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20. iterative fashion to support tradeoff studies during the preliminary design 
process. 

b.    The capability of accurately estimating total airframe costs in manhours and 
materials for selected design while retaining sensitivity to type of material and 
construction. 

The previous study provided these capabilities for empennage elements and demon- 
strated their feasibility in that context. 

During the initial phase of the current study, these capabilities have been extended 
to include the complete set of aerodynamic surfaces:   horizontal stabilizer, vertical 
stabilizer, canards treated as a stabilizer, and wings, including secondary struc- 
ture.   Primary emphasis has been given to the trade study estimating method, since 
the principal objective of the study is the support of tradeoff studies involving the 
selection of material and type of const.uction.   Tradeoff capability has been provided 
for a range of alternative structure and material combinations.   Cost data has been 
collected to establish baseline estimating reference values.   Methods for handling 
special structures and processes are given and demonstrated.   A technique for in- 
dependently assessing complexity factors has been developed and demonstrated. 
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A high degree of modularity is being sought in the development of estimating methods. 
The same cost estimating relationships are used in both methods for nonrecurring 
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tailed CERs of the trade study method may be substituted in the framework provided 
by the system costing method. 

The final phase of the study will complete the extension of the method to the remain- 
ing elements of basis structure.   In addition, advanced structures and materials will 
be investigated, the system costing method will be elaborated, an integrated computer 
program will be developed, and the overall method will be demonstrated. 
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SECTION I 

INTRODUCTION 

This is a study to develop preliminary design level techniques for estimating the cost 
of flight vehicle structures in a way that provides sensitivity to the structural concepts 
and materials used.   Two techniques, or capabilities, are involved: 

a. The ability to generate relative costs of different airframe structures to bapport 
the introduction of cost into tradeoff studies involved in the design process, 

b. The ability to estimate accurately total airframe costs in terms of manhours and 
materials for system study purposes. 

The first estimating method produces what is referred to in this study as trade costs. 
This method requires the development of a technique that allows the designer to com- 
pare competing designs on a relative cost basis where the relative cost of each design 
is accurately represented and the inputs required for cost estimating are within the 
data base normally generated during preliminary design.   The second estimating 
method produces what is referred to as system study costs.   It requires the develop- 
ment of a technique that is also sensitive to design concepts and materials and that 
also supports estimating on an absolute cost basis for designs chosen for inclusion in 
system concepts studies. 

The current effort is an extension of the methodology developed under a previous Air 
Force contract and documented in Reference 1.   That contract resulted in the develop- 
ment of a methodology for airframe structural cost estimation and the demonstration 
of the method based on horizontal stabilizer examples.   The extension of the method en- 
compasses the remaining major items of the airframe basic structure;   i.e., vertical 
tail, wing, fuselage, landing gear, and air induction/nacelle.   This report covers the 
effort on the wing, vertical stabilizer, and horizontal stabilizer, combined as to meth- 
odology under the classification of aerodynamic surfaces.   The final phase of the study 
will be devoted to the fuselage and remaining structural components, the system 
costing method, refinements for advanced materials and structural concepts, predesign 
applications, computer programming, and final demonstration. 

As the cost of building and operating aircraft increases,  it becomes increasingly im- 
portant to have an accurate system cost estimate before committing to a final design. 

1.   R. E. Kenyon, "Techniques for Estimating Weapon System Structural Costs," 

AFFDL-TR-71-74, Final Report (Contract F33615-70-C-1340), April, 1972 
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Also, as the number of m aterials and s t ructural de s ign concepts applicable to fli ght 
vehicles increase, it becom es necessary to know the detailed relative costs of equal 
performance designs , so that the impact of design options can be assessed. Past ex
perience and a review of available literature describing current estimating methods 
reveal major deficiencies in these methods with respect to: (1) oversimplification of 
cost models and t he lack of depth of analysis r equired to evaluate cost s ensitivity to 
design tradeoff choices in terms of construction methods and s t ructural material , and 
(2} over -reliance on weight estimates as a single cost-dr iving variable and espe cially 
ignoring the discontinuity in the cost-·'U/eight r e lationship brought about by the advent of 
increasingly exotic materials a d fabrication complexities that can cr eate an inverse 
cost-weight relationship . Each of these shortcomings has contributed to the cost 
estimator's difficultie s in responding to the r equirements for costing new airframe 
designs and for providing inputs to the designer in a design tradeoff process. 

1.1 STUDY OBJECTIVES 

The specific objectives of this phase of the study were: 

a. To extend the trade study costing method to the r emaining e lements of the aer o
dynamic surfaces; i.e., the vertical stabilizer , canards, ar.d the ,'Yings. 

I 

b. To initiate the extension of the trade study cost estimating method for fuselages , 
nacelles , and air induction syste m . 

c. To initiate an updat. "g of the method to consider advanced structun~s and 

comoosite materials. 

d. To provide a computeri zed module for aerodynamic st.:rfaces that is compatible 
with the final cost model . The model will interface with supporting structural 
synthesis and weigh~ estimating programs to provide a prelimina ry design 
level technique for estimating the cost of aerodynamic surface structural com
ponents . 

e . T0 extend the system costing method to the vert ical stabilizer. canards. and 
wings. 

1. 2 SCOPE AND LIMITATIONS 

A subset of cost categories with which the study was to be concerned was defined out of 
a total se t of weapon syste m cost categories. The major cost categorie s inc luded non
recurring design and development, r ecurring des ign a nd development, and r ecurring 
production. These categories wer e further broken down in a conventional manne r . A 
typical s et o~ total syste m costs was a nalyzed a nd categorized into: 

a. Costs excluded from the airframe ; i.e. , avionic s and propulsion. 

2 
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b.        Costs excluded on the basis that they are identified to the total vehicle and not 
relatable to the airframe, such i s aircraft flight tests. 

- 

c.       The remaining costs that are the subject of study. 

The study has carried forward the idea of two different time frames with respect to the 
availability of cost data.   This concept of availability is referred to as limited data 
estimation and unlimited data estimation.   Limited data is that which ie reasonably 
available at the present time.   Unlimited data is that which can reasonably be made 
available in a future time period. 

A limited literature survey of specific references has been accomplished during these 
studies to investigate representative estimating approaches as an aid in developing 
cost estimating relationship forms.   This survey has been augmented by continuing 
Convair Aerospace Division research programs to develop unique methods for estimat- 
ing cost tradeoff penalties and payoffs.   This research has been devoted to (1) identify- 
ing cost-related variables, (2) development of structural and weight analysis tools, and 
(3) developing the groundwork for the application of these tools to the analysis of costs. 

Primary emphasis has been given to the trade study cost method, inasmuch as the 
principal objective of the study is to support tradeoff studies in system design to answer 
specific questions regarding selection of type of material and construction.   Tradeoff 
capability has been provided for a range of alternative structure and material combina- 
tions based on the present analytic capability of the multistation structural synthesis 
program used.   These combinations are first categorized by basic aircraft structural 
concepts:   skin stringer or multirib type applicable to a wide range of aircraft having 
moderate spsed and load factor requirements;   multispar structure that characterizes 
the high-speed, high-load factor;   and full-depth sandwich, which is usually confined 
to very thin surfaces such as tails.   The primary elements of substructure;   that is, 
ribs, spars, and covers, are further categorized by basic types of construction. 
Methods and examples are given for aluminum, titanium, steel and composites. 
Methods for special structures and bonding of structure are given and demonstrated. 

The trade study cost method uses weight and dimensional data obtained from a multi- 
station structural synthesis program as the primary cost-related variables in the cost 
estimating relationships.   The structural synthesis program provides stress and 
dimensional analyses of structural components and weight data in accordance with in- 
put choices of type of structure and material and provides the basis for interrelating 
the results of these analyses with cost.   The structural synthesis program is in turn 
driven by a vehicle synthesis program, with the result that a preliminary design study 
loop can be operated to evaluate the impact of airframe configuration changes generated 
by variations in performance requirements. 
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Estimating techniques are updated by a plan covering incorporation of new materials 
and concepts, labor and material price changes, an expanded treatment of composite 
materials, and the impact of new aerodynamics on construction methods.   Design 
studies seem to show that, at least for the next generation of aircraft, composites 
will not be used exclusively for all components of the aircraft, but will be used for 
individual parts on a selective basis.   This estimating method is well suited to cost 
the partial applications of composites believed to be typical and has been shown to be 
feasible at a detailed level of analysis.   The method is, of course, not yet fully devel- 
oped but provides a sound basis for systematic enlargement to provide the analyst with 
the detailed insights for effective cost analysis. 

1.3 BACKGROUND 

The present contract is a follow-on to Air Force Contract F3.3615-70-C-1340 spon- 
sored by the Structures Division of the Flight Dynamics Laboratory.   This study 
included the investigation of representative approaches to cost estimating as they are 
described in the available literature, the conception and evaluation of new approaches, 
the final selection of an approach for each of the two required types of estimating, and 
the development of the selected approaches to the point that their feasibility could be 
demonstrated.    The methods developed are eclectic in that they combine elements of 
each of the basic estimating methods that can be categorized from the literature; i.e., 
the industrial engineering approach,   statistical estimation,   and estimating by 
analogs. 

The feasibility study was followed by a second contract, which is currently in progress. 
The follow-on study provides for extending the trade study cost estimating techniques 
from the horizontal stabilizer to the entire basic structure.   The results and findings 
of the first phase are being combined with the results of the additional research and 
study to produce an expanded and updated estimating system.    The initial estimating 
techniques were demonstrated using the horizontal stabilizer for evaluation purposes. 
Additional test cases have been run, based on all elements of the aerodynamic sur- 
faces.   Additional demonstrations based on fuselage and nacelle components and a 
final demonstration based on all elements are planned later in the study. 

It should be noted that different areas of cost are covered by each estimating method 
and also that different levels of detail are involved.   Trade study costs cover only that 
part of the airframe referred to as basic structure [i.e., wing, tail, fuselage, nacelles, 
air induction, landing gear), whereas system costs include, in addition, aircraft sub- 
systems except for propulsion and avionics.   This distinction applies to each cost 
category:   nonrecurring first unit, and recurring, both development and production. 
In terms of level of detail, both methods use the same cost estimating relationships 
for nonrecurring costs, but for first unit and recurring costs, the trade study method 
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generally follows the AN 9102 weight statement form, while system costs generally 
follow the AN 9103 level of detail.   A high degree of modularity is achieved by using 
the detailed CERs of the trade study method for costing airframe basic structure when 
adequate input data is available.   Alternative CERs are available at the wing, tail, and 
fuselage level for system costing, however, when the detailed inputs required by the 
trade study method are lacking. 

1.4     ORGANIZATION OF THE REPORT 

This interim report is presented in four volumes.   Volume 1 includes the introduction; 
a discussion of cost methods research and development;   conclusions and recommenda- 
tions from the research, operation of the methods and from other study results;   and 
appropriate appendixes.   Volume 2 consists of a description and discussion of the de- 
velopment and integration of supporting programs:   multistation structural synthesis 
programs, secondary structure synthesis, and weight estimating methods.   Volume 3 
contains the cost and technical data used in the development and verification of the cost 
methods.   Data is organized according to cost estimating method.   Cost trend data is 
included representing various summaries of cost made available as a basis for system 
cost level comparisons.   Volume 4 consists of an estimating techniques handook for 
both estimating methods and a user's guide to the computerized programs. 
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COST METHODS RESEARCH AND DEVELOPMENT 

This section of the report describes the continuing cost methods research and develop- 
ment involved in extending the cost estimating capability beyond the horizontal stabilizer 
to the remaining aerodynamic surface structural components.   The starting point for 
the effort was the initial estimating methods us described in Reference 1.    During 
the study improvements in these methods were made.   A limited review of the 
literature preceded the development of the expanded trade study cost estimating 
method. 

2.1   LITERATURE REVIEW UPDATE 

For the initial study, a review of cost-estimating literature was based on specific 
references cited by the study contract.    Cost-estimating approaches were investigated 
to determine forms and requirements of typical CERs as background for an approach 
to the development of the estimating methods.   The additional review of subsequent 
publications is the subject of this section. 

The literature review concentrated primarily on specialized studies related to struc- 
tural concepts, the impact of alternative material use, cost data, and manufacturing 
methods.    Reports on more general cost subjects have been reviewed, however, in 
connection with system cost estimating data and methods. 

Reference 2, by Fetter and Stalmack, describes the general tactical support aircraft 
cost model used by ASD to estimate the cost of proposed new tactical aircraft systems. 
A CER is described for first unit airframe cost, where airframe is defined in the 
system-level sense.   It is derived by regression analysis using AMPR weight as the 
single cost-related variable.   Factors are applied to account for V/STOL, titanium 
use, and the use of other nonstandard material.   These factors form the basis for 
giving effect to alternative types of material and construction.   The report also con- 
tains various estimating factors that will be used to provide comparative data in the 
later study of system costing. 

Donn Fetter and David Stolmaek, "Tactical Support Aircraft Cost Model," 
Report ASB68-5, March 19ß8. 

Preceding page blank 
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Reference 3, a study by Stolmack, develops two estimating relationships:   one for 
development program airframes and the other for production program airframes, 
which result in estimating factors that can be applied to standard airframe CERs to 
evaluate the cost delta attributable to the use of titanium.     The relationships are 
based on a consideration of fabrication labor, material, assembly labor, and other 
costs. 

Labor and material cost mixes by major component and by labor operation and 
material category are developed and factored according to the complexity associated 
with the percentage of titanium used.   Th j method assumes that a given percentage 
of titanium in the AMPR weight results in a constant percentage of titanium in each of 
the major components.   Associated with this percentage is a percentage breakdown 
b}' labor operation, and this operation can be factored according to the type of material 
involved.   Points are plotted at the endpoints of the range of titanium/AMPR ratios 
(percentages) for each of the airframe major components, and a weightea average 
is taken to give two points that are used to develop the equation for labor complexity 
by titanium percentage.   The assumption of a constant ratio of titanium in a given 
AMPR percentage does not address the question that t! c AFFDL method seeks to 
answer:   What is the cost of varying mixes of type of construction and material ? 

Reference 4, NADC Report NADC-SD-6925, describes an approach to logistics 
support and operations costs based on the use of three separate models, VALUE, MCM, 
and SCORE.   The VALUE model simulates aircraft system operational activity, 
generating as output the maintenance requirements or demands of the total system 
and its parts.   The MCM model translates the maintenance material demands of an 
aircraft system, as generated by the VALUE model, into cost.   The SCORE model 
computes total cost of ownership (life cycle cost) for aircraft systems.   The estimating 
method is very detailed in the area of operating cost and very gross in the area of 
acquisition costs.   Airframe costs are estimated by a choice of either Rand, PRC or 
CNA methods.   These methods were reviewed in the previous study. 

Reference 5, NADC Report NADC-AW-6734, provides a conceptual description of the 
Navy SCORE model, illustrating the flexibility provided ... "in order that (1) full 
advantage can be taken of alternative cost estimating relationships and techniques, 
(2) sensitivity analyses can be performed, and (3) the consequences of different 
force level and design discussions can be assessed."   The model includes a force 
structure section as well as the cost section. 

3. David R, Stolmack,   "Titanium Cost Estimating Relationships," Report ASB 70-5, 
March 1970. 

4. "Techniques for Estimating Logistics Support and Operations Cost of Naval 
Airborne Weapon Systems," Naval Air Development Center, Report No. NADC- 
SD-6925, 30 April 1969. 

5. "SCORE (System Cost and Operational Resource Evaluator) Executive Routine: 
Phase I Report," Naval Air Development Center, Report No. NADC-AW-6734, 
30 November 1967. 8 

^Mi'Allifr-'*^'^^^ 



,^^JCr7W^7J^■»>^"■■, ",;' • :-'--i>-''-^--'--:-,^-'": ^.:nT^ffi??*,r?n:-;"-",^iv,-'rr''*'-^r'^''^13i'?^^^^T^1^ i-wR^mtrnvw® 

Reference 6 presents the results of a study to investigate the estimating accuracy of 
two different cost prediction procedures that predict the cost runout of a quantity of 
an aircraft of a new design given the first unit cost.   The two procedures were: (1) a 
single-slope log-linear unit cost-iuantity curve, and (2) a three-slope log-linear unit 
cost-quantity curve.   The second procedure represents a combination nf the Stanford 
"B" curve and the findings of Harold Asher of the tendency of the cost-quantit}' curve 
to flatten at around three-hundred units.   The first procedure reflects the application 
of a single curve as would be obtained from a standard set of learning-curve tables. 
The study found an insignificant difference in the predictive accuracy of the two 
methods and suggested that the difference that was found might be the effect of an 
additional factor, such as production rate for example. 

Reference 7 is a handbook produced in connection with an Air Force Material Labora- 
tory contract.   The machining data contained in this handbook is too detailed to be 
of significant use in this study.   Data is given for some thirty-seven different types 
of materials and twenty-four different machining operations.   Relative machining 
times for these oombinations of materials and machining processes are given. 

Reference 8 deals with a standard process of manufacturing cost estimating as 
would be used for commercial manufacturing.   It probably cannot be used directly 

in this study. 

Reference 9, by J. W. Noah, ^assifies, describes, and compares techniques used 
to summarize total costs as use^in system analysis.   Five cost summarization 
procedures are discussed:   Five-u^ar System Cost, Period Outlay, Net Cost, Present 
Cost, and Annual Cost.   Distinction^ \n method of summarising total costs arc not 
expected to be a factor in the requirecf ^pst estimating techniques. 

6. R. J. Reid, "Examination of Cost Proje^ou Accuracy Comparing Two Different 
Cost-Quantity Analysis Procedures," Rcs<r arch Paper, May 1972. 

7. Machining Data Handbook, 2nd Edition, Machiujjility Center, Mctail Research 
Associates, Inc., Cincinnati, Ohio, 45209, 1972  ühi'tiry of Congress Catalog 
Card No. 66-60051. 

8. Ivan R. Vernon, "Realistic Cost Estimating for Manu fa taring," Ed., 1968, 
Society of Manufactui'ing Engineers, Dept. PS70-0C, 2050^ Ford Road, Dearborn, 
Michigan, 48128. 

9. J. W. Noah, "Concepts and Techniques for Summarizing Defcnst. System Costs," 
Center for Naval Analyses, Washington, D. C. , SEG RD In.   AD 6^47. 
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Reference 10, by Yates et al, deals with techniques for estimating uncci'taintics.   It 
is postulated that when cost estimates are made for a weapon system far in advance 
of the actual development, large uncertainties are created.   It states that when these 
uncertainties cannot be eliminated, it becomes desirable to estimate them also. 

The treatment of the problem is to regard the cost estimates for the various elements 
of cost as random variables and to determine their distribution    If this is done, 
then in principle, the distribution of total cost can be found.   The cost estimate can 
then be formulated in such terms as, "The total cost will be between A and B with 
probability P."   It is not proposed that this procedure can be applied in an exact 
form, since t bution of costs are not in general available.   However, an 
approximate a lay yield estimates of cost uncertainty that are more meaning- 
fur than the altei        /e:   stating simple upper and lower bounds.   Cost estimating 
errors arising from system components not foreseen in the estimate and changes in 
system specifications after the estimate are not considered. 

Reference 11 is a report representing the input data of some 70 participants repre- 
senting key management and technical specialists from 25 industrial firms and 
several Air Force organizations who met during the week of 28 August 1972 at the 
Sagamore Conference Center, Sagamore, New York.   This study sought to define 
the cost of major airframe/propulsion structural components, to determine the best 
approach to cost reduction, and to define specific activities to demonstrate cost 
saving approaches.    Data is presented that shows the relative magnitude of various 
functional costs; i.e. , detail fabrication, assembly and material procurement; the 
relationship of cost between structural components; the costs of detailed parts; and 
an assessment of factors having the greatest influence on cost. 

10. E. H. Yates, H. M. Stanfield and D. K. Nance, "A Method for Deriving Confi- 
dence Estimates in Cost Analysis,"   Defense Research Corp, Santa Barbara, 
Calif., 1966, Technical Memorandum 231, AD 811 034. 

11. "Summary of Air Force/Industry Manufacturing Cost Reduction Study, " 
28 August -1 September 1972, AFML-TM-LT-73-1, January 1973, Manufacturing 
Technology Division, AFML, AFSC, WPAFB, Ohio, 45433. 
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Reference 12 is the result of a NASA contract to p- nlucc a summarization of key 
technical, schedule, and cost data for the B-5H weapon system.    Cost data is broken 
down to the aircraft subsystem level of detail and will be used in the development of 
the system costing method. 

Reference 13 is the result of an update by Rand of previously developed cost-estimating 
relationships for aircraft airframes.   Estimating techniques are provided for costs 
related to aircraft airframes for prototype, development, and production program 
phases.   Cost categories covered include engineering labor an*   cost, development 
support, flight test operations, tooling hours and cost,  manufacturing labor and cost, 
quality control, and material.   Costs are estimated parametrically, solely in terms 
of the following variables:   AMPR weight, speed, quantity produced, and production 
rate. 

2.2    THE TRADE STUDY OF COST ESTIMATfNC METHOD EOH AERODYNAMIC 
STRUCTURES 

The study reported in Reference 1 resulted in the development of a basic trade study 
cost estimating approach that was applied and demonstrated on the horizontal 
stabilizer.   This method has been expanded and revised to some extent, resulting 
in a set of estimating techniques for use on the aerodynamic surfaces.   A summary 
of the current estimating approach is given in the following section.   This may be 
compared to the preliminary version described in Reference 1. 

2.2.1    SUMMARY OF THE AERODYNAMIC SURFACES TRADE STUDY COST 
ESTIMATING METHOD.   The unique aspect of this cost estimating method lies in 
its capability to analyze cost variations attributable to changes in the type of con- 
struction and material in an iterative manner to provide information feedback into a 
design tradeoff process as the basis fov cost-oriented structural design decisions. 
The tradeoff capability is further enhan.-c I by the use of a unique coupling of synthesis 
programs to provide for tradeoff and sensitivity studies involving vehicle sizing and 
performance, and for more rigorous cost-risk assessment, than is possible with 
other estimating methods.   The methodology is also unique in the level of detail to 
which hardware costs are broken down.   A separate later and material unit cost is 

12. "B-58 Aircraft Cost Study for NASA, Manned Spacecraft Center," General 
Dynamics/Convair Aerospace Division (FWO), Report FZM-öiKM-l, dated 
May 1972. 

13. G, S. Levcnson, et al, "Cost-Kstimatinu, Relationships for Aircraft Airframes, 
The Rand Corporation,     R-701-PR (Abridged),   February 1!)72. 

1 1 

itäVäüeUA m mmäm mm&a tfA»^ÄaÄ<Ä,äi:^iKÄB«a«isM« 



api^$W3S^fr.V ^T.;:,- p i rj^-^^^S^B^^^'-'F^^'TT^f jj ■           j   / .'■   $$$%ßgl&&B^ ii-..;- ■ . ■;;■- ■■-.:- -i.-.v-i   .-■■;.',■. 

produced for the ribs, spars^ and covers of the wing structural box, and for the lead- 
ing edges, trailing edges, tips, hinges, doors, actuator attachments, pivots and folds, 
center section, fairings, and elevators.   An example of the level of estimating detail 
in terms of actual structure can be seen in Figure 1.   An illustration of the types of 
ribs and covers that the method is capable of evaluating is shown in Figures 2 and 3. 
An example for spars would be similar.   The methodology provides for the alterna- 
tive consideration of various types of materials.   In terms of the capability of the 
structural synthesis program and the development of cost estimating factors, these are: 

a. Aluminum. 

b. Titantium. 

c. Low and high carbon steel. 

d. Various composites. 

The cost output format of the existing program is shown in Figure 4.   This printout 
illustrates the concept of first unit cost introduced at the airframe basic structure 
level as a means of estimating hardware manufacturing costs.   Cost estimating 
relationships to synthesize a manufacturing first-unit cost were developed for 
individual structural elements as indicated by the "Flyaway First Unit Cost," printout 
pages 2 and 3. 

A general flow diagram of the present method is shown in Figure 5.   The method can 
be divided into four major segments;   the costs estimated, cost estimating relation- 
ships used for these estimates, inputs required by these relationships, and sources 
of these inputs.   One or more CER is required for each of the costs displayed in 
Figure 4.   Each of the CERs may in tui'n require from one to several inputs. 

Ik, 
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Figure 6.   Inputs to Trade Cost Estimating Method 

As shown 'n a simplified manner in Figure 6, inputs are obtained primarily from 
complexity factor tables and vehicle and structural synthesis programs.   The inputs 
not so provided are obtained from sources such as program plans (development and 
production hardware quantities, test program hardware requirements, and production 
schedules and rates) and statistical data (learning curves, labor rates, scaling 
factors); a very few are based on judgment.   Figure 6 also illustrates a categorization 
of cost estimating relationships.   Basic structure includes the CERs for conventional 
metallic structures.   The special structure category includes special estimating 
relationships for structural features that are estimated using relationships designed for 
that feature.   Examples are:  full-depth sandwich, sandwich skin, high-lift devices, 
bonding processes.   Composite parts are also separately estimated with the CEHs 
used being' similar to the other two categories but using coefficients and estimating 
factors based on historical data for composite materials. 

Examples of typical cost estimating relationships are shown in Table 1.   Only first- 
unit cost CERs are represented.   These illustrate the combination of structural 
synthesis and complexity factor data.   Weights data are obtained from the structural 
synthesis, and the indicated complexity factors are obtained from complexity factor 
tables, whose development is explained in section 2. 2.4. 3.    The derivation of CER 
coefficients, such as E and WHp, is explained in section 2.2.4.4. 

The use of complexity factor tables provides a powerful tool for systematically 
dealing with changes in design concepts associated with alternative types of materials 
and construction. 

The types of input supplied by the vehicle and structural synthesis are indicated in 
Figure 7.   A general description of the supporting synthesis program is given in 
section 2. 2.2.   A more complete description of these programs appear ■ in Volume 2. 
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VEHICLE CER INPUTS 

DETAILWEIGHTS 

DISSIMILAR PARTS 

AMPR WEIGHTS 

AREAS 

LENGTHS 

PERIMETERS 

NO. OF PARTS 

JOINT THICKNESS 

SYNTHESIS 

' ' 

STRUCTURAL 
SYNTHESIS 

TRANSLATION 
CALCULATIONS 

Figure 7.   Synthesis Data Used in CERs 

The existing synthesis program provides the capability for analyzing combinations of 
configurations as listed in Table 2. 

Table 2.   Configuration Combination Feasibility 

.; 

i 

BASIC STRUCTURAL CONCEPTS 

Skin Stringer Full-Depth 
STRUCTURAL COMPONENTS (Multirib) Mult i spar Sardwieh 

Covers 

Built-up Skin-Stringer X 
Integral Skin-Stringer X 
Machined Plate X 
Sheet X X 

Spars 

Corrugated W"b X 
Built-up Web/Stiffener X 
Integral Web/Stiffener X X 
Built-up Truss X 
integral Truss X                            1              X 
Sheet Web X 

Ribs 

Corrugated Web X 
Built-up Web/Stiffener X 
Integral Web/Stiffener X X 
Built-up Truss X 
Integral Truss X X 
Sheet Web X 
Core X 
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The following sections discuss the interrelationship and development of the principal 
features of this estimating method. 

2.2.2    INTERFACE WITH SUPPORTING DESIGN SYNTHESIS PROGRAMS.   The trade 
study cost estimating method relies on the output of various design synthesis programs 
(vehicle synthesis, primary structure synthesis, the secondary structure synthesis, 
as well as the weight estimating procedures embodied in weight correlation factors and 
the so-called penalty method of weight estimating. Reference 14) when operating in an 
iterative mode for preliminary design trade studies.   Although it can be used for a 
single point-design estimate using manually derived inputs, the basic costing concept 
requires an interface with computerized design synthesis programs for design inputs. 

Structural synthesis is a way of satisfying the design problem of defining a piece of 
structure that fulfills requirements of strength, geometry and other criteria.   It com- 
bines material properties, structural analysis techniques, and loading environments 
to produce a consistent design.   The interface between the cost estimating procedures 
and the design synthesis is depicted in Figure 8.   The structural synthesis replaces 
hand calculations with an automated series of logical steps.   It offers advantages in 
solution speed and accuracy.   Mathematical optimization techniques have been incor- 
porated that are untractable by hand calculations. 

A multi-station synthesis approach is used for aerodynamic surfaces, including wings 
other than deltas, and for simple fuselages.   Design synthesis proceeds systematically 
from root to tip, in discrete steps, usually at a rib location, in a two-phase system. 
In the first phase of the synthesis process, a set of initial member size estimates is 
analyzed. 

Margins of safety are computed.   Thickness variables of all elements are adjusted by 
iterative steps until each element has a zero margin of safety or until a minimum 
gage constraint is encountered.   The second phase seeks to maximize margins of 
safety by refinement of element geometry while holding structural weight constant. 
When this has been accomplished, the design is recycled through phase one to further 
refine structural weight.   This logic is repeated until satisfactory convergence is 
obtained.   Margin of safety minimization, rather than weight minimization, in the 
second phase permits use of unconstrained function optimization methods. 

14,   H. L. Roland and R. E. Neben, "Aircraft Structural Weight-Estimating 
Methods," General Dynamics Report, ERR-FW-242, 15 September 1964. 
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An accurate represenfcition of geometry is permitted by defining discrete nodes on the 
contour of the surface.   The calculation of internal loads distribution is improved 
over previous programs by incorporation of methodology for analysis of a multi-cell 
box beam.   Complex bending, shear and torsional loads may be applied.   Axial loads 
and shear flows are computed for each node point and panel.   Beams are limited to a 
maximum of four cells. 

The discrete nodes used in defining the contours are also used as elemental centers 
of mass.   A spinoff of this modeling scheme is the ability to represent surfaces usin/ 
the dated constructional mode of concentrating the bending material in the spar capß 

/ 

/ 

The muuie of the element determines the failure modes that receive investigati/m 
Typically gross stress, buckling and crippling checks are appropriate.   Dim 
constraints may also be viewed as failure modes and geometric margins of/Safety 
may be computed. / 

/ 

Flight safety criteria other than static strength are also considered.   Zioro-elastic 
phenomena may be investigated to determine flutter and divergence speeds.   Review 
of structural integrity for a given service loading environment can .öe accomplished 
by safe-life, failsafe, or fatigue analysis.   These routines and checks are informative 
in nature and do not initiate a redesign cycle, but serve as flags/that a design decision 
is required.   Decisions such as material change, criteria revision, mission revision, 
etc. are typically considered at this point in design evolution!'.   Each of the flight 
safety studies requires the attention of specialists in those/disciplines, hence the 
checks should be considered as indicative rather than dewnitive. 

The multistation structural synthesis program lias bt^n modified to add a weight 
estimating capability for primary structure for use/m the aerodynamic surfaces 
module.   Weight correlation factors are used in ti/e methodology as illustrated 
in Figure 8,   References 15 and 16 provide a complete description of the multi- 
station structural synthesis program development, 

/ 

15. Larry M, Peterson, "Multiple StatiMl Structural Synthesis for Lifting Surfaces, " 
General Dynamics Report, GDCA-E/RR-1732, November, 1972. 

/ 
16. Gary S. Kruse and Larry M. Peterson, "Automated Structural Sizing 

Techniques for Aircraft and Aerospace Vehicle Structures," General Dynamics 
Report, GDCA-ERR-1748, December, 1972. 
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y ■ Development work is currently underway to adapt finite element synthesis methods 
for use in conjunction with cost estimating procedures for delta wing aircraft such 
as the B-58 and for aircraft with complex fuselages such as the F-lllA.   Interface 
with the finite element method requires revisions in weight estimating methods and 
modifications to weight correlation factors.   The estimation of weight for secondary 
structure would be handled entirely by the penalty (statistical) method. 

Development is being undertaken to interface the APAS program with the cost estimating 
relationships that will be used for trade study cost estimates for the fuselage.   A 
subroutine will be developed to take available geometric information bo compute volume 
and weight of structural material.   Additional correlation factors will also be required 
to adjust the computed weight from a theoretical value to a representation of expected 
values.   Here again, the estimation of weight for secondary structure will be handled 
by the penalty method. 

Figure 9 is an expanded flow diagram showing the required inputs to the structural 
synthesis and secondary synthesis programs and the penalty weight estimating 
method.   The sets of inputs used in each method differ, however, and also differ 
according to structural elements. 

CANDIDATE 
CONCEPTS 

\ j 

VEHICLE 
|    SYNTHESIS 
|    SIZING 
|    WEIGHTS 

MATERIAL 
ALLOWABLES 

APAS ^ 

[ j 

DESIGN 
ANALYSIS AND 
3-VIEWS 

GEOMETRY 
SECONDARY 
STRUCTURE    j 
SYNTHESIS      j 

LOADS 

PENALTY       1 
METHOD 
WEIGHT          1 
ESTIMATING 

Figure 9.   Flow Diagram for Synthesis Program Inputs 
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2,2.3    COST DATA COLLECTION.   Availability of cost data has been a major consider- 
ation in this study.   A significant portion of the cost data collection effort has resulted 
from independent research, since the contractual effort was to be based on data already 
available to the study contractor where possible.  Collection of the very detailed cost 
data required, in conjunction with the derivation of baseline first-unit manufacturing 
CER coefficients, is being accomplished as a part of the contract. 

The total set of aircraft from which aerodynamic surfaces cost data has been or is 
being collected and analyzed consists of the following aircraft. 

f..   F-111A wing, horizontal stabilizer and vertical stabilizer. 

b. B-58 empennage. 

c. C-5A empennage. 

d.   C141A empennage. 

e.   B-52 outer wing panel and vertical fin. 

f.   Convair Aerospace proposed VSX, VFX and A-X aircraft. 

g.   Convair Aerospace Model 880. 

h.   F-106. 

F-102. 

j.   NavyA-5A. 

k.   Navy T-2A. 

1.   Advanced fighter wing box. 

Cost data has been found available at widely different levels of detail from program to 
program.   An objective of the study was to make this level consistent with the CER 
structure, which varies according to the cost being estimated (Figure 4). 
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In the case of f'.rst-uiiit cost, the cost estimating method has been modified in con- 
sideration cf jost data availability.   Insufficient data was available to support a 
statistical approach.   The method selected requires a minimum of one actual data 
point per CER for calibrating a structure of relative industrial engineering estimates. 
Additional data points are, however, useful and desirable to evaluate estimated 
relative costs.   In the case of the nonrecurring cost categories, cost data is being 
collected at the subsystem level of detail.   Recurring costs at present follow the 
nonrecurring level, although consideration is being given to a lower level; i.e., 
comparable to first-unit cost. 

Construction and material types represented by the aircraft reviewed have been 
determined.   Trble 3 gives these results related to the horizontal stabilizer.   These 
have been invef tigated further and a complete set of results is shown in Appendix A. 
This information illustrates the limitations of a methodology relying solely on histor- 
ical data.   Existing aircraft are somewhat repetitive in their use of material/con- 
struction types.   Estimating new types of construction and materials requires a 
process capable of looking into the requirements of new features in terms of their 
inpact on functional procedures; i.e., manufacturing, quality control, tooling, etc. 

A complete summary of cost data collected is given in Volume 3, including the data 
previously collected for the horizontal and vertical stabilizer for the feasibility 
study added to the wing data. 

Table 3.   Construction Types Represented by Cost Data 

Ajrcraft Sldns Hihs                                                    Spurs 

C-141   Horizontal Stabilizor Built-up skin stringer Built-up und integral IruHS Built-up web stiffener 

C-141   Vertical Stabilizer Built-up skin stringer Bmll-upand integral truss Built-up and integral truss 
S'icet web 

C-5A   Horizontal Stabilizer Integral skin stringer Built-up truss Buill-'ip well stiffener 

C-5A   Vertical Stabilizer Integral skin stringer Built-up truss Built-up web stiffene.' 

F-UIA   Horizontal Stabilizer Machined plate Honeycomb core Integral web stiffener 
(Conventional) 

F-IHA   Horizontal Stabilizer Sheet Integral web stiffencr Sheet web 
(Boron) honeycomb core 

V^SX Sheet Built-up web stiliener Built-up web stiffener 

AX Machined plate Built-up web stiffVner Built-up web stiffener 

VFX Integral skin stringer Sheet web and integral 
web stiffener 

Sheet web 

B-52 Outer Wing Panel Machined plate Built-up web stiffener Built-up truss 

880/990 Horizontal Stabilizer Built-up sheet stringer Built-up truss Binli-up web stiffener 

LIT Sheet Sheet web Integral web stiffener 

F-Ul    Vertical Fin Machined plate Integral web stiffener and 
integral truss 

Integral web stiffener 
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2.2.4   DERIVATION OF COST ESTIMATING RELATIONSHIPS.   A series of CERs has 
been created to provide the individual cost estimates required in the breakout of cost 
portrayed by Figure 4.   The complete set for the trade study cost estimating method 
is shown in Appendix B, iicluding both first unit, nonrecurring, and recurring cost 
estimating relationships,   li.e following discussion of CER derivation is oriented to 
the cost breakout shown in Figu-e 4. 

2.2.4.1   Nonrecurring Design and l>velopment Costs.   CERs are required for non- 
recurring costs associated with basic airframe structures.   This category, as in the 
previous study, has been defined on the basis of CIR cost elements.   The treatment of 
CIR elements in this study is illustrated in Table 4.   One CER is provided for each 
element defined to include all nonrecurring costs.   The level of breakdown used within 
the WBS dimension; i.e. , the hardware level of indenture, is the structural component 
subassembly level, in this case the major aerodynamic surfaces components:   wing, 
horizontal stabilizer, vertical stabilizer, or canard treated as a horizontal stabilizer. 
This is the minimum level considered feasible for nonrecurring costs because of cost 
data availability and tne nature of these activities. 

The resulting list of CERs for nonrecurring costs is as follows: 

CER  ELEMENT NONRECURRING TASK DESCRIPTION 

Engineering direct labor hours 

Engineering material and other 

Tooling direct labor hours 

Tooling material and other 

Quality Control direct labor hours 

Manufacturing direct labor hours 

Basic design and development for the struc- 
tural subassembly, design through first 
flight, related design support and sub- 
assembly integration. 

Development material in direct support of 
design and development. 

Basic tooling, detail and assembly, for the 
horizontal stabilizer, including tool engi- 
neering, tool manufacturing, manufacturing 
aids, and manufacturing development. 

Material required in direct support of the 
tooling program. 

Quality control associated with prototypes 
or HDT&E test articles and nonrecurring 
production start-up costs excluding static 
and fatigue test articles. 

Manufacture of test hardware, special test 
equipment and direct support of basic en- 
gineering and basic tooling, excluding static 
and fatigue test articles. 
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Table 4.   Treatment of CIR Elements 

MIL-STD CIR Elements Study CIR Elements 

Engineering 

Direct Labor Hours 1) Direct Labor Hours 

Dixect Labor Dollars 1 
Overhead 2) Hi reel Labor Cost 

Materials 
3) Engr. Material and Other 

Other Direct Charges 

Toni inrr 

Direct Labor Hours 

Direct Labor Dollars 

Overhead 

Materials 

Other Direct Charges 

Quality Control 

Direct Labor Hours 

Direct Labor Dollars 

Overhead 

Other Direct Charges 

Manufacturing 

Direct Labor Hours 

Direct Labor Dollars 

Overhead 

Materials 

Other Direct Charges 

Purchased Equipment 

Material Overhead 

Other Items 

G &A 

Fee or Profit 

■1)      Direct  Labor llour.s 

i)       Direct Labor Cost 

6)     Tooling Material and Othei 

7)    Direct Labor Hours 

8)     Direct Labor Costs 

9)     Direct Labor Hours 

10)     Direct Labor Cost 

1 1)     Mfg.  Material and Other 

12)     Other Costs 

13)    Lee or Profit 
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Manufacturing material and other Material required for test hardware manu- 
facture, and vendor and subcontractor de- 
sign, development and production start-up. 

Other costs Various overhead factors and miscellaneous. 

Fee or profit Allowance for fee or profit. 

The list of CERs also includes Engineering, Tooling, Quality Control, and Manufac- 
turing direct labor cost that as CERs are simply the application of labor rates to the 
direct labor hours, except in the case of Quality Control, which also covers other 
direct charges.   Static and fatigue testing has been omitted from trade costing con- 
sideration because test articles and the testing itself are related to the total airframe 
and any cost breakdown would have to be on an arbitrary basis. 

Cost estimating is accomplished by dividing the elements of cost into two types ac- 
cording to whether they represent primary costs or cost-on-cost relationships. 
Primary cost elements consist of: 

a. Engineering direct labor hours. 

b. Tooling direct labor hours. 

Each of the remaining CERs is defined as cost-on-costs against the above.   Thus 
engineering material is a factor of engineering direct labor hours.   Tooling material 
is a factor of tooling direct labor hours.   Quality control direct labor hours are a 
factor of manufacturing direct labor hours.    Other costs and the profit element are 
estimated as factors against various subtotals of these elements.   Manufacturing 
direct labor hours and manufacturing material and other hours used during the non- 
recurring development are combined into a category called manufacturing support 
hours and material, which is estimated as a cost-on-cost against engineering direct 
labor hours.   Developing an estimating technique for nonrecurring costs then required 
developing CERs for the primary cost elements and the appropriate cost-on-cost 
factors for the other elements. 

The overall framework of nonrecurring cost estimating remains the same as devel- 
oped under the previous study.   Changes have been made to the individual CERsa 

however. 

Engineering Direct Labor Hours.   The CER for engineering direct labor for trade 
studies is being revised to replace dissimilar parts as the cost related parameter. 
Correlation between engineering direct labor hours and number of dissimilar parts 
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has not been clearly established.   A lack of correlation has been noted in new and 
advanced structures.   AMPR weight is being used instead as the primary cost driver 
with the approach to derivation as described below: 

Engineering direct labor is considered to be made up of the following components: 

a. Basic Structure Design Engineering, 

b. Configuration Design Engineering. 

c. Equipment Design. 

d. Vehicle Integration. 

e. Weapon System Design and Integration. 

f. Ground and Flight Test. 

Basic Structure Design Engineering comprises the detail design of the elements of 
basic structure plus such supporting activities as lines and lofting, checking, stress, 
weights, and value engineering as they relate to the element of basic structure.   Con- 
figuration  design engineering includes support engineering consisting of preliminary 
design, aerodynamics, dynamics, and thermodynamics activity relatable to structure. 
Equipment design relates to the design and development of aircraft subsystems.   Ve- 
hicle integration covers the activities dealing with integrating the design and selection 
of engine, avionics, and armament components.   Weapon system integration relates 
to integration and design of the support subsystems of the weapon system:   data, 
spares, support equipment, training equipment, personnel, etc.   Ground and flight 
test covers test planning, instrumentation, testing, data reduction and analysis, re- 
porting, and test support related to test programs. 

Only the first three categories are considered in this study, since the last three each 
involves consideration of engines, avionics and armament.   The first two are treated 
as part of the trade study cost method.   The third category will be treated later as 

■part of the system cost method. 

Basic structure design engineering is estimated by basic structure component, i.e. , 
wing, empennage, fuselage.   Horizontal and vertical stabilizers have been combined 
inasmuch as historical data is not separated.   Basic structure design engineering 
CERs in    derived from data shown in Figures 10, 11, and 12.   A CER of the form. 
Y = ax^ is assumed based on other research studies.   A series of CERs is derived 
for fighters and transports for each structural component.   The resulting CER co- 
efficients are summarized in Figure 13. 
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Figure 13.    Engineering CER Coefficients 

The input value to be used for "a" can be interpolated from Figures 10, 11, and 12.   As 
additional data is accumulated, it may be possible Lo develop a relationship for "a". 
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The difference between airframe and basic structure represents configuration design 
engineering hours as follows: 

Aircraft 

Model 880 

Hours 

153,000 

Percent of Basic 
Structure Design Hours 

12.0 

F-106 131,900 12.1 

F-lll 243,000 15.1 

Additional data is needed to generalize the value of this factor, although a fairly con- 
sistent ratio to basic structure design hours is indicated.   The complete CER then 
becomes: 

Fighters and transports: 

Basic structure design engineering (Y) = ax (1) 

Configuration design engineering hours = YF (2) 

where F is a percentage on the order of 12 to 15 percent. 

Tooling Direct Labor Hours.   Tooling was defined to comprise a number of subtasks 
including tool planning and design, basic tool manufacture, manufacturing aids, manu- 
facturing development, and packaging engineering.   The nonrecurring category is de- 
fined to encompass both basic and rate tool engineering and manufacture.   Total tooling 
is built up from an estimate of basic tool manufacturing direct labor hours.   Basic tool 
engineering is estimated as a factor of basic tool manufacturing, and rate tool engi- 
neering is a factor of rate tool manufacturing.   Rate tool manufacturing is estimated 
from basic tool manufacturing according to required production rate.   Tool material, 
manufacturing aids, and manufacturing development are estimated as factors of tool 
manufacturing hours,   Basic tool manufacturing labor is thus the underlying relation- 
ship.   It is expressed by the CER derived during the previous study. 

The starting point for the derivation was the accumulation of available basic tool manu- 
facturing hour» data and data on other characteristics believed to be related to cost. 
These data are shown in Table 5.   Basic tool manufacturing hours are defined as those 
required to produce a complete set of tools adequate to accomplish the manufacturing 
process.   It is assumed that this set of tools will be capable of supporting a production 
rate of from one to three units per month.   Rate tooling is defined as the tool provi- 
sioning required to increase the production rate capability to a given rate.   Under the 
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Table 5.   Tooling Cost Comparisons 

AMIMi Diss. Tot. Tot. Av.  [It./ Tool 

IVü^nim Wl. Pints Parts Tls/Part Tools Tl. Mf«. Urs. T.E. r, 

A tU,H3H 10,785 1.51 25,4 00 29,6 751,734 10.3 

1! 21,073 22,000 '..51 33,200 31.0 1,029,820 

C 65,TOO 51,000 1,77 90,181 50.2 4,526,110 

D a?,130 00,154 45.0 2,986,930 24.9 

E 12,07-1 13,615 2 .02 30,191 58.0 2,099,772 23.6 

F 15, Oil7 18,106 2.31 42,060 55.7 2,341,320 

G 32,S30 35,860 1.44 51,751 40.6 2,100,000 

II 6,087 ■1,871 10,170 1.30 6,315 38.4 242,363 32.7 

I 11,839 6,077 9,916 1.72 10,439 41.4 432,059 33.8 

■' 

42,31)0 2-1,020 1.09 40,506 43.8 1 ,772,730 40.0 

40.0 

K 28,000 28,800 52,000 1.70 48,960 40.0 1,958,4 00 4 0.0 

40.0 

I, 18,20:) 10,70!) 1.30 14,569 31.8 559,440 33.0 

M 32, M8 22,711 2.34 53 ,000 71.0 3,775,000 

N 25,305 24,300 1.7 42,200 77.0 3,250,000 40.0 

0 33, 100 11,307 33,185 2. 13 24,174 55.0 1,314,467 36.0 

P 15,500 2,165,600 

first contract, plots of these data were made in various combinatK ns.   Total number 
of tools was plotted against AMPR weight and number of dissimilar parts on the as- 
sumption that average hours per tool value could be developed.   Average hours per 
tool evidenced a wide range of values.   Plots of tool manufacturing hours versus 
AMPR weight and versus number of dissimilar parts were also made.   The expres- 
sions for total number of tools run into the problem of the wide spread in the average 
hours per tool.   In lieu of using AMPR weight, a better statistical fit is obtained by 
using the number of dissimilar parts as the explanatory variable for total number of 
tools, but lack of meaningful average hours per tool precludes its use,   AMPR weight 
and number of dissimilar parts both turn out to be generally good predictors of tool 
manufacturing hours.   The stratification of the data is more easily explained, however, 
with AMPR weight as the cost related variable.   Costs are underestimated for modern 
aircraft on the basis of number of dissimilar parts.   For these reasons AMPR weight 
has been considered as the best predictor.   A plot against AMPR weight is shown in 
Figure 14.   AMPR weight also has an advantage in that it can be determined for indi- 
vidual hardware subcomponents. 

Two CERs have been created from the data:   one for subsonic and the other for super- 
sonic aircraft.    The method used is the same as for engineering direct labor hours. 
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Figure 14.   Tool Manufacturing Hours versus AMPR Weight 

The CER is expressed in equation form by transformation of the logarithmic linear 
equation of the form 

where 

log Y = log a + b log X, 

Y = Number of tool manufacturing hours 

X  = AMPR weight in pounds 

a   = Intercept value 

b   =  Slope of the curve, 

to a power equation of the form 

Y = aXb 

(3) 

(4) 
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The value of b is assumed to be the same for both equations.   Further, the value of b 
is so close to 1 that it can be arbitrarily set at that value.   Substituting in Equation 5 
by choosing a set of points along the curve fit line and solving for log a gives: 

Subsonic: 

loga=  700,000 - log 15,000 

and 

=  5.8451 - 4.1761 = 1.6690 

a =  46. 66; and the resulting CER is 

Y        = 46.7X,; (5) 

where 

b =1 

Supersonic; 

log a =  log 2,000,000 - log 15,000 

=  6.3010 - 4.1761 = 2.1249 

and 

a =  1.333; and the resulting CER is 

Y        =  133.3Xb (6) 

I 

where 

b        =  1 

Certain of the data points {C~141 and C-5 empennage,   and 1011 wing)  are for 
partial airframes.    In each case these fall below the estimating curve,   which is 
logical because there is a missing element of tooling associated with final assem- 
bly of the complete air frame.    The scale of "a" values encompassing the spread 
from 46.7 to 133.3 is accomplished against variable speeds and/or alternate types 
of construction using reference to design analogies.    A set of values that can be 
used as reference points is contained in Table 6.    Estimating factors in Table 6 i 
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Table 6.   Tool Manufacturing Hours Input Table - Subtable A 

CKR 
Variable 

Simplil'U'd 
Desipi ami 
Kill low-on 
Sul>:ionic 

Itegular 
Siiljsonic 

Complex 
Subsonic 

Siivpliried De- 
sign ami 
Follow-on 
Supersonic 

Regular 
Supersonic 

Complex 
Supersonic      | 

1     I iiput Value 
(CMT) J2. 0 ■17. 0 70. 0 100. 0 133.0 185.0 

Scaiing Exponent 
(C) 

1. 0 1. 0 1.0 1.0 1.0 1.0 

were based on Figure 14.   By  extrapolating the subsonic line in Figure 14 to intersect 
the ordinate line for a one-pound structure, a tool manufacturing hours-per-pound value 
of 47 is found.   This value is entered in Table 6 as a regular subsonic.   Similarly, the 
value of 133 hours per pound is found for entry under regular supersonic.   These 
values are considered statistical averages.   The other values in Table 6 aro inter- 
polations between these two points based on general consideration of the subject.   The 
distribution of the values in Table 6 is shown in Figure 15. 

The values shown are intended for application to a production program involving 50 or 
more aircraft.   Tooling for a prototype program to produce a few aircraft would be 
expected to be at least a category lower than the input for a production program. 
Values in Table 6 and Figure 14 are intended as guides to the cost analyst, and are 
subject to consideration peculiar to the aircraft design under study. 

The categories of aircraft tooling are discussed below starting with the simplified de- 
sign and follow-on subsonic category.   This would include aircraft designed to achieve 
simplicity of manufacture and aircraft that have undergone major modification where 
prior production has been achieved. 

The regular subsonic aircraft is typified by aircraft such as the 880 and C-141.   The 
747 and C-5 probably lean toward the complex subsonic because of size consideration. 
The regular supersonic aircraft would include military aircraft such as F-102, F-lll, 
B-58, and VF(X).   The simplified design and follow-on supersonic category would be 
considered relative to these.   The complex supersonic category would involve advanced 
state-of-the-art aircraft such as SR-71.   Estimates for this category are uncertain, 
and this is indicated by the shaded areas of 1 Igurc 15. 
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Because the scaling exponent found has a value of 1.0, values from Table 6 or inter- 
polations from Figure 14 may be applied to either whole aircraft structure or portions 
thereof.   It would be appropriate to use different values for different major parts of a 
structure;   i.e., a regular wing might be used with a complex fuselage.   Examples of 
input values from Table 6 for the test cases are shown in Appendix C.   The input sym- 
bol is CMT. 

Total nonrecurring tooling is defined as being made up of the following elements: 

a. Tool engineering— basic. 

b. Tool engineering— rate, 

c. Tool manufacturing—basic. 

d. Tool manufacturing— rate. 

e. Tool material. 

f. Manufacturing aids. 

g. Manufacturing development, 

h. Material handling and packaging engineering. 

Equations 5 and 6 are for basic tool manufacturing.   CERs for the remaining elements 
are developed from them as follows.   Supporting data and selection of input values for 
these CERs, and for engineering development material and quality control hours, is 
amplified in Volume IV. 

Rate Tool Manufacturing.   Basic tool manufacturing provides a complete set of manu- 
facturing tools assumed to be capable of supporting a manufacturing rate of approxi- 
mately three aircraft per month.   Rate tooling is defined as the tool provisioning re- 
quired to increase production capability to a required rate.   When expanding tooling 
capability from an initial base production rate of one per month, industry practice has 
been to assume that rate tooling increases tooling cost as a function of the square root 
of the production rate.   Th 3 exponent shown below in Equation 7 reflects a rate in- 
crease from the base of three per month. 

TR   =   TxR 0.3 (7) 
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where 

R 
-  Total tooling cost for a given production rate, R, in direct labor hours 

Basic tool manufacturing direct labor hours for a minimum production 
rate of three per month 

R =   Production rate to be estimated 

T-p basic tooling, is obtained by the CERs derived previously.    Tj^_^ is defined as the 
cost increment attributable to the increased rate and is given by: 

T     „=   T    -T   =T,R0-3-T   =T   (R0-3 - 1) 
R-l R       1       1 1       1 v ' (8) 

Basic Tool Engineering.   Table 5 gives the ratios of basic tool engineering to basic 
tool manufacture.   On the basis of this data, a percentage factor of 40 percent is de- 
rived as a factor for estimating T      , basic tool engineering direct labor hours. 
That is, 

TEB  =   0-4T1 (8) 

where T       is direct labor hours. 
EB 

Rate Tool Engineering.   Other historical data indicates that rate tool engineering can 
be estimated at 15 percent of rate tool manufacture (see Volume IV for data).   Then, 

T        =  F     T 
ER Tl   R-l 

(10) 

where T  „ is direct labor hours and F      =0.15 
ER Tl 

Tool Material — Nonrecurring.   Historical data indicates that nonrecurring tool ma- 
terial can be estimated at a rate of $1.35 per tool manufacturing hour, or, 

:        =  F      (T  ) 
M T2 x   K (H) 

where F      = $1.35      (In 1970 dollars.   Adjust by the term, 

y - 1970 
(1 • r) , where r    assumed inflation rate and y = year of the estimate.) 
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Manufacturing Aids (Plant Engineering).   The plant engineering function includes the 
tasks directly associated with the design, manufacture, and maintenance of special 
noncapital manufacturing aids such as holding cradle, work platforms, slings, load 
bars, transportation trailers, handling dollies, and access stands.   Experience indi- 
cates that on past aircraft programs plant engineering hours have ranged from 8 to 
15 percent of tool manufacturing hours.   The percentage is affected by assembly re- 
quirements and type of construction.   For the present phase of the study an average 
percentage of 12 percent is used.   Based on current experience, $2. 00 per plant en- 
gineering hour should be applied to cover material cost.   The resulting CERs are: 

a.       Plant Engineering direct labor hours 

MA 
+  F_ 

T3 R 
(12) 

where F = 0.12 
T3 

b.       Plant Engineering dollars 

T = T       x (labor rate + material factor) 
MAC MA    x 

where the material factor is $2.00/hr 

(13) 

Manufacturing Development.   Manufacturing development is estimated as a factor of 
tool manufacturing hours by the following CER: 

T        =  F      •   T 
MD T4        R 

(14) 

The factor Fj^ is approximately 2 percent.   By the nature of this task it is affected to 
a considerable extent by the introduction of new types of material and to a lesser extent 
by new types of construction.   Since manufacturing development cost is only a small 
fraction of total cost, an approximate percentage can be used. 

Material Handling and Packaging Engineering.   This function includes preparation of 
handling, packaging, and packing requirements;  application of vendor and subcontract 
packaging instructions; material flow analyses and preparation of charts required to 
establish handling methods and equipment; and preparation of packaging and packing 
instructions.   This task is such a small fraction of the manufacturing task that it is 
assumed to be included in that task. 

Manufacturing Support Hours and Material.   Nonrecurring manufacturing hours repre- 
sent the effort undertaken to support engineering during the development phase of an 
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aircraft program.   This development support cost includes manufacturing labor and 
material for such items as development test parts, test fixtures, mockup and models, 
test articles, less than complete test airframes, and other support activities.   It also 
includes manufacturing material and other costs made up primarily of vendor costs for 
development, test and production startup.   In the original structuring of CERs it was 
intended to have two separate CERs:   one for direct labor hours, and a second for 
material and other.   Insufficient data was available, however, for the CER derivation, 
and Rand's CER for a comparable category of cost described as development support 
was adopted.   The Rand approach has since been revised. Reference 13, and accord- 
ingly this CER becomes: 

Es      =   0.008325 (W^0-87^^'890^)0-346 
(15) 

where 

E        =  Development support cost in 1970 constant dollars 
o 

W       = AMPR weight (lb) 
A 

S        = Maximum speed (kt) at best altitude 

Q       =  Development quantity (number of flight test airframes) 

Cost-On-Cost Relationships.   The remaining cost-on-cost relationships consisting of 
engineering material and other, quality control direct labor hours, and other costs, 
are derived in the manner described below. 

Engineering Material and Other.   Based on historical data, this task can be estimated 
on the basis of the following CER: 

(Engrg. Matl. and Other) = (Engrg. D. L. Hrs.) (Engrg. Labor Rate) (F    )   (16) 

where 

F    , a percentage factor = 0.1 

This cost may not be significant in trade study costing, since no cost variation attrib- 
utable to type of material or type of construction was noted.   However, the percentage 
might increase for exotic materials, although additional data would be needed to de- 
velop an appropriate relationship. 
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Quality Control Direct Labor Hours.    This item is negligible in the nonrecurring cate- 
gory.   Support of manufacturing and tool inspection are both involved.    The following 
CER is used: 

QC hrs =(Engrg. D. L. Hrs.) (F    ) + (Tool Mfg. D.L. Hrs.) (F    ) (17) 
ql q2 

where 

F „   = percentage of Engrg. D.L. Hrs.   =  0.01 
ql 

F       = percentage of Tool Mfg. D.L. Hrs.   =   0.06 
q2 

Other Costs.   For trade cost purposes it is planned to ignore this cost category.   Its 
consideration will be required for system costing. 

Fee/Profit.   This category will not be considered for trade cost purposes, and will be 
optional for system costing. 

Direct Labor Costs.   These costs are estimated simply by the application of the ap- 
propriate composite labor rate and burden to the labor hours as shown below: 

Engineering Direct Labor Cost = (Engrg. D.L. Hrs.)x (Engrg. 
Composite rate) (18) 

Too) Engrg. & Tool Mfg. D. L. Cost = (Tool Engrg. Hrs. + Tool Mfg. 
Hrs.) x (Tooling composite rate) (19) 

QC Direct Labor Cost = (QC D.L. Hrs.) x (QC composite rate) (20) 

Mfg. Direct Labor Cost = (Mfg. D.L. Hrs.) x (Mfg. composite rate) (21) 

Tooling composite rate is an average rate taking into account both tool engineering and 
tool manufacturing. The QC composite rate takes into account the item of other direct 
charges when the rate is applied to production aircraft, but this will be disregarded in 
the nonrecui ring category. 

As shown in Figure 6, an attempt has been made to categorize input sources.   The 
factors and various labor rates used in the above relationships for nonrecurring costs 
are categorized as "other inputs".   The discussion of the source of these inputs is de- 
ferred to Volume IV, where it simultaneously serves as a part of the estimating hand- 
book. The category "other inputs" is associated almost entirely with nonrecurring 
costs. 
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2.2.4.2   Estimating First Unit Cost.    The estimates of first-unit hardware cost, as 
shown in Figure 4, are a means of estimating recurring hardware cost, both develop- 
ment and production.   Recurring costs are based on a cost-quantity projection of 
these firG*". unit costs.    The trade study method currently consists of projecting the 
summary level of data shown on page ;5 of Figure 4; however, consideration is being 
given to projecting each individual cost shown on page 2.   The system costing metliod 
uses the same first-unit cost convention with its own sot of options as to level of 
detail.    It will be noted on page 2 of Figure 4 that detailed fabrication labor, assembly 
labor, and manufacturing material are estimated separately.   Cost-quantity projec- 
tions can be much more precisely made with this as a minimum breakout as opposed 
to an aggregation resulting in total manufacturing dollars. 

The set of CERs used for aerodynamic surfaces, as shown in Appendix H, is compar- 
able to those developed under the previous contract for the horizontal stabilizer 
except for the following revisions: 

a. The CERs for rib, spar, and cover subassembly have been reduced to one CER 
each.    That is, center assembly and center-to-cap assembly have been com- 
bined in estimating rib and spar subassembly costs.   In the case of covers, 
stringer and doubler installation have been combined into a single cover sub- 
assembly CER. 

b. Separate CERs have been created for detailed fabrication hours and subassembly 
hours for items of secondary structure. 

c. Separate CERs have been created for manufacturing material costs for ribs, 
spars, covers, and items of secondary structure, and the breakout of material 
into structural and assembly material has been eliminated for these items. 

A, 
El/ 

d.       The cost of subassembly for primary structure elements is now estimated using 
weight as the primary cost-related variable instead of the parameters previously 
used:   area, perimeter, stringer frequency, thicknesses, and fastener types. 
These parameters are considered in the development of complexity factors. 
Detailed fabrication hours and manufacturing material continue to be estimated 
on the basis of weight. 

In the estimating method developed initially and tested for horizontal stalrli/.cr stmc- 
ture, assembly hours were estimated using a series of equations that represented a 
model of the activities occurring during manufacturing assembly.   Significant factors 
affecting assembly costs were analyzed and combined into recommended CERs.   The 
model of the manufacturing process assumed that those elements were assembled as 
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complete structures in two steps.   It was pointed out that a wide variety of assembly 
tasks could be involved in aircraft structure, depending upon the construction type. 
There can be a series of trusses to assemble to rails in the case of built-up truss 
construction, or buildup of sheet metal in the sheet web case, or almost no assembly 
at all in the case of integrally machined parts.   Therefore, it was clear that a CER 
for these assembly costs should have a cost factor reflecting construction-type cost 
influences.   Ribs and spars were considered as being of fairly similar structure con- 
sisting of caps attached to a rib or spar center, and the rib and spar assembly task 
was divided into two parts, including assembly of the rib center and the attachment 
of the rib center to the caps.   The descriptor rib center includes all kinds of centers 

such as built-up, truss, etc.   Two assumptions were made leading to the result that no 
assembly costs were estimated for rib or spar caps:   The first assumption that, while 
occasionally a clip or a doubler may be attached to a cap, these assembly costs on 
the average would be negligible and could be considered as part of rib center assembly 
cost, or rib center-to-cap assembly cost if there is no rib center assembly; the 
second that there would be no splices in the cap.   While spar cap splices were used 
in the design of older aircraft, none are expected in new designs of C-5A or smaller 
size horizontal stabilizers.   Therefore, spar or rib cap assembly costs were con- 
sidered negligible. 

The following two CERs for rib assembly tasks illustrate the method used: 

Rib Center Assembly Hours: 

b c 
H     =(RibAiea)    (Hours per unit area) (F)(F)(No. of ribs)    * (F ) 

i- L /Li O 

where 

b   =   Size scaling exponent 

F     = Factor for material selection 

2 

c 

p 

3 

-   Factor for fastener selection 

Commonality factor for quantity of ribs 

Spar type adjustment factor 
number of spars 

Area was chosen to represent the size function but required an exponent to change 
the rate of numerical increase because area is a square function, and c^sts would 
not be expected to increase at that rate. Hours per unit area provided hours as a 
function of construction type.   The material factor takes into account material type. 
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Fastener-tj^pe factors are needed to denote cost effects due to choice of fasteners. 
The number of ribs is modified by an exponential function to take account of a 
commonality effect.   This effect indicates that a reduction in cost nan be expected if 
there are a number of similar items to be manufactured as compared tc the situation 
where all items are widely different.   The number of spars, as modified by the 
exponent, is required only for the multispar case.   In a multispar design, ribs are 
divided into segments between the spars, thus increasing cost per rib.   The more 
spars, the more rib segments; therefore the more cost.   With only two spars, this 
factor equals 1.0. 

Rib center-to-rib cap assembly cost was assumed to be related to installing a series 
of fasteners around the perimeter of the rib center sections to attach the web to the 
cap.   The suggested CER was; 

Rib Center-to-Cap Assembly Hours: 

b c 
H      = (Rib perimeter)    (Hours per unit length) (F )(F )(No. of rib^. 

Here the perimeter of the center provides the size parameter, and in this case the 
exponent is provided to permit a change of slope as indicated from available data. 
Construction type has a similar impact as before, although the values associated with 
construction are different than those for rib center.   Material and fastener type fac- 
tors were developed from available data.   The number of ribs lias the same common- 
ality cost improvement prediction function as before. 

The complete rib assembly cost was: 

Rib assembly total = H   ■< H  . 

Two problems appear with this approach:   (1)   With the CER being an attempt to model 
the manufacturing process, it was subject to the vagaries of this process, and   (2) 
Estimating factors such as hours per unit area and hours per unit length were without 
precedent, and insufficient detailed cost data was availaM : for their development. 

The revised methodology that has been developed is illustrated by the following CER 
for rib assembly: 

WW    CM    + WW    CM    + WW    CM E 
WH   = 1 1 2 2 3 3_ 10 

4 WWm 
V      F4M       T 

(22) 
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WH     - Subassembly direct labor hours for wing ribs 
4 

WW    : Weight of wing ribs with complexity CM 
i "i 

CM.    = Complexity factor related to a given, material and construction 
technique 

WW 
T 

WW 
1 

WW WW 
3 

WII       ~ Subassembly hours per pound for baseline wing ribs 
F4 

E        = Weight scaling exponent 

The development of complexity factors and the derivation of baseline CER coefficients 
used in first-unit cost CERs will be covered in the two following sections.   The com- 
plexity factor is based on an assessment of the relative difference in cost due to 
differences in type of construction or material,   it takes into account the differences 
in manufacturing costs attributable to the various physical characteristics previously 
incorporated in the CER formulation.   It thereby provides a way of directly incor- 
porating the findings of industrial engineering, manufacturing development, value 
engineering, tooling, and producibility analyses of alternative manufacturing 
approaches without requiring a change in the form of the CER. 

These same types of analyses can be applied to composite materials and advanced 
structural concepts to evaluate their impact on cost. 

The baseline CER coefficients are derived from historical cost data to provide a 
reference for the complexity factor, relativistic structure.   A minimum need for 
cost data (one data point per CER) results from this approach.   Additional data 
affords improvement, however, in both the choice of i^eference point and in the added 
possibility for verification of the complexity factor structure. 

In the initial estirmn-ing method, detailed fabrication and subassembly hours were 
combined for items of secondary structure.   Separate CERs have now been created. 
The principal reason for the separation is to permit the use of individual cost-quantity 
projections in each case     Weight is used as the basic parameter in both cases, and 
there is no significant difference between the present and previous form of the CER. 
The previous CER is illustrated below and can be compared to those in Appendix B: 

H. '  (CM )(H        )(WW.. 
1 S      WW i 

1 

E 
(23) 
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H.       = Fabrication and assembly hours per pound for structural component 

CM     = Complexity factor for type of material and type of construction 
s 

WW.   = Weight of the structural element 

I-L = Hours per pound for a baseline case 

E Weight scaling exponent 

Separate CERs have been created for manufacturing material costs for each struc- 
tural element.   The past and present manufacturing material cost breakdown is 
listed below: 

Previous breakdown 

Primary box structural material cost 

Primary box assembly material cost 

Secondary box structural material cost 

Secondary box assembly material cost 

I 
■ Other structure material cost 

.■ I i 
Horizontal stablizer assembly material cost 

Present breakdown 

11 
Primary box structural material cost by element:   ribs, spars, covers 

Secondary structure material cost by element:   leading edge, trailing edge, tip, etc. 

Primary box assembly material cost:  wing, stabilizer, etc. 

Component assembly material cost:  wing, stabilizer, etc. 
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This treatment provides visibility for each individual structural element and permits 
trade study consideration of variation in the material used in these elements. 

The basic CER forms presently used are illustrated below: 

Element structural material 

WM    = WW   (RMC )(SF ) 
i i i       i 

(24) 

where 

WM.   = Material cost for primary and secondary structural element 

WW.   = Weight of finished structure 

RMC.   - Raw material cost per pound 

SF      = Scrappage factor 
i 

Primary box assembly material cost 

WA     =WH    (AMF )(FM ) (25) 

where 

WA     = Primary box assembly material cost 

WH     = Total assembly labor hours for primary box 

AMF     = Assembly material per labor hour 

FM     = Fastener type complexity factor 

Component assembly material cost 

WA2   - WH2 (AMF2) (FM2) (26) 
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where 

WA    = Component assembly material cost 

WH    = Total assembly hours for component (wing, etc.) 

AMF    = Assembly material per labor hour 

FM    = Fastener type complexity factor 

The discussion above also illustrates the elimination of the breakout of material into 
structural and assembly categories for detailed hardware elements.   Assembly 
material is, however, separately estimated for primary box and component-level 
assembly. 

The use of weight for estimating the cost of subassembly for primary structure ele- 
ments was discussed above in describing the first revisions to the method.   CERs 
have been formulated for detailed fabrication hours, assembly hours, and manufac- 
turing material for each of the elements of primary structure for wings, horizontal 
stabilizers, and vertical stabilitizers.   The complete set of CERs appears in Appen- 
dix B, numbered for correlation to the cost breakout.   A summary list of the first- 
unit cost CERs is given on page 50. 

In addition to the above revisions, the following changes are being evaluated for 
possible incorporation into the final method: 

a. Provision of capability for estimating alternative production quantities to the 
first-unit cost format and level of detail (shown by the first-unit cost printout 
in Figure 4). 

b. Use of discrete cost-quantity projections by structural elements within the 
fabrication, subassembly, material cost categories. 

c. Inclusion of an additional term in certain CERs to give consideration to internal 
structural commonality. 

d. Consideration of taper in the machining of parts in the development of com- 
plexity factors. 

The desirability of these features must be weighed against their cost in relation to 
other required tasks.   Each would add to the flexibility, responsiveness, and accuracy 
of the estimating method. 
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2.2.4.3   Development of Complexity Factors.   Complexity factors are used in the 
current methodology as a segment of an overall costing process.   The costing process 
can be thought of as having basically three inputs; viz., historical costs, projected 
costs, and some type of hardware definition.   These inputs interact within the costing 
methodology to produce a cost estimate.   Definition of the hardware has the element of 
size and complexity.   Defining these two elements is sufficient to provide a suitably 
unambiguous specification of the hardware.    The complexity of any piece of structure 
can be thought of as caused by the material and the type of construction used.    This 
complexity associated with a given material and construction technique can be sym- 
bolized by a numerical complexity factor.   The flow of this costing process and the 
interrelationships are shown in Figure Ifi. 

HISTORICAL 
COSTS 

HARDWARE 
DEFINITION 

1 
COST 
MODEL  [ 

COST 
ESTIMATE 

PROJECTED 
COSTS 

HARDWARE 
DEFINITION 

^^ 

SIZE COMPLEXITY 

CAN BE SYMBOLIZED 
BY NUMERICAL 
COMPLEXITY FACTOR' 

MATERIAL 

z^^ 
CONSTRUCTION 
TECHNIQUE 

Figure 16.   Costing Process 

The numerical complexity factors are developed from a detailed analysis of the candi- 
date structures and materials.   The first step in this process is the selection of a 
nominal structural element that provides a structural model of the manufacturing 
approaches. 

51 I 

^a*^.*,!. -^■■^^''^tif^^ate|l^te(iIai;-|lfif|| ^ 
^■«if-iiiliu«™.^V,.--.V^uii:-"■-.•_,■;■,-.'.■,■.■ „(•.•.,. ..:-. ^.J 



äpf*f^^ppfp^ ■,Vw*~r*™f 

A baseline with a reference complexity of one is then defined.   Other structural 
approaches using different materials and construction techniques are defined.   The 
manufacturing processes for both the baseline and alternate structures are then identi- 
fied and listed.   From both historical and projected labor data, hours can then be 
assigned to the various manufacturing processes.   This results in a number of hours 
being associated with each specific type of material and construction technique for the 
given nominal structural element. 

By dividing the number of hours for each material construction technique combination 
by the number of hours required for the baseline, we arrive at a complexity factor 
for each box of the material-construction technique matrix.   The flow of this process 
is shown in Figure 17.  An example of the completed material-construction technique 
matrix for rib detail fabrication is shown in Table 7.   A sample of the detailed esti- 
mates used to generate hour requirements for the different types of construction and 
material appears in Figure 18. 

NUMERICAL 
COMPLEXITY 
FACTOHS 

f 
COMI'AlllSON 
UK STRUCTUHAI. 
API'UOACIIKS TO 
HASH LINK 

HISTOHICAI 
LAIiCit 
DAT \ 

t 
PROJECTtCD 
LAUOH DATA 

- 1 
UJKNTIKICATION OK 
IIOl.'HS KKOrtKKI) 
KUH DIKKKKI NT 
STHLCTUKAl. 
Al'I'KDACIirS 

IIJKNTIKU'ATIUN (IK 
MUUIUi HlyllHKI) 
K( H U ASK LINK MISTOIUCAI. 

I.AUOU DATA 

t 
Di. KLMIION (IK 
MANUKACTCnm; 
1MUKTSS1 S 

1)1 KINITKlN OK 
WANl'KACTUIUNC 
I'KdCi SSIS 

.MATUUAI.S 

1)1  1 LNlTIHNllF 
STKITTniAI. 
AI'l'liOACilKS 

DIKLNKIKIN OK 

CUNSTOUCTION 
TIX'IIXKjn s 

—   L 

{ 
1 

_ 
NOMINAL STHrCTKHAl. 1 LI Ml.NT 

Figure 17.   Development of Complexity Factors 
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Table 7.   Complexity Factors for Rib 

Structural Material Construction Type 
Element Type 

Built-Up Integral 
CER Input Web Build-Up Sheet Corregated Web Integral 

Symbol Stlffenor Truss Web Web Stiffener Truss 

Ribs Aluminum 1.00 Ü.70 0.52 0.51 0.99 0.96 
Detail 
Fabrication Titanium 1.31 0.95 0.59 0.57 1.82 1.86 
CF 

Low Carbon 1.05 0.77 0.54 0.53 1.21 1.24 
Steel 

Stainless 1.56 1.'5 0.G4 0.62 2.48 2.54 
Steel 

The complete set of material-construction complexity factors developed for ribs, 
spars, and covers at the detail fabrication and subassembly level can be found in 
Volume IV. 

The ribs complexity factors are divided into twenty-four categories based on con- 
struction type and material.   The construction types covered are built-up web stiffener, 
built-up truss, sheet web, corregated web, integral web stiffener, and integral truss. 
The types of material covered are aluminum, titanium, low-carbon steel, and stainless 
steel. 

The spars complexity factors were also divided into the same twenty-four categories, 
based on construction type and material.   Covers were divided into sixteen different 
categories, based on construction type and material type.   The types of construction 
covered are built-up skin stringer, integral skin stringer, machined plate, and sheet. 
The types of material covered are aluminum, titanium, low carbon steel and stainless 
steel. 

For each type of construction, a sketch defined the specifics, such as number of rails 
web parts, number of machined surfaces, number of stiffeners, etc.   A nominal size 
was defined to make the different design approaches to ribs, spars, and covers com- 
parable on a complexity factor basis.   For each piece of detail structure, the manufac- 
turing operations were identified that are required to manufacture each piece.   These 
included such operations as those shown in Figure 18:  saw set up, edge burring, 
router set up, routing of cutouts, processing to specifications, identifying and inspect- 
ing, etc.   Where assembly was required, these operations were identified and included 
clamping in place, hole drilling, riveting, welding, identifying and inspecting, etc. 
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RIB BUILT-UP 
WEB STIFFENER 

Rib size = 48 x 12 x 2 in. 

Detail parts are rails (2), web (1 

Fabrication of rails (2) 
Setup saw 

Saw extrusion to length (2) 

Burr edges 

Setup router 

Route stringer cutouts 
Burr 

Set up rolls 

Roll form to contour 

Process to spec, (alodine) 

Prime surfaces 

Idcntifv & inspect 

Fabrication of web (1) 

Setup shear 

Shear part to width &; length (12 
Burr 

Route web to shear 
Burr 

Process to spec, (alodir.e 

Prime surfaces 

Identify &: inspect fabrication of 

Setup saw 

Saw extrusion (2 
Burr 

Setup rolls 

Roll form to contour 

Process to spec, (alodine 

Prime surfaces 

Identify & inspect 

Fabrication of intercostals (3) 
Setup saw 

Saw extrusion (!)) 
Burr 

Process to sper. (alodine) 

Prime surfaces 

Identify &: inspect 

Total detail Fabrication 

$ 

m 

i 

m 

Figure 18.   Detailed Industrial Engineering Estimates 
Factor Derivation 

for Complexity 
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Complexity factors for the secondary structure are in the process of development.   A 
somewhat different procedure is being used.   The major difference is that costs, as 
measured by hours, will be grouped into four major cost-driving categories; viz., 
fabrication, assembly, hole drilling and fastening.   Relative costs for these different 
categories, when different materials are used, will be determined and this data used 
to generate top-level complexity factors.   The types of material and types of structure 
to be explored for the various pieces of secondary structure are summarized as 

follows: 

Complexity Factor Matrices for Secondary Structure 

Leading Edge 

Material Type of Construction 
Built Up Sheet                        Layup 

Aluminum X 
Fiberglas X 
Boron Aluminum X 

Trailing Edge 

Material Type of Construction 
Built Up Sheet           Layup Honeycomb 

Sandwich 
Aluminum X X 
Fiberglas X 
Boron Aluminum X 
Graphite Epoxy X 

Ailerons 

Material Type of Construction 
Built Up Sheet       Honeycomb Machined 

A luminum X                           X X 
Boron Aluminum X 
Graphite Epoxy X 
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Fairings 

Material 
Built Up 

Aluminum X 
Fiberglas 
Boron Aluminum X 

Tips 

Material 
Built Uf 

Aluminum X 
Fiberglas 
Boron Aluminum X 

Spoilers 

Material 

Type of Qonstruction 
iheet Layup 

X 

Type of Construction 
he et Layup 

X 

Type of Construction 
Built Up Sheet Honeycomb 

Sandwich 

Aluminum 
Boron Aluminum 
Graphite Epoxy 

Wing Mounted Air Induction 

X 
X 

X 

X 

Machined 

Material 

Aluminum 
Stainless Steel 
Boron Aluminum 

Type of Construction 
Built Up Sheet Machined 

X 
X 
X 

X 
X 

High Lift Ducting 

Material 

Steel 
Titanium 

Type of Construction 
Formed Tubing 

X 
X 
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Slats 

Material Type of Construction 
Built Up Sheet Honeycomb    Machined 

Sandwich 

Aluminum X X 
Boron Aluminum X 
Graphite Epoxy X 

Hinges and Brackets 

Material Type of Construction 
Mach ined 

Aluminum X 
Steel X 

X 

Pivots and Folds 

Material Type of Construction 
Machined 

Steel 
Titanium 

X 
X 

Center Section 

Material Type of Construction 
Built Up Sheet Machined 

Aluminum 
Boron Aluminum 

X 
X 

X 

Other 

Material Type of Construction 
Built Up Sheet Machined 

Aluminum 
Titanium 
Steel 
Boron Aluminum 

X 
X 
X 
X 

X 
X 
X 
X 
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Flaps and Flaperons 

Material Type of Construction 
Built Up Sheet Honeycomb    Machined 

Sandwich 

Aluminum X                                X 
Boron Aluminum X 
Graphite Epoxy X 

Attachment Structure 

Material Type of Constnaction 
Machined 

Aluminum X 
Titanium X 
Steel X 

Access Doors, Frames and Landing Gear Doors 

Material Type of Construction 
Built Up Sheet                         Laj 

Aluminum X 
Fiberglas X 
Boron Aluminum X 

Elevators 

Material Type of Construction 
Built Up Sheet                         Laj 

Aluminum X 
Fiberglas * 
Boron Aluminum X 

Rudder 

Aluminum 
Fiberglas 
Boron Aluminum 

Type of Construction 
Built Up Sheet Layup 

X 

X 

:>s 
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2.2.4.4   Derivation of Basellnü CER Coefficients.   A summai'y of cost elements for 
which baseline coefficients were developed is shown in Figure 19.   Historical cost data 

FIRST UNIT COST 

STRUCTURAL QOX 
RIBS 
SPARS 
COVERS 

SECONDARY STRUCTURE 
LEADING EDGE 
TRAILING EDGE 
AILERONS 
FAIRINGS 
TIPS 
SPOILERS 
FLAPS *   FLAPERONS 
ATTACHMENT STRUCTURE 
ACCESS + OTHER DOORS 
AIR INDUCTION 
HIGH LIFT DUCTING 
3LATS 
HINGES, BRACKETS, SEALS 
PIVOTS *   FOLDS 
CENTER SECTION 
ELEVATORS 
BALANCE WEIGHTS 
RUDDER 
OTHER 

DETAIL FABRICATION 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

SUBASSEMBLY 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Figure 19.   Summary of CER Coefficients. 

was collected for each of the cost elements of the matrix.   This basu cost data was 
normalized, where appropriate, by making use of the complexity factors.   The c   r. 
struction and material type for each of the cost elements was identified and the appro- 
priate complexity factor divided into the baseline cost.   The effect of this procedure 
is to reduce all the data points to a common basis to which a complexity factor of one 
can be applied. 

;> 
■■ 

■ 

Once the normalized data for the cost elements has Ixvn plotted on log-log paper, the 
problem becomes one of simply determining the line thai can IK-SI represent the ad- 
justed data.   The two basic parameters define the CEH line:   the slope of the line and 
the intercept of the y axis where the value of the x axis (weight) is one pound.   Rased 
on a composite plot of all cost data and the results of previous research, in particular 
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References 17, 18, and 19, it was decided to use the equivalent of an 80 percent learn- 
ing curve as a constant slope (i.e., with slope defined in a cost-quantity progress con- 
text).   With the slope of the curves specified, each y intercept was determined by fitting 
the fixed slope line to the data available for each cost element.   A cost plot showing the 
technique for the rib detail fabrication is shown in Figure 20.   Back-up data charts for 
each of the CERs appear in Volume III. 

2.2.4.5  Recurring Costs.   Recurring costs related to airframe production are esti- 
mated in essentially the same manner for aerodynamic surfaces as that used for the 
horizontal stabilizer.   The two main subcategories previously used are retained: 

a. RDT&E recurring production. 

b. Procurement recurring production. 

For purposes of the estimating method, these are assumed to be continuous production 

lots, irrespective of procurement policies.   Specific program data would be needed to 
define the exact sequence of production for any other assumption.   For trade study 
relative costs, however, more exact treatment is not required.   The matrix of CERs 
used for both subcategories is shown in Table 8.   The individual CERs are described 
in the following discussion. 

Sustaining Engineering Hours. 
hours has the following form: 

The CER recommended for sustaining engineering 

ESUST - EH 

whe re 

N 

' ES ' 
N. -1 

L 1 
(27) 

EH        = Nonrecurring engineering direct labor hours 

= Number of airframes 

ES       = Scaling of sustaining engineering with quantity 

17. R.E. Kenyon and R.J. Reid, "Aircraft Cost Estimating Relationship Improve- 
ments, Construction and Material Effect and New Data, " GDC-ERR-1633, 
Convair Aerospace Division of General Dynamics, January 1972. 

18. Indices of Airplane Production Efficiency, Aircraft Resources Control Office, 
November, 1943. 

19. Space Transport System Cost Methodology, System Cost Office, The Aerospace 
Corporation, Contract No.  FO4701-70-C-0059, August, 1970 
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Figure 20.   Detail Fabrication Hours Versus Weight for Ribs 
with Complexity Factor normalized 

Table 8.   Recurring Airframe Production Costs 

RDTiE Articles       (Qty) lloura Dollars 

SustalninR Knginecrlng 

Sustaining Tooling 

nufacturing: Horiz. Vertical 
Stab. Stab. 

Detail Fal) Hours V. "i,,-. 
Assembly Hours 

»ASl "AS2 
Quality Control Horns - - 
Material and Other MM„. MM   „ 

Procurement Articles    (t^ty) 

Assembly Hours 

Quality Control Hours 

Molerial and Other 

Cl 

DF 

A.SI I 

MM 
Cll 

C2 

Sustaining Engineer ng 

Sustaining Tooling 

Manufacturing: Horiz. Vertical 
Stab. Slab. 

Detail Fab Hours 1>, ,. H 
DM: 

Asia 

MM 
LT2 

Wing Fuselage        Nacelle 

ASH 

MM, 
C3 

ASI3 

61 

DFI 

ASl 

Dl' 

ASf. 

MM. 
Ol 

MM, 

I'useh'ge        Nacelle Wing 

II II II 
hll.l Dill mir 

ASl I 

MM MM 
Cl 3 Cl ■! 

MM 
CIS 

SI 1ST 1 

Sl.'ST I 

DFS 

QC1 

srsT 

SI'ST 2 

A SSI' 

QC2 

SC I 

IIIC 

"ASC 
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MM cs 
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Where previously the sealing oi' horrs with quantity was a constant, it is now treated 
as a variable, thus allowing consideration of individual experiences. 

Sustaining engineering hours by RDT&E and procurement are obtained by apportioning 
■\hours to the corresponding production quantities as t'ollows. 

RDTShE Sustaining Engineering' Hours. Sustaining engineering hours for airframes 1 
through K«, where N is the cumulative number of prototype, static and fatigue test, 
and flightiest airframes in the RDT&E program, is given by: 

SUST 1 
EH N 

ES 
(28) 

where 

EH   -■   Nonrecurring engineering direct labor hours 

N,    -  Number of RDT&E airframes 

ES    -  Scaling of sustaining engineering with quantity 

Procurement Sustaining- Engineering Hours.   Sustaining enginaering hours for airframes 
beyond Ni through production quantity N2, where N2 includes "Ii, is given by: 

ESUST 2 = E"   N2 
ES ES 

(29) 

where 

N, Sum oi" RDT&E and procurement production quantities 

Sustaining' Engineering Labor Costs.    Labor cost for each of the two categories of sus- 
taining engineering are obtained simply by the application of the appropriate labor rate. 

Sustaining Tooling Hours.   An approach similar to sustaining engineering is used for 
estimating sustaining tooling hours.    The form of the CER is: 

T 

whe re 

SUST 

TS 

TU 

N TU - , 
i 

R        ET        MD 

(30) 

Scaling of sustaining tooling with quantity.     (Use TU 

(52 

14) 
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Sustaining tooling hours by RDT&E and procurement arc given by apportioning hours 
to the corresponding production quantities as follows: 

RDT&?: Sustaining Tooling Hours.   Sustaining tooling hours for airframes 1 through 
Nj where N1 is the number of airframes produced for the RDT&E program, is given 
by: 

j      TU 
TSUSTl=TsK       -1| (31) 

Procurement Sustaining Engineering Hours.   Sustaining tooling hours for airframes 
beyond N-. through pi^oductions quantity Mr, is given by: 

T = T 
SUST 2       S 

N. 
TU 

N. 
TU (32) 

Sustaining Tooling Labor Costs.   Labor cost for each of the two categories of sustain- 
ing tooling are obtained by the application of the appropriate labor rate. 

Manufacturing Hours.   Manufacturing hours associated with airframe production are 
estimated by means of standard learning curve theory using a Log-linear unit curve 
application such as shown in Reference 20.   Thus, costs for any given unit are given 
by: 

a x (33) 

where 

Yu   =   Cost of a given unit x 

a      =   Cost of the first unit 

x      =   Number of units 

logs 
log 2 

T   where s = learning curve percentage expressed as a fraction 

2ü.   CA. Batchelder, ct al., "An Introduction to Equipment Cost Estimating," RM- 
6103-SA, Rand Corp., December 1969. 
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The total cost for a given production quantity x is given by 

(34) 

Tn   =  a   S 
x=l 

and the cumulative average cost Yc of producing the first n units is given by Yc = Tn/n. 

The number one unit is considered to be the first RDT&E airframe, which may be a 
prototype.   The series of x units is counted from this unit, and RDT&E and procure- 
ment costs are identified by using the appropriate segments of the total cost 

summations.   These CERs are: 

RDT&E Manufacturing Hours 

/ Nl 
HDFi   =  (FUDFi) ( 1     NiK 

(35) 

where 

II 
DFi Total detailed fabrication hours for a quantity N   of a given basic 

structure component for RDT&E test hardware,   i = 1 for hori- 

zontal stabilizer, i = 2 for vertical stabilizer, etc. 

EU -    Total detailed fabrication first unit hours for a given basic struc- 

ture components, i.e., horizontal stabilizer, vertical stabilizer, 

wing, fuselage, nacelle. 
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This summation is accomplished twice:   once for detailed fabrication hours and once 
for assembly hours.    H        - Total ^sembly hours for the quantity N .    FU 

A ol 1 i\ o 

represents first unit assembly hours for basic structure components.    FUp^^, a^d 
FU      are obtained by summing the respective first unit labor estimating equations 
in Appendix B.   Using the wing as an example, 

FU 
DF 

The sum of Appendix B equations 1, 4, 7, 40, 42, 44, 46, 48,  50, 
52,  54,  56,  58, 60, 62, 64, 66, 68 and 70. 

Nl 
y 
C-t 

i=l 

K 
N: 

=    Production quantity with a learning function 

K     =      log PC.-       ,        ^      , . , ,    •      , 
 L , where PC- = learning curve expressed as a decimal 
log 2 fraction, and 

PC^   =      Learning curve decimal fraction for detailed fabrication hours. 

PC2    =      Learning curve decimal fraction for assembly hours. 

Procurexuent Manufacturing Hours 

H 
DFli 

: (FVi> 

,    N9 

\ i=Ni+l / 
=    Detail fab hours for Ng - N-. quantity (^6) 

H = (FU.0.) 
ASli ASi7 

N2 
K 

N,- 
i=N1+l 

Assembly hours for N« - N^ quantity. (.37) 

Manufacturing Labor Costs.   Labor costs for each of the two categories of manufac- 
turing are obtained by the application of the appropriate labor rate as follows: 

RDT&E Manufacturing Labor Costs 

Hpj-pp   =  HrypoX (Mfg. labor rate)   =  Detailed fab labor cost for RDT&E articles (IIB) 
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HDFS   ~  HDF1   +  H0F2   +  HDF3   +  HDF4   +  HDF5 (^) 

(i.e., summation of horizontal, vertical, wing, fuselage t'nd nacelle) 

H =   H 
ASC ASS x (Mfg. labor rate) = Assembly labor cost for RDT&E articles (40) 

where 

HASS   =  HAS1   +   HAS2   +  HAS3   +   HAS4   +  HAS5 (41) 

Procurement Manufacturing Labor Costs 

^'DFCP   
=  ^DFSP x (^B' l'^01' rate)   =    Detailed fab labor cost for 

procurement articles 
(42) 

where 

HDFSP   "   HDF11   +   llrwv?.   +  HDF13   +   HI)F14   '    HDFin DF13 (43) 

and 

HASCP   =  HASSP X ^g' labor rate) 
Assembly labor cost for 
procurement articles 

(44) 

where 

HASSP   +  "ASH   +   HAS12   +   "Asi3   +  HASi4   +   HAS15 
(45) 

Manufacturing Materials and Other.   These elements are estimated on the basis of 
the application of a learning curve to the estimated first unit cost in a manner similar 
to manufacturing using values for manufacturing material cost. 

RDT&E Manufacturing Materials and Other Costs 

MMCi   =  (HSJ)     N 
i = 1 

K (40) 

"VS    , W    , Fin, and N     in turn for each of the major components. 
IVI Al M 
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where 

MMCi 

MMQI 

MMQ2 

MM C3 

MMC4 

MMC5 

HS, 'M 

VS M 

w M 

F M 

N M 

K 

=      Dollar cost of manufacturing materials for the various structural 
components for RDT&E hardware 

= Horizontal stabilizer cost 

= Vertical stabilizer cost 

= Wing cost 

= Fuselage cost 

= Nacelle cost 

= First unit material cost for horizontal stabilizer 

= First unit material cost for vertical stabilizer 

= First unit material cost for wing 

= First unit material cost for fuselage 

= First unit material cost for nacelle 

= Material learning curve factor 

log PC3 

log 2 

and 

MM ̂ g     =      Total manufacturing material cost 

MMC1   +   MM        +  MMC3   +  MMC4   +  MMC5 

Procurement Manufacturing Materials and Other Costs 

MM Cli   ~  ^HSM) 

N2 

'M)     (    S 
K 

N; (47) 
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and 

MM „„p =      Total manufacturing material cost for procurement 
production articles 

MMr Cll   +   MMciS   +  MMri„   +  MM^,   +  MM C13 C14 C1E 

(Quality Control Hours.   Quality control hours are estimated for both RDT&E and 

procurement on the basis of a ratio between quality control and manufacturing hours 
for procurement productioL,   A separate ratio can be used for each. 

RDT&E Quality Control Hours 

H 
QC1   -  (HDFS  +  "AS^   

F10 (48) 

where 

H =   Quality control hours for RDT&E production units QC1 

F-.Q    =  Ratio between quality control and manufacturing hours 

Procurement Quality Control Hours 

HQC2    =   (HnVS-D    +   HAQC-n)    F 
QC2   "   ^DFSP   T ^ASSP,   ^11 

(49) 

where 

^OC2   "  Qu^i^y control hours for procurement production units 

F11      =   Ratio between quality control and manufacturing hours for 
procurement production 

Quality Control Labor Costs. Labor costs for each of the two categories of quality 
control are obtained by the application of appropriate labor rates. 
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2.2.5 COST ESTIMATING INPUTS.   The inputs required to generate first-unit costs 
for the exploratory wing, horizontal and vertical cases have been tabulated and appear 
in Appendix C.   These inputs cover the assessment of complexity factors for structure/ 
material types, baseline hours per pound costs for various pieces  of structure, weight 
scaling exponents, weights of specific structural components, detailed sizes and quan- 
tities determined by the structural synthesis program, and various detailed manufac- 
turing parameters. 

The inputs required to generate nonrecurring and recurring costs for the demonstra- 
tion cases have been tabulated and appear in the same Appendix.   These inputs cover 
design engineering, tool manufacturing, tool engineering, support, quality control, 
sustaining engineering, sustaining tooling, and manufacturing. 

The supporting data for th • generation of the required inputs appears in Volume IV, 
where the identification, source, and dclermination of required inputs are covered. 

2.2.6 TEST CASES.    Exploratory cases were run for the F-lll wing box, C-5A 
horizontal, F-lll vertical, AX wing, C-141 horizontal, and C-5 vertical box.   The 
results of these runs were compared with actual historical data, percentage differences 
computed, and the results tabulated in Table 9.   These cost comparisons include both 
manufacturing hours and material dollars. 

Table 9.   Exploratory Cases, First Unit Costs 

Manufact. Time Material Cost 

Actual       Estimated 
(hr) (hr) 

Actual       Estimated 
% Diff. ($) ($) % Diff. 

F-lll Wing Box      44,545 46,041 +3 52,749 45,814 -15 

C-5A Hor. 47,221 62,761 +33 83,473 101,489 +22 

F-lll Vert. 

AX Wing 

C-141 Hor. 

12,300 14,217 

49,833 42,305 

27,839 34,380 

C-5 Vert. Box 16.152 27,014 

+16 24,000 20,976 -12.7 

-15 76,660 32,904 -57 

+24 42,972 47,206 +10 

+71 85,500 60,902 -28.8 
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Nonrecurring costs for the F-lll wing, F-lll vertical, C-5 horizontal, and C-5 
vertical were estimated.    The cost elements covered were engineering design, tool 
engineering and manufacturing, materials, support, and quality control.   Where ap 
propriate, both hour and dollar values were developed.    The results of these runs 
appear in Table 10. 

Table 10.    Exploratory Cases, Nonrecurring Cost ($ Millions) 

Cost KU'im'iit 
F-lll Wins 

Hours 

I-"-lll Vmit-al C-5 Horizontal 

Hours S Hours S 

C-5 Vertical 

Hours 

KugitU'iTins Diri'i-t Labor Hours 

Kngint'cring MaU'rial 

Tool Manufai'luring Hours 

Tool üngini'eriag Hours 

Mfg.  Dovi'l.  & Want Engr.   Hours 

Tooling .Material & Other Dollars 

Manufaeluring Support Dollars 

Quality Control Hours 

2\2,'.W7          I.Sri'J :17,(illl li. 75.1 2fll,!>-i:i n.H.'IH 

I). Isii - ii. 075 - II. fis.'l 

l,081,(i7ll      .■In.'.IM l'i;,Ji;s J.7III 572,58(1 >S.i):!2 

I;2:;,:I7II     n.isi 55,502 II.H'.W 2111;.ii:i :i.c,m 

:III,I;:!1       11.51;;; ;i,525 u.iiriu 11,152 o.lt;:! 

1.1)81 - 11.171; - 11.572 

u.-isi; - 11.1175 - ii.5S:i 

2,-i:iii       II.II:)5 :i77 ii.uiiri :i7,27i o.S'ld 

2511, 2iiii        5. IS5 

ll.filS 

5115,.■il:l        7.882 

ls2,!liii        :i.2lll 

In, loll        11. M-! 

11.5115 

11.518 

.■12,911 0.477 

2.2.7    ESTIMATING SPECIAL STRUCTUHES AND PROCESSES.   The estimating 
framework previously discussed provides for estimating within the categories of con- 
struction and material types described thereby.   In actual practice, exceptions arc 
considered {0 be accounted for in the estimating factors used.   However, major ex- 
ceptions need to be separately analyzed; and because they arc exceptions, generalized 
method^ of estimating their cost arc not necessarily available.   Such an exception may 
thus require its own separate approach, although estimating' by analogy may offer a 
solution. 

The discussion in this section is a summarization of estimates made for the horizontal 
stabilizer.   An estimate made in conjunction with the Fort Worth Operations study of 
an advanced fighter wing box for AFFDL is a further illustration that is discussed in 
Section 2.4 on advanced structures. 

2.2.7.1   Full Depth Honeycomb Construction.   The method for estimating costs of 
those horizontal stabilizer parts that are of full depth heneycomb construction is to use 
a set of supplementary equations in addition to the basic set of equations for metal 
structures already described.   This approach is based on the idea that the cost of the 
hardware described by inputs to the basic equations is predicted properly, but when 
full depth honeycomb is used in part or in all of the structure, the additional costs 
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mn st bo predicted, und the use of supplementary equations is required.   Full depth 
honeycomb,   in this example, appears as a partial substitute for stringers and ribs, 
but a framework of conventional structure remains.   The basic equations predict an 
incomplete structural cost that must be augmented by the honeycomb-peculiar costs 
predicted by the supplementary equations.   The set of equations used covers the fol- 
lowing items: 

a.       Added Structural Box Cost: 

Detailed fabrication hours. 

Material cost. 

Assembly costs. 

b.       Added Cost in Other Structure: 

Labor hours. 

Material. 

Multiple equations are used in some cases.   In each case costs are additive to those 
obtained from the basic equation set. 

Added Structural Box Cost, Detailed Fabrication Hours.   This task consists of cutting 
the honeycomb core material to contour.   The equation is: 

Hours  = (No. of surfaces) [(fraction of box area using honeycomb) 
(box area)]" (machining labor factor) (material type factor) 

(50) 

Box area is available from an analysis of the output of the multistation structural 
synthesis program.   The fraction using honeycomb must be obtained from design in- 
formation.   The machining labor factor and the material type factor arc obtained from 
Table 11.   Area is scaled with the scaling exponent based on engineering judgment. 

Derivation of the machining labor hours per square foot factors in Table 11 is based on 
data from standard hour tables.   Consider first the machining of a single plane cut on 
full depth aluminum honeycomb material.   A flat plane cut oould be parallel to an 
existing surface or a bevel plane cut.    The factors to be considered are as follows: 

The original honeycomb raw stock must be stabilized before machining.    This can be 
accomplished by freezing into a block of ice.   This process plus setup on a milling 
machine and an allowance for checking is determined to be 0.0003 hour per square 
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Table 11.   Honeycomb Detail Fabrication Labor Factors 

Material Type 
Factor 

Single 
Plane 

(hr/ft2) 

2.335 

Machining Labor 

Multi Lands 
or Planes 
(hr/ft2) 

Contour to Com- 
pound Curve 

(hr/ft2) 

4.5 8.56 

Aluminum 1.0 

Titanium 

Steel 

Fibre Glass 

2.2 

1.8 

1.3 

Note:   If only one side of the core requires cutting, the machining labor factor is 
divided by two. 

inch.   The milling run factor is 0.0006 hour per square inch.   Thus (0.0003 + 0.0006) 
times 144 square inches per square foot, times 18 for first unit, yields 2.335 hours 
per square foot, which is the value in the first column of Table 11. 

In the same manner, a machining hours-per-squarc-foot factor is determined for a 
compound contour such as an aerodynamic surface.   This would normally imply an 
electronically controlled mill.   Cutting is slower because of smaller cutting tools and 
the frequent passes required to machine a smooth contour.    From standard hour 
tables, values of 0.0006 hour per square inch for setup, and 0.0027 hour per square 
inch for run time are found.   Thus (0.0006 + 0.0027) times 144, times 18, yields 8.56 
hours per square inch.    The 4.5 hour factor for multi-lands or planes is a judgment 
factor. 

The material type factor values of Table 11 are largely judgment values based on the 
ratios for regular machining of these materials. The resulting labor estimate is for 
one aerodynamic surface only and must be multiplied by two for a complete ship set. 

Material Cost.   The weight of honeycomb material is excluded from the calculations 
of the basic method, and the following equation is used to predict honeycomb material 
costs: 

Material cost   -   [(Structural box area) (average structural box thickness)] 
(Base 'lost per cubic ft.) (Material type factor) (51) 
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Base costs differ from catalog quotations due to inclusion of shipping, receiving, 
receiving inspection, and an allocation of inventory and material control costs. 
Volume is scaled by the exponent used in the basic method. Average structural box 
thickness is assumed to equal average spa'.- height times 1.2. The base cost for a 
one-cubic-foot aluminum core is taken at 3127.00. Factors for material type arc- 
shown in Table 12. 

Table 12.   Material Cost Factors for Different Honeycomb Core Materials 

Material 

Material Type Factor 

Aluminum 

1.0 

Titanium 

7.5 

Steel Fibre Glass 

15.75 

Note:   Welded titanium and stainless steel honeycomb core1 materials art- currently 
available only to about 2 inches in depth. 

Table 12 contains cost ratios for four types of materials.   These ratios are related 
to (he base costs of aluminum core rmtcrial at $127 per cubic foot.   The basis for 
this value is shown in Figure 21.    From a catalog of honeycomb prices, an average 
value of $1.80 per inch foot is f mnd, which includes a cutting and expanding charge. 
This value,  multiplied by 12 inches per cubic foot, yields an average vendor price of 
$22 per cubic foot.   To this is added a receiving and inventory ccst of $1 per pound, 
which is a value comparable to that used for other aluminum construction material. 
Using an average of 5.0 pounds per cubic foot gives an additional $20 per cubic foot. 
Thus $42 per cubic foot at the 100 cubic foot quantity becomes the reference value in 
Figure 21.   The exponential slope of the line shown is -.23.    This corresponds to 
the slope used for all first-unit quantity effects on other materials except the com- 
posite fabric materials. 

5 in jn    :;ii   In Tin Km 

grAXTlTV IIONI VCMMl'. (Il:;) 

Figure 21.    Aluminum Hoivycomb Costs per Cubic Foot 
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Assembly Costs.   This task is estimated in two steps.   First is the task of cleaning the 
covers and applying the adhesive over the honeycomb areas, which is considered to be 
a function of the area involved.   Next is the task of providing bonding at all of the 
perimeter butt and lap joints. 

Step 1.   Estimating added assembly labor as a function of area is accomplished as 
follows: 

Hours =  (No. of surfaces)  [(fraction of box area using full depth honeycomb) 
(structural box pku view area)]     (assembly labor per sq. ft.) 
(Material type factor). (52) 

Assembly is accomplished by bonding in the case of honeycomb, and value for cost per 
square foot is determined by accumulating standard hours for the surface bonding 
labor and multiplying by 144 sq. inches per sq. ft. and by 18 to convert to first unit 
cost. 

First unit check and cleaning 

Pre fit 

Apply adhesive 

Assemble 

Bag and press 

Cure and removal 

0. 0005 hr/sq. in, 

0. 0002 hr/sq.in. 

0.0008 hr/sq. in. 

0.0002 hr/sq. in. 

0. 0002 hr/sq.in. 

0.0002 hr/sq.in. 

Total 0.0021 hr/sq.in. 

Bonding labor factor per square foot = 0. 0021 x 144 x 18 = 5.44 hr/sq.  ft. 

Bonding labor changes when different materials are used.   Factors for some materials 
are shown in Table 13. 

Table 13.   Material Type Factor for Bonding Labor 

Bonding 
Labor Factor 

Aluminum Titanium 

1.0 1.3 

Steel 

1.3 

Fibre Glass 

1.0 
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Step 2.    Estimating added assembly labor as a function of perimeter is accomplished 
as follows: 

Hours =    (Box perimeter) (fraction of box area using full depth honeycomb) 
(labor cost per lineal foot) (material type factor). (53) 

A value for additional labor per foot of perimeter is determined by accumulating 
standard hours for bonding labor per inch, and multiplying by 12 inches per foot, 
and by 18 to convert to first unit cost. 

First unit check and cleaning 

Apply dou.jle sided bonding tape 
or adhesive past 

Trim excess adhesive after cure 

0,0005 hr/inch 

0.0OOS hr/inch 

O.OOOG hr/inch 

Total Ü.Ü019 

The added labor factor per lineal foot - 0. 0019 x 12 x 18 = 0.41 hour/foot.    Values 
for material type factor arc taken from Table 13. 

Added Cost in Other Structure.   The basic equation set predicts a standard cost 
for these components based on weight and kind of material.   No differentiation is 
made for construction type in the basic equation set.   Furthermore, detail fabrica- 
tion, subassembly, and assembly labor are not differentiated.   Two equations are 
described below to be used to estimate the labor and material cost differential due to 
use of honeycomb.   These two equations are recalculated each time for each com- 
ponent using full depth honeycomb construction. 

Labor Costs.   Hours "-(square feet of honeycomb used)       (No. of sides) {3.44 hours/ 
sq. ft + machining value from Table 10) (Material type factor). (54) 

The material type factor values are taken from Table 14. 

Table 14.    Material-Type Labor Factors for Other Struclun 

Other Structure 
Labor Factor 

Aluminum 

1.0 

Titanium 

1.7 

Steel 

l.C, 

Fibre Class 

1. 
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Material Costs.   Acklru muteritü dollars = [(square feet uf honeycomb) (widest depth)] Ll 

($73.(1 [HT ru,  ft.) (material tyjDe faetor). 

Tile material eost per eubie ft tactor has been reduced by $52 per pound because this 
equation adds to previous partially computed costs.   Material type factors are 
sideeted from Table 12. 

2.2.7.2   Other Special Structure.   Other items of structure to be investigated that 
miüiit be treated in a manner similar to the above arc: 

a. Fuel tanks. 

Sandwich skins. 

Ducting. 

d. Air induction. 

e. Landing gear provisioning. 

In the case of fuel tanks, an equation is needed to estimate the cost of those portions 
of the fuel tank that double as basic structure but that would not be required if fuel 
tanks were not located within the wing.   Sandwich skins, upon determination of 
suitable factors, can he handled in a manner analagous to honeycomb core.    Ducting 
would be separately costeel but as a part of the subsystem with which it is associated: 
propulsion,  flight control,  environmental control, etc.   Wing-mounted air induction 
interacts with the basic structure and must be analyzed in terms of tin' additional 
structural complexity that it introduces,    A wing-mounted landing gear is treated as 
a penalty reflected as added cost to the basic structure.    Estimating equations and 
the supporting estimating factors must be developed to support the above techniques. 
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2. 3 THE 'IRADE STUDY COST ESTIMATING METHOD FOR FUSELAGE AND 
OTHER BASIC S'IRUC TURE 

The next phase of the study deals with extending the tt·ade study cost estimating 
method to the fuRelage, nacelle, and landing gear. This s ection describes that 
extension in terms of progress to date and remaining work. The significant tasks 
include the following: 

a. Development of adequate cost data. 

b. Derivation of first-unit CER. 

c. Development of complexity factors. 

d. Development of baseline estimating coefficients. 

e. Development of fuselage structural synthesis program. 

f. Development of weight estimating subroutines. 

g. Development of cost estimating methodology for other basic structure: 
nacelles and landing gears. 

h. Computer programming. 

i. Estimating test cases. 

Current plans are to base the fuselage estimating method on use of the APAS 
multistation structural synthesis program. An alternative would be the use of 
both APAS and a finite element synthesis program. Use oi the APAS program by 
itself limits the structural analysis capability to s imple fuselages and wi.ngs, which 
means that a fuselage such as the F-111 or a delta wing such as the B-58 cannot 
be treated. Using both synthesis programs interfaced to permit alternative modes 
of analysis woulrt require repeating a substantial portion oi each of the above steps 
for both the fuselage and the wing. Using the finite element capability alone is not 
warranted in view of the advanced state of development of the APAS program, 
per se, and considering the fact of its present substantial int gr ation into the 
costing me thodology. 

Figure 22 illustrates the activity involved in the extens ion of the tt·ade sturly cost 
estimating method to the fuselage. This figure includes data organization f~atures 
not listed but implicit in the above list of tasks. The focus of the effort is the test 
case runs and the analysis of estimating r esults . Also, pccial features synthesis 
i s not included in the weight estimating method. Hcsults to date and expected future 
r esults are discussed below. It should be noted that the structural synthesi s 
program development is being accompli shed under independent r esearch sponsor
ship. The selection of a transport test case is under study. 
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Figure 22.   Development of Trade Study Cost Estimating Method for Simple Fuselage 

2. 3.1   COST DATA COLLECTION.   The total data sample from which fuselage cost 
data was to be collected and analyzed consisted of the following aircraft: 

F-111A 
B-58 
AX 
F-IOC 
F-102 
vsx 

DC-10 
747 
F-5E 
B-l 
A-5A 
T-2A 

Action on F-lll data is being delayed pending a decision in October on the use of the 
finite element structural synthesis mode of analysis.    B-58 fuselage data is available 
only at the total fuselage level of detail.    The AX, VSX, and B-l are being researched 
from proposal data.    F-106 and F-102 historical cost data is not readily available, 
and it is felt that the cost of its acquisition for this study would be prohibitive. 
A-5A and T-2A fuselage data are available in the detail illustrated below: 

Total Body Structure 

Total Forward Fuselage Structure 

Structure 

Windshield 

Canopy 
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Aiixiliary lauding gear door 

Lnüight refueling probe dome 

Radome 

Equipment bay access door 

Total Intermediate Fuselage Structure 

Structure 

Main landing gear door 

Total Aft Fuselage Structure 

Structure 

Engine access doors 

Weights, first-unit hours per pound, and cost quantity slopes are available at tills 
level of detail.   DC-10 data is under study.    The 747 and F-5E data are expected 
to be made available from AFFDL ADP results.    The possibility of obtaining 
C-141 and C-5 fuselage cost data from Air Force sources is also being investigated. 

2. 3. 2 DERIVATION OF FIKS1 UNIT CER.   A set of CFRs similar in form to that 
use for aerodynamic surfaces is being developed foi the fuselage.   The structural 
synthesis program, at this stage of development, provides data for the calculation 
of weights and dimensions of the primary structure:   namely skin panels, stringers, 
longerons, and frames.   Weight data for secondary structure, which in the case of 
aerodynamic surfaces was synthesized by means of a special secondary structure 
synthesis procedure, will be estimated by means of the penalty method. Reference 
21.   Dimensional data will be available to the extent thai it is generated as inputs 
necessary for the penalty method. 

The hardware breakout afforded by the AFAS program is less detailed for fuselages 
than for aerodynamic surfaces.   It is expected to be somewhat as follows; 

Primary Structure 

Skins 

Frames 

Longerons (stringer) 

21.   11. L. Roland and 11. K. Heben, "Aircraft Stmelural Weighl-Kslimalini; Melli-nl ■,' 
ERR-FW-242, General Dynamics/Fort W'irth,   I .l SepUanber I'.iMi. 
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Secondary Structure 

Windows (including frames) 

Doors (including frames) 

Floors 

Other 

The penalty effects to be considered will be: 

Cockpit pi     .sions 

Nose landing gear door 

Nose landing gear load introduction 

Wing' reaction body tic 

Tail provisions 

Windshield and canopy 

Main landing gear doors 

Alain landing gear c/o load introduction 

Fuel provisions 

Engine provisions 

Duct provisions 

External stores provisions 

Speed brakes 

Cabin flooring and supports 

Cabin windows 

Doors 

A breakout of detail fabrication, subassembly, and material cost will be accomplish- 
ed.   In the case of subassembly labor, consideration will be given to both weight 
and dimensional data as the cost-related variable. 

2. '.',. 3   DEVELOPMENT OF COMPLEXITY FACTURS.    Complexity factor develop- 
ment will follow the same procedures as used for aerodynamic surfaces.   A set 
of complexity factor tables is being developed, consisting of a table for each of the 
elements of primary and secondary structure called out above. 
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2.3.4 DEVELOPMENT OF BASKUNE ESTIMATING COKFFICIKNTS.   Again,  the 
aerodyntuiüc surfaces procedures are applicable.    One set of coefficients is re- 
quired for each CER. 

2.3.5 DEVELOPMENT OF FUSELAGE STUL'CTIKAI. SYNTHESIS I'UUGRAM. 
This work has been completed in the form of the APAS program Lor multistation 
analysis.   A finite element structural synthesis program is under independent 
development,  but its use in the program will depend on a subsequent decision as to 
the improvement in method that it would offer against the cost of its adaption. 
Multistation approaches can be used to advantage in those structures that are 
relatively "clean" (i.e. ,  smoothly varying cross sections with minor cutouts), 
typical of transport aircraft.   In these cases, each of various fuselage stations arc 
sized independently for various loading conditions with common geometric and manuf- 
acturing constraints.    Program.; with this procedure are usually very economical 
with simple input.    The finite element approach is more adaptable to the sizing of 
structures having abrupt cross-sectional variations and large cutouts, such as 
occur in complex fighter,  bomber, and cargo aircraft designs. 

2.3.6 DEVELOPMENT OF WEIGHT ESTIMATING SUBROUTINES.   Two separate 
subroutines for fuselage weight estimating are required.   One is designed to use 
the output of the structural synthesis program to provide dimensional data for 
estimating the theoretical weight of the primary structure.    The second is a 
subroutine to predict the weight associated with the body penalties as listed in 
section 2. 3.2.   Weight correlation factors are applied to the output of the first 
subroutine to arrive at an adjusted actual weight estimate.    The second subroutine 
encompasses an empirical approach In which the correlation factor adjustment 
is not required. 

A standard Convair Aerospace vehicle synthesis program is used as a driver for 
the structural synthesis program.    The vehicle synthesis,  or weight sizing, 
procedure enables the preliminary design analyst to define the general size ;uui 
weight of an aerospace vehicle at the conceptual design stage using only generalized 
mission and performance requirements as inputs, and as more detailed design data 
becomes available, it allows the option of direct input with a resulting override 
of the internally generated data. 

2.3.7 DEVELOPMENT OF COST ESTIMATING METHODOLOGY FOR NACELLES 
AND LANDING GEARS.    These items are estimated using weight as the primary 
cost driver.    First unit costs are estimated in the categories of detailed labor, 
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subassembly labor, material cost, and quality control for the following structural 
elements: 

Nacelles 

Cowling- 

Pylon 

Main landing gear door 

Landing Gear 

Brakes 

Brake controls 

Wheels 

Tires 

Oleos 

Axles, trunnions, and fittings 

Drag braces 

Subroutines to predict the weight of the above elements are required.   Cost estimat- 
ing relationships will be developed in the following steps: 

a. Collection of cost data, 

b. Derivation of weight-related cost estimating relationships. 

c. Development of factors to assess spjcial features and requirements. 

2. 3. 8   COMPUTER PKQGRAiMiMING.    The computer program will be extended to 
add the fuselage module.    This requires integration with the structural synthesis 
program and the weight estimating subroutines and a simple modification of the 
cost program to fill in the details of the equations already blocked out in the 
existing cost program. 

2. 3.9   ESTIMATING TEST CASES.    Three different fuselages will be run through 
the estimating procedure as preliminary demonstration cases:   the B-5S represent- 
ing a bomber, the AX as a fighter type, and a yet-lo-be-selected transport 
fuselage.    The latter selection is between the DC-K), C-lll, and C-5A and is 
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dependent primarily on data availability.    Each of the teat cases will be estimated 
in the categories shown in Figure 4.    Estimates will be compared to actuals and 
the results analyzed. 

2.4   TECHNIQUE UPDATE FOR CONSIDERATION OF COMPOSITES AND ADVANCED 
STRUCTURES 

This phase of the study is scheduled to follow completion of the aerodynamic surface 
estimating techniques development.    However, some work lias been accomplished 
in advance of the schedule:   Investigation of raw material and ibrmed-parts cost 
of boron aluminum and bo con epoxy, investigation of in-plant experimental hardware 
costs; and the estimation of the cost of an advanced fighter wing box in connection 
with AFFDL's Advanced Development Program. 

The tasks to be performed as part of tins activity consist of:   (1)   Development of 
cost estimating relationships to handle the added ••ost of selective reinforcements 
to basically metallic structures,  (2)   Development of complexity factors to handle 
advanced material and construction techniques, and (3)   study to furnish 
projections of raw material costs for composite materials such as boron-aluminum, 
boron-epoxy, carbon and graphite-epoxy, and carbon and graphite-polyimide. 

The trade study cost estimating method provides a means for handling the first 
two items above.    The added cot-u of selective reinforcement is handled in the same 
way as the estimating of special structures and processes.    The method is 
described in Reference 1, page 1(39, and is illustrated in appendix V of this same 
reference using the F-Hl boron epoxy, experimental horizontal stabilizer as an 
example.   The development of complexity factors to handle advanced materials 
and construction techniques "an be accomplished within the existing CER framcwoi'k. 
The steps outlined in Section 2. z. 4. 3 must be performed for each new material 
or stiaictural concept, having conceptualized and depicted an adequate experimental 
hardware representation to support the analysis. 

The third task has as its objective the development of a basis for projci   ing material 
costs of composite structure.    The economics of composite material production will 
be briefly analyzed, and the opinions of experts in the field will be solicited to arrive 
at an updated projection of raw material and material processing costs.   Reporting 
on the results of the boron aluminum and boron epoxy material cost investigation 
and the in-plant experimental hardware cost investigation will be deferrcJ until the 
remainder of the study is completed.    However, tlv third item of accomplishment, 
the estimation of cost for the referenced advanced fighter wing box, is of current 
interest in evaluating the capability of the trade-study cost estimating method. 

a;.j 
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EsLmale for Advanced Fightci" Wing Box.   A cost estimate was cüinpleted iuid 
submitted to the Convair Aerospace Forth Worth operation Cur the upper ;uul lower 
adhesive bonded honeycomb panel wing box structural design eoueept as defined 
by Convair Aerospace drawing No. 610 HW 004 "A". The estimating approach was 
based on the AFFDL cost estimating method for aerodynamic surfaces augmented 
by special processes supplementary CKRs for adhesive bonding, for spar sub- 
assembly involving honeycomb spar webs, and for cover subassembly involving 
honeycomb skins.    First-unit cost estimates were made in the following cai-egorios: 

Manufacturing labor 

Detail fabrication 

Subassembly 

Box assembly 

Material 

Structural 

Assembly 

Quality Control 

Cost-quantity progress curves based on Convair Aerospace Fort Worth, operalum 
experience on the F-lll were applied to first-unit costs to estimate recurring 
costs at die ö06th unit.    The same estimates were made by the Forth Worth 
operation using "grass-roots" estimating techniques.   A comparison of the results 
of Uie two estimating processes is shown below: 

AFFDL Trade 
Study Kstimating 
Technique 

FWH Crass 
Kools 
Kstimati s 

Manufacturing ana QC labor 2,875 hrs 2, Dii? hrs 

Material $1 o.-.i.oo SI 1 .L's- 

s! 
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2. 5   DERIVATION OF OPERATING COST FIGURES-OF-MERIT RELATED TO 
BASIC STRUCTURE DESIGN 

The previous study sought to identify interrela^onships between alternative materials 
and/or types of construction, and certain operation and maintenance costs occurring 
during the life cycle of the weapon system.   An analysis of operations and main- 
tenance costs associated with total system or life cycle costs concluded that the 
following elements could be expected to varv with structural design changes: 

Cost Definition 

Airframc Replenishment Spares The continuing replenishment of spare 
parts for repair of aircraft structural 
components.   Includes spare pans used 
for both base and depot maintenance 
activities. 

POL Petroleum, oil, and lubricants used for 
operational purposes during the oper- 
ational life of a given aircraft weapon 
system. 

Pay and Allowances The cost of military and civilian 
personnel involved in base-level air- 
frame maintenance activities.   Excludes 
base operating support,  squadron 
administrative personnel, and depot 
maintenance labor. 

Depot Maintenance The cost of depot maintenance labor 
invob 'ng aircraft structural components. 

F-irh of these elements of cost if affected to some extend by structural design, and 
it would be desirable to have a way to measure the cost impact of design change. 
Items such as aircraft modifivations, special kinds of maintenance, new item 
inventory cost, ACL, training equipment, and technical data are excluded because 
they must be individually analyzed for each weapon system. 

The portion of spare and repair parts that relates to airframc structure is not 
large, but the cost is affected by the selection of materials and type of construction. 

on 
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This effect shows up in the original cost of the spare part.   Aggregate L.pare part 
cost is also affected by frequency of repair.    Therefore, the measurement of 
relative costs for use in trade costing should include a measurement of changes in 
initial cost and removal rates. 

Petroleum, oil, and lubricants used for operational purposes during the operational 
li.^e of a given aircraft weapon system arc affected by structural design.   Improve- 
ments in structural efficiency that reduce the structural weight with a given range/ 
payload, and result in reduced gross takeoff weight, can be translated into reduced 
POL cost. 

Pay and allowances constituting the cost of military and civilian personnel involved 
in base-level maintenance activities are reduced by reductions in maintenance 
requirements.   Such savings should theoretically show up as reduced maintenance 
manhours per flight hour attributable to the structural subsystems of the aircraft 
through a reduced number of removals for repair. 

Depot maintenance theoretically can be reduced by improvements to aircraft basic 
structure.    Loss frequent IRAN, less expensive parts, or less frequent removal 
for repairs are factors that could produce cost reductions. 

To include these considerations in the trade costing methodology and to develop 
an estimating technique for these operating costs requires the derivation of 
appropriate CERs.    This derivation proved to be beyond the scope of the previous 
study due to the lack of a detailed operating cost data breakdown.    This lack means 
that the development of relationships is generally limited to an aggregate level of 
hardware indenture (generally the total aircraft). 

For the effort proposed in the next phase of study, a restructuring of these costs into 
the following categories is proposed: 

a. Airframe replenishment spares. 
b. POL. 
e.       On-equipment maintenance, 
d.        Off-equipment maintenance. 

These categories cover the same activities,  but instead of distinguishing between 
depot and base maintenance, they distinguish between on-equipment mid off- 
equipment maintenance.   The revision provides a better basis for costing relation- 
ships. 
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For spares and off-equipment maintenance, which might be accoiriplished at either 
base or depot level, a relationship is to be developed between structural concept and 
structural element removal rate.    Cost of the individual part removed is proport- 
ional to the production cost of the element.   Removal rates will be in terms of 
removals per flight hour.    Separate conversion factors will be developed for a 
fighter,  a bomber, and a cargo example as an estimating analog. 

For on-equipment maintenance, which is accomplished at tV base level, a 
relationship will be developed between structural concept and maintenance manhours 
per flight hour.   Individual maintenance factors will be developed for fighter, bomber, 
and cargo aircraft examples. 

The fuel requirements for an aircraft are primarily a function of the type of mission 
flown, the characteristics of the propulsion system, the frequency of missions over 
the operating life, aerodynamic design, and structural efficiency; i.e. , the ratio 
of structural weight to pay load.   An example of a trade effect might be a tradeoff 
between use of composites or other material to lighten and strengthen basic struc- 
ture, which would result in a savings in basic structural weight for a constant 
range/pay load, and which would in turn,  result in a savings in POL. 

The savings in weight may be translated to benefi' or utility in a number of 
different ways.   Therefore evaluation of the effects must be treated within the 
context of a tradeoff study.    The contribution of cost estimation, together with 
structural sizing and weight estimation, is the costing of the alternative design 
concepts by the trade cost estimating method, augment» d by system costing to 
measure and aggregate the impact of the smaller subsystems reflecting reduced 
structural weight. 

The treatment of the above problems is scheduled for the phase of the study following 
the Interim Report.    Limited study resources are to be applied so that figures of 
merit are available to give some consideration to this element in trade studies. 

2.G   DEVELOPMENT OF THE AIRFRAME SYSTEM COST KbTIMATING METHOD 

The system cost estimating method development is to be undertaken during the 
second phase of this study.    Limited study resources have been assigned to Ulis 
task,  since it is planned to use cost estimating ■.'elationships and other re.iults 
obtained from separately funded independent research. 

Although primary emphasis is being given to trade study methodology development, 
the system costing method represents a significant capability. 

ii 
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The purpose of tie system study cost estimating method is to accurately estimate 
total airframe costs for chosen designs, with airframe defined as including basic 
structure plus aircraft subsystems, as shown in Figure 23.   It is designed to be 
complementary to the trade cost method.    The maximum realization of this will occur 
when the trade cost method is fully developed.   The complementation is achieved by 
means of a modular relationship between the methods.    The system study method 
is designed as an estimating framework into which the available detailed trade 
study cost estimating modules are introduced as they are needed for a particular 
cost analysis. 

Alternative sets of CERs will be available to provide estimating at optional levels of 
detail.    These occur both within the context of the system costing method itself and 
by virtue of the modular relationship with the trade study method that provides the 
option of substituting its detailed procedure;, in the system costing framework.   The 
system costing method is thus designed to achieve the following objectives: 

a. By opting for the more aggregate CERs, which in turn require less detailed 
inputs, to provide an earlier (in relation to the predesign cycle) capability for 
cost estimating. 

b. By including the aircraft subsystem estimating capability and providing for the 
option of including trade study modules to provide a more comprehensive 
costing capability. 

c. By estimating at the airframe level to accomplish a more comprehensive 
comparison of estimates to actuals. 

d. By providing an estimating capability in the absence of operational design 
synthesis programs, assuming alternative means of weight estimating 
is available, to provide an alternative mode of estimating. 

2. 7   TRADE STUDY APPLICATIONS 

A series of brief studies is planned for the latter part of the program to accomplish 
the following objectives: 

a.       Interrelate the various computer programs used in the estimating methods so 
that the data transfer between each is identified, organized, and documented 
for the user's convenience. 
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b. Provide an outline describing the application of trade study procedure to 
preliminary design studies, 

c. Develop a recommendation regarding the feasibility of applying interactive 
graphics to the cost-estimating method. 

Figure 23.    Trade Study versus Systems Costing WBS Inclusions 

WORK BREAKDOWN TRADE SYSTEM 
STRUCTURE S   UDY 

COSTING 
COSTING 

AIRFRAME 

Wing X X 

Horizontal Stabilizer X X 

Vertical Stabilizer X X 

Fusel' ige X X 

Nacel les X X 

Landi ig Gear X X 

Surfac ;e Controls X 

Fuel ! iystem X 

Furni shings & Equipment X 

Enviijonmental Control X 

Hydr; lulics/Pneumatic s X 

Electjrical/Electronics 
| 

X 

Instruments X 

Auxi]jiary Power X 

Engi ie-Associated Equipment 
1 

X 

Avionics Installation X 

Airftame Assembly X X 
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Integrated Computer Programming.   A CDC 6400/6600 digital computer program 
written in Fortran IV has been developed for the aerodynamic surfaces cost 
estimating module.   A minor modification will be required to include the fuselage 
module. 

The APAS (Automated Program for Aerospace Vehicle Synthesis) program has been 
modified to include a weight estimating capability for both wings (except delta wings) 
and simple fuselages.    The principal inputs to the APAS program are loads and 
geometry data.     Figure 9 illustrates the main features of the APAS operational 
environment looked at from the standpoint of input sources.   In defining supporting 
programs, it is necessary to apply an arbitrary cutoff; otherwise, the total design 
procedure is pulled into the picture. 

A computer program for the synthesis of aerodynamic surfaces secondary structure 
has been developed.    The initial program, which was used in the test cases, is being 
modified by the incorporation of geometry subroutines and by the incorporation of 
overlay procedures to reduce the program run time. 

The relevant supporting programs will be operated in test cases and preliminary 
demonstrations and will be furnished to AFFDL in the form of Fortran source 
decks or tapes together with the user's guide.   As stated in the introduction, a 
more complete description of the supporting programs is given in Volume II. 

Outline for Trade Study Application to Preliminary Design Studies.   Use of the 
integrated trade-system cost estimating method will be illustrated in examples of 
preliminary design study problems.    The capability of the method in relation to 
typical problems will be illustrated as well as the interrelationship between the trade 
study and system costing methods. 

Recommendation on Use of Interactive Graphics.    The use of interactive graphics is 
intended to facilitate design tradeoff studies at the preliminary design level.   It 
provides a wav of putting the analyst "on-line" with the computer and may provide a 
way of simplifying the traditional, drawn-out process of effecting and evaluating 
input changes when using a computerized program.    As part of this study, the 
feasibility of applying interactive graphics to the trade cost estimating method 
,vill be studied and a recommendation will be developed. 

2.8   METHOD DEMONSTRATION 

The method demonstration has a two-fold purpose:   (1)   To show the final results of 
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estimating performed by the cost-estimating methods, and (2) To provide instruction 
and guidance in the use of the estimating program.   Two examples will be estimated: 
a fighter example and either a bomber or a transport example.    Test cases will be 
selected that are not part of the data base used in developing cost estimating 
relationships.    The program will be demonstrated by installing the computer 
program on ASD's CDC 6600 computer at Wright-Patterson Air Force Base and 
running the selected test cases.   The demonstration will include the instruction of 
interested AFFDL/ASD personnel in programming and execution.   Test case cost 
estimates will be evaluated against available actuals. 

2. 9   COST TREND DATA 

An addendum to the basic cost methodology resoarch contract to examine available 
general cost trend data is the subject of this section.   The development of cost 
trend data is divided into four general areas outlined as follows: 

a. Plots of whole aircraft and/or AM PR structure costs versus various aero- 
nautical design or performance parameters. 

b. Plots of aircraft costs as a function of time or economic factors. 

c. Pie-charts of aircraft development program costs as functions of quantity 
produced and aircraft system complexities. 

d.       Plots of structural cost versus weight for fuselage, wing and tail sections 
structures. 

Each of these four areas is discussed below. 

I 

2, 9.1   PARAMETRIC COST TREND CHARTS.    The objective is to prepare plots of 
available parametric data to investigate general aircraft cost trends.   Whole 
aircraft anu aircraft structure costs are plotted against parameters such as gross 
takeoff weight, basic structure weight, speed, range, aircraft structural density, 
and maximum wing loading.   Additional plots may be possible if more data are found 
describing aircraft "wetted" surface areas and maximum design aerodynamic 
pressure.   Other plots involving combinations of parameters may be of interest. 

Two examples of aircraft cost trend charts are presented to illustrate the approach 
being taken. In Figure 24 complete aircraft costs (including all system costs) per 
AMPR pounds are plotted against a maximum aircraft range in nautical miles. 

■ •.   .   {an 
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AiMPK weight: is defined in the Aeronautical Manufacturer's Planning Report as 
''the empty weight of the airplane less (1) wheeels, brakes, tires and tubes, (2) 
engines, ^3) starter. (4) cooling fluid, (5) rubber or nylon fuel cells, (6) instruments, 
(7) batteries and electrical power supply and conversion equipment, (8) electronic 
equipment (9) turret mechanism and power operated gun mounts, (10) remote fire 
mechanism and sighting and scanning equipment, (11) air conditioning units and 
fluid, (12) auxiliary power plant unit and (13) trapped fuel and oil."   This weight 
concept may be referred to in current, sources as "DCPR" weight, after the new 
Defense Contractor's Planning Report,   It is seen that lower speed bomber costs 
per pound trend downward with increasing range, whereas the tactical (fighter, 
attack) costs per pound tend to increase with range. 

Figure 24.   Aircraft Cost por AM PR Pound as a Function of Range 

In Figure 25, the aircraft AMPR structure cost per pound trends upward as 
structural density increases. 

2. 9. 2   ECONOMIC FACTORS COST TREND CHARTS.   The objective here is to 
examine cost trend factors noc, directly related to aircraft design or performance 
parameters.    These factors include the influence of time/inflation on aircraft 
costs and the increase in freight or passenger hauling efficiency with larger and 
faster aircraft. 
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Figure 25. Structure Cost Per PoWld Vs. Density 
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Figure 26 shows increasing aircraft costs since World War II. Overall aircraft 
costs are increasing due to increasing size, speed, and improved internal avionics 
and also due to inflation effects. 

18 

2. 9. 3 AIRCRAFT PROGRAM COSTS. Overall aircraft progran1 costs are influenced 
by requirements to improve the state of the art, system complexities, and aircraft 
size, as well as the number of aircraft pr oduced. If the development cost i s 
prorated over the number of aircraft produced, developm(·nt cos t a llocated to each 
aircraft is, of course, r educed the more aircraft produced. Secondly, the 
production cost per aircraft is reduced on a log-linear basis as more aircraft of 
like design are produced due to production cos t/quantity effects. 

These cost trend factors will be illustrated by a s er ies of pie-charts for F-102, 
F-106, and B-58 aircraft. Figure 27 shows a 100 unit B-58 program as an 
illustration of the type oi charts to be presented. 
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Figure 26. Aircraft Cost Per Pound Vs. Year of Introduction 

2. 9.4 STRUCTURE SUBASSEMBLY COSTS. This portion of the cost trend study 
examines available data describing costs of the major substructure assemblies; 
namely wings, fuselages, horizontal stabilizers and vertical stabilizers. It is 
desirable to collect cost data purely for structure and eliminate the parts of the 
various subsystems such as hydraulics, flight control, and instrumentation that are 
installed concurrently with the structure buildup. Unfortunately, only in those 
special cases where effort has been expended to subtract out such costs is some
thing close to pure structure cost obtained. The data plotted for the listed 
structure subassemblies will be "cost center" data and will have varying 
adjustments based upon the particular description accompanying the data. Data 
from the F4H is used as the primary adjustment basis. 

Figure 28 illustrates the type of plots to be produced, although the example is in 
hours per pound and therefore does not include material cost. Data will be pre
sented as cumulative average costs for production quantities of 50 and 100 units 
as well as first unit costs. 
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2. 9. 5  SUMMARY.    The foregoing illustrates the types of plots and charts that arc 

being prepared.   Approximately 40 total figures arc contemplated.    The resulting 

collection of cost trend charts is expected to provide a quick overview of cost 
trends in the indicated areas.   Other charts available to dale appear in Volume JH 
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SECTION 3 

CONCLüSTONS AND RECOMMENDATIONS 

The costing methodology, designed to systematically estimate cost variations 
due to changes in type oi material and type of construction, has been 
successfully extended from the horizontal stabilizer to the remainder of 
the aerodynamic surfaces.    Greater variation between estimated and 
actual values is observed in the test cases, but accuracy is expected to 
improve with further use. 

Changes have been made in certain of the techniques of estimating.    Of 
particular significance is the change in the CER for subassembly that 
substituted weight for specific dimensional characteristics as the 
cost-related variable and that eliminated the separate CER for center-section 
assembly and center-to-cap assembly.    Further investigation of tins 
change and its effect on estimating accuracy is needed. 

Providing a capability for estimating alternative production quantities to 
the first unit cost breakout and level of detail is considered to be a 
desirable feature.   It is being investigated for possible incorporation. 

In addition to the above, the following features merit evaluation for possible 
incorporation in the estimating method: 

a. The use of individual cost-quantity projections by structural element within 
the fabrication, subassembly, and material cost categories. 

b. Inclusion of an additional term in certain CERs to give consideration to 
internal structural commonality. 

c. Consideration of taper in the machining of parts in the development of 
complexity factors. 
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Each of these features would add to the flexibility, responsiveness, and accuT' 
acy of the estimating method. 

Considering their preseut stage of development, the multistation and 
finite element structural synthesis programs should not be considered as 
interchangeable options.   Rather each has its place.   If the structural 
analysis can be accomplished by the multistation procedures, it should 
be opted for.   The complexity of the structure may dictate the use of 
the finite element analysis, however, in which case it becomes necessary 
as a means of augmenting the multistation procedure. 

Estimating the cost of contemporary and future aircraft designs generally 
involves consideration of advanced types of construction and material.   The 
method of detailed estimating entailed in the trade study method provides 
an approach to this problem.   The detailed hardware breakout is suited 
to the evaluation of individual problem areas that can not be accomplished by 
the normal parametric means. 

Similar considerations as described in paragraph six above apply to the 
problem of providing cost data as a design parameter in the problem of 
designing to a given cost.   Detail designs can be analyzed for production 
cost in an iterative fashion, given the availability of the necessary 
supporting synthesis programs. 

The detailed estimating procedure described provides a way of formulating 
complexity factors that can be used in the quick reaction estimating method 
at the subsystem level of detail.   These are synthesized values but are 
validated by calibration against historical data as it is accumulated. 
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APPENDIX A 

TYPES OF MATERIAL AND CONSTRUCTION TECHNIQUES 
AERODYNAMIC SURFACES 

The aerodynamic surfaces of the aircraft indicated have been analyzed to determine 
the types of construction and material represented thereby.   This analysis shows the 
limited number of variations in structural concepts represented in actual experience 
and illustrates that cost data would be lacking for some concepts even if a complete 
cost data reconstruction was possible and affordable.   This argument forms a part of 
the basis for the conclusion that the derived cost estimating methods must necessarily 
be based on methods other than statistical.   The results are shown in Table A-l. 

I 

I 

99 

igJSiii^ 
^^^fiMiii^^ ^a*8^^^'^^^ ■■• ^-•■ ■ i ■.>■-_, -■■■■   ■    -.-w.-i-aBM 



■:.■■■   ':     :-...■    ■■:. 

■' '233! 

■Jj 

< 

< 

■ 

-r 
1  9 

!   | 
1   1 

I   1 
1     i 

!    - ■s. -1 | j 

5 
1    = 

!• 
u 4 1 
LJ -1   ! 

1 j    3 ■ JH      | 1 
1 ! 7 - 41 | 

B 1 1 — B Cl ci      1    . 
p -1 3 ■ -     X 1 

c c d ■J i rJ N i * ? 1 1    : *u 
3 3 3 3 .  3 -u -i   a 1 
^ < < < l< - ^ \      1 

1 

1        1 1 ! ■  ill i     ; 

n 

o p P 
| 

P 
2 

[ 

r 

1 a 
-  3 
.  a 

Mi    ? 
INI 

0 % -j I 2 •     3 3 T - i       1 
1 ■.1 2 s 

< 
1J 

1 
1 
3 

< 
5 ■ Ii 

1 "3 

3 

< 
j V 1 ■« ^ 

^ ^      '    1 =N 1 
1 

1 
1 i i 

L. XI J0 1 c 
1 g 1 

a 1         1 
.n Q Q tf ii g ? Ü 1 * 9 s 'S « d 

a 
a 
s 

3 

1 
n il J ' 1 i 3 

a 

1 
3= = 
|1 < 

i   1 
ill 
1               ' 

1 ■8 1 3 
23 

3 

< ii 3   3 
i 1 3 

7 Ii 3 

< 
3 

« V :   1   1   !   i  1 

a 
0 n 

i 

1 i   '   l   i 
1          '   • 

f F i P ' 
3 -   P P i* ,    F J3 

2 n -i a -1 Q   . -   3 1 b   3 
n d   a c S 0 . 3 

« 0) 1 a 1 ^ i y 1 i i III > is 3 g y 3 1 5  3 u 3 !ä ^ 1   i 
X < ii M < S3 K d < f^ < ä5| < 'A ~ i i 

" 1 
1     | 

1 Q Ü 

1 1 ' n 
T c: 

■% 2 u 

SQ - 1 
f 

e 
3 

x: 

P F) | e w s < 1 .       1 s 
c 3 !     <A t.1 ü 1 a 

< 

1 
< < < 13 

I 
3 

' 
a 

1 
5 1    c a 

s _E_ s F ? r ill. 1 _. 1 1: !   c\ 
■g ■■ ft - =1 ■ ' 3 

r ,     C 31 c        I  c 
2 

i 
2 
a < 1 

■2 

< 
1 ^ S 1 

3 

< 
! 

i 

1    5 3l 
51 

! 
1 1 1 

: 1: 

j 
J3 

s 
^3 

it £ 

1 

1 
-2 

s 
K V a 3J c ■J c « -J 3| i     1     Is a 

b 1) B M U E 1 •J £ fc 1 § 1 - i ■3 

| 5 
« 

J3 

< 1 55 < ^ 9 < ' ? 
2 

J 1 

i t. 
3 

< 

r ,0 
1 u .0 

I 
z .... 3 1     1 ?[ 

B 3 
a 

IM 

z - 
^     3 

a - n 

fe i Ö 
X 

1 S - a i 
s 3 ■5 ^ t z -1 * 3 

v. 8 < ffi K 1 r- - ^ H x ■r < 

t 5 c 
c 
0 

I z. a c •i 
■a ' fl ~ ■^ ! -< r1 cl 

^ c 
a ■s. 

< 
7 
5 

' 'j J 
/ 

7 i 
r, 
c 

-' 

TOO 

■g^^^^^ ^i^^^^^a^^i^^^gUVA^^ 



■■;-■-■ ■ .  ,. . ■ V-"l-.-,-~-}-rri'>—,"- 
'•■■'v-,vi7 ■• •      - 

^> 
Of 
7. 
x u 
M 

o u 

feg z o u 

is 

Q 

h 

e< 

^ 1            ' 

1    ; ! 

- 

" 

■ 

—i- 

I   -T 

- 

— ..._. 

■— 

  __ 

— 

- 

i 
i 

_ 

— — 

— 

— 

~ 

— 

- J 

-^ 

-J 

—■ 

- 

-A 

— 

i 

i 

U 

| ^ ä i 
P _-. r P Is 3 t £ 1 -i 

a 
a 
c 

c 
s i B U1 1 n 

^           ^ 
_3 

< 
3 
< 

— — — 
< i < 

l 
J < * 

r I 
b 

i ^ 1   u 

?    1 -" P P 
g 
■i r: 

3 

R 

1 
1 
1 E 

•a 
6 j i — 3 a U< 7. [  : u    : 

n II 
11" 
1       i 

OS 

C 

1 
< 1 

- 

a 
£ 

< 
-: 

EM 
C 

u 

i : 
7 ■   c 

?! 
c 

■J 

: 
1 ^ 

JZ 
r. 

: 
< 

y 

r- 
: 

T 
i 

1        -c 1   ■? 
n 
3 -r ■9 

s    1 
! 1 

rr 
, is 

1      Ü 1   a 
1 ." 

s 
t - 

1 c 
k 

z 

-j 

11 1 " | ': I  ^ 1 1   E 

11 M -I ! 1 = 1  7 c 
C 

1  ? c 

1                             ". 

n a r 5 i-- i- [- 
r 

F |- - 
]  " i ^ ! i 

- [- 
ii 1 5 < 3 

*** 1   ^ 

■^ 
i -a    S J i ■? 1     3 s ■O 1   | i U 1  S    i ^ j    " 1 |—: l-i i     1 n 

1    - 
' 1         ' lh i ~ 

1 '■■ 
E 

: 
1    ~ 

1    ^ 

■: ]   ; 
2 

1 3   ' 

3 f I 

1    " J       - i 3 i   ■ 

Mr i «1 i a   i C£ V -i 

r 
1    " 1 - »f 24 r/ 1   ^ 1 r 

S ? S 
- 1 ■ J r 1    3 

i   I ^ J   1 -j     j 
i 

d - 3 _ - * 1    : 
1 u -j _ k- u 1    ' 

i 1 i 
■A 

" ? c j ; J r 
1 

j 

u j j 
2 

1 

>tmmf 

101 

BMMBMMJftüiia i  Üljgjjjjijjjjüigtfjjjgjjijjl 



;--;-.;T'"~;":-'.-^vrr.7,-.-!-"V'.'^-"  :.'!*••'—■-•-■"■:  ■ ~.~i'j**;*~~:'':-..-i'r~:—.-^~'"!'":>r-r--'?'~f*"r 
...,,.    .., ,,v,;r^ ■- 

3 
Of 
s x o 
N 

2; 
O 03 

a < 

8i 
P 
a a 

o 

a. 

— — — - — — — 

3 3 

1 | 1 
CO 3 3 

\ < < 
r 

CO a a 
> a   R 1    , 
U O    fa     3 a    L    3 

3   0)   _g D     4    0 
all a   S 1 

"3    "E   3 

(b S < « a 3 

1     « 43 ^3 

-i     -ft -i      -6 ! 
f   ^ a   fe   i a   1   3 1 3  3 1 « 0 a 

3    '   5 ail 
■3-5 
to   K < 

g 1           _g 
^ O            3 

-    "    1 
a         3 

1    E   2 
V J «  H  < 0   f- < 

0 

0^ 

1 P _l 
s i C 

1 1 
3 

E 

\ < < 

u 

J. i ^ 
O a fa   a in 0.1 = 

2 il 
3       \     £ 

03     y    < 

X) 

t<    -1- -1^4 4-   E 
1       1 3 || 

a  ;   ! 

-J 1 
Bi a         3 a            : 

S         c p        1 . 
ä a   E a   ■ 1 
■5 1  5 3  c ^ 

\    . to (-   < at-' 

8 S 
I-II 

=             « 3 

1 

i      t h 

j ' %    1 c 
a 
0 2  ; 1 1 1 

102 

gjffiWitttliiBffiiwm li^ttii^tifii^"tf^iWrrF^^^^'^^^'^  ■     '■ ■,  '' 



v;-*^-,:--v;.i--'.r^'::n'v^v->^:>^-r-.--vt-vr,-.-  . .  ....    . ... 
-■    ._■.-   --■.•■■•- ■,■.—■■ :.'-;,-r>rf.T.: . 

"■.-"■, " "■'■■ ■■   ...        ....    ,.-   ,. 

s 
w 
H 
Z g 
o 
cc 

o a 
z < < 

o 
« u 
a. 
>• 
H 

1 
1 

1 1 

[- -\ — — — — — — — — — — — — — -4 

^  1 1 

-j—1— - ~ — 
" 

— — - — — — — — — — - _ — — — 

3 

>>> 
F E 3   r- 

1 1 

U < < 

■j           'S 
3    1 « fl 1 F f 9        a b 3 C ,   u : 1 

£ c 

9 
!1 

< 1 
C 
u 

E 

< 

X 
;        i 

B< q   s E ^ E 
Si r 9 i U r c 

e 
C 1   c C 

> a ~ 1 t 

i J 
a 
< B -7 < 

r 3      c 
1    c - 1   ' 1       C 

J   * ■1 1 
i      ^ i ■'. i    E 

vl £ h l   < a 
I     ^ 

f t q 

1 f ' |_.. ;   ., I ^ |..... L-. i,. . 1 

i i j 

fH 3 a 
T l 

3 

i 1 i 

103 

 ^  
^——^ ; ^ , : .    ■ '       "' 



^T^I^'j'^r^^^^TT??^ -V-.--.v- ^''-■-z-r*?** 
,.,-,, T-,.;......  ^r^^„™,r_n^-^;:.^ ..... ,   ,,   -;^r^.i,-^^: 

APPENDIXE 

CERs FOR TRADE STUDY COST ESTIMATING METHOD 

The cost estimating relationships described herein comprise the basic trade study cost 
estimating method as expanded to cover all aerodynamic surface components.    Follow- 
ing the list of first unit CERs is a dictionary that relates an initial version of the CER 
formulation to the CER as it appears in the computer program.   Use of this dictionary 
eliminates the need for a continuous retyping of the original list.   These changes in- 
volve only the symbology and not the basic of formulations.   The final form will be 
retyped once the method is fixed.    CERs are shown for nonrecurring, first unit, and 
recurring costs. 

1 
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NONRECURRING DESIGN AND DEVELOPMENT COSTS 

Nonrecurring design and development CERs are summarized below, followed by 
detailed CERs. 

i 
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ENGINEERING DIREGT LABOR HOURS 

EII -  Y    F 
T    i 

where: 

EH 

E 
1 

Y. 

Y    - 

Number of enginctxnng direct labor hours 

Factor for coafiguration design engineering 

Y   + Y    ( Y   + Y   + . .  .  Y 
1        2       3       4 n 

Engineering hours i'oi   ■mpennage 

Engineering huurs ior wing 

Engineering- lioui s lor fuselage 

Engineering hours for nacelle 

and 
b. 

Y. := a. (W.)   , which is the CER form for engineering later hours for the clC' 

ments of basic structure. 

VV = AM PR weight of the structural clement 

a =  Engineering- hours at W = 1 lb 

b = Scaling of hours to AM PR weight 

ENGINEERING DIRECT LABOR COSTS 

Ec -  (EH)(ECLR) 

where 

E    - Engineering direct labor cost 

ECLR =  Engineering composite later rat( 
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ENGINEERING MATERIAL AND OTHER COST 

EM=(KC)(F2) 

where 

E     - Engineering material and oilier cost 

Fp -  Percentage factor ol' engineering labor cost 

BASIC TOOL MANLiFACTURING HOURS 

T   -  CMT    (W    ) 
i i y   A. 

i 

where 

T   = Basic tool manufacturing hours by basic structure component. 
i 

CMT. - Tooling complexity factor by component 

W      = AMPR weight in pounds by component 

C -   Sealing of tooling hours by AMPR weight 

T   = Basic Tool Mfg.  Hours for Horizontal Stabilizer 
1 6 

T   = Basic Tool Mfg.  Hours for Vertical Stabilizer 
2 

T   -  Basic Tool Mfg. Hours for Wing 

T   -   Basic Tool Mfg.  Hours for Fuselage 

' ,■ =  TT (T 

where! 

r   -  Basic Tool Mfg.  Hours for Nacelle 

T     -- T    + T    4 T    i   T    + T 
T        1 2        ;J        4 5 

HATE TOOL MANUFACTURING HOUHS 

B 

i    - Additional hours required for rate tooling 
r 
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T - Assumed monthly produclion rate 

B - Tool production rate sealing exponent 

TOTAL TOOL MANUFACTURING HOURS 

T T    T 
R T 

n 

where 

rr    -  Tool manufacturing hours for a given production rate 

BASIC TOOL ENGINEERING HOURS 

T        -  F    (T   ) 
EB 3 ^   T' 

where 

T       = Basic tool engineering hours 
EB 6 

F   -    Percentage factor of basic tool manufacturing hours 

RATE TOOL ENGINEERING HOURS 

T       = F    (T ) 
ER        4 k   r' 

where 

T       = Rate tool engineering hours 

F   -  Percentage factor of rate tool engineering hours 
4 

TOTAL TOOL ENGINEERING HOURS 

ET EB ER 

MFG. DEVEL. AND PLANT ENGRG. HOURS 

MD - F5 (V 
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where 

T        - Mg, Devel. and Plant Engrg.  Hours 

F    =   Percentage factor of mfg.  devel, and plant engrg. hours 
5 

TOOL MANUFACTURING DIRECT LABOR COSTS 

T        - T    (T      ) 
RC R K   UC' 

where 

T       = Tool manufacturing direct labor costs 
RC 

T       - Tool manufacturing labor cost per hour 
HC 

TOOL ENGINEERING DIRECT LABOR COST 

T        =  T        (T      ) 
OC ET v   EC; 

where 

T       =   Tool Engineering direct labor cost 

& ft 

T       = Tool Engineering labor cost per hour 
I-J \^ 

I 
MFG.  DEVEL.  AND PLANT ENGRG.  DIRECT LABOR COST 

T - T (T      ) 
MDC MD v   DC' 

where 

T = Mfg,  Devel,  and Plant Engrg.  direct labor costs 
MDC b b b 

T       = Composite labor cost for mfg, devel, and plant engrg, 

TOOLING MATERIAL AND OTHER 

T        - T    (F  ) 
MC        R v   Ü; 

where 

T       - Tooling material and other costs 
MC & 

F    =   Tooling material support factor ($/lu-) 
Ü 
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MANUFACTURING SUPPORT CC.^TS 

M   ^ =  E    (F ) 
ES C v   7' 

where 

M „„ =   Manufacturing support cost lor support to engineering during development 

F    = Development support factor,  % of E 

QUALITY CONTROL DIRECT LABOR HOURS 

QC     -    (EH) (F  ) + (T   ) (F  ) 

where 

QC     = Quality Control direct labor hours 

F    -   Percentage of engineering direct labor hours 
8 

F    -  Percentage of tool manufacturing direct labor hours 

QUALITY CONTROL DIRECT LABOR COST 

QC     - QC     'R      ) 
C H  "   QC; 

where 

QC , - Quality Control dollai- cost 

R        =   Composite quality control labor rate 
QC 
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FIRST UNIT CERs 

A summary of Wing CERs is given below as an illustration of the first unit CER struc- 
ture used.   A similar structure is used for the horizontal stabilizer and the vertical 
stabilizer. 

WING CER FORMULATION 

Primary Structure: 

Box Detail Fabrication 

Ribs 
Spars 
Covers 

Subassrmbly 

Ribs 
Spars 
Covers 

Box Assembly 

Secondary Structure Detail Fabrication and Subassembly 

Leading Edge 
Trailing Edge 
Ailerons 
Fairings 
Tips 
Spoilers 
Flaps and Flaperons 
Attachment Structure 
Access Doors, Frames anc. Landing Gear Doors 
Wing Mounted Air Induction 
High Lift Ducting 
Slats 
Hinges, Brackets and Seals 
Pivots and Folds 
Center Section 
Other 

Wing Assembly 
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wing 

Bex Detail Fabrication 

Ribs 

WAV CF    -t   WW CF     +  \V\V  CF / \ / \ El 
WH1 '   -^ ^ ^ pn) P'T) EOUa.  ,., 

where \VH    - wing detail part fabrication direct labor hours for ribs 

WW   = wing weight of ribs with complexity of CF 

CF   - complexity factor for given material and construction technique 

WW   - wing weight of ribs with complexity factor of CF 

CF,  - complexity factor for given material and construction technique 

WW,  ---- wing weight of ribs with complexity factor of CF, 

CF   - complexity factor for given material and construction technique 
3 

WW    -  WW   + WW    ■•- WW 
T 1 2 3 

W1I      - fabrication hours per pound for baseline wing ribs 

E   ~ weight scaling exponent 
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HorizonUü 

HW  CF, + HW  CFC + mV  CF 
HH    - 14 2      5 3      6 

1         "    HW„ 

E. 

!,HF1       HWT Equa. (2) 

where HH   - horizontal detail part fabrication direct labor hours for ribs 

HW   - horizontal weight of ribs with complexity of CF 

CF   =   complexity factor for given material and construction technique 

HW   = horizontal weight of ribs with complexity factor of CF 
2 5 

Cl     = cor.'plcxity factor for given material and construction technique 
o 

HW^ - horizontal weight of ribs with complexity factor of CF 
3 6 

CF   = complexity factor for given material and construction technique 
6 

HW'     -   HW    -)  HW„ + HW 
T 1 2 3 

HH       =  fabrication hours per pound for baseline horizontal ribs 

E   = weight scaling exponent 

n; 
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VERTICAL 

Ribs 

Box Detail Fabrk:,-ii:mn 

VH   = 
1 

VWiCF7+VW2CF   +V\V CF 

VW_ 

VII.,        V\V 
v    Fi/    \      T 

Kqua.  (3) 

where 

VII '■   vortical detail part fabrication direct labor hours for ribs 

VW =  vertical weight of ribs with eomplexitj' of CF 

CF ~ complexity factor for given material and construction technique 

VW ;-  vertical wcc'.M of rib?- with complexity of CF 
8 

CF 

VW. 

CF 

7      =   complexity factor for ^iven material and construction tcclnmiccs 8 

3        vertical vei-ht of ribs with en-nplexity of CF 

•D complexity factor for given material and construction technique 

VWT  =   VW   + VW   ■; VW 

VH -   fabrication hours per pound for baseline vertical ribs 

E3      -   weight scaling t 
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WING 

Pox Detail Fabricati on 

Spars 

where 

WH 

mi2 

4 

CF 
10 

CF 
11 

WW 
G 

CF „ 
12 

Tl 

WH 
F2 

W4CFi0fW5CFil.WGCFi2 

WW. 
W,F2J  lWWTl 

Tl 

Equa.  (4) 

=  wing detail part fabrication di^nt labor hours for spars 

~  wing weight of sparfj with conijilexity of CF 

- complexity factor for given material and constmctJon technique 

=  wing weight of spa.i,'; with comjiloxity of CF 

-:   complexity factor for given material and com-.irucli'in techaiqi-e 

=  wing weight of spars with. c:om])lexity of CF 

~-  complexity factor lor given material and construction technJc(ue 

=    WW   + WW   + WW 
4 5 G 

- fabrication hours par pound for baseline wing spars 

=  weight scaling exponent 
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Spars 

HORIZONTAL 

Box Detail Fabrication 

HI I, 
HW CF     +HW CF  „ MIW CF 

4     13 5      14 6      i5 
HW. 

Tl 
HHF2)    (,IWT1 

E 

where 

HH 

CF 
13 

HW 

CF 
14 

B ^- 

CF 
15 

HW_ 
Tl 

HH 
F2 

E 

Equa.  (5) 

=  horizontal detail part fabrication direct labor hours for spars 

HW =  horizontal weight of spars with complexity of CF 

complexity factor for given material and construction technique 

=  horizontal weight of spars with complexity of CF 
14 

■complexity factor for given material and construction technique 

horizontal weight of spars with complexity of CF i        j 15 

complexity factor for given material and construction technique 

IIXV   + IIW   + HW 
4 5 6 

fabrication houi'S per pound for baseline horizontal spars 

weight scaling exponent 
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Vertical 

Box Detail K:;lirination 

Spars 
V\V  CF      -<  VW  CFin + VWCl',^ 

4      It. 5      17 6      18 

VW. 
Tl 

FZ 

\   C' 
VII„„ II vw    ) 

T,; Equa.  (G) 

whore VH    -   vertical detail part, fabrication direct labor hours for ribs 

VW   - vertical weight of spars with complexity of CF 
4 - 1 ü 

CF      - com]j]i"Kltv factor for given material and eonstruction technique 
16 

VWr - vertical weight of spars with complexity of CF 

CF r. -   complexity factor for given material and construction technique 
11 

VW    - Vertical weight of spars with complexity of CF 
(i 18 

CF    i -   complexity factor for [pven material and construction technique 
1 8 

VW       •-    VW    +  VW     ^  VW 
Tl 4 5 G 

VII       - fabrication hours per pound for baseline vertical spurs 

F   - weight scaling exponent 
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Win^ 

Box Detail Faljriealioii 

Covers 

ww  C:F      -i \VW CF      •(  WW CF 
WII,   - 7      19 8      20 9      21 

WW. 
T2 

Wll      II  WW 
F3/\ T2 

where Wll    ■ wing detail pari fabrication direct J.bor hours for covers 

E 

Equa.  (7) 

WW   :   wing weighl of covers vvilh complcxif}' of C'F 

CF,     -  cornplexiti' factor for given nialerial a.nd conslrucliun lechnique 

WW    - wing weigh! of covers with complexity of CF 
8 20 

CV      - coinplexity factor foi- given material and constmclioii technifiuc 20 i . b 

WW   - wing weight of covers wilh c•onl^>lcxit^, of Cf 
21 

CF complexity factor lor given material ami conslrucliun lechnique 

WW      r   WW    + WW    -i  WW 
T2 7 8 9 

Wll fabrication hours per pound for baseline wing covers 
J' o 

E    -   weigiil scaling exponent 
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Ilorizonlal 

Box Detail Fabrication 

Covers 

I1W  CF      + IIW  CFr    + HW CF 
HH   =        7      22 8      23 9      24 

3       IIW 
T2 

1111 IIW 
F3J\ T2, Equa.  (8) 

where HH   •-   horizontal detail part fabrication direct labor hours for covers 
3 

HW   •   horizontal weicht of covers with comnlcxity of CF 
7 h ' • 22 

CF (  =  complexity factor for given material ami construction technique 

HW   = horizontal weight of covers with complexity of CF 

CF  ,   -  complexity factor ''or given material and construction technique 

HW       horizontal weight of covers with complexity of CF 

CF, complexity factor for given material and construction technique 

HW      -   HW    H   HW    +  IIW 
T2 7 8 9 

HH      -  fabrication hours per pound for baseline hom.ontal covers 

E   -   weight scaling exponent 
8 
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Veriicnl 

Box Detail Fabrication 

('overs 

V,I VW7CF25 4   VW8CF2G  '   VWnCF 

T2 

9      27 VIV3jlVWT2/ E.ua.  (9) 

when' VIlo   ^ vertical detail part faliricalitm direct lalioj' hours for covers 

VWr       vertical weight of cove]*« v.-ith complcxily of C\\ 
25 

Cl' ■   complexity factor for lyivcn material and construclion Icchniqiu 25 

VAV   -   vertical ueight of covers with complcs'ity of CF 8 
2Ü 

CF     :   couiplexily farter for given material and construction technique 20 

\V\V   -  vertical vvciidil <n covery with eomijh'xilv of C 
27 

CF eo:n:>h.-;i.y factor for given material and construction technique 

V11F,; - fabrication hours per iKjund for baseline vertical eovers 

FCJ      weight scaling exponent 
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WING 

Ribs 

Subassembly 

WW CM   +WWCM   +WWCM, E 

^4 = -^ ^  (WHF4' (WWT' 
Equa. (10) 

where WH      =  wing subassembly direct labor hours for ribs 

WW wing weight of ribs with complexity of CM 
1 

CM. =  complexity factor for given material and construction technique 

WW. =  wing weight of ribs with complexity factor of CMr 

CM, complexity factor for given material and construction technique 

WW_ =  wing weight of ribs with complexity factor of CMo 

CM, =   complexity factor for given material and construction technique 

WW„ WW   + WW   + WW 
X Z o 

WH 
F4 

subassembly hours per pound for baseline wing ribs 

'10 
weight scaling exponent 

12 H 
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Ribs 

HORIZONTAL 

Subasscmbl 

HW CM    + HW CM    + 1IW CM E 
HH    = -^ ^—^ ;L-iL  (HII     ) (HW   )   11 

4 HW„ Fi T 
Equa. (11) 

where HH      = horizontal subassembly direct labor hours for ribs 

HW horizontal weight of ribs with complexity of CM 

CM complexity factor for given material and construction technique 

HW. =  horizontal weight of ribs with complexity of CM 

CM complexity factor for given material and construction technique 

HW„ =  horizontal weight of ribs with complexity factor of CM 
G 

CM =  complexity factor for given material and construction technique 

HW,. HW   + HW„ + HW 
12 3 

HH. 
F4 

subassembly hours per pound for baseline horizcntal ribs 

11 
weight scaling exponent 

121 

^ii^M^^ttaa^ri^i^tfi^^ii^^^ W*W^^^'**^'*tä'täi&'i^*tyfMm****to**'J^-'pütiw 



P.^liPNp^Sp 

Subassembly 

VW CM    + VW CM    + VW CM E 
Tn-i                17           2      8            3      9   TT , 12 
^4  =  ^T <VHF4) <VWT) 

Equa.   (12) 

where VII      =  vertical subassembly direct labor hours for ribs 

VW =   vertical weight of ribs with complexity of CMr 

CM complexity factor for given material and construction technique 

VW„ vertical weight of ribs with complexity of CM i .' 8 

CM, complexity factor for given material and construction technique 

VW„ =   veitical weight of ribs with complexity of CM 
9 

CM. =  complexity factor for given material and construction technique 

VW„ VW   + VW   + VW 
1 2 3 

VH 
F4 

subassembly hours per pound for baseline vertical ribs 

12 
=  weight scaling exponent 

J2.r) 
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WING 

Spavs 

Subassembly 

WW + CM     + WW CM     + WW CMn E o 

WH     =   —± ^ ^-^ 6—^ (WH     ) (WW     ,   13 

5 WW V      F5; V       Tl' 

where WH      = wing subassembly direct labor hours for spars 
5 

Equa.  (13) 

WW. 

CM 
10 

WW. 

CM. 
11 

WW, 

CM 
12 

WW, 
Tl 

WH 
F5 

13 

= w'r? weight of spars with complexity of CM 

= complexity factor for given material and construction technique 

= wing weight of spars with complexity of CM 

= complexity factor for given material and construction technique 

= wing weight of spars with complexity of CM ^ 
1^ 

=  complexity factor for given material and construction technique 

=  WW   + WW   + WW 
4 5 6 

=  subassembly hours per pound for baseline wing spars 

■=  weight scaling exponent 
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HORIZONTAL 

Spars 

Subassembly 

HWCMo+HWCM      +HWCM E 

™5 - -^-i3 L;;  6 i5 <™K' <"wT1.
i4 Equa.  (14) 

where HH^     = horizontal subassembly direct labor hours for spars 

HW horizontal weight of spars with complexity of CM 
13 

CM 
13 

=  complexity factor for given material and construction technique 

HW. = horizontal weight of spars with complexity of CM 
14 

CM 
14 

complexity factor for given material and construction technique 

HW. horizontal weight of spars with complexity of CM 
15 

CM 
15 

=  complexity factor for given material and construction technique 

HW, 
Tl 

HW, + HWr + HW, 
4 5 6 

HH 
F5 

=  subassembly hours per pound for baseline horizontal spars 

14 
weight scaling exponent 

I 
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VERTICAL 

Sparü 

Subassembly 

VW CM      + VW CM      + VW CM E 
VH   =-i-^ 5—^. S—VL  (VH     )(W    )   15 

5 VW K      F5' K      Tl' 
Tl 

where VH       = vertical subassembly direct labor hours for spars 

Equa.  (15) 

VW, 

CM 
16 

VW 

CM 
17 

VW 

CM 
18 

VW, 
Tl 

VH 
F5 

15 

=  vertical weight of spars with complexity of CM 
16 

=  complexity factor for given material and construction technique 

=  vertical weight of spars with complexity of CM 

=  complexity factor for given material and construction technique 

= vertical weight of spars with complexity of CM 
18 

=  complexity factor for given material and construction technique 

=  VW   + VW   + VW 
4 5 6 

=  subassembly hours per pound for baseline vertical spars 

=  weight scaling exponent 
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WING 

Covers 

Subassembly 

WW CM. „ + WW CMOA + WWCM E 

WH. 
7      19 8 20 

WW, 
T2 

9—^ (WHF6) (WWT2)   16 

where WH      = wing subassembly direct labor hours for covers 
o 

WW. 

Equa.  (16) 

CM 
19 

WW 
8 

CMn„ 
20 

WW 
y 

CM21 

WW, 
T2 

WH 
F6 

E 
16 

= wing weight of covers with complexity of CM 

=  complexity factor for given material and construction technique 

=  wing weight of covers with complexity of CM 

=  complexity factor for given material and construction technique 

= wing weight of covers with complexity of CM zi 

iplexity factor for given material and construction technique =  comj 

= WW  + ww8 + ww9 

=  subassembly hours per pound for baseline wing covers 

=  weight scaling exponent 
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HORIZONTAL 

Covers 

HH 

Subassembly 

HW„CM     +HW CM0<1 + HW CIVf 
7      22 8      23        _ 9      24 

HW 
T2 

(HHF6) (HWT2) 
17 Equa. (17) 

where HH 

HW 

CMr 

HW 
i 

CM 

'22 

23 

HW 
9 

CM 
24 

HW, 
T2 

HH, 
F6 

17 

6 =  horizontal subassembly direct labor hours for covers 

=  horizontal weight of covers with complexity of CM 
Zu 

= complexity factor for given material and construction technique 

= horizontal weight of covers with complexity of CM 

= complexity factor for given material and construction technique 

= horizontal weight of covers with complexity of CM 

complexity factor for given material and construction techniq ue 

HW,, + HW   + HW„ 
7 8 9 

subassembly hours per pound for baseline horizontal covers 

weight scaling exponent 
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P        I 

VERTICAL 

11 I i i 

Covers 

Subassembly 

VW CM     + VW CM      + VW CM E 
=        7      25 8_16 9„_11(VH     )(VW     )   18 

6 VW P    F6M      T2; 

where VH      = vertical subassembly direct labor hours for covers 

Equa,  (18) 

VW. 

CM 
25 

VW 

CM 
26 

VW„ 

CM 
27 

VW. T2 

VH, 
F6 

E 

=  vertical weight of covers with complexity of CM 

■-  complexity factor for given material and construction technique 

= vertical weight of covers with complexity of CM 
26 

=  complexity f ictor for given material and construction technique 

=  vertical weight of covers with complexity of CM 

=  complexity . ictor for given material and construction technique 

=  VW   + VW     ■ VW 
7 8 9 

=  subassembly hours per pound for baseline vertical covers 

=  weight scaling exponent 

131 

^^^^^^^^^^^.s mmm fBflteMfiift>^^"^-"^',.>^-i.^^^^ 



pKKS'^rTSi : -'P?t^f^?^rni^:W~:^^.rtpr^^^ -j^spi^iijgpsj^Bnr-v-T;---- ;-.,•.--•-■ --'fr- ^ 

Wim: 

i>rim;irv P-ox Assrmlvlv 

'J'ranspdrt.'ilion and Por'.itinning 

\VH (\V\V   )(\V11       ) 
12      v       Bn      $A] 

Wli 
SA2 l   I 

H     4 S        i  S    ) 
N        NL'        NJ; 

Q 
hlqua.. (19) 

where        WII      :   asscnilily hours for transporling and posiücnung 

W\V    -  W\V    + WW    '   WW    + \VW    4  \V\V     i W'W    i  WW     ,   \V\V    -i   W\\; 

B 1 2 3 4 5 G 7 8 it 

WW   -   wing weight of ribs with complexity of CF 

WW,      wing weiglil of rilis with complexity of CF( 

WW,  -  wing weight of ribs with complexity of CFM 

WW    - wing weight of spars with complexity of CF 

'•At'.   -■    '.■1'1 ni spars with complexity of CF 
1 1 

\\ 'W    -   wing weight of .spars with complexily of CF 

WW wiuK weicht of covers witli complexity of CF 
7 19 

WW v,in" weiglil el covers wilh cumnkxily of ('I-' 

WW wing weight of e-ovcrs with comijlexily of CF 
9 2t 

WII 
SA1 

issembly hours per unit woij'.ht for transporling and positioning 

Wli assembly hoar;- per Hubasscmbly for transporling and positjoilin'j, 
SAO ■ ' - J in. SA 

C        number of cover panels 

i<        number nf i*ibs 
N 

S       ■•- number of external spars 
N E 

h numl.er of internal spars 
Nl 

Q     tjuanlity sc-aling faelor 
132 
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w"i3 " 2 (S
PIO 

+ I!
P""T'

(T
J.|

) 

where WI1     = hours for panel fit and trim 

S      - average wing spar pcrimclcr in feet 

R^ = average wing ril) perimeter in feet 

H    =   hours per lineal foot for fit and trim 
T 

2T_ 

T     = joint thickness ratio   —— 

To = average skin thickness 

Equa.   (20) 

Assembly Clamp ft T.ayinit 

WH 14 = [(«pA"N)Q ^ ^/ (sKE + sK1)Q 

where WII      - hours foi- assemlily clamp and layout 

R -  size, scaling n.vioncnt 

HLL <2) 

"u. 
Hole Drillir 

.i-.s.'inb]\ '-onrs per unit length for clamp and layout 

W"K,-      rL<
11p',i"i

N>Q'<Kp/(SKE+VQ]<"D'(VJ4'<2' 

where WII      :   hours for hole drillin1 

15 

II    = ch'illing hours per foot 

Equa.  (21) 

Equa,  (22) 

Finisl\ Opoi-ations 

WII 
16 <«/<"/ + (S1./ (SNP + SN,>QJ,,I1:,|T.M)(FT^>(2'       Equa.  ,23, 

where WII      -- hours for finishing operations 
1  Ü 

II , -   finish hours pt i' unit lengtli 

FT 
22 

factor foi   lasten;!1 selection 

i:);5 
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Fastener Installation 

WH      =   [(R   )   (R   )     + (S      )      (S       + S     )Q    (H     )(T    UFT    U 2^ 

where WH     = hours for fastener installation 

H     = installation hours per foot for fastener installation 
r i 

Equa.  (24) 

FT     = factor for fastener selection 
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Horizontal 

Primary Box As.scinbly 

Transportation and Positioning 
Equa.  (25) 

Q, 
HH     - (inv   )(HH       ) +   rHH        (C      + R      + S + S      ) 

12      V       BM      SAX1        [      SA2K   Nl Nl        NE1 NI1; 

where HII     = assembly lionrs for transporting and positioning 
i. £ 

mv„ = HW, + IIW„ + mv„ + HW. + H\V_ + HW. + IIW_ + HW. -I- IIW. 
B 1 

HW   = horizontal weight of ribs with complexity of CF 

HW   = horizontal weight of ribs with complexity of CF 
Z D 

HW   = horizontal weight of ribs with complexity of CF 
3 6 

HW   = horizontal weight of spars with complexity of CF, „ 

HW   - horizontal weight of spars with complexity of CF 
0 14 

« 
HW   - horizontal weight of spars with complexity of CF 

G "15 

IIW   = horizontal weight of covers with complexity of CF 

HW   = horizontal weight of covers with complexity of CF 
8 23 

HW   = horizontal weight of covers with complexity of CF 

HH        =• assembly hours per unit weight for transporting and positioning 
oAl 

HH        = assembly hours per subasscmbly for transporting and positioning 

C      - numlici- of cover panels 
Nl 

R Ti --- number of ribs 
Nl 

b'TT„ - numher of external spars 

S       - numbc r of internal spars 
j\J l 

Qi ■   quantity scaling factor 
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Panel Fit .'■ Trim 

""^ ^PKI
1'VVV Equa. (2G) 

where Uli , - hours for panel fit and trim 

S        - avcrace liori/.onUil spar perimeter in feet 
PE1 b 

R      = average horizontal rib pcrinieter in feet 
PI 0 

H      = hours per lineal foot for fit and trim 
Tl 

2T 
S 

T     = joint thickness  ratio 
J5     J .04 

T   - average skin thickness 
S 

Assembly Clamp ami Layout Equa. (27) 

HH 
M 

■     Ri      Qi ni Q, 

"UA (2' 

where 1111     -■ hours for assembly clamps and layoul 
14 

H   -  size sealing exponent 

H        = assembly hours per unit length for clamp and layout 
ijLil 

Hole Drilliiv. 

HH.    = 

Equa. (28) 

(Kpi)     (RN1)       +(SpE1)    (SNE1+SNI1)    Jd^KVm 

where Hll     - hours for hole drilling 
15 

H      -- drilling hours per foot 
Dl ' ' 

Finish Operatinns 

mi 
10 (K, 

Jl Q R 
11 1 , 

(K     )        + (S        )      (S + K .. ) 
V 

Nl PF1 NE1 Nil 

Equa.  (29) 

(,,El)(T
Ja

)(F24^) 

where 1111      -   hours tor finishing operation:- 
1 (1 
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II       - finish lunii s in-r imil len^lh 

1''   . ■• factor foj- l;i.sttiicr sck'dion 
2'1 

Fastener In Fit all alien 

1111 
17 

n c^ R Q ■ 
111 1 

(11     )       (R     ) +  (S        )     (S + S       ) (II       )('r    )(1"I"    )(2) [   Pl'      y   m1 K  PFA'     
K
 NKl NIT       Jv   FIJM   J;/v     25n  ; 

where III I     -   hours for fastener installation 
17 

Equa.  (30) 

H        = installation hours per foot for fastener installation 
Fll ' 

FT     ~ factor for fastener selection 
25 
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Vertical 

Primary Pox Assembly 

Transportation and Positioning Equa.  (31) 

VH     = (VW   )(VII       ) +    VII        (C      + R       + S + S      ) 
12      K      BM      SAr      L    SA2      N2        Nz        NEZ        NI2 

Q i 2 

where VH     = assembly hours for transporting and positioning 

vw    = VW   + \^V   + VW   + VW   + VW   4 vw   + VW   + VW   -f VW 
Bl 2 3 45G789 

VW   = vertical weight of ribs with complexity of CF 

VW   - vertical weight of ribs with complexity of CF 
Z 8 

VW   = vertical weight of ribs with complexity of CF 

VW^ = vertical weight of soars with complexity of CF 
4 ' 16 

VW    - vertical weight if spars with complexity of CF 

VW   = vertical weight of spars with complexity of CF 
G « i ' ■) 18 

VWr = vertical weight of covers with complexity of CF 
25 

VW   = vertical weight of covers with complexity of CF 
8 26 

VW   = vertical weight of covers with complexity of CF 

VH        = assembly hours per unit weight for transporting and positioning 

VH        = assembly hours per subasscmbly for transporting and positioning 
o A Z 

C = number of cover panels 

R = number of ribs 

S = number of external spars 

S - number of internal spars 

Q   -  quantity sealing factor 
138 
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Panel Fit and Trim 

where VH
13 

= hours for panel fit and trim 

SP£
2 

= average vertical spar perimeter in feet 

RPI = average vertical rib peri meter in feet 

HT
2 

= hours per lineal foot for fit and trim 
2T 

T JG = joint thkkness ratio: . 
04

8 

T S = average skin thickness 

where VH -== hom·s for asscmblv cl:tm)J ;~ ; 1 d J:tyoul 
14 ·' 

R o: size sealing cxpont'nt 
2 

Equa. (32) 

Equa. (33) 

HLL
2 

= assembly hours per uni,t lcng!h for damp and layout 

\\ll(:rc \'H =-= hours for hole drilling 
15 

H = drillin).:; hours per foot 
D2 

n2 
(s ) ('.; . 

L P E?. .. N E2 ., 

\', here \'II ... hours for fini shin1·:: O!)l'l·: l (i cJ: I!: 
16 
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where VH
17 

= hours for fastener im;lallal.ion 

HF12 = installation hours per foot for fastener instnllation 

FT = factor for fastener selection 
27 
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WING 

Secondary Structure 

Basic equation forms: 

E 
WH 

where WII 

CB. 

WC 

WD 

E 

and WE 

where WE 

=  CB. (WC.) (WD.)   1 

- detail fabrication hours 

=  complexity factor for given material and construction technique 

= hours per pound of structural weight 

= weight of structural element 

= weight scaling exponent 

F. 
=   CC   (WF ) (WD.)   X 

i i i 

=  subassembly hours 

CC. 

WF 

WD 

complexity factor for given material and construction techniq 

hours per pound of structural weight 

weight of structural element 

weight scaling exponenl. 

ue 

Leading Edge 

18 =   CBi (WC^ (WB^ 

j 

18 =   CC1 (WFJ (WD^ 

19 

19 

Trailing Edge 

K 
WII 

19 

WE 
19 

CB2 (WC2) (WD2) 

CC2 (WF2) (WD2) 20 

Equa. (40) 

Equa.  (11 ) 

Equa.  (-12) 

Equa.  (43) 

111 
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Ailerons 

WH 
20 

WE, 
20 

Fairings 

WH 
21 

WE 
21 

Tips 

WH 
22 

WE, 
22 

Spoilers 

WH 
23 

WE 
23 

E 
CB3 (WC3) (WD3) 

21 

CC3 (WF3)(WD3) 
21 

E 
CB4 (WC4) (WD4) 

22 

F. 
CC4 (WF4) (WD4) 

22 

CB5 (WC5) (WD5) 
23 

F 
CC5 (WF5) (WD5) 

CB6 (WC6) (WD6) 

CC6 (WF6) (WD6) 

23 

24 

24 

Flaps & Flapercns 

WHo. =   CB,, (WCJ (WDJ 24 7 v       7/ \       7; 

WE, 
24 

CC7 (WF^ (WD7) 

25 

25 

Attachment Structure 

WH =  CB   (WC ) (WD ) 
25 8 v       8 8 

WE25 =   CC8 (WF8) (WD8) 

26 

26 

Equa.  (44) 

Equa,  (45) 

Equa.  (46) 

Equa.  (47) 

Equa.  (48) 

Equa.  (49) 

Equa. (50) 

Equa.  (51) 

Equa. (52) 

Equa. (53) 

Equa.  (54) 

Equa.  (55) 
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Access Doors, Frames & Landing Gear Doors 
E 

^26 =   CB9 (WCV ^^ 

WE 
2G 

CC9 (WF9) (WD9) 

27 

27 

Equa.  (5G) 

Equa.  (57) 

Wing Mounted Air Induction 

WH. 
27 

WE. 
27 

CB n (WC    ) (WD    ) 
10 v      lO7 v      10; 

CC     (WF    ) (WD    ) 
10 v      10' v      10; 

28 

28 

Equa.  (58) 

Equa.  (59) 

High Lift Ducting 

WH =   CB     (WC    ) (WD    ) 
28 11 v      11   v       ll' 

WE =  CC      (WF    )(WD    ) 
28 11 v      ir v      ll' 

29 

29 

Equa.  (60) 

Equa.  (61) 

Slats 

WH 
29 

WE 
29 

E 
CBi2 (WCi2) (WDi2) 

30 

F 
CC12 (WFi2) (WDi2) 

30 

Equa.  (62) 

Equa.  (63) 

Hinges, Brackets & Seals 
E 

WH =   CB     (WC    ) (WD    ) 
30 13 v      13; v       13 

WE =   CC     (WF    ) (WD    ) 
30 13 v      13   v       13' 

31 

31 

Equa.  (64) 

Equa.  (65) 

Pivots and Folds 

WH. 
31 

WE 
31 

E 
CB     (WC   , (WD    ) 

14 v       14 v       14' 

CC      (WF    ) (WD    ) 
14 v      14' v       14; 

32 

32 

Equa.  (66) 

Equa.  (67) 
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Center Section 

WE. 
32 

E 
WH =   CB     (WC    )(WD    ) 

oZ 15 15 15 

CC15 (WF15) (™15, 

33 

33 

Equa.  (68) 

Equa,   (69) 

Other 

^ =  CB16 <W016> ^16' 

WE 
33 

CC , (WF „) (WD    ) 
16 v       16' v      16' 

34 

34 

Equa.  (70) 

Equa.  (71) 
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HORIZONTAL 

Secondary Structure 

Basic equation forms: 

HH. 

where HH 

CB. 

HC. 

HD. 

E 

CB. (HC.) (HD.) 

detail fabrication hours 

=  complexity factor for given material and construction technique 

= hours per pound of structural weight 

=  weight of structural element 

weight scaling exponent 

and HE. CC. (HF.) (HD.) 

where HE. =  subassembly hours 

CC. =  complexity factor for given material and construction technique 

HE. = hours per pound of structural weight 

HD. = weight of structural element 

E. = weight scaling exponent 

Leading Edges 

HH 
E 

CB^HC^HD^ 
'35 

HE18 
Trailing Edge 

HH 
19 

HE_ 
19 

=   CCi7 (HF^ (HD^ 

CBi8 (HC2) (HD2) 

CC18 (HF2) (HD2) 

35 

'36 

36 

Equa.  (72) 

Equa. (73) 

Equa.  (74) 

Equa.  (75) 
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Fairings 

HH 
20 

HE 
20 

Elevators 

HH, 

E 
CBM <H<V <HD3> 

37 

CC19 (HF3) (HIV 

F 
37 

21 CB2o (HC4) (HD ) 38 

F 
HE 

1 =   CC20 (HF.) (™J 
38 

Balance Weight 

HH 
22 =   CB

2l (HC
5) (HD.) 

39 

HE 
F 

22 CC21 ^V (HD5) 
39 

Tips 

HH. 
23 =   CB22 (HC6) (HD6) 40 

HE 
F 

23 OC22 <HF6> <HD6> 
40 

Hinges. Brackets and Seals 

HH 
24 CB23 imJ (PrD

7) 
41 

HE. 
F 

41 
24 =   CC23 ^J imJ 

Access Doors & Frames 

HH._ =   CB24 (HC8) (HD8)   42 
E 

25 

F 
HE 

25 CC24 (HF8' 'HD8> 
42 

Equa. (7G) 

Equa.  (77) 

Equa.  (78) 

Equa.  (79) 

Equa.  (80) 

Equa.  (81) 

Equa.   (82) 

Equa.  (83) 

Equa.  (84) 

Equa.  (85) 

Equa.  (86) 

Equa.  (87) 
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Attachment Structure 
E 

HH
26 =   CB25 '^a' <HD9, 

43 

F 

HE26 =  CC25 (HF9) (HD9, 
43 

Equa.  (88) 

Equa.  (89) 

Pivots and Folds 

HH
2, 

=  CB26 '^lO1 (HD10' 

HE27 =   CC2G '"V ,HD10) 

44 

44 

Equa.   (90) 

Equa.  (91) 

Center Section 
E 

HH28 =  CB27 (HC11, (HDU) 

HE28 =   CC27 <HF
11) •""ll' 

45 

45 

Equa.  (92) 

Equa.  (93) 

Other 

HH29 =   CB28 (HC12) (HD12
, 

HE29 -   CC28 ^d ^l^ 

46 

46 

Equa.   (94) 

Equa.  (95) 
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Secondary Structure 

Basic equation forms: 

VERTICAL 

VH. CB. (VC.) (VD.) 

where VH detail fabrication hours 

CB. 

VC. 

VD. 

E. 

and VE 

CC. 

VF. 

VD, 

= complexity factor for given material and construction technique 

= hours per pound of structural weight 

= weight of structural element 

= weight scaling exponent 

F. 

= CC. (VF.) (VD.)   1 =  subassembly hours 

= complexity factor for given material and construction technique 

= hours per pound of structural weight 

= weight of structural element 

= weight scaling exponent 

Leading Edge 
E 

VH 
18 

VE 

Trailing Edge 

VH 
19 

VE 
19 

CB29 (VC^ (VD^ 

CC29 (VF^ (VD^ 

CB3O (vcy (VD2) 

CC30 (VF2) ^2) 

47 

47 

^48 

48 

Equa.  (96) 

Equa.  (97) 

Equa.  (98) 

Equa.   (99) 
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CB31 ^J ^J 
49 

F 

CC31 (VF3) (VD
3

) 

49 

Rudder 
E 

VH 
21 

VE 

CB32 (VC4) (VD4) 

CC32 (VF4) (VD4) 

50 

50 
21 

Balance Weight 

VH =   CBo    (VC ) (VD ) 
22 33 v      5 5 

VE =  CC„    (VF ) (VD ) 
22 33 V      5; V      5' 

51 

51 

Tips 
E 

VH23 =  CB34 (VC6) ^G» 

VE =  CC      (VF ) (VD ) 
23 34 V      6' V      6; 

Hinges, Brackets and Seals 

52 

52 

VH 
24 

VE 
24 

CB35 (VC7) (VD7) 

CC      (VF ) (VD ) 
35 v      7 T 

53 

53 

Access Doors and Frames 

VH = CB     (VC ) (VD ) 
25 36 v      8' v     8 

VE25   = CC36 <VF8) '^i 

54 

54 

Equa. (100) 

Equa. (101) 

Equa. (102) 

Equa. (103) 

Equa. (104) 

Equa. (105) 

Equa. (106) 

Equa. (107) 

Equa. (108) 

Equa. (109) 

Equa. (110) 

Equa. (Ill) 
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Attachment Structure 

VH26 =   CB37 (VC9) ^^ 

55 

F 

VE
26 =  rC37 <VF9) (VI,9' 

55 

Equa.  (112) 

Equa.  (113) 

Pivots and Folds 
E 

VH2, =  CB38 (VrJ10' ^lo' 

VE27 =   CC38 <VF10> (VD10' 

56 

56 

Equa.   (114) 

Equa.  (115) 

Others 

^28 =   OB39 «^ll1 ^ll' 

VE28 =  CC39 «^U1 ^U» 

57 

57 

Equa. (116) 

Equa.  (117) 
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\\'m£ Asscmblv 

WIl      -   (\VRRP)(\\■^,  )  +2\V'KSL + 2\VKRL + 2\VHS] 
37      v n       S' 

('J,    )(FT    )(1!K  ) CM v   J7M      2b'        1 B18 

where     WIl      -   win'', lin:il assembly huurs 
37 

WRHP -   root rib length (ft.) 

WC   ■   center section oiierator;   1 without, 

WFSL     front spar lengtli (ft.) 

WEUL -   end rib length (ft.) 

WHSL      rear spar length (ft.) 

\VR   - size scaling parameters 
1 2T 

'I' _ ■   joint thickness ratio; 

^WJi 

with 

.04 

T   -~- average skin thickness 
S 

FT      -   factor fur fastener selection 
28 

IIF    -   cos! per unit length lor asscmblv 
1 

CM =  complexity factor 
BIB 

Equa. (118) 
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Hori/.onla] ASSCMIMN 

1111 
iiO 

(HHPvl^lIC ,)  •  2IIFSJ. .   21IKHL ■  211ItSJ. 
111! 

TJ8) (FT21)) (11K2)  CM 

Kqua.  (119) 

whore1 1111 horizenta] linal as!.oml)lv hours 

HHHP -  root rib length (II.) 

HC,- renter section ojieralor;   1 v.ilhoul,  2 willi 

HFSL -   front spar h ngih (It. ) 

llKMl.      end rih length (ft. ) 

11USL     rear S))ur lengih (ft. ) 

11R       size sealing parameler 

T     -   joint thirl,.ics:. rat in- 

',\' skin thirl.no 

0! 

FT factor for fastener selection 

K        eosl per unit len'.'lh loi  asseinhlv 

CM        =  complexity factor 

152 

^XM^^iiiiiViläiiiM^^  „■... ..    , 



fm^^w^mmmmm^^^ mmmmmim. 

Vert i c alAsscnibly 

Vorlieal 

VU, 

Equa. (120) 

VII,     -  (YRKP-i   VFSL  !   Vl-JRL-i   VJISL) (^^'^ 

where      VH     -   verlical final assembly hours 

VRRP '  i'ool rib length (ft.) 

VFSL -   front spar length (ft. ) 

VERL     cud rib length (it. ) 

VRSL ■   rear spar length (ft. ) 

VR    -  size scaling i>arameter 
1 2T 

CM 
B20 

T      - joi 
jy 

nt Ihiekncss ratio; 
.01 

T    ;. avc-j'a;:!' slon Ihickness 

FT iactor for fusleeor scUrüoi. 

lir        r(,si ,„'1- unit length ioi- assrml}ly 

CM        = eomplexity factor 
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Winir 

Pnint {■[■ l-'inish 

Wll      -   (WA  )(\\11  )(2) 
38 Sn       S     ; Equa.  (121 

whorc     WH   . -   hütir.s for paint aiul l'ini.sh 
J8 

2 
WA   -  winy, surface area - 11.     (one side only) 

Wll , -  hours per square Foi! I.H u>r lor paint finish 

Iltiwork 
■M 

Wll39    S      WII';MWr) Iqua.   (122) 

where      Wll hours for rovvork 
39 

;!7 
2     WIT s - suininalitii; ol all rabrienlioii ain.l as: ciril^v  hours 

\\ I'     J i wor 

154 
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where Uli 

(I1AJ (IHl  ) (2) 

hours for paint and fini.sh 

2 

Equa.  (123) 

ilA , --   horizontal surlaee area - 11. " ( one «icle only) 

HI! hours pcr.tiuarc foot factor for paint and finish 

Rcwnrl; 

Hi 

30 

1 

Equa.  (124) 

where 1111 hours for rev.urk 

30 
y^lliPs sumniation oi a]] lubricali-n and assembly li' 

1 

11U i-eworl; factor 

1 55 

■*HW~ 
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Vt-rUca] 

Painl .!;■ l-'inisli 

Vll 
30 

(VA  ) (VIM (2) Equa.  (125) 

where VIf 
30 

VA, 

hours fur paint am! finish 

hon/.onlal surface arca-ft.     (oiu; sitle only) 

\'H -■   hours per scjuai'e foot factor for painl and finish 

Rework 

Vll 
Ml 

29 

E    VIP s (VU) 
1 

Equa.  (12G) 

when.  Vll hours for rework 

y    Vll':-, MIIUniatiou of al] fabriertion am! asseiv,M\ IKUO 

1 

VU rework faeioj- 

1 56 
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Wing Material 

Primary Box Structural Material Cost 

WM. 

where WM 

WW. 

RMC. 

SF 

WW.(RMC.)(SF.) 

= material cost 

= weight of finished structure 

= raw material cost per pound 

= scrappage factor 

Ribs 

WM =   WW (RMC )(SF ) 

WMo =  WW2(RMC2)(SF2) 

WM, 
o 

--■   U^W3(RMC3)(SF3) 

Spars 

WM 
L 

WM 

WM 

Covers 

WMr 

WM 

WM 
9 

WW (RMC )(SF ) 
4V 4n     4 

WWJRMC )(SF } 
5 5        5 

WW (RMC )(SF ) 

= WW7(RMC7)(SF7) 

- WW8(RMC8)(SF8) 

=   WW9(RMC9)(SFg) 

Wing Secondary Structure Material Cost 

WM. =  WD.(RMC.)(SF ) 
i iii 

where WM. =   material cost 
i 

WD. =   weight of finished structure 

157 

Equa.  (127) 

Equa. (128) 

Equa.   (129) 

Equa. (130) 

Equa. (131) 

Equa.   (132) 

Equa. (133) 

Kqua. (134) 

Equa.   (135) 
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BMC. =  raw material cost per pound 

SF. =  scrappage factor 

Leading Edge 

WM „ 
10 

Trailing Edge 

WD (RMC    )(SF J 
V        10M     10' 

Equa.  (1 30) 

WM 
11 

WD (RMC    )(SF    ) 
2V        11M    ir 

Equa.  (137) 

Ailerons 

WM -   WD  (RMC    )(SF „) 
12 3V 12M     12' 

Equa.  (138) 

Fairings 

WM =   WD (RMC    )(SF J 
13 4 13n     13 

Equa. (139) 

Tips 

WM  , =   WD (RMC   „)(SF   J 
14 5V 14/v     14' 

Equa.  (14 0) 

Spoilers 

WM 
15 

WD  (RMC    )(SF    ) 
6 15        15 

Equa.  (141 

Flaps & Flaperons 

WM =   WD (RMC    )(SF    ) 
16 7V 16/v     16; Equa.  (K2) 

Attachment Structure 

WM 
17 

WD (RMC  J(SF  J 
8V 17,V     17' 

Equa.   (143) 

Access Doors,  Frames & Landing Gear Doors 

WM WD  (RMC    )(SF  J 
9V 18M     18' 

Equa.  (144) 

Wing Mounted Air Induction 

WM =   WD „(KMC    )(SF    ) 
19 10v 19/v     19' 

Equa.   (145) 
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High Lift Ductinp; 

WM „ =   WD    (RMCnJ(SFn„) 
20 11 20       20 

Equa.  (14G) 

Slats 

WM21 =   WDi2(RMC2i)(SF2i) Equa.   (147) 

Hinges,  Brackets and Seals 

WM =   WD    (BMC J(SFoo) 
22 13V 22        22' 

Equa,  (148) 

Pivots and Folds 

WM23 =   WDi4(RMC23)(SF23) Equa.   (149) 

Center Section 

WM24 =   WDi5(RMC24)(SF24) Equa.  (150) 

Other 

WM 
25 ^ie'^Ss'^^s' Equa.   (151) 
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Horizontal Materinl 

Primary Box Structural MatetHai Cost 

HM 

where HM 

HW 

EMC 

SF. 

Ribs 

HM 

HM. 

HM 

Spars 

HM 

HM 

HM 

Covers 

HM 

=  HW.(RMC.)(SF.) 

= material cost 

=  weight of finished structure 

:   raw material cost per pound 

=  scrappage factor 

= HWi(RMC26)(SF26) 

= HW2(KMC27)(SF27) 

= HW3(RMC28)(SF28) 

= HW4(RMC29)(SF29) 

= HW5(RMC30)(SF30) 

=  HWG(RMC3i)(SF3i) 

= HW7(RMC32)(SF32) 

HM 
8 =  HW8(RMC33)(SF33) 

HM 
9 '  HW9,RMC34)(SF34, 

Horizontal Se( 2ondary Structure Material Cost 

HM 
i -  HD (RMC )(SF ) 

i          i       i 

where HM. 
i =  material cost 

HD. 
i =  weight of finished structure 

Equa. (152) 

Equa. (153) 

Equa. (154) 

Equa. (155) 

Equa. (156) 

Equa. (157) 

Equa. (158) 

Equa. (159) 

Equa. (1G0) 
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RMC. =  raw material cost i)er pound 

SF =  scrappage factor 
i 

Leading Edge 

HM n 10 

Trailing Edge 

HDi(RMC35)(SF35) 

HM11 =  HD2(RMC36)(SF36) 

Equa.  (1(51) 

Equa.  (H)2) 

Fairings 

HMi2 =   HD3(RMC37)(SF37) Equa.  (163) 

Elevators 

HM13 =  ™4<RMC38)(SF38, 
Equa.   (164) 

Balance Weight 

HM14 =   "D5(RMC39)(SF39, 
Equa.   (165) 

Tins 

HMi5 =  HD6(RMC4()MSF40) 

Hinges, Brackets & Seals 

HM]r) =   HD7 (RMC41) (SF4i) 

Equa.   (166) 

Equa.   (167) 

Access Doors & Frames 

HM 
17 

HD  (RMC42)(SF42) Equa.  (168) 

Attachme?.'- Structure 

HM18 -  HD9(RMC43, (SF43) 

Pivots | Folds 

HM19 =   HDi(),RHC44,(SF44) 

Equa.   (169) 

Equa.   (170) 

Center Section 

HM =   HD    (RMC    )(SF    ) 
20 llv 45M     45 

Equa.   (171) 

Other 

HM 
21 

HD12(RMC46)(SF48)     1G] 
Equa.   (17 2) 
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Vertical Material 

Primary Box Structural Material Cost 

VM 

where VM 
i 

VW 
i 

RMC 
i 

SF. 

Ribs 

VM 

VM, 

VM, 

VM 
( 

Covers 

VMr 

VM 
i 

VM. 

VW(RMC )(SF.) 
i i       i 

= material cost 

= weight of finished structure 

= raw material cost per pound 

= scrappage factor 

= VW (RMC    )(SF    ) 

-   VW2(RMC48)(SF48) 

= VW3(RMC4y)(SF49) 

Spars 

VM, 
4 

- VW (RMC )(SF ) 
4V         50M     50; 

VM 
5 

= VW (RMC )(SF ) 
5           51        51 

= VW6(RMC52)(SF52l 

VW (RMC    )(SF    ) 
7V 53       53' 

VW8(KMC54,(SF54) 

VW9(EMC55)(SF55, 

Vertical Secondaiy Structure Material Cost 

VM 

where VM. 

VD. 

VD.(RMC )(SF ) 
i i        i 

= material cost 

= weight of finished structure 

Equa. (173) 

Equa. (17-1) 

Equa. (175) 

Equa. (I7G) 

Equa. (177) 

Equa. (178) 

Equa. (179) 

Equa. (180) 

Equa. (181) 
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RMC. =  raw material cost per pound 

SF. =  scrappage factor 

Leading Edge 

VM10 =   VD^RMC^XSF^) Equa.  (182) 

Trailing Edge 

VM =   VD„(RMC    )(SF    ) 
11 2V 57V     57 

Equa,  (183) 

Fairings 

VM =   VD (RMC    )(SF    ) 
12 3 58        58 

Equa. (184) 

Rudder 

VM  0 =  VD (RMC    )(SF    ) 
13 r 59        59' 

Equa.  (1 85) 

Balance Weight 

VM  ^ =  VD (RMC    )(SF    ) 
14 5 60        60 

Equa.  (186) 

Tins 

VM =  VD  (RMC    )(SF    ) 
15 6 61/v     61 

Equa.  (187) 

Hinges, Brackets and Seals 

VMi6 =   VD7(RMC62)(SF62) Equa.  (188) 

Access Doors and Frames 

VMi7 -   VD8(RMC63)(SF63) Equa.  (189) 

Attachment Structure 

VM „ =   VD (RMC    )(SF    ) 
18 9V 64"     64' 

Equa.  (190) 

Pivots and Folds 

VM 
19 

VD    (RMC     )(SF    ) 
10 65        65 

Equa.   (191) 

Others 

VM„ =   VD    (RMC    )(SF    ) 
20 IT 66M     66' 

Equa.  (192) 
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Wing 

Primary Box Assembly Material Cost 

WA 
] 

where 

WA 

I™1 

12 

AMF 

FM 

17 

Y^WH(AMF )(FM ) 

= primary box assembly material cost 

= total assembly labor hours for primary box 

= assembly material per labor hour 

= fastener type complexity factor 

Wing Assembly Material Cost (Excluding primary box) 

Equa.  (193) 

WAr 

where 

WAr 

WH 
37 

AMF 
4 

FM 

WH37(AM.F4)(FM4) 

= wing assembly material cost 

= wing final assembly hours 

= assembly material per labor hour 

= fastener type complexity factor 

Equa.  (194) 

1G4 
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Horizontal 

Primary Box Assembly Material 

HA. 

where 

HA 

1 

17 

L 
12 

y^HII(AMF2)(FM?) Equa.  (195) 

1 

17 

5™ 
AMF 

LJ 

FM„ 

= primary box assembly material cost 

= total assembly labor hours for primary box 

-- assembly material per labor hour 

= fastener type complexity factor 

Horizontal Assembly Material Cost (Excluding primary box) 

HA, 

where 

HA. 

HH 
30 

AMF 
5 

^M 

HH    (AMF )(FM  ) 
30v 5 v       5' 

= horizontal assembly material cost 

= horizontal final assembly hours 

= assembly material per labor hour 

= fastener type complexity factor 

:qua.  (196) 
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Vertical 

Primary Box Assembly Material 

17 

VA. 

where 

VA. 

1 

1 

17 

E 
12 

AM F.. 

FM. 

VH 

3 

= yVH(AMF3)(FM3) 

12 

=   primary box assembly material cost 

=  total assembly labor hours for primary box 

=  assembly material per labor hour 

=  fastener type complexity factor 

Equa, (197) 

Vertical Assembly Material Cost (Excluding primary box) 

VA, 

where 

VA, 

VH. 
29 

AMF. 

FM 

6 

VH29(AMF6)(FM6) 

= vertical assembly material cost 

= vertical final assembly hours 

= assembly material per labor hour 

= fastener type complexity factor 

Equa,  (198) 

IGG 
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Conversions to Computer Program Symbology 

Variable (NAMELIST) 

UseonWTNG, II STAB,   VST AB 

BOX DETAIL FABRICATION 

Wl 
W2 
WA 
WT 
W4 
W5 

W6 
WT1 
W7 
W8 
W9 
VVT2 

CF1 
CF2 
CF3 
CF4 
CF5 
CF6 
CF7 
CF8 
CF9 

Subassembly 

CM1 
CM2 
CM3 
CM4 
CM5 
C'I6 
CM7 
CM8 
CM9 

Primary Box Assembly 

CN 
RN 
SNE 

Weight of ribs 
Weight of ribs 
Weight of ribs 
Total weight of Wl, 
Weight of spars 
Weight of spars 
Weight of spars 
Total weight of W4, 
Weight of covers 
Weight of covers 
Weight of covers 
Total weight of W7, 
Complexity factor - 
Complexity factor - 
Complexity factor - 
Complexity factor - 
Complexity factor - 
Complexity factor - 
Complexity factor - 
Complexity factor - 
Complexity factor - 

W2, W3 

W5, WG 

W8, W9 
■ ribs 
ribs 

■ ribs 
■ spars 
■ spars 
■ spars 
■ covers 
■ covers 
• covers 

Complexity factor — ribs 
Complexity factor — ribs 
Complexity factor — ribs 
Complexity factor — spars 
Complexity factor — spars 
Complexity factor — spars 
Complexity factor — covers 
Complexity factor — covers 
Complexity factor — covers 

Number of cover panels 
Number of ribs 
Number of external spars 

1G7 
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SNI 
SPE 
RP 
TJ4 
TS4 
FF1 
FF2 

Secondary Structure 

CB1 
WD1 
CC1 
CB2 
WD2 
CC2 
CB3 
WD3 
CC3 
CB4 
V/D4 
CC4 
CB5 
WD5 
CC5 
CB6 
WD6 
CC6 
CB7 
WD7 
CC7 
CB8 
WD8 
rC8 
CB9 
WD9 

CC9 
CB10 
WD10 
CC10 
CB11 
WD11 
ecu 
CB12 
WD12 
CC12 

Number of internal spars 
Average spar perimeter in feet 
Average rib perimeter in feet 
Joint thickness ratio 
Average skin thickness 
Factor for fastener selection 
Factor for fastener selection 

Complexity factor — leading edge 
Weight — leading edge 
Complexity factor — leading edge 
Complexity factor — trailing edge 
Weight — trailing edge 
Complexity factor — trailing edge 
Complexity factor — aileron, elevator, rudder 
Weight — aileron, elevator, rudder 
Complexity factor — aileron, elevator, rudder 
Complexity factor — fairings 
Weight — fairings 
Complexity factor — fairings 
Complexity factor — tips 
Weight — tips 
Complexity factor — tips 
Complexity factor — spoilers 
V/eight — spoilers 
Complexity factor — spoilers 
Complexity factor — flaps 
Weight — flaps 
Complexity factor — flaps 
Complexity factor — attachment struct. 
Weight — attachment structure 
Complexity factor — attachment sti-uct. 
Complexity factor — access doors, etc. 
Weight — access doors, etc. 
Complexity factor — access doors, etc. 
Complexity factor — air induction 
Weight — air induction 
Complexity factor — air induction 
Complexity factor — high lift ducting 
Weight — high lift ducting 
Complexity factor — high lift ducting 
Complexity factor — slats 
Weight — slats 
Complexity factor — slats 
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CB13 
WD13 
CC13 
CB14 
WD14 
CC14 
CB15 
WD15 
CC15 
CB16 
VVD16 
CC16 
CB17 
WD17 
CC17 

Final Assembly 

WRRP 
CSO 
FSL 
ERL 
RSL 
TJ7 
TS7 
FF3 
CMB 
AS2 

Primary Box — Material Cost 

RMC1 
SF1 
RMC2 
SF2 
RMC3 
SF3 
RMC4 
3F4 
RMC5 
SF5 
RMC6 
SF6 
RM*J7 
SF7 
RMC8 
SF8 

Complexity factor ~ hinges, etc. 
Weight — hinges, etc. 
Complexity factor — hinges, etc. 
Complexity factor — pivots and folds 
Weight — pivots and folds 
Complexity factor — pivots and folds 
Complexity factor — center section 
Weight — center section 
Complexity factor — center section 
Complexity factor — other 
Weight — other 
Complexity factor — other 
Complexity factor — balance weight 
Weight — balance weight 
Complexity factor — balance weight 

Root rib length 
Center section operator 
Front spar length 
End rib length 
Rear spar length 
Joint thickness ratio 
Average sldn thickness 
Factor for fastener selection 
Complexity factor 
Surface area — ft.2 

Raw material cost 
Scrappage factor — 
Raw material cost ■ 
Scrappage factor — 
Raw material cost • 
Scrappage factor — 
Raw material cost 
Scrappage factor — 
Raw material cost ■ 
Scrappage factor — 
Raw material cost • 
Scrappage factor — 
Raw material cost 
Scrappage factor — 
Raw material cost 
Scrappage factor — 
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— ribs 
ribs 
- ribs 
ribs 

— ribs 
■ ribs 
— spars 
• spars 
— spars 
spars 

~ spars 
• spars 
— covers 
covers 

— covers 
covers 
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RMC9 
SF9 

Raw material cost — covers 
Scrappage factor — covers 

Secondary Structure Material Cost 

RMC10 
SF10 
RMC11 
oFll 
RMC12 
SF12 
RMC13 
SF13 
RMC14 
SF14 
RMC15 
SF15 
RMC16 
SF16 
RMC17 
SF17 
RMC18 
SF18 
RMC1Ö 
SF19 
RMC20 
SF20 
RM21 
SF21 
RMC22 
SF22 
RMC23 
SF23 
RMC24 
SF24 
RMC25 
SF25 
RMC26 
SF2G 

Raw material cost 
Scrappage factor - 
Raw material cost 
Scrappage factor — 
Raw material cost • 
Scrappage factor — 
Raw material cost- 
So rappagc factor — 
Raw material cost 
Scrappage factor — 
Raw material cost ■ 
Scrappage factor — 
Raw material cost ■ 
Scrappage factor — 
Raw material cost ■ 
Scrappage factor — 
Raw material cost 
Scrappage factor — 
Raw material cost - 
Scrappage factor — 
Raw material cost • 
Scrappage factor — 
Raw material cost ■ 
Scrappage factor — 
Raw material cost 
Scrappage factor — 
Raw material cost - 
Scrappage factor — 
Raw material cost • 
Scrappage factor — 
Raw material cost 
Scrappage factor — 
Raw material cost 
Scrappage factor — 

— leading edge 
• leading edge 
— trailing edge 
■ trailing edge 
— aileron, elevator, rudder 
• aileron, elevator, rudder 
■ fairings 
fairings 

— tips 
tips 
- spoilers 
spoilers 
- flaps 
flaps 

- attachment structure 
attachment structure 

— access doors, etc. 
— access doors, etc. 
— air induction 
■ air induction 
— high lift ducting 

— high lift ducting' 
- slats 
slats 

— hinges, etc. 
■ hinges, etc. 
— pivots and folds 
pivots and folds 
- center section 
center section 

— other 
other 

— balance weight 
balance weight 

Primary Box Assembly Material Cost 

FM1 

Assembly Material Cost 

FM2 

Complexity factor — fastener type 

Complexity factor — fastener type 
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Variable Name (Not Namelist) Use - WING, I1STAH,  VSTAB 

Box Detail Fabrication 

HF1 
El 

HF2 
E2 
H F3 
E3 

Subasscmbly 

HF4 
E4 
HF5 
E5 
HFG 
E6 

Primary Box Assembly 

HSA1 
HSA2 

Q 
HT 
HLL 
R 
HD 
HE 
HFI 

Secondary Structure 

WC1 
E7 
WF1 
El 
WC2 
E8 
WF2 
E2 
WC3 
E9 
WF3 
F'J 

WC4 
E1 0 

Fabrication hours — ribs 
Exponent — ribs 
Fabrication hours — spars 
Exponent — spars 
Fabrication hours — covers 
Exponent — covers 

Subasscmbly hours — ribs 
Exponent — ribs 
Subasscmbly hours — spars 
Exponent — spars 
Subasscmbly hours — covers 
Exponent — covers 

Assembly hours per unit weight 
Assembly hours per subasscmbly 
Quantity scaling factor 
Hours per lineal foot 
Assembly hours per unit length 
Size scaling exponent 
Drilling hours per foot 
Finish hours, per unit length 
Installation hours per foot 

Hours per IX) urn! — leading edge 
Exponent — leading edge 
Hours per pound — leading edge 
Exponent — leading edge 
Hours per poimd — trailing- edge 
Exponent — trailing edge 
Hours per ixjmid — trailing edge 
Exponent — trailing edge 
Hours per IX) und — aileron,  elevator, rudder 
Exponent — aileron, elevator, rudder 
Hours pei- pound — aileron, elevator. rudder 

Exponcnt — aileron, elevator. rudder 
Hours per ixnmd — fairings 
Exponent — fairings 
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WF4 
F4 
WC5 
El] 
WF5 
F5 
WCü 
El 2 
WEG 
F6 
WC7 
El 3 
WF7 
F7 
WC8 
Elö 
WF8 
F8 
WC9 
E20 
WF9 
F9 
WC1Ü 
E21 
WF10 
FlO 
wen 
E22 
WEH 

EU 
WC 12 
E23 
WF12 
El 2 
WCl.'i 
E24 
WFi;ä 
Ein 

WC14 
E25 
W EM- 
EI 4 

WC15 
E2G 

Iloux's per 
Exponent 
Hours per 
Exponent 
Hours per 
Exponent 
Hours per 
Exponent 
Hours per 
Exponent 
Hours per 
Exponent 
Hours per 
Exponent 
Hours per 

Exponent 
Hours per 
Exponent 
Hours per 

Exponent 
Hours per 
Exponent 
Hours per 
Exponent 
Hours per 

Exponent 
Hours per 
Exponent 
Hours per 
Exponent 
Fours per 
Exponent 
Hoiu's per 
Exponent 
Hours per 
Exponent 
Hours per 
Exponent 
Hours per 
Exponent 
Hours per 
Exponent 
Hours per 

Exponent 

172 

pound — fairings 
— fairings 

pound — tips 
— tips 

pound — tips 
— tips 

pound — spoiler 
— spoiler 

pound — spoiler 
— spoiler 

IX) und — flaps 
— flaps 

jx) und — flaps 
— flaps 

pound — attachment strueture 
— attachment structure 

pound — attachment structure 
— attachment strueture 

pound — access doors, etc. 
— access doors, etc. 

pound — access doors, etc. 
— access doors, etc. 

pound — air induction 
— air induction 

pound — air induction 
— air induction 

pound — high lift ducting 
— high lift ducting 

pound — high lift ducting 
— high lift ducting 

pound — slat;:. 
— slats 

pound — slats 
— slats 

pound — hinges, etc. 
— hinges, etc. 

pound — hinges, etc. 
— hinges,  etc. 

ixnind — pivots and folds 
— pivots and folds 

pound — pivots and folds 
— pivots and foku 

pound — center section 
— center section 
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WF15 
F15 
WC16 
E27 
WF16 
F16 
WC17 
E28 
WF17 
F17 

Final Assembly 

Rl 
HE1 
HS 
U 

Hours per 
Exponent 
Hours per 
Exponent 
Hours per 
Exponent 
Hours per 
Exponent 
Hours per 
Exponent 

pound — center section 
— center section 

pound — other 
— other 

IX) und — other 
— other 

ix)und — balance weight 
— balance weight 

pound — balance weight 
— balance weight 

Size scaling parameters 
Cost per unit length for assembly 
Hours per square foot factor 
Rework factor 

Primary Box Assembly Material Cost 

AMF1 Assembly material per later hour 

Assembly Material Cost 

AMF4 Assembly material per labor hours 
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RECURRING AmFRAME PRODUCTION COSTS 

Recurring airframe production CERs are summarized by the following chart followed 
by the detailed CERs. 
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RDT&E RECURRING PRODUCTION 

SUSTAINING ENGINEERING HOURS 

E =   EH 
SUST 1 

ES 
N - 1 

1 

where 

EH =   Nonrecurring engineering direet labor hours 

N     =   Number of RDT&E airframes 

ES   =   Scnling of sustaining engrg, with quantity 

SUSTAINING ENGINEERING LABOR COSTS 

E :c i = Esusr i   (ECLH) 

SUSTAINING TOOLING HOURS 

T - T 
SUST 1 S 

T     TU       1 [N.      -. 

where 

where 

T    - T     +  T        + T 
S R ET MD 

TU = Sealing of sustaining tooling with quantity 

SUSTAINING TOOLING LABOR COSTS 

T =   (T )  (R   ) 
SC 1        v   SUST l'  y   T 

R     =   Composite tooling labor rate 

MANUFACTURING HOURS 

N 

"on = '^DFi'l £   ^ 
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where 

H =   Total detailed fabrication hours for a quantity 
N   of a given basic structure component for 

FU 
DFi 

RDT&E test h; irdwarc • 

n 
i - 1    1 for horizontal stabilizer 
n - 32 j 

i=2   | 
n = 31 j 

for vertical stabilizer 

i = 3 i 
n - 39| 

for wing 

i ^ 4                               ) lor fuselage 
n = to be determined i 

i= 5 
n- to be 

, '   for nacelle 
determined ( 

(The above summations are accomplished twice:   once for detailed fabrication hours 
and once for assembly hours.    H . „. =   assembly hours.    FU       and FU Ä    represents 

r. ., A^i DF AS 
hours for first unit,) 

N. 

4 

i -  1 

1.1 

V      N.   "   =    Production quantity with a learning function 

K 

PC 

PC, 

log PC  i_ , where PC.  =   learning curve expressed as a decimel 

log 2 1 

fraction, and 

Learning curve decimal fraction for detailed fabrication hous. 

Learning curve decimal fraction for assembly hours. 

MANUFACTURING LABOR COST 

H -   II        x (Mfg. labor rate) 
DFC DFS 

Detailed fab labor cost for RDT&E 

articles 

where 

4   H. -t   H. H— -   H    +   HDF2   >  HDF3   ■   ..DF4      -DF5 
DFS DFI 
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and 

ASC ASS x  (Ml'g. labor rale -   Assembly labor cost for RDT&K 

articles 

where 

H        -   II + II * 11        +  II        + II 
ASS AS! ASL' AS3 A SI AS:' 

QUALITY CONTROL HOURS 

where 

HQC,   ■    (1IüUS-t   
nASS)FIÜ 

II       t   - Quality Control hours lor RDT&L production units. 

F      -   Ratio between quality control and manufacturing hours. 

QUALITY CONTROL LABOR  COSTS 

QC       -   ( II        )  (R 
Cl        v    QCl    K   QC 

wheri 

QC ,    - Quality control labor cost 

MAXUl'ACTURING MATKRIALS AND OTHER COST 

N 
I 

MM      ■-   (IIS    ) > N   K 

Ci M  /_/ j 
i      I 

where 

MM. .        Dollar cost of manufacturing materials for the various 

structural componeius lor HDT^I' hardware. 
Ci 

MM 
Cl 

lorizontal stabilizer cost. 

M M Vertical stabilizer cost. 

MM 
('.'J 

Wing cost 

17H 
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and 

MM       =   Fuselage cost 
C4 

MM       =   Nacelle cost 
C5 

HS     =   First unit mate; ial cost tor horizontal stabilizer 
M 

VS     =   First unit material cost for vertical stabilizer 
M 

VV     -   First unit material cost lor wing. 
M 

F     -   First unit material cost for fuselage 
M 6 

N     -   First unit material cost for nacelle. 
M 

K     =   Material learning curve factor, 

log pc 

log 2 

MM       -   Total manufacturing material cost 

MM       + MM       + MM       +  MM       + MM 
Cl C2 C3 C4 C5 

179 

ifiiiiFriitl'iiliiiiaiifilfiftii^iiii^^^ BlIiWiMltf^liiliTiiii I Jt-.-^w-.j.,..^*-.......,-,.:..^...,...- 



'??H^?SBJ^^^ 

PROCUREMENT RECURRING PRODUCTION 

SUSTAINING ENGINEERING HOURS 

ES ES 
E -   EH      N - N 

SUST 2 \   2 1 

where 

N    =   Sum of RDT&E and procurement production quantities 

SUSTAINING ENGINEERING LABOR COSTS 

E =   (E ) (ECLR) 
SC 2       l   SUST 2; v ; 

SUSTAINING TOOLING HOURS 

T -   T 
SUST 2 S 

TU TU 
N -  N 

2 I 

SUSTAINING TOOLING LABOR COST 

^SC 2 ~   (   SUST 2)  (R   ) 

MANUFACTURING HOURS 

N 

H        .  -   (FU      .) (   V^ 
DFll DFL \   /^ j 

i = N 
1 

N 

N 

H       .   -   (FU       fS^' 
ASH       v      ASll / j 

vK 

Detail fab hours for N   - N   quantity 

Assembly hours for N   - N   quantity 

i =  N 
/ 

MANUFACTURING LABOR COST 

where 

II -   i x  (Mfg. labor rate) -   Detailed fab labor cost for 
DFCP Dl-SP      <     fa ' 

procurement articles. 

II -    II •*   H +   1! H   H il 
DFSP DFll DF12 DFCi DEM   -i      DEIS 
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and 

HASCP ^   IIASSP x (Mfg-labor ratc) "   Assembly labor cost for 
procurement articles. 

where 

H r    ii +11 +11 +   H +   11 
ASSP ASH AS12 AS13 ASH AS15 

QUALITY CONTROL HOURS 

where 

11 -~   ill +   II )  F 
QC2       v   DFSP ASSP'     II 

H -   Quality Control hours for procurement production units, 

F -   Ratio between quality control and manufacturing hours for 
procurement production 

QUALITY CONTROL LABOR COST 

QCC2  =   «'W  '"OC 

MANUFACTURING MATERIALS 

MM -   (US    ) 
Cli       v     M' £ 

T = N 

N 
K 

and 

MM =   Total manufacturing material cost for procurement 
CSP 

production articles 

MM -r   MM -t   MM +   MM +   MM 
Cll C12 Cl'J CM Cl 
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APPENDIX C 

INPUT DATA VALUES AND DATA 
SUMMARY FOR DEMONSTRATION CASES 

Table C-l gives the input values used fci' the estimates comprising the test cases. 
These inputs relate to the CERs in Appendix B.   The column headed "Input Source" 
indicates whether the input is obtained from the augmented APAS program, from the 
complexity factor tables, or from "Other Inputs, " as organized and described in 
Volume IV.   These sources arc represented by the following symbols: 

Input 
Source 

Synthesis Program Output 

Complexity Factor Tables 

Other 

Input 
Source 
Symbol 

A 

C 

0 

The input source symbology is elaborated on in Volume 4 as a guide to actually per- 
forming an estimate. The essential information conveyed by this Appendix is the in- 
put values used in the test cases. 
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