan' answers. In general, theloelphi technique is used
to forecast the future. For the purposes of this research,
hewever, the intent was to estimate the present. This

difference ﬁermitted the use of very specific questions which

‘reduced thLe potential for ambiguity. In order to maintain

clarity, assumptions wgre'includgd.at the top of each

' questionnaire.

' Experts were asked to indicate their estimate of labor

hours, broken down into labor categories, for various

combinations of potential cost drivers. Each combination of

variables was’conStructed ig‘such‘a way as to provide as
closé to an exhaustive set of airframe scenarios as possible.
Additionally, the assumptions were designed to narrow the
range of focus to current conditions and elimate as much
ambiguity as possible.

| Unfortunately, a v.ry poor response rate (only thrée
responﬁes were received by thé,due-date) prgmpted‘furtheg
communication with the experts. Many of the experts felt '
that tha'purily quant;taiivo rature of the original . -

questibnnairp:'l) required too much time tovcémblete, 2)

.éxcooded énY'oni individual's range of expertise, and 3) was

' hised on scenarios and labor category bieakouts whicﬁ would

vary too greatly between contractot. subcontractor, and
programs to be useful s a basis for research. "herefore,

conversations with the ezpbrts as well as comments on first
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roumd responses, resulted in a medification of the
questionnaife and a new round 1 ilzration. _

For the modified round 1 questionnaire (Appendix C),
experts were asked to indicate their responses to each |
measurement question in terms of éhe impact on 4 categories:
of labor hours using an ordinal scale. Therefsre, for thg 24
‘questions; 96 items w?re explored. The scale fqr'the first
iteratidn was subjective in nature with possible responses
vérying from far fewer hours talfar more hours. The second
_ iteration:(Appendix.D) associated specific ranges of values
to the categories from iteration one. The measurement. scale
~ was designed ;o eliminate possible differences in
interpretation the various contractors as'well as to
facilitate relevant responses from participants.

Because of the modiﬁied nature of this Deléhi-study,,
only two iterations were conducted. Each iteration was
carrzed out via hand- delivery for qovernment personnel and
through facsimile transmxsszon for contractor part:cxpants.
This methodalogy petmitted

1. A widc variety of. czperts, separated by larqe

"distances, to participate with a minimum of :
- inconvenience.

2. Rapid turn-arouvnd timo._

~In order to prevent bizs, responses were not matched with

specific participamts when tabulating results (29:191).




Apnalysis

The primary method for analysis of Delphi results
involves the use of central tendency characteristics as a
measure of agreeﬁent among the experts. The median and the
mode are measures of central tendency for ordinal scales,
with the mode being the post useful for measuring consensus
amon§ experts (12:88-89). The mode is defined as the value
that occurs most frequently  in a set of observations (28:14).

Results for the first iteration were provided to the
participants as a percentage of expetts indicating a
particular response for each question. Experts were asked to
recoAsider their original response based on the additional
information. 1If an expért's second iteration response
differed significantly from the majority response from the
first round, the expert was asked to provide'rﬁtionalq
"(4:159). Typically, the majo;ity of responses do not change
between iterations, therefore tesqrts tend Eo converge toward
" the majority opinion (3:1). | o
| Since experts’ answers covered a range of t;spbnsas,
second iﬁeration results for each of the 96 items were
‘analyzéd,basadion mode and interquartile ranges. Inter-
quar;ili ranges divide response intlo four groups of equal

' size, with the median representing the S0th percentile

(28:25-26). Consensus was determined when 70% or more
answers constituted the muvde. Therefore, for those questions

where a consensus was reached, that| result constituted the
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group's estimate. Fof those questions not achieving

consensus, th‘-second round medien was géed to indicate the
group's estimate. A further compafisbn of fouﬁd one and two
was conducted in an attempt to establish possible rationale

for changes due to the subjective versus quantitative scales.

Chapter Summary

This chapter presented the methodology uéed,to provide'
data neceséary to answer the investigative questions. ' First,
a general outline of the required data was-provided,‘followed
by a description of the Delphi process. Neit, an overview ef
the'queetionnaire development and eipert eelectiog process
were discussed. Finélly, the chapter concluded with a
description of the analysis brocese{ehchapter four will

discuss the analysis resuits and reeearch findings.‘
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Rata Collection

" Round One. The first Delphi round was telefaxéd or hand
delivered to 15 panelists on 19 June 1991. The experts were
asked'to respond not later than 26 June 1991. The first
round was ended 28 June 1991 with 12 of the 15 questionnaires
received.  The remaining 3 experts were contacfed to inquire
As to the status of the guestionnaire. Two of the experts
contacted expressed a continuin§ desire to.participate and
stated that responses would be sent promptly. The third
expert'determined fhat his opinion would be based entirely on
second hand data rather direct knowledge or experience and
declined to partiéipate. No further responses were received.
Therefore, the first round was based on 12 questiqnnaires.
Although 25 experts were originally solicited, expertise in
composite cost estimating is limited. The f£indings represent
the point expertise of this currently limited populafibn.
The name and organization for each expert is.givén in Table
1.

During Qhalysis of round two responses, not all experts

‘ completdd the entire questionnaire. 1In séveral instances,
' experts‘avoide& answerinq.questions where they felt their._
personal experience was inadequate to competently respond to
the-que#tion.‘ In one case, an expert felt that several ot

the variable éombinations were infeasible and declined to
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Respondent Expert Organization
2 ' Name : Name
1l Capt. Hugh Bolton ASD/FMCR
2 Paul Labar General Dynamics
» ' Corporation
- 3. Pred Mungia Lockheed Aeronautical
T Systems Company
4 “Ed Peck- v ASD/NASP
5 Paul F. Pirrung WL/MTPN
6 Susan Resetar Rand Corporation
7 Steve Schnaier’ Grumman
8. Robert B. Schwenke ASD/FMCR
9 Al skewis Boeing Aerospace
10 Mike Snead , ASD : '
11 Dr. F. S. Timson Northrop Corporation
12 Ray Yarck. McDonnell Aircraft Co.

answer. Analysié revealed that no experts selected answers
indicating a reduction in labof hours for any scenario due to
the use of compesite-magerials. Therefore, selections "A"
and "B" were eliminated for the proceeding round. As
previously discussed in Chapter III, the}pade was used to

determine group consensus. A consensus was established when

- 70% - er more of the experts agreed upon the Same response.

Results for round one, as prov1ded to the experts, are

~ displayed in the second.round questionnaire found in Appendix

D.

Round Twg. Once the results from round one were

determined, the same questions were again senfgto each

'e:pert but with two differences. First, the ordinal scale

from the fzrst round was changed from subjectxve
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delimitations to quantitative ranges to better establish the

impact to labor hours in a useable manner. Secondly, the

responses tc the iirst,round were provided to the experts in
terms of the percentage of total experts who indicated each
particular answer. Additionally, any comments made in the
previous round were included.

For round two, experts were encouraged tc compare their
initial responses to the“group‘responses and change their
answers if, on further consideration, they had revised their
opinipn. vEurther, the experts were informed that no changas
needed to be madé, but were asked to provide a short
rationale if their response differed siqnificantly from the
norm. | | |

The seéond round ‘was telefaxed or hand delivered to the
panelists on 1 July 1991. The response date for round two
was originally'é July 1991; but due to the holiday weekend,

was extended an addi;ional week. Round two was terminated on

' 15 July 199;, a“Zier 9 responses were received. The remaining

three experts were contacted to ensure they Ead‘recgived the

second round questionnaire and to ascertain their willingness

to continue participation. One expert>indicatéd that his

‘round one responses should be used for round two. 'Another

expert promptly returned the second round questionnaire,
while the other response was never received. Second round

responées-ére,displayed‘in Appendix E.
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The two round Delphi survey resulted in a consensus in
67 of the 96 areas questioned. In general, this indicates
that in about two-thirds of the cases the experts were in
agreement as to the impact composite’materiels nave on labor
hours. Typically, tlhe areas most likely to result in no
consensus were the more complex scenarios where larger
pescentages‘of composites were involved, This is
understandable since these are the areas where little actual
experience exits. |

For those questions where a consensus was not achieved,
the median will be used to indicage the expert's opinion. In
many cases, the responses came very close to meeting a
consensus, therefore the median response st111 prov1des.a
fairly good 1nd1catot of majorzty expert opinion. The
differences in interpreting the initial subjective responses
from the flrst 1teratlon (about the same, more, and far more)
and tran 1at1ng those responses lnto actual labor hour
'1mpacts anges used in the second 1terat10n seems to account
for large portion of opinion variation. Therefore, a |
comﬁatison of round one and two responses should give
“valuable insight into the resulﬁing tange'of answers. Table
2 summarizes the results of investigative questions 2 4,

which arL discussed in detail next

"I !.e I (] Q ! » Ez
”The'second investiqative questien was to deterﬁine

55

. .
. R . ’ ] ‘
. L]
-, v ) .
» ) » ] ..
v .
\ .

e




change g, 9rs.  Mfo Hrs,  Tool Hrs.  0A frs.
Increase Ccm2051te Wexght C D* - p* D*
Increase Part Complexi D* D D ‘ D*
Increase 'oad-8earing Rcle D D D* n*
Increase Hand Lay-Op c* - E* D* D
Increase Part Size cx D DX D*
Increase Low Observability =~ D® D* - De D*
Legend
wCw denotes a 1.0 to 1.5 times increase in labor hours
D% denotes a 1.3 to 2.0 times increase in labor hours
» denotes a 2.0 to 2.5 times increase in {abar hours
“#" denotes a consersus repsonse

whether or not the relationship between cost (in labor hours) '

and weight holds true for composite airframes. The
measuremént question related tO'investigativeIquestiou two is

shown in Table 3.

l. Increasing the weight of composites as a percentage .

of total unit weight.

Engineering Hours:
Manufacturing Hours: -
Tooling Hours:

.Quality Assurance Hours'

During-the Delphi consensus was obtained for Manufactnt:ng,
Toolzng, and Quality Assurance hours. In all three cases,
the experts agree that increases in composite weight as a

percentage qf total weight wiil result in 1.5 to 2.0 times

S6
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more labor hours than for an all metal airframe (see Appendix
E; question #1). | |

Although no éonsensus.was ohtained for Engineering
hours, the results, especiall> when compared to roupd ode,
are sﬁill quite useful. Six of eleven experts agreed that
labor hours would be in a range of 1;0 to 1.5 times that for
all metal, thle four said that the range would be 1.5 to 2.0
times higher. On the other hand, round one resulted in a
consensus view that it would require more hours .than
aluminum. This suggezts that the implementation of a
quantitative range for round two resulted in.the-divergencé :
of opinion dﬁe to different interpretations of the first
round scale. Since the median response in this case is 1.0
td‘l.s,lit seems plausible that the labor hour increase will
be iowards‘the top of fhé range.

The results f;om question one a:e.consistent with
. current cost models discussed in chapter 2. In évery
reviewed paraﬁetric model which used ;omposite weight as a
cost driver. the coeﬁficient indiqated a larger increase in
cbst due to increases in composite weight than due to
increase; in metal weight'as a pefcentagg.of thg whole. It
.should be noted,~howéver, that severa; 9x§§rts cadtioned the
analyst‘to keep in mind that the typical'¢om§osite'st£ucture‘
‘may weigh éoﬁsidgrabiy less than its eduivalént in metal.

This reduction in'weiéht should be taken into account




T

whenever calculating the impact of an increesing percentage

of composites in an airframe.

I tiqati . . 3 i #4
‘The third investigative question dealt with whether
there were significant cost drivers, other than weight, which
could account for the presenceiof composites. If such cost

drivers are found, question four deals with wheth;r the -
relatiénghip is increasing or decreasing. The Delphi
measuvement questions dealing with investigative questions
three and four are shown in Taﬁie 4.

During the Delphi, the experts failed;tq reach a
consensus in only 5 of 20 areas for this investigatiQe
question. Comparison between ropnds one and two shows a high
degree of consistency between rounds (refer to Aﬁpendix E?.

Survey Question 2. This question resulted in a

consensus for both Engineering and Quality assurznce hours.

‘In both cases the experts agreed that an increase in

composite shape complexity would result .in 1.5 to 2.0 timgs
mor§ labor Hours‘compared to metal. Altheusgh not sufficient
to obtain a consersus, 7 of the eleven experts chose
selection "D" for beth Maﬁufacturing and Tooling. . Therefore,
the median response of 1.5 to 2.0'appeais to be a good
indicétor of the group opinion. Experts who did not agfee
with the median response, with one exception, chose the

higher range.
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rable 4: I tigati tion £3 & 4.} :

2. Increasing the complexity of composxte shapes
utilized in an airframe.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

3. Increasing the percentage of load-bearing composite
parts.

. Engineering Hours:
' . Manufacturing Hours:
Tooling Hours:
Quality Assurance Hours:

4. Increasing the percentage of composites requiring
hand lay-up.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

S. Increasing the eize of composite parts.

Engineering Hours:
Marufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

6. Increasing the use of composites tor purposes of low
observability.

Engineering Hours: —_—
Manufacturing Hours: e
Tooling Hours: —_—
Quality Assurance Hours: ______




The'reéults for this question are consistent with
information found during the literature review. Increased
part complexity usually results in greater engineering
efforts in ply lay-up drawings, planning proper fiber
orientation, and increased modeling due to the variability in
composite properties. Higher complexity parts also require
more complex tooling and eliminate the use of several of the
less labor intensive fabrication methods, thus increasing
4both tooling and manufacturing hours. Finally, increased
part'complexity also increases the lik;lihood of faults
within the composite plies, delamination, or lack of bond
intggritr; thus requiring a great deal more time spent on
qualify assurance.

Part complexity appears to be a significant cost driQer.
As composite parts become more complex, associated labor
iiours increase. However, the relationship may or may not be
" a mathematical one. A potential prgblem in using complexity
'in parametric equations is quantifying the degree of
complexity. In fact, of the models discussed, odly one
er§rosaion modollhad a variable tor‘comploxity and it dealt
with tbo'airCtatt as a whole not with-aittramo parts. |

Therefore, the analyst must determine the best way in which

to incorporate tho'impact into a cost modol on an individual

basis.

Suryey Ouestion 3. This question addresses the possible

impact on labor hours due to increasing the pctcentaqevoty
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load Bearing compﬁsites. A consensus of opinion was obtained
in the Tooling and Quality Assurance afeés. This is an
imprdvement over round one where no consensus was obtained.
For both areas, the consensus opinion was an increase of 1.5
to 2.0 times the houfs for metal. The remaining areas,
Engineering and Manufacturiig, :esulted in a fairl}'wide
dispgrsion of answers whose median responses were also in the
1.5 to 2.0 range.

The diversity of opinion for this question is not
unexpected. Although it is quite likely that material costs
would incr?ase as load bearinq:roles incréase (requirement
for higher quality material), the effect on labor hours is an
area of dispu;e. However, the resul*s are consistent with
ﬁhe'rationalo Fresented iﬁ chapter one. Load bearing parts
teng to have primary roles which require tighter
specification tolerances and incur far higher failure costs
than secondary parts. Therefore, it is reasonable that such
parts will require a corresponding increase in labor to
prﬁduce. |

The'two labor categories which achieved a conseﬁsuQ are
both are;s who;e it is more likily that.impActs on labor will
be predictable. Primary (load bearing! structures must have
more prqcisebﬁoolinq and, because cf their importance, will

be subject to more quality assurance elforts. 'Thus, a

consensus in these areas is not surﬁriainq.




Engineering and Manufacturing, on the other ﬁand, are
subject tojéonflictihg views. One possible view is that no
additional effort above that required for any composite will
be necessary as long as the tooling is sufficiently precise
and quality assurance suitably rigorou;. However, the median
response for both areas is compatible with opposing view that
both»Engineering and Manufacturing are subject to the same
considerations as the other areas and wili increase to the
same degree,.

Results indicate that the percentag§ of composites in a
load bearing fole is a significant cost dfiver. Labor hours
can be expected to increase as more composites hecome load
‘bearing. Howevgr, as for complexity, the relationshiplis not
necessarily h&thematical. 'Therefore, the usefulness of load
bearing percentage in in actual model must be determined on a
case by case basis. Nevertheless, the information should
prove useful even if not incorporated directly inté a model.

ﬁn;xgx_gng;;ign_i. This question deals with the labor
hour impact as a result of increasing hand lay-up. . As might
be expected, since this Queﬁtion deals with an area where a
qreat'd;al-ot experienceloxists. a consensus was achieved in
all four labor catoéories. ?hc mode réspon;e té;,énqineefiﬁq
hours was 1.0 to 1.5. Manufacturing hours resulted in a mode

response of 2.0 to 2.8. The mode response for both Tooling

and.Quality Assurance was 1.5 to 2.0. The results for this




question also improved from round one where only two areas
achieved consensus.

Results for this question are completely consistent with
. the literature review as.well as several of ﬁhe models
_ discussed. Hand lay-up is one‘of the more labor intensive
fabrication tecaniques and would be expectéd to increase
laBor hours, especially in the Manufacturing cost element.'
In fact, one expert’sﬁated that the primary reasoﬁ for the
expense of composites i; the lack of automation being used by
the composite industry. |

Like Manufacturing, inéreased"hand lay-up can 5e
expected to iggre;se»labor hour in Tooling and Quality
Assurance. Sinc?‘hand léy-up techniques are typically very
slow and generally require autoclave'cur;ng, tools must often
be duplica;ed to avoid~curing laqg. ‘Additionally, repéated
uses in high temperature autoclaves.often.necqssitate re-
tooling which drives up associated tooling hours. Finally,
since hand lay-up is not nearly'as precise as automated
techniqges,.additional quaiity assu;ance.must be performed to
insure proper ply or;entationland adequate laﬁinatibn, |

'Althouqh the consensus fof Enéineerinq hﬁurS'may-sgem to
contradict‘the.results.ffom the'other'azeés,.this'is.not the
case. Once a part is designed and tested, and drawings
complete; there is little difference in'énginegrinq
.reqardless of fabrication technique. Therefpte, simply

increasing the amount of ‘hand lay—up.would not require any
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additional engineering effort. Thus, while an increase in
composites may result in higher engineering labor,
differences in fébrication probably would not increase them
any.further.

The percentagelof hand lay-up appears to be a
significant driver ofjcost in the Manufacturiqg, Tooling, and
Quality Assurance labor categories. A potentially ﬁseful way
to incorporate this impact into a modél is by indicating the
type of fabrication technique used. As the use of automation
increases, the relative differences in labor hours between
manual ;nd automated techniques will probably also increase.
Therefore, the modeler should be'aware of the particﬁlar
fabrication techniques used and the extent of their use on
any specific program in order to properly.caéture the
.resulting impacf on coust.

Survey Question 5. This question deals with labor hour
impacts as a result of increasing siie. During the'Délphi,
consehsus was obtained'in the Engineering, Tooling, and
Quality Assurance areas. The“expetts agreed thﬁt increasing
tho size of composite gattslwould result in a 1.0 to 1.5 '
times increase in enqiﬁeerinq labor hours; The increases in
labor hours for‘both Toolinq'and Quﬁlity Assurance were 1.8
to 2.6.v'The‘median'response tor.Hanhfactutinq'was.also in

the 1.5 to 2.0 range., Only one area received a consensus in

round one.




The engineering consensus is not surprising. There
should be little if any impact on engineering activity as a
result of simply increasing the size of the. part. Both
tooling and quality assurance, however, would become more
difficult as well as time consuming as part size increases.
quls would have to be made larger, while still remaining
within tolerances. As part size becomgs very large,
autoclaves must also be made larger to accommodate both parts
and tools. Larger pa:ts have a proportionately higher
potential fcrlerror in ply élignmenﬁ and‘delaminagion, which
necessitates a correspon&ing increase in the time regquired to
perform quality inspections. Therefore, results in all three
areas are consistent with information found in a review of
the literature. | .

The one labor category where a consensus was not
obtained, manufacturing, received 7 of ll responses which
agreed with the median fesponse. It ;s reasonable that size
increases result in greater fabrication difficulty,
especially.when the process is manual . As size increases,
the potent;al for error in laying-up the raw materiél,alsol
increases. ,ofteh, the raw m;péri;i'form is not pafticularly
well‘sui;ed»fbr very large parts and-mﬁst Ee placed end~to¥
end or sid645y-ﬁide which adds the requirement for proper
.joining. Pinally, some of the more labor efficient
fabricatioﬁ techniques are size limited ind large parts must

therefore be made using more labog intensive techniques.
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Although part size can be considered a significant cost
driver, it may be difficult to quantify. For example, whén
does a part become largé enough to result in increased labor
hours? In any event, the information provided should at |
least make the analyst aware that size can be a contributing
factor to increased costs; especially when a program utilizgs
parts which are larger than the "norm" for the maﬁufactu;er.

Survev Ouestion 6. This question deals with the impact
of using composites for the purposes of low observability;
This Question obtained a consensus in all four labor
categories. lThe consensu3 response for each category was a
1.5 to 2.0 times the increase in labor ﬁs compared to meﬁali
The results for round two improyed slightly from round one
where three areas had a consensus response. -

Several experts included comments to this question which
indicate that low observability considerations will increase
labor regardless of material used. When this effect is
coupled with the'already more complex’composites, the effect
is simply compounded. étealth teéhnolng often requires
special desién considerations, coﬁplex shapes, toxic maﬁerial
usage, and very tight tolerances. Each of these requirements
impact on laboryhours. Therefore, it.is not surprising that
labor hours increase siénificantly'in all categories. |

The use of composites for reasuns of low observability
appeérﬁ_to be a significant cost driver in all categories.

It is apparent that any stealth applicition will inc:ease
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costs. Some models havé simply included a multiplier féétof,
to account for the use of stealth technology. However,~a§'in
“the -use of the other cost driver§ discussed in this chapter;'
the analyst must model the'cost.impacté for low observabl~

composites in a manner best suited for each particular case.

lnvestidative Question £3 |

This question deals specifically with the effects of
various éombinations of cost,drivers. Althoﬁgh theréfwefe
six pqtential cost drivers explored in invesﬁigative.
.questipns one through four, only composite weight an@
complexity Qere used for investigative question five.
Therefore, the Delphi questionnaire:used in this study cannot
account for combinatioﬁ effacts from the other four
variables.

Weight was chosen becauselif is the most readily
quantifiable as well as most familiar cost driver. Composite
parf.complexity was determined. to be fairly quantifiqble.and
readily generalizéd across aircraft types. The other | |
potential éost drivets were considefa& either too airframe or
aircraft type specific'to be usgd for the pufpbse of
" answering ﬁhis investigativ§ quéstioﬁ. .Measurement questionQ
were separated by aircraft type in b?der to provide more
useful insight into how variable combinations impact specific
‘classes of aifframeq. ,Measqrement question§ which_deﬁl'ﬁithlb
investigative quesiion 5 for fighteér aircraft can be seen in
Table 5. ' e |
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Table 5: Investigative Question #5 Measurement
‘ (Fighters)

7. A fighter aircraft with 50% or more' camposites and
at least 50% of camwposites are complex in shape.

Engineering Hours: -
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

10. A fighter aircraft with 50% or more composites and
less than 50% of coarposites are camplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

13. A fighter aircraft with 25 to 50% composites and at
least S50% of coawposites are camplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours: ‘
Quality Assurance Hours:

16. A fighter aircraft with 25 to 50% camposites and
less than 50% of camposites are camplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Cuality Assurance Hours:

19. A fighter aircraft with léss than 25% carposites | -
and at least 50% of camposites are camplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

‘Quality Assurance Hours:

22. A fighter aircraft with less than 25% cmpositeS
+ and less than 50% of camposites are complex in
shape. ‘ ,

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

1
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Fighters. Cf the three categories of aircraft, the most
extensive experience base in composites falls within the
‘fighter aircraft. Most composite databases are comprised
almost entirely of fighters; while only a few have bombers or
trensport airframes. Therefore, of the'threevairframev
categories, if can belexpected that fighters will ;eceive the
greater nember of consensus responses. Refer to Appendix E
for exﬁert response count.

| Engineering Hours. A consensus was obtained in the
Engineering category for 3 of 6 questions. Since engineering
is an area of contention amenq experts, this result.is not
surprising. Some experts believe that composites will
require additional effort in each stage of a §rogram's liﬁe
due to the increasedlcomplexity inherent in composites,
Thiswould result in more time spent on analysis, test, and
drawinés. 'cher expeftS'ccntend that while time spent early
on wiil indeed be greater,'leter efforts will dwindle toAﬁhel
point that the overali'engineering effort will not be
chanéed. The final view is that ‘the earlier incfeased effort
will far outwezgh the later reductzons. Whatever the case, |
it 13 apparent from the results that op:nzon varies
s;qnzfzcantly, espec;ally for the more complex scenarios.

The medzan response for question 7 is 1.5 'to 2.0, wh%re
the majofity of d;ssehters chose the higher range. Question'
10 had a consensus response also in the 1.5 to 2.0 range.

Question 13 received 7 of 1l responses in the median respanse
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range of 1.5 to 2.0. A consensus of opinion was achieved on
questions 16, L9, and 22 where éxperts agreed that labor
hours would increase frem 1.0 to 1.5 times that required for
a metal airframe. The same number of consensus opinions was
obtained in round one.

As stated previously, the more complex scenarios
resulted in the widest disagreement. Consensus opinions were
found in scenarios where the percentage of composites fell to
the 25 to 50 percent range and below. Part complexity alco
contributed to the differences in opinibn in the higher
percentége_composite scenarios. |

uanuﬁag;gxing_xggggf A consensus was obtained in 3
of 6 que;tions. This labor category appeared Eg be very
sensitive to changes ih part complexity rather than
percentage of composites. This outcome is understandable
considering the groundrule of at least 80% hand 1$y~up. fart
complexity would be expebted to have a much greater impact on
‘manual labor hours than would»simple increases in composite
percentage. Dis;greemegt'appears to have arisen based on the
degree pf the impact. ' | |

The mgdiaﬁ response for question 7 was 2.0 to 2.5, while
a cdnsensus of 1.5 to 2.0 was rbtained in question 10. The.
only differeﬁce in these scenarios was ih the’percentége of
complex parts. fhus; a reduction in complexity of the parts

can be seen to reduce the required labor hdurs.
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QueStion 13.obtained a consensus in the 1.5 to 2.0

range, while question 16 had a median response of 1.5 to 2.0

xwith all disagreement falling in the lower range. Clearly,

the difference here is a result of a dispute as to how much a
reduction in complexity WOuld_effectylabor hours. A
significant observation is the similarity in responses
between questions 10 and 13. The same consensus range was
obﬁained ir. both cases, one with a higher pefcentage of
composites and the other with moré compléxity.a This result
appears to confirm the greater impact of compiexity on
manufacturing labor.

The mediaﬂ response for questién 19 wés the 1.0 to 1.5
range. A 100%‘consensuslview of 1.0 to 1.5.was fegnd for
question 22. Again, the only difference in these 5¢¢narios
wag due to the percentage of part compléxity. Question 19,'
with a higher percentage of complex parts, received four
réspohqes in the higher'(lis to 2.0) range.

1991133_393;3. Four questions received a é&nsensus
in this éategdryf' The tooling category also seems more
responsive to part compie;ity;'thqugh the relﬁtiqnship is not

as clear as for manufacturing. The median response for

question 7lwas 1.5 to'z.o,'whilg quéstion'LO received a

consensus in the same range. Again, the only difference in

' these two scenarios is the percentage of complex composite

parts. Question 7 had 4 of 11 experts select the 2.0 to 2.5

'range,~six‘in the 1.5 to ?.0 tanqe'and only one in the lower
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range. This spread of responses, especially in light of the
consensus in question 10, suggests that experts are not sure

as to the magnitude of the impact increased part complexity

will have on high percentage composite airframes.

Similarly, question 13 received a consensus in tﬁé 1.5
to 2.0 range and a median response in the same range for
question 1l6. The results for medium percentage composite
airframes are opposite those for high percentage composites.
Question 16 received 4 of 11 responses in the lowest impact
range and 7 of 11 in the medizn range. A reduction in part
‘complexity appears to’once again cause the difference of
opinion.

Finally, both questions 19 and 22 achieved a consensus
in the 1.0 to 1.5 range. Question 19 received'cnly 2 of‘ll
responses indigating the higher range, while 100% agreed‘in
question 22. It seemﬁ clear that part complexity doces not
carry the same impact in the low percentage composite
airframes as it does when the percentage is highér.

Quality Assurance Hours. Five of six questions
received a consensus in this area. The onlf question which
did not Achieve éoﬁsensus is question 7, the most complex
scenario.; There is no'apparent trend here in regards fo'
either total percentage or part complexity. A combination of
the two variables appears to be the primary response driver.
However, for equal percentage composite scenarios, complexity

‘again appears to have a definite impact.

72




Question'7 was widely dispersed, with the 1.5 to 2.0
median range receiv;ng 6 of ll votes. Dissenters were fairly
evenly spread over the remaining ranges. Question 10
achieved consensus in the l.Slto 2.0 range, where‘apparently
all of the highe; range dissenters from question 7 moved

their response tc the middle rance due to the reduction in

complex composite parts.

Queetions 13, 16,'19, and 22 nad consensus responses.
The consensus for question 13 was 1.5 to 2.0, while ii was
1.6 to 1.5 for the remaioing'questions. Again, question 22 1

had a unanimous response. Dissentere. for each of the higher :

‘percentage scenarios, chose the hxgher impact range This

supports the conclusion that. while the combination of .
composite complexity and total composite'percentage effect

the overall xmpact on labor, complexzty is the driver when

" total percentaqe remains constant.

agmhg;gu As stated previously, very little experience

exists in the use of composxtes on bombers. Although both

., the B-1B and B-2 utilize composites, these are the only

bombers produced zn the United States in ‘the 1ast 25 years.

Additionally, ﬁhe use of comﬁosites on~the B-1B is somewhot

';limi:od and so few B-2's have been produced that little data

is available. As a result. one exoert declxned to respond to
bomber related quest‘ons. Measurement questions which deal

with bomber aircraft tor.tnvesfigatiVe Question 5 can be seen

in ?ablobs.




Table 6: Investzgatlve Question #5 Measurement
(Bombers)

8.

11.

14.°

17.

20..

23.

A barber aircraft with 50% or more coarposites and at
least S0% of camposites are complex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

A bamber aircraft with S0% or more coarposites and
less than 50% of composites are camplex in shape.

Engineering Hours:
Manufacturing Hcurs:
-Tooling Hours:

Quality Assurance Hours:

A barnber airci:aft with 25 to 50% cawposites and at
least 50% of carposj.ta are carplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

A bcnber aircraft with 25 to 50% camposites and
less than 50% of camposites are carplex in shape.

Ingineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assuance Hours:

A barber aircraft with less- t‘:an 25% camposites and at least
50% of cawposites are camplex in shape.

. Engineering Hours:'
Manufacturing Hours:
Tooling Hours:
Qual:.ty Assuranco Hours.

A barber aircraft with less than 25% ccnposites and
less than SO\ of camposites are cavplex in shape.

lll'l

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:




Engineering Hours. Three of six questions received
a consensus respohse. Questions 8, 11, and 14 had median
responses cf 1.5 to Z.Q. However, question 8 also had a
median-response‘of 2.0 to 2.5 (since an even number of
experts answered this question, it is pr:sible to have a
tig). Due to Fhe nature of the answers,'it is impossible to

divide a category by two. However, the distribution of the

answers would seem to indicate that the median response would

probably be about 2.0.
Questions 17, 20, and 23 had consensus teSponses of 1.0
to 1.5. The consensus was unanimous for both questions 20

and 23. It is apparent thac<reductions in complexity and

‘percentage of composites resulted in a much higher level of

agreement among the experts. This is consistent with the

degree of experience available in composite bombers.: Both

bombers produced in the Uniféd States would fall in one of

the three cateqotie; where consénsus was obtained.
Mapufacturing Hours. Four of the six questions had
a coﬁsensus,response'for this labesr category. This is

somewhat surprising Since boﬁbers are more likely to have

-latdc sized components and manutactutihq was the only

category not receiving a.éonseqsus on éugstion 5.

- Question 8 hac a cons;nsus response of 2.0 to 2.5, with
the remaining :esponses fairly evenly distributed. Question
11 alsd had a'consengus response, but in tﬁell;s to 2;0

range. The only difference between these two séenarios is
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the percentage of complex composite parts, indicating that
the relationship between manufacturing labor and complexiﬁy
will hqld true for bombers as well as fighters.

Question 14 received a consensus in the 1.5 to 2.0
range, while question 17 had a median'respbnse of‘l.ovto 1.5.
Again, the only difference is the higher percentage éf’
complex parts which supports the assertion stated above.

The median response for question 20 was 1.0 to 1.5,
while 23 had a unanimous consensus of 1.0 to 1.5. These
results further support the relationship between
manufacturing labor hours and composite part complexity.
Questions 17 and 20 received identical distributions of
responses, while 23 was unanimous. Therefore, while the
median responses were the same as thg consensns, those
experts not in agreement felt a greater impact should be
expected due to complexity.

xggling_nggx;._'This catéqoty also aqhigved
consensus in four of the ﬁix qﬁestions.' While there were
differences in which questions’had a consensus response, the
group estimate for each quesfion was identical to the ones in
-Manufﬁcturinq. Thus; any (conclusions based on the pittcrﬁs.'
observed in the Manufacturing category must necessarily also
follow in this 'labor category.

Question 8 had a median roﬁponso of 2.0 to 2.5, while
question 11 achieved cons#nSUs in the 1.5 to 2.0 range. The

consensus for question 14 was 1.5 tq'z.o and question ‘17 had.
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a mediab estimate of 1.0 to 1;5.' Similarly, questions 26 and
23 both had consensus estimates of 1.0 to 1.5.

Quality Assurance. The results for this labor
category were similar to the previous two categéries, where
four of six questions acﬁieVed a consensus. Like the
estimates for Ménufacturing and Tooling; estimates fdr
Quality assurance, although differing'in’questions having a
consensus, were identical to these qbtained in Engineering.

Question 8 had two median response rangés of 1.5 to 2.0
and 2.0 to 2.5, resulting in a probable response of 2.0.
’Question 1l received a'consénsus vote of 1.5 to 2.0L The
median response for questioh 14 was 1.5 ts 2.0, while
questions 17, 20, and 23 each had a consensus in the 1.0 to
1.5 range. '4 |

gaxgg_gnj;zankg§_51xg;§j;. Like bombers, there is very
léttle actual experience in the production of cargo or tanker
aircraft using cohpositesf' The experience thét does exist is
limited primarily to‘modificationé (tail sections, | |
stabilizers, cargo doors, etc.) and to the c-17.
Additibnélly. ilthouqh the C-17 contaips a fairly large
| amount of compositas,'the‘percehtaée of total.wéight as well
as the percentage of compiet'parts islétiil quite sma}l
compared to the newer qeneratibn of fighters: |

'Aqain, as in the bomber category, only 10 expetts.chosq
to respond to catqo/ttanspgrt~rcla§od questions.

Nonetheless, 19 of 24 labor categories in the six
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,cgrgo/tanker relatgd questions achieved consensus.
Measurement questions dealing with cargo/tanker aircraft for
investigative question 5 can be seen in Table 7. '

Engineering Hours. Four of six questions received
consensus responses. Both non-consensus responses were in
the high percentage composite scenarios. This is not
surprising, since Qirtually no experience in this area
exists. Questions 9 and 12 both had median estimates of 1.5
to 2.0. The consensus answer for questions 15, 18, 21, and
24 was the range of 1.0 to 1.5. |

Manufacturing Hours. Five of six questions had a
consensus estimate for this labor category. Unlike the
results for engineering where no pattern is visible,
manufactgring appears.to‘folléw the more familiar pattern in
relation to part complexity. The median fesponse‘for
question 9 was 2.0 to 2.5, while questions 12 and 15 had
consensus estimates in'the 1.5 to 2.0 ranqe.‘ The remaining
questions, 18, 21, and 24, had consensus'estima;es of i.o to
1.5.. As previously indicﬁted, the estimates appear to be,
more responsive to changes in composite part complexity than
to changes.in percentage of composites for this labor
cntaéofy. _
' Tooling. ‘This labor category also achie?ed
'ccnsegsus in five ot‘six questions. Question 9 had a median
rgspodse of 1.5 to 2.0, whilé qQuestions 12 and 15 had a

consensus in the same range. Questions 18, 21, gndv24 each
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Table 7: Investigative Question #5 Measurement

{Carqo/Tanker)

"+ 9. A cargo or tanker aircraft with 50% or more camposites and at v
least 50% of camposites are camplex in shape.

Engineering Hours:
Manufacturing Hours:
" Tooling Hours:

Quality Assurance Hours:

12. A cargo or tanker aircraft with 50% or more camposites
and less than 50% of camposites are camplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

15. A cargo or tanker aircraft with 25 to 50% composites and
at least 50% of camposites are camplex in shape.

Engineering Hours:
Manufacturing Hours:

" Tooling Hours:
Quality Assurance Hours:

18. A cargo or tanker aircraft with 25 to 50% composites and
less than 50% of compcsites are camplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

HI-

21. A cargo or tanker aircraft with less than 25% camposites
and at least 50% of ccrrposJ.tes are complex in shape.

mgmeermg Hours' ,
' .Manufacturing Hours:
. , S Tooling Hours:
. Qual:.ty Assurance Hours.

lll'l‘

24. A cargo or tanker urcraft with less than 25% composites
and less than S0% of composites are carplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance ‘Hours:

HH—
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had a consensus estimate of 1.0 to 1.5. It is unclear
whether the estimates varied due to impacts resulting from
perqentage composites or part complexity.

Quality Assurapnce. Once again, results in this
labor category closely mirror those found in the engineering
category. Quéstion 9 had a median response and question 12
and 15 a consensus in the 1.5 to 2.0 range. Questidns Lq,
21, and 24 each achieved a consensus of 1.0 to 1.5. No.
pattern),except a reduction of hours due to decreases in

percentage of composites, was apparent.

This duestion deals with the impact 65 variable
combinations from Investigative Question #5 and their impact
across aircraft types. A summary.of the results for each
labor category by gircraft type can be seen in Table 8.
Impact estimates for Table 8 are a combination of both median
and consensuqlresponées. For a differentiation between
consénsus ahd median estimates for partiquiar questions,

, please refer to to Appendix E. , |

Engineering. Although di!ferénces-in osgimates do
‘exist, there is éppareﬁtly no pattern to to the differences
aéfoss aircraft tvpes. Cargo/Tanker and tighter labor hour
impact estimates are lower than bombers in thé scenario with
‘large Pefcenfaqevof composites of high compl;xity. when'zs

to 50% of the airframe is composite and at least 50% of the
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composites are of cohplex shape, Cargo/Tanker aircraft had a
lpwer impact estimate than fighters or bombers. Estimates
for the rehaining scenarios were identical across airéraft
type. |

Manufacturing. Estimates in this iabor category were

identical, but for one scenario. In the 25 to 50% compogite

LA3OR CATEGORY/AIRCRAPT TYPE

SCENARIO ENGINEERING MPG TOOLING QR

vl slesel e s leele | Biee) 2| 8oy

50% OR MORE COMPOSITES '
AND AT LEAST S0% OF COMPOSITES | D | D/E| D E} E| E]J D] E|] D] D D/E] D
ARE COMPLEX IN SHAPE ' A

50% OR HORE COMPOSITES
LESS THAN 50% OF COMPOSITES{ D D{ DY D] D| D] D} D] D} D] D] D
ARE COMPLEX IN SHAPE : | ‘ '

25 T0 50% COMPOSITES

ARD AT LEAST 508 OF comwposiTes | 0| o) ¢y o} o) o) o) o] oY o} o] ¢
ARE COMPLEX IN SEAPE -

0 50% COMPQ i .
D LESS THAN 50% OF COHPOSITES cj e ey pypcypcygpjcejecpcl el
[E COMPLEX IN SHAPE ' ' Co

SS THAN 25% COMPOSITES ,' , ,
D AT LEAST 508 OF COMPOSITES | C | €] ¢] ¢] ¢] ¢].¢] ¢} c] ¢} ¢ ¢
COMPLEX IN SHAPE - o '

SS_THAN 25% couposms ‘ ' Bk ' : ]
D LESS THAN 50% OF CoMPosITES| ¢ | ¢ | ¢] ¢f c] ¢} ¢ ¢} ¢} ¢c] ¢] ¢}
ARE COMPLEX IN SHAPE _ '

EE ieta | SEZN
e

] E;: g‘quer , S Ter=1.Uto L.5 times [
~3":8 ' more hours
C/T“'Carg “D"=1.5 to 2.0 times

' ' .. more hours
, "E"z2.0 to 2.5 times
. ‘ C more hours. ..
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scenario where less than £0% of composites are complex in
shape, the fighter aircraft estimqte was higher than both
bombers and cargo/tanker airgraft.

Tooling. The bombe; aircraft impact estimate exceceded
both fighters ahd cargo/tﬁnker for the high percentage, high
complexity scenario. Like the manufacturing category,
fighters were estimated aé having a higher labor hour impact'
than bombers or cargo/tanker aircraft in the 25 to 50%
composite, low complexity scenario. All other scenarios
resulted in identical estimates across aircraft types.

Quality Assurance. The results for this Iabor‘categoty
are the same as those fbr engineéting. The bémber ajrcraft
impact estimate is higher than for'either fighters or

cargo/tanker aircraft in the high percentage, high complexity

Iscenario. On the other hand, fighters and bombers are

identical, while cargo/tankers have a lower estimate in the

25 to 50%, low complexity scenario.

Summaxy | . ‘

" This chapter presents the analysis and findings of the
Delphi survey. Results from the data collcction of'both
Delphi rounds'ate presented and summafized. Additionally,
meﬁsurement questions for igvestigative questions two.throuéh
Six are presented andvanalyzea. Findinqs for each
measurement quesfion are presented in both narrative and’

tabular form. In the next and final chapter, research




conclusions as well as recommendations for  further research

will be discussed.
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Qzéxxiga

This chapter proposes conclusions based on the

.literature review as well as results obtained through the

Delphi process. The intept of this research is to provide a
guide for constructing composite cost model;. Conclusions
found in this éhapter addreés each investigative question in
éurn. The conclusions should also provide analysts with a
roadmap to the more detagled areas of interest within the
guide itself. Additionally, this chapter will present
récommendations'for further research in the area of composite

cost modeling.

conclusions .
Investigative Question #1. There are a number of cost

. models available to cnalysts which attempt account for

.impacts due to the use of composites. Each model has

drawbacks as well as advantages. No single model is useful
in every situation. The analyst is encouraged to cohpare.

results from several of the models, combine the models, o

. 8imply use information or techniéues'trom the models to

devise a methodblogy specific for a given aﬁplication.

‘Further, some of the models discussed are aircraft type

specific, these should not be used outside their appropriate

database.
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1nxgg;iga;;xg_gggggign_ig. The relationship between
weight and cost appears to hold true for compbsites as it
does for metal. The.relationship is increasing, sa as |
composite weight incfeases as a percentage of total weight,
labor hours will also increase. Labor hour increases in the
engineering labor category can be expected to be 1.0 ta 1.5
times greater than for metal. ,Increase in the percentage
total weight of composites can be exﬁepted to have a 1:5 to

2.0 times greater impact than increases in metal weight.

Investigative Questions #3 and #4. Each of the proposed

potentiallcost'drivers appears to have a significant impact
on labor héurs."Increased composite part complexity can be
expected to increase labor hours from 1.5 to 2.0 times more
than similar increases in metal parts. Similarly, increasing
the load_bearing percentage of compbs;tes can be expected to
result in a 1.5 to 2.0 times increase in labor hou:s. :A 1.0
to 1.5 times increase in engineering houts‘can be anﬁiéipatgd
~if the fequi;ement for hand lay~up is increased, while the

impact on‘manufhcfuring should be a 2.0 to 2.5 times

¢

incréasef ' Both tooling and quality assurance hours appear to

increase from l.S;td 2.0 ¢.2 to increases in hand lay-up.
Composite part -size increases éppsar to result in a 1.0 to
1.5 timec increase in engineering hours, while a 1.5 to 2.0

times increase can be expected in the remaininqllaborg

categories. Finzlly, a 1.5 to 2.0 times increase in labor
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hours for each category can be anticipatei‘due to the use of
composites in a low observable role.

Investigative Question #5. A definitive relationship
between cost in hours and combinations of composite weight
(as a percentage of éotal weight) and composite part
complexity cannot be estéblished with any certainty.
However, patterns in the labor hour impacts as a result of
the changing scenarios suggest that labor hours are more
responsive to one independent variable than the other in
certain situations. The weight of composites as a percentage
of total weight appears to be thg predominant cost driver in
the engineering category. However, when composite weight is
between 25 and 50 percent, part complexity becomes
increasingly important. 'Complexity appears to be the
predominant cost dfiverlfor manufacturing hours, especialiy
when a\large percentage of the airframe is comprised of
composites. Like manufacturing,‘tcoling hours appear to
respondlmost noticeably to changes in part complexity. The
‘qgality asﬁurance category, like engineeéing,_appears to be
most effeéted by total percentagé qf composites. Again{'
howevef, in the 25 to 50 percent cbmposite range a'réduction
in cdmplexity can be expected fo éause a reduction in labor:
hours. , ’ : |

1nxg;;iﬁa;ixg_gggg;ign_zﬁ. ‘Thera is no‘discernable
pattern to the labbr‘hour differenceslamdng aitcraft éypes..

In_only three scenarios were there any labor differences
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. subcontractor orzented Delphl approach. . Although not

‘d:ivers studied in this thesis appear to be sxgnifzcant

across aircraft'types. Bombere seem t9 reguire more

engineering, toolinz and quality =2ssurance hours in high

percentage, high complerity scenarios than do fighter or

ca:go/ténker aircraft. On the other hand, fighterz azpenr *o

require relatively more manufacturing and tooliag hours in

the 25 to 50 percent composite range when conplerity is

salatively low. Finally, Cargo/tanker aircraft Lave a lcwer
anoineering and quality assurance labor requirement in the 25

¢ 50 percent composite, high complexity scenario than do

‘bombers or fighters.

Recommendation #1. The Delphi appears to be a useful

toel for this type of research. .At a parﬁs level,

exploratzon into complexity, 31ze, fabr1cat1on techniques,

" and other posszble cost drzvers should be possible w1th a'

particuiarly suited for use early in a pfogram.‘part level
information can be vaiuablé later in fhe program or simply'as

an information base for composite cost relat1onsh1ps.

nggmmgnda&ign_tz. Although each of the potential cost

drivers of composzte laborlhours, a more thorough study would
be useful. It is unclear, at this point, if the variables
are independent of each cther. PFor example, is size a'drive; ;

in and of itself, or oaly chause itvtgn4s te result in a N
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higher total percéntage of composites as one expert
suggested? Additionally, potential cost drivers such as
matrix/reinforcement material t}pe or fabrication technique
should be explored. Pabrication techniques, especially, will
hecome increasinglx important as automation becomes more
prevalent. In fact, several experts suggested that composite
parts produced by a totaily automated system will be less
expansive pound-for-pound that alum;num.

Recommendation #3. The use of scenarios with various
combinations of total percent composiﬁes and composite
cbmplexity suggested some useful relationships. A study
which further breaks down tﬁe scenarios into smaller classes
(e.g. 10-20%, 20-30%, 30-40%, eté.) would provide additional ‘
visibility into'the cost driver relationships. Further, such
a study cou}d lend support to conclﬁéions drawﬁ in this
research, or find completely differeﬁt patterns that were not
visible in the limited nqmber of scenarios provided here.
Pinally, different vari;ble cohbinations offsr additional

'avenues of research. | | |
xgggmm‘adaﬁign_zi. A study similar to the initial
'aftempt made for this research still has botential. A Delphi

. survey of industry experts tﬁat solicits actual labor hour
f estimates for specific, but generic airframes could provide a
.great deal of valuable information. Such a study, however,
should be based“on very detailed scenirios. One possibieb

- avenue would be to provide experts.with the labor hours
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associated with actual all-aluminum airframes (F100, F-101,
F-4, etc.) and ask them to provide labor hour estimates for
producing the same airframe, but with varying percentages of

composites.

sSummary

This chapter presented'the_conclusions based on thé
literaturé féview and Delphi érocess results. The chapter
began by addressing the original research obijective.
Conclusions were ptesentéd as they_telated to the
investigative questions. Finally, fecommgndatiohs for
further research to expand the body of knowledge addressed in

this research were presented.
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Appendix A: ]Ipnitial Request Letter

7 May 1991
Dear Participant:

First, I would like to thank you for agreeing to participate. Without your
assistance, gathering sufficient data to successfully carplete my thesis may |
well have been impossible. Although there is not a lot that I can do to
express my appreciation, you will be acknowledged in my thesis and you may
have a copy of the finished product if you so desire.

As you may already know, the Delbh:. Method is a technique used to elicit the
op:uuons of a group of experts in a manner which will produce a convergence
of those opinions. I selected the Delphi Method as a tool to tap the widest
possible ‘spectrum of knowledge in the most efficient manner available.
Therefore, even if you yourself carmot camplete the entire worksheet, please
feel free to have colleagues participate. Please include the full names and
positions, including yourself, of all participants.

Same additional coamments about the worksheet. Even if you do not consider
yourself an "expert,” your experience and those of any ccworkers may offer
valuable insights and perspectives which other "experts” may not possess.
Therefore, please carplete the worksheet as fully as possible. Remember,
the scenarios regresent campletely genaric aircraft. If you have actual
data which can help you to fill in the worksheet or you have a model which'
you use to estimate hours for airframes, please use them. The manner in
vwhich the worksheet is carpleted is solely at the discretion of the expert.
Also, please remember that in no way will individual experts be associated
with specific estimates.

Finally, if for any reason you feel unable t;.o cmpléte portions of the
~ worksheest simply put in a brisf explanation instead of an estimate. . This
- also applies to any scenario you feel is infeasible for a technical or other

.,soatthpbottanoftheworksheet

reason. If you wish to make any cannents about your estimates, please do

'I am currently planm.ng o two rounds (iterations) to encourage possible
convergence. Please return the first iteration of the worksheet to me at
the Fax nunber on the cover gheet NLT 20 May 1991. I.will send the results
of the first round back to you on 22 May.

I vou ha’vu any questions, please feel free to call me at
(513) 233-6882. Once again, I thank you for your participation.

Sincerely,
[Signed]

Capt. Jeffrey L. Isam
AFIT/LSG C
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Appendix B: Qrigipnal Delphi Woxksheet

" BASIC ASSUMPTIONS:
1) ONLY ReCURRING COSTS SHOULD BE ESTIMATED.
2)  COSTS WILL BE EXPRESSED IN THOUSANDS OF HOURS.

3) ALL ESTIMATES WILL BE BASED ON THE CUMULATIVE AVERAGE
HCURS OF 100 PRODUCTIONS UNITS.

4) ALL HOURS WILL BE BASED ON CARBON AND BORON POLYMER
" MATRIX COMPOSITES.

5) ASSUME A MINIMUM OF 80% NAND LAY-UP FOR COMPOSITES.

6) ASSUME NORMAL REWORK AND SCRAP RATES.

7) HOURS SHOULD INCLUDE EFFORT UP TO AIRFRAME ASSEMBLY.
ADDITIONAL EFFORT FOR FINAL ASSEMBLY, CHECROUT, OR
SUBSYSTEM . INSTALLATION SHOULD NOT BE INCLUDED.

é) ASSUME AN AVERAGE MIX OF MANUAL AND SEMI-AUTOMATED
PRODUCTION FACILITIES.

9) ASSUME CURRENT TECHNOLOGY.

10) X1 = POUNDS OF AIRFRAME UNIT WEIGHT ' o
11) X2 = PERCENTAGE OF COMPOSITES |

. !
12) X3 = PERCENT OF COMPOSITES FORMED INTO COMPLEX SHAPES. i

13) H = HIGH VALUES (X1 > 75,000 LBS., X2 > 50%, X3 > 50%)

14) K = MECIUM VALUES (25,000 LBS. < X1 < 50,000 LBS,
25% < X2 < 50%, 25% < x3 < 50%)

15) L = LOW VALUES (X1 < 25,000 LBS., X2 < 25%, X3 < 25%)
(E.G. THE C-17 WOULD BE CLASSIFIED AS FOLLOWS:
X1 = H, X2 = L, X3 = M POR HIGH AIRFRAME UNIT WEIGHT,

LOW COMPOSITE PERCENTAGE, AND MEDIUM COMPLEX COMPOSITE
' SHAPE PERCENTAGE) .
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Appendix C: First Round Questiopnaire

For the questions below, assume the baseline aircraft is all metal.’
Indicate the effects to labor hours in each of the categories as a result
of the following changes.

A B c D __E
Far Fewer Fewer About the More Far More
Hours Honrs Same Hours : Hours

1. Increasing the weight of composites as a percentage of total unit'
~ weight. _ .

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

i

2. Increasing the camplexity of composite shaps utilized in an
airframe. '

Engineering Hours:
Manufacturing Hours:
‘Tooling Hours: :
Quality Assurance Hours:

3. Increasing the percentage of load-bearing camposite parts.

Engineering Hours:
Manufacturing Hours:
Tooling Hours: y
Quality Assurance Hours:

4. Increasing the percentage of coamposites requ:.nng hand lay-up.

Engineering Hours:
Manufacturing Hours:
Tooling Hours: _
Quality Assurance Hours:

5. Increasing the 'size of camposite

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

e
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6; Increasihg the use of camposites for purposes of low
" cobservability.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

For the questions below, assume:

- camposites are carbon polymer matrix

minimum of 80% hand lay-up

normal rework and 3scrap rates

~ current technology

average mix of manual and semi-automated labor

]

Indicate the changes in labor hours which would result in building the
following aircraft as opposed to ones made entirely of metal.

‘A B (o) D : F
Far Fewer Fewer About the More Far More
Hours chrs . Same Hours Hours

7. A fighter a:.rcraft with 50% or more composites and at Ieast 50% of
camposites are camplex in shape.

Enginsering Hours:

' Mar.ufacturing Hours:
Tooling Hours:
Quality Assurance Hours:

8. A bamber aircraft with 50% or more camposites and at least 50% of
"camosites are cawplex in shape.

Engineering Hours: '
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours

l‘III
'.

9. 'A cargo or tanker aircraft with 50% or more cmposite and at least
50% of conposites are carplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours: ,
Quality Assurance Hours:
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10. A fighter aircraft with 50% or more camposites ‘and less than 50% of
carmposites are camplex in shape. :

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quahty Assurance Hours:

11. A bomber aircraft with 50% cr more carpos:.tes and less than 50% of
carposites are carplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

12. A cargo or tanker aircraft with 50% or more cmposztes and less than
- 50% of camposites are camwplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

13. A fighter aircraft with 25 to 50% catposzta and at least 50% of
camposites are cavplex in shape. .

Engineering Hours:.
Manufacturing Heurs:
Tooling Hours:

Quality Assurance Hou:w

14. A bamber aircraft with 25 to 50% carpos:.tes and at least 50% of
carposites are carplex in shapa.

- Engineering Hours:
Manufacturing Hours:
Tooling Hours:
Quality Assurance Hours:

Hl'_l

15. A cargo or tanker aircraft with 25 to 50% curpoaites and at least 50%
' of carposites are cavplex in shape.” -

Engineering Hours:
Manufacturing Hours:
Tualing Hours:

Quality Assurance Hour3' ,
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16. A fighter a:.rctaft with 25 to 50% camosites and less than 50% of
corposites are complex in shape.

‘Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

17. A bamber aircraft with 25' tc 50% camposites and less than 50% cf
composites are camplex in shape.

Engineering Hours:
Manufacturing Hours:

" Tooling Hours:
Quality Assurance Hours:

18. A cargo or tanker aircraft with 25 to 30% composites and less than 50%
of camposites are camplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours: .
Quality Assurance Hours:

19. A fighter aircraft with less than 25% composites and at least 50% of
carposites are comwplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

20. A banber aircraft with less than 25% campos.tes and at least 50% of
canposites zre ccnplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Qual.ity Assurance Hours

21. A cargo or tanker aircraft with less than 25% carposxtes and at least
S0% ot corposites are cawplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:
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22. A fighi:er aircraft with less thar. 25% cawposites and less than
~ 50% of camposites are camplex in shipe.

Engineering Hours: -
Manufacturing Houcs:
- Touling Hours:
'_ ,Quallty Assu:ance Hours:

23. A balber a:.rcra{t w1th less than 25% corporitas and less than 50% of
canpos:.tes are camplex in shape.

- mg:.neenng Hours:
Manufacturing Hours:
" . Tooling Hours:
Qual:.ty Asgurance Hours:

24. A cargo or tanker aircraft with less than 25% ccrrpos:Ltes and less than
50% of curmposites are cawplex in shape. ‘

Engineering Hovrs:' _
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:




Appendix D: Second Round Questionraire

For the questions below, assume the baseline aircraft is all metal.
Indicate the effects to labor hours in each of the categones as a result

of the following changes.

c D

E

1.0 to 1.5 1.5 to
Times More Hours

1. Increasing the weight of camposites as a percentage of total umit

weight.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours: .

2.0

Times More Hours

—————
————
——
o ———

.
—tae

25%

More than 2.0
Times More Hours

L B

58% 17%
100%

2% | 8%

83% 17%

2. Increasing the camplexity of composite shapes utilized m an
&. L. B

airframe.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

3. Increasing the percentage of load-bearing camposite parts.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

4. Increasing the percentage of camposites

Engineering Hours:
‘Manufacturing Hours:
Tooling Hours: '

Quality Assurance Hours:

5. Increasing the size of .amposite parts.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

98

83% 9%
58% 42%
42% 58%
92% a%
L. D _E
20%  40% 40%
30% 50%  20%
30% 50% 20%
30% 30% 40%
requiring hand lay-up.
< D E.
75% 25%
33% 67%
33% 50% 173
178 75% g%
S S o 3N o
75% . 25%
33% 67%
33% 67%
42% 50% 8%



' 6.

Increasing the use of composites for purposes of low

cbservability.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

For the questions below, assume:

‘minimum of 80% hand lay-up
normal rework and scrap rates
current technology

g3 gp

ccmpos:.tes are carbon polymer matrix

.
73%
82%
73%
55%

average mix of manual and sem.-autarated iabor

18%
18%
18%
36%

Indicate the changes in labor hours which would result in building the

following aircraft as opposed to cnes made entirely of metal.

i

o | D

1.0 to 1.5 1.5 to' 2.0
Times More Hours

Times More Hours

A flghter aircraft with 50% or more compos:.tes and at: least 50% of

composites are complex m shape.

Enginearing Hours:
-Manufacturing Hours:
Tooling Hours: :
. Quality Assurance Hours:

HH

0 95

anposites are carplex in shape.

Engineering Hours:
Manufacturing .‘ours.
Tooling Hours:

Quality Assurance Hours:

cargo or tanker axrcraft with 50% or
08 of carpos:.ta are carplex in pe.

g

Engineering Hours: _
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

11

99

"'-H,'l’!‘

..L
9%

L D B
118 4% 45%
22%  78%

2%  78%

2% 8%

more campesites and at least
e

L.
11%

-2
45%

27%
36%
36%

44%

3%
- 33%

33%

More thari 2.0
Times More Hours

E
46%

73%

64%

64%

| bomber aircraft with 50% or more carpos:.tes and at least 50% of

-E.
45%

67%

67%

67%



10. A f:.ghter aircraft with 50% or more ccnpos:.tu and less than 50% of

camposites are complex in shape.
.&. D £
Engineering Hours: 20% 70% 10%
Manufacturing Hours: 82%  18%
Tooling Hours: 82% 18%
Quality Assurancs Hours: 27y 46% 27%

11. A bamber aircraft with 50% or more composites and less than 50% of
camposites are camplex in shape.

: £ D _E
Engineering Hours: , —_— 22% 56% 22%
Manufacturing Hours e 78% - 22%
Tooling Hours: 78% 22%
Quality Assurance Hours: 33 34% 33%

12. A cargo or tanker aircraft with 50% or more camwposites and less than
50% of camposites are complex in shape.

: S 2 ~E
Engineering Hours: 25% 75%
Manufacturing Hours: 100%
Tooling Hours: 100%

Quality Assurance Hours: 25% 63% 12%

13. A fighter aircraft with 25 to 50% carposites and at least 50% of
canposites are camplex in shape.

. L. L B
Engineering Hours: 37 63%
Manufacturing Hours: 89% 11%
Tooling Hours: 78% 22%

Quality Assurance Hours: 378 52% 113

14.. A boamber aircraft with 25 to 50% canposxte and at least 50% of
camwosites are carplex in shape

' _.SL L B
: Ehgmeerinq Hours — 50% 50% ‘
Manufacturing Hours: ‘ 100% ‘
Tooling Hours: — 88% 12%

' Quality Aasurance Hours: ' 50% 8%  12%

15. A cargo or ‘tanker aircraft with 25 to 50% camosites and at lea.st S0%
of cormposites are camplex in shape.

| £ D E
Engineering Hours: — 62%  38%
Manufacturing Hours: — 123 88%
Tooling Hours: — 12% 76% 12%

Cuality Assurance Hours: 63% 25% 12%

100



- 16. A f:.ghter aircraft with 25 to 50% composites and lws than 50% of

camposites are corplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

<

60%
10%
10%
50%

o E
0%
90%

90%

4% 108

17. A barber aircraft with 25 to 50% composites and less than 50% of

ccnpos:.ta are camwplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

<
63%

12%

2%

63%

L2 B
37%.
88%
88%
25% 12%

18. A cargo or tanker a:.rcraft with 25 to 50% ccmpos:.tes and less than 50%

of camposites are complex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

L.
75%

25%
12%
63%

- 25%
75%
88% :
- 25% 12%

19. A fighter a:.rcraft with less than 25% coarmposites and at least 50% of

cutpos:.ta are camplex in shape.

Engineering Hours.

. Manufacturing Hours:
Tooling .Hours:
Quality Assurance Hours:

~III,I

S
73%
30%
45%
55%

2 B
ls% 9%
60% 10%
46% 9%
36% 9% .

20. A barber aircraft with lm than 25% catposztu and at least 50% of

cmposztes are camplex in 3hape

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

Ihlll"

¢

e

78%
22%
45%
56%

D E
1% 1%
67% 1%
46%  11%
33% 11%

21. a cargo or tanker aircraft with less than 25% catposztes and ;t l'east

50% of camposites are camplex m shapp.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assiurance Hours:

1] 3
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45%
56%
56%

11% -+ 119%
46% 11%
33% 11%
33% 11%




22. A fighter aircraft with less than 25% composites and less than .
50% of composites are camplex in shape.

< D E

Ehgineering Hours: 82% 18%
Manufacturing Hours: 64% 36%
Tooling Hours: . —_ 7% 27%
Quality Assurance Hours: 4% 363

23. A bamber aircraft with less than 25% carcouta and less than 50% of
ccnposztn are carplex in shape.

S L DL _E
Engineering Hours: —_— 89% 11%
Manufacturing Hours: 67%. 33%
Tooling Hours: 78% 22%
Quality Assurance Hours: ____ - 673 33%

24.. A cargo or tanker aircraft with less than 25% camposites and less than
50% of coamposites are camplex in shape.
' L. D 5

Engineering Hours: . 89% 11%

Manufacturing Hours: 67% 33%
Tooling Hours: 78% 22%
Quality Assurance Hours: 67% 33%

NOTE: If possible, please provide a short explanation if your answer
differs significantly from the norm. This will increase the usefulness of
my research tremendously. Thank you
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- Rppendix E: Second Round Responses

For the questions below, results shown are the number of experts who
selected each response. o , : ,

c D

E_
1.0 to 1.5 1.5 to 2.0 More than 2.0
Times More Hours Times More Hours Times More Hours

1. Increasing the weight of camposites as a percentage of total wnit

~ weight.
_G... L _E.
Engineering Hours: 6 4 1
Manufacturing Hours: 2 8 1
Tooling Hours: 2 8 1l

Quality Assurance Hours: 1 10 E ' :

'2. Increasing the complexity of camposite shapes utilized in an

airframe.
<. ..12_ _E_
Engineering Hours: 2
- Manufacturing Hours: 1 7 3
Tooling Hours: 7 4
Quality Assurance Hours: 11 '
3. Increasing the percentage of load-beanng carposite parts.
L. QD E
Engineering Hours: 3 S 2
Manufacturing Hours: 2 6 2
Tooling Hours: 1 8 1l
Quality Assurance Hours: 1 8 1
equiring hand lay-up

4.  Increasing the percentage of camposites r
_ : -
9
1
2

Quality Assuranca Hours:

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours:

-
1
1

'wﬁqekv os 5#

L.
10
2
2
. 1l
5. Increasmq the size ot canposite pa:ts
L.
- 10
3
2
2
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C D E
1.0 to 1.5 1.5 to 2.0 More than 2.0
Times More Hours Times More Hours Times More Hours

6. Increasing the use of camposites for purposes of low

observability.
L. D _E
Engineering Hours: 1l 9 1l
Manufacturing Hours: 9 2
Tooling Hours: 9 2
Quality Assurance Hours: 10 1

7. A fighter aircraft w:l.th 50% or more camposites arxl at least 50% of
carposites are carwplex in shape.

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

<L D
2 5
1 3
1 6
Quality Assurance Hours: 2 6

Enyineering Hours:
Manufacturing Hours:
Tooling Hours:

£
4
7
4
3 .
8. A bamber aircraft with 50% or more camposites and at least 50% of
£
S
7
6
Quality Assurance Hours: 2 5

camnposites are cawplex in shape.
<
3 2
1 2
1l 3
3

9. A cargo or tanker aircraft with 50% or'mre' camposites and at least
50% of camposites are carplex in shape.

S ..D_ _E..
Engineering Hours: 4
Manufacturing Hours: 2
"Tooling Hours: 1l
Quality Assurance Hours: 2

(T V. S N V)
Wb oW

10. » ’iqhtar aircraft with 50% or more carpcaitcs and lass than S0% of
. = '*as are camwplex in shape.

Engineering Hours: 3
Manufacturing Hours: 1
Tooling Hours: 1.
Quality Assurance Hours: 2

™ 0 DO

11. A bamber aircraft with 50% or more catposxtes and less than 50% of
camposites are carplex in shape.

. . .1.
Engineering Hours: .3 6
Manufacturing Hours: 1l 8
Tooling Hours: 1 8
2 7

Qtnlity Assurance Hours:
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¢ D ‘ E
1.0 to 1.5 1.5 to 2.0 More than 2.0
Times More Hours Times More Hours Times More Hours

12. -2 mfgo or tanker aircraft with 50% or more camposites and less than
.50% of camposites are camwplex in shape.

. <L D _E
Engineering Hours: 3 5 1l
Manufacturing Hours: 2 7
Tooling Hours: 2 7
Quality Assurance Hours: 2 7

13. A fighter aircraft with 25 to 50% composites and at least 50% of
camposites are camplex in shape.
S .D_ _EL

Engineering Hours:
Manufacturing Hours:
Tooling Hours:

Quality Assurance Hours: '

W N W
@0 ® 3

14. A barber aircraft with 25 to 50% camposites and at least 50% of
calposztu are camwplex in shape.

L L. B
Engineering Hours:
Manufacturing Hours: 3
Tooling Hours: : 2
Quality Assurance Hours: 4

o030

15. A cargo or tanker aircraft with 25 to 50% composites and at least 50%
of composites are carplex in shape.

, <. 2 _E
Engineering Hours: 9
Manufacturing Hours: 3
Tooling Hours: 2.
. Quality Assurance Hours: 7

16. A fighter aircraft with 25 to 50% camposites and las than 50% of
'~ camposites are carplex in shape.

W3-

. = .12. ..L
Engineering Hours: 9
Manufacturing Hours: 4 7
Tooling Hours: ' 4 7
Quality. Assunnco Hours: 9 2

17. A bmbor aircratt with 28 to 508 composites and less than 50% of
carposites are corplex in shape. _

- L. .D.. i o1
Engineering Hours: 9 :
Manufacturing Hours: 6 4
Tooling Hours: 6 4
1

Quality Assurance Hcirs: 9
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C D E
1.0 to 1.5 1.5 to 2.0 More than 2.0
Times More Hours Times More Hours Times More Hours

18. A cargo or tanker aircraft with 25 to 50% composites and less than 50%
of camposites are carplex in shape.

<. D _E
Engineering Hours: 9 1
Manufacturing Hours: 7 3
Tooling Hours: 7 3
Quality Assurance Hours: 9 1l
19. A fighter aircraf: with less than 25% camposites and at least 50% of
carposites are camplex in shape. }
; ﬁ;_ D B

Engineering Hours:

Manufacturing Hours: 7 4
. Tooling Hours: : 9 2
Quality Assurance Hours: 10 1l

20. A bamber aircraft with less than 25% camposites and at least 50% of

carposites are carplex in shape.

<. XD E
Engineering Hours: 10

Manufacturing Hours: 6 4
Tocling Hours: 8 2
Quality Assurance Hours: 9 1

21. A cargo 6: tanker aircraft with less than 25% 'cc:':\:r.-.it:s and at least

S0% of camposites are camplex in shape,

< L. E.
Engineering Hours: 10
Manufacturing Hours: 7 3
Tooling Hours: ' 9 1
Quality Assurance Howrs: 10

22. A fighter aircraft with less than 25% composites and less than
50% of camposites are carplex in shape. .

< L. E
Engineering Hours: 11 )
Manufacturing Hours: 11
" Tooling Hours: C1l

Quality Assurance Hours: 11

23. A barmber aircraft with less than 25% composites and less than 50% of
. camposites are camplex in shape.

. : S 2 I
Engineering Hours: .10
Manufacturing Hours: 10
Tooling Hours: 10

' Quality Assurance Hours: | 10
106
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' C D E
1.0 to 1.5 _ 1.5 to 2.0 More than 2.0
Times More Hours Times More Hours Times More Hours

24. A cargo or tanker aircraft with less than 25% ccnpos:Ltes and less than
50% of composites are camplex in shape.

£ L2 ol
Engineering Hours: 10
Manufacturing Hours: 10
Tooling Hours: 10
Quality Assurance Hours: 10
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