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CHAPTER I

INTRODUCTION

Our policy is to reduce the price, extend the opera-
tions, and improve the article. You Will notice that
the reduction of price comes first. We have never con-
sidered costs as fixed. Therefore we first reduce the
price to the point where we believe more sales result.
Then we go ahead and try to make the prices. We do not
bother about the costs. The new price forces the costs
down. The more usual way is to take the costs and then
determine the price, and although that method may be
scientific in the narrow senses it is not scientific in
the broad sense , because what earthly use is it to know
the cost if it tells you that you cannot manufacture at
a price at which the article can be sold? But more to
the point is the fact that, although one may calculate
what a cost is, and of course all of our costs are care-
fully calculated, no one knows what a Cost ought to be
[7s263].

The Department of Defense (DoD) formalized two pro-

cedures for acquisition of major defense systems through

DoD Directive 5000.1. This directive established cost as a

co-equal to design specifications and system performance.

The directive required that cost parameters consider the

cost of acquisition and ownership, and that distinct cost

elements, such as unit production cost, be translated into

“design to” requirements. Cost parameters will be evaluated

with the same strictness as technical requirements (30i4).

The design to cost (DTC) process was formalized and

adopted by DoD in order to use unit cost goals as thresholds

for managers and as design parameters for engineers. 
DoDI



Directive 5000.28 established the framework for DIC and

encompassed the requirements of DoD Directive 5000 • I for

major defense systems (31s2). To date the objectives of

DTC have not been met and coat growth continues to be a

problem in major weapon sys tem acquisition (27) .  The

establishment of improved techniques for estimating costs

and realizi ng the optimum trade between cost and perform-

ance will aid in realizi ng DTC .

Background

This research area has been identified by the

U.S. Air Force Flight Dynamics Laboratory (AFFDL) at

Wright-Patterson AFB, Ohio. The AFFDL Structures Division

is responsible for obtaining structural cost estimating

data to be used in the development of cost estimates for

aircraft design. Cost data are obtained from the computer

program, Vehicle Design Evaluation Program (VDEP), which

designs an aircraf t stru cture accordi ng to a constrain t of

minimum weight (2lsl). VDEP provides a vehicle synthesis

capability that includes vehicle sizing, structural analy-

sts , and cost evaluation (27).

Cost evaluation in VDEP is accomplished through

optimization routines that attempt to design a minimum

weight airframe. VDEP has no automated search or optimiza-

tion routines that would attempt to design airframes at

minimum cost. The cost of a particular aircraft design can

2 
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be estimated by using the program ; however, whether a mini-

mum cost design has been obtained is not known (27).

Design to Cost Cpncept

In June of 1973 the first step toward Design to Cost

(DTC) implementation was taken. In that year Deputy Secre-

tary of Defense William P. Clements, Jr. issued a memorandum

to the Secretaries of the Military departments and the

Defense Systems Acquisition Review Council to establish DTC

goals for major defense system programs (2*65). Design to

Cost is:

• a management concept wherein rigorous cost
goals are established during development and the control
of systems costs (acquisition, operating and support)
to these goals is achieved by practical tradeoffs be-
tween operational capability, performance, cost and
schedule; cost, as a key design parameter, is addressed
on a continuing basis and a~ an inherent part of thedevelopment and production L2,65J.

The essence of DTC is that the designer must put

cost considerations on an equal footing with performance

considerations. This concept gained impetus when DoD Direc-

tive 5000.28, entitled “Design to Cost,” was published in

May 1975. The reasons for initiating the DTC program wer e
nany* excessive cost overruns, decreasing percentage of

the national budget for military appropriations, increased

cost of military manpower, and inflationary trends (15).

DTC established unit cost goals as thresholds for managers

and design parameters for the engineers. Funds were not to

3
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be spent beyond the point where costs rose rapidly for

small incremental increases in performance (29s4).

The response to the DTC methodology was encouraging.

“Designers responded to the 0 & S cost challenge and became

adept at designing out cost-increasing components or mainte-

nance processes [5*6].” However , a recent General Account-

ing Office (GAO) report in 1978 indicates that the major

acquisitions at the end of September 1977 were estimated to

have a completion cost 72 percent over initial estimates (15).

The Total System

Largely as a result of failures to accurately pre-

dict the total or life cycle cost (LCC) of major weapon

systems, there has been increased interest in computer mod-

els that demonstrate ability to predict such costs. Fig-

ure 1 illustrates graphically the LCC problem.

Investment

T tine

Figure 1. Life Cycle Cost of Major Defense System (12)

4
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The majority of the cost of a major weapon system does not

occur until that system is actually in operation. Initial

system cost is only ten percent of the long-run or LCC of

the system .

As depicted in Figure 2, the are a of research is

within the preliminary design portion of the Research and

Development Phase of LCC • The ai rframe portion of prelim-

inary design has been singled out for study because of the

potential savings available throu gh changes in this area.

Major Weapon Systems

Aircraft ystem LCC

Inves ~~en~~~~~~~~~~~~~ ~~~~~~~~~~~~ Operation and
Support Cost

R & D

I rAirframes
Preliminary Design ~ AvionicsL Engines

Models

Wind Tunne l Tests

Mockup Design and Fabrication

Figure 2. Total System Cost Diagram

5 
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With cost as a significant design parameter equal

to performance, real dollar results can be developed early

in the Life cycle of the system (16:45). The heart of this

concept of LCC is the unit cost of the system under consid-

eration; the critical cost is the unit production cost

(26~12-13). Presently, the airframe represents one third

to one half of the total production costs of an aircraft

(33*189). However, 30 percent of LCC is fixed before the

start of full scale development; therefore, savings derived

from preliminary design will impact upon the costs through-

out the life of the system (16~451).

Modeling Aircraft Dest~n

As noted, modeling of aircraft design is a portion

of the total LCC model. The ultimate goal in modeling is

to create a model which will generate realistic estimates

that include the cost of program delays, engineering

changes , data requirements , and inefficiencies of all

kinds (11:1). Thus far the closest model to this type is

the Modular Life Cycle Cost Model which is still under

study/validation. This model uses input parameters to

estimate the LCC of a given aircraft. Using data from past

aircraft systems with adjustments for current dollars and

other factors, this model has been a good predictor to

within 30 percent of actual costs (27). The Vehicle Design

and Evaluation Program (VDEP) model which is to be used in

6
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data evaluation for this research is based upon design

parameters . More specifically, it optimizes design based

upon minimal weight for the airframe structure. Its

intended use is to assist the airframe designer (27) .  The

intention of this research was to aid in the development of

algorithms for use in the VDEP program.

Most major aircraft companies use models in compar- h
ing estimates for aircraft costs.

In system studies where a number of alternative
ways of achieving a specific objective are to be evalu-
ated, a cost model provides consistent, co~parableestimates and does so quickly and cheaply Lllsv].

Automated structural design models will not, under the pres-

ent stage of development, automatically choose the optimum

structural design concept. Rather, they will find the

optimum configuration dimensions for a given structural

concept subject to a given set of design variables and con-

figuration (10:14-1). Thus, the big task in model formula-

tion is to define the cost relationships for two or more

variables within a given set of past data. In essence,

designers and producers are looking for estimators that will

provide consistently accurate estimates, are logically

related to cost , and can be determined prior to final design

and development (11:1). Based upon these results, extrapo-

lations are made into the future.

7 
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Weight/Cost Tradeoff

Through investigation of past cost relationships

three basic variables have been found to be most useful in

prediction of aircraft cost: aircraft gross weight, speed,

and engine thrust (14:3). Of these, weight is the variable

most often used for prediction (22). With the exception of

electronic gear, weight appears to explain more variations

in cost than any other physical characteristic. Airframe

structure generally represents 60 percent of take-off weight

empty. This figure may increase to as much as 75 percent

with large aircraft (3:3). Of even more concern is the

ratio of structural weight to payload. A small increase in

the weight of a structure can cause large reductions in pay- - 

-

load and range (33 i 2).

From the point of view of the designer, the primary

function of the structure is to transmit forces through

space. His objective is to do this with the minimum pos-

sible weight and at minimum cost (25:8). However, there is

a point at which additional savings in weight is uneconom-

ical. It is up to the designer to apply cost effectiveness

evaluation to detailed design:

. . . once we show the designer the LCC impact of —

his initial design approach, he gets the cost message
and thereafter wants to see the LCC impact of each
alternative approach. In this simple manner cost is
becoming a major design parameter L16s45A].

8 
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The type of construction and type of material have a great

effect upon the total resultant cost (23i49). Figure 3

demonstrates that point.

CANDIDATE STRUCTURALLMATERIAL DES IGN ~VALUATI0N $

Costs Material, Fabrication
Weight: Structural Efficiency

Wing Structure Compression Panels

Material

Concept
No. Concept Steel T~ AL.

I 1 133 $/FT2 10
1 1 3.O3LB/Fr2 4.57LB/Fr2

I r ~ Ir ~ 1r ’lzo s/FT 2 170 $/F~r
2 60 5/FT2

2 ~~i r—~ 1 3,56LB/Fr 2 2.67LB/FT2 3 3 2J~ /FT2 
F :

5/FT2 130 5/FT2 
~~~~~ 

~~~~~

3 3.6 LB/FT 2.76LB /FT 3.97L3/ FT

L 190 5/Fr2 67 5/Fr2

4 U U 2.97LB/FT
2 
3.68LB/FT2

(T~ = Titanium, AL Aluminum)

Figure 3. Candidate Structural/Material
Design Evaluation (34:192)

There are two steps in developing a cost/weight

tradeoff. The first is the effect of weight saving on

improved performance expressed in terms of dollars. The

second step is the evaluation of weight and cost of candi-

date structural/material concepts which are equivalent in

9
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load-carrying ability ~34~ i89). It l.s important for the

dest~ner to know not only the optimum material for a par-

ticular design but also the weight effect of that material

(29~9).

In our research the VDEP model was used in various

design configurations with aluminum as the basic material.

Aluminum withstands high structural impact loads ~25s222).

In addition , it is the primary airframe component of super-

sonic aircraft up to about mach 2.5 (l~24).

Problem Statement

A feasibility study, completed in June 1977, was

designed to determine whether a series of design algorithms

could be developed for use with the VDEP which would perform

an “optimum tradeoff between minimum cost and minimum weight

C6sl l .” The research used wing cost as the dependent vari-

able and regressed it  with wing loading, rib spacing, struc-

ture types, skin thickness, and weight as independent vari-

ables (6slO). The data base for the analysis was the DC-l0

wing.

While the research did not define precise algo-

rithmic equations, the feasibility of such algorithr~.s was

shown (6~27). Multiple linear regression analysts showed

that there was a relationship between the independent vari-

ables and cost. The most significant variables were weight,

rib spacing, and structure type (integral blade); however,

10
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when weight was deleted , the key design parameter became

skin  thickness. This suggested that skin thickness (I-bar )

and rib spacing should be added to the list of key cost

drivers.

It is imperative to understand that a given I-bar
and rtb spacing are two primary factors which determine
weight. Hence, the relationship between T-bar and rib
spacing is an essential element in the development of
a successful cost optimization algorithm C6~23-29].

It was conc luded that the minimum cost occurred when

the I-bar was in the range of 0.25 to 0.50 inches (6:29).

The results of the research showed that addttio~ial analysts

was necessary to develop a better indicator of cost as a

function of the independent variables when I-bar values are

in the range of 0.25 to 0.50 inches.

Scope

r Thi s thesis was conducted under the sponsorship of

the U.S. Air Force Flight Dynamics Laboratory, Structures

Division, at Wright-Patterson AFB, Ohio. The work is rele-

vant to an aircraft structure design algorithm which would

perform an optimum arrangement between minimum cost and min-

imum weight. The research was intended to increase the

knowledge base concerning the use of VDEP for cost deter-

mination. Utilizing YDEP to analyze all structural variable

combinations (over 360,000) would cost over 4.1 million dol-

lars in computer time. This emphasizes the importance of

developing an optimization algorithm rather than enumerating

all of the variable combinations (24).
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Research Obiectives

The objectives of this thesis effort were to:

1. Identify more precisely the locations of the

cost fluctuations in the range 0.25 to 0.50 inches T-bar

(within the parameters of the independent variables).

2. Clarify the relationship between cost and the

design parameters of wing loading, stringer spacing, rib

spacing, structure types, skin thickness (T-bar), and

weight to develop algorithms for art optimum cost aircraft

structure. L

Research Questions

1. What is the relationship between I-bar and

cost in the range 0.25 to 0.50 inches?

2. What relationships exist, in the range 0.25 to

0.50 inches T-bar, between cost (dependent variable) and

wing loading, rib spacing, stringer spacing, structure

types, arid weight (independent variables)?

~~~~~~~~~~~~~~~~~~~~~~~~ 
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cHAI1rER II

METhODOLOGY

Overview of the Vehicle Design
Evaluation ?rogram Model

To understand how this research effort was con-

ducted, it is essential that a general knowledge of the

VOEP model be established . The major components of ‘IDE?

are shown below:

PROGRAM DRIVE R

VEI-{ I CLE
SYNflIESIS ~ OU T?UI

1
STRU CTU RAL 

, 
-

SYNTHES IS (Mi iUI

PURCHASED ____ 
PART

MATERIAL DEFINITION

STA~~ ARD 1_ I
HOURS 4 COST .‘ OUTPUT

Figure 4. Major Components of VDEP

VDEP provi des a “unique way of predicting the

weight and physical design of each detail part of a vehicle

structure at a time when only configuration drawings are

13 
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available C4s1-1J .” The program has the ability to generate

much of its own required data as a result of coupling sev-

eral levels of synthesis routines together. As an example,

the output of the vehicle syntnests routine is used as

input by the structural synthesis routines, whose output in

turn is used as input by the parts definition routines

(4:3-2).

Another capability of’ the VDEP is the self-

generation of optional input. The optional portion of input

is comprised of a series of parameters not always known dur-

ing initial, design. The program will, use values input or,

alternately, calculate typical values for these parameters.

As the vehicle configuration becomes more defined more input

parameters will be fixed, resulting in a higher degree of

accuracy (4:3-2).

Data Source

In this research effort the ‘IDE? model was initial-

ized using actual data from the DC-lO wing. The model was

then run using fixed incremental changes in selected input

parameters (independent variables) to examine how these

changes impact the cost of the wing. Appendix A gives a

more thorough discussion of the various components of VDEP

and the input/output from its various routines. It is

important to note that ‘IDE? provides a distinct way of

analyzing the sensitivity of cost to changes in input

parameters.
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The VDEP software package was used in conjunction

with the CDC 6600 computer system located at the Aero-

nautical Systems Division (ASD), Wright-Patterson AFB, Ohio.

All computer runs used the DC-lO data base. This data base

consists of approximately one hundred punched card s with

values for such factors as wing loading, cruising velocity,

details of wing construction, production rates, dollar base

year , and number in the production run . These values were

used by Major Ronald L. Evans and Captain Bruce P. Christen-

sen in their initial attempt to develop an algori thm to

change the least weight output from VDEP into a least cost

output.

As noted previously, the VDEP gives the least weight

structure for the parameters specified, not necessarily the

least cost structure. Since this research was a follow-on

study to develop a least cost algorithm, the same data base

(DC-la) was used. Selection of the DC-l0 for the Advanced

Tanker-Cargo Aircraft further yields applicability to this

aircraft as a data source.

4 Variables

Variables selected for analysis were the same as

those used in the previous research effort by Evans and

Christensen, e.g. wing stringer types (shown in Figure 5),

T-bar (I), weight (w) , rib spacing (R), and wing loading
(U). In addition to these independent variables, personnel

15
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INIEGRAL BLADE
(L i)

r~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

INTEGRAL TEE

SEPARATE JAY
(L5) fl

_ _ _ _ _ _ _ _ _ _ _ _

INTEGRAL ZEE
(L3)

Figure 5. Aircraf t Wing Stringer Types
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of the AFFDL Structures Division requested that stringer

spacing be included as an additional independent variable.

The dependent variable is total cost for the DC-10 wing.

This cost includes costs associated with tooling, manufac-

turing, overhead , and material acquisition. Aluminum was

used as the fabrication material (27) .

A word of caution is in order concerning these var i-

ables . In many cases the variable has been operationally

defined for use in the VDEP program . T-bar is defined as

wing area spread over distance to give an average thickness

of the aircraf t skin (27) . Appendix B gives definitions for

variables to be used in VDEP. The pictorial representation

of a wing is given in Appendix C.

_ _  

H
Sampjin~

All data for the DC-lO represent the universe for

analysts. From this universe the wing structural data have

been stngled out as the population. A series of random

samples of cost were generated, using VDEP and combinations

of the independent variables named above .

Figure 6 represents pictorially the 44 combinations

of a 26-inch rib spacing with the 4 stringer types and 11

wing loads for each stringer type. While rib spacing and

stringer type were held constant , the wing loading ~as

changed eleven times giving eleven values for skin thick-

ness, stringer spacing, total weight, and total cost
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respectively. Next , a different stringer type was chosen

still keeping rib spacing at 26 inches. This change coupled

with the eleven load factors generated another eleven values

for each of the output variables . After the 26-inch rib

spacing was systematically combined with all possible combi-

nations of stringer type and wing loading, each of the out-

put variables had 44 data values . The rib spacings of 26 ,

36 , 46 , 56, 66 , and 76 inches resulted in 264 data points.

Whereas Major Evans and Captain Christensen selected

wing loads to generate T-bar values between 0.25 and 3.0

inches, our wing loads generated T-bar in the 0.25 to 0.50

inch area. This area (0.25-0.50 inches T-bar) was of par-

ticular interest due to the nonlinear relationship noted

between cost and T-bar (6~3l). T-bar values below 0.25

inches have proven to be very hard to machine, thus negat-

ing any cost savings due to weight reduction (27).

Figure 6 indicates the increments used in varying

the values of input variables. Rib spacing increments and

stringer types were the same as those used in the research

by Christensen and Evans. Wing loads were varied from

250 ,000 pounds to 750 ,000 pounds in steps of 50,000 pounds

to generate T-bar values in the 0.25 to 0. 50 range . Some

values of T-bar occurred outside the 0.25 to 0.50 bound-

aries due to the fact that T-bar values change internally

in VDEP based upon wing cross-sectional area, stnzctural

elements, and loading (21). Stringer spacing, total weight,

19
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and total cost are generated automatically based upon the

input variable values.

Statist ical Analysts

After the data had been generated it was analyzed

in the context of total cost prediction. Parametri c staei s-

tics ~iere used to unmask the relationships between the inde-

pendent variables and total cost. As noted previously,

earlier research indicated that the relationship between

T-bar and total cost in the 0.25 to 0.50 inch area appeared

to be nonlinear. To verify/nullify this assumption,plots of

T-bar with total cost for the twenty-four combinations of

rib spacing and structural type were made. Visual 1.nspec-

tion of these plots were made to identify linear relation-

ships. Log-log data plots and bivariace curve fittings were

made to verify nonlinearity between the dependent and inde-

pendent variables. Multiple regression analysis was per-

formed for three randomly selected data sets using the sub-

program Regression available in the Statistical Package for

the Social Sciences (SPSS),

Multiple regression is a technique to analyze the

relationship between a dependent or criterion variable and

a set of independent or predictor variables. In our

research this technique was more appropriate than other

techniques , such as analysis of variance, because it

described in numerical term s the extent of relationship

20
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between the dependent variable (total manufacturing cost)

and independent variables (20i 32l).

Behind the use of multiple regression is the

assumption that the variables are measured on an interval

or ratio scale. All of the independent variables in this

research effort met this requirement except for stringer

type (Li). Stringer type was not used in multiple linear

regression because from examination of data plots no one

stringer type demonstrated better linear relationships.

Using SPSS subprogram Regression the user can spe-

cify forward (stepwise) inclusion. In this method the com-

puter will enter variables into the mathematical model in

single steps. The new (incoming) variable not already in

the model which decreases unexplained variance most will

enter at each step. Variance in this case is a measure

between the actual value of the dependent variable from

VDEP output and the predicted value (20* 345).

At each step the significance, how well the actual

outcome was predicted , is indicated by an F statistic. The

F statistic is the ratio of explained variance to unexplained

variance. By using a table of values for this statistic the

statistical significance of the relationship between the

dependent and independent variables can be ascertained. A

significant relationship indicates that at least one of the

independent variables is significant in the prediction of

the dependent variable.

21
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Assumptions and Limitations

Assumptions

Throughout this research effort certain assumptions

have been rnade s

1. VDEP equations and algori thms have been regarded

as accurate. The ‘IDE? model has been tested using 3-52,

F-ill, arid DC-lO data. In each case the results obtained

were considered highly accurate in comparison with actual

cost data (27).

2. The data base correctly reflects an actual DC-l0

wing. The data were extracted from reports on the DC-l0

aircraft by personnel in the Preliminary Design section of

AFFDL.

3. Performance/safety criteria were not exceeded

or violated in generating cost and weight data. The VDEP

model will, generate only structurally sound designs (27).

Limitations

Limitations which must be noted in the use of any

results from this study ares

1. The ‘IDE? model uses cost figures in 1977 dol-

lars. Conclusions about other years must be made only by

use of appropriate financial techniques.

2. VDEP provides cost and weight data for the

200th aircraft structure. Generalizations to other than

the 200th aircraft must be made cautiously.

22
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CHAPTER III

DATA ANALYSIS

Introduction

In this chapter the results of several techniques

for analyzing the ‘IDE? data are discussed. The data were

first plotted for a visual picture of interrelationships.

General trends were identified in the graphs which were then

investigated using log-log data plots, curve f i t t ing  pro-

grams , and multiple linear regression. The inner workings

of VDEP were studied to examine limiting variable relation-

ships in the program. Finally, a more detailed computer

printout from ‘IDE? resulted in significant findings concern-

ing model validity.

Cartesian Data Plots

After obtaining numerical values from VDEP for the

dependent variable (total t~anufacturing cost) and indeperid-

ent variables (skin thickness, stringer spacing, and actual

weight) graphs were developed for each combination of rib

spacing and stringer type. These twenty-four graphs are

included in Appendix D. The reader should note that the

scaling is different for each horizontal axis and also

varies between graphs. Increasing loads from 250 ,000 to
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750,000 pounds are annotated starting at the left end of a

graphed line and ending at the right.

The data plots were used as a first step in data

analysis. By visual inspection no mathematical relationship

seemed apparent . All graphs exhibited erratic jumps in

cost, both positive and negative, for comparatively small

increments of change in the independent variable . As in the

previous study by Christensen and Evans, total manufacturing

cost decreased with widening rib spacing. Whereas they

found separate jay and integral blad e to be the lowest and

highest cost stringer types respectively, our graphs did

not exhibit any stringer type as having a lower cost for a

given rib spacing .

Our graphs have two general areas of inflection

(peak s or valleys)--at 300 ,000 pound s and 650 ,000 pound s

total wing load. It is interesting to note that minimum
• cost occurred most frequently at the 300,000 pound wing

load. However, in rib spacings of 26 and 36 inches for

integral tee and integral zee , the minimum cost appeared at

a wing load of 650,000 pounds. Taken literally, this would

mean that the load on the wing or amount of weight the wing

could lift should be increased from the minimum of 250,000

pounds to 650,000 pounds to achieve least manufacturing

cost. Intuitively this is not rational as heavier wing

load s require larger structural members , larger amounts of

24 
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material, and cost more to manufacture, within the limits

of material/fabrication and assembly cost tradeoffs.

Two areas of added concern came from study of the

data plots. Stringer spacing became constant for increased

increments of wing loading on some of the graphs, graphs

where rib spacing is 26 inches for all stringer types.

There were several graphs where a line would cross over

itself in plotting a relationship. A good illustration of

this can be seen on page 61, Appendix D, where the graph

of rib spacing is 26 inches and stringer type is separate

jay for the first four loadings.

Disct4ssions with officials at the Air Force Flight

Dynamics Laboratory ( AFFDL) yielded two possible reasons

for the marked jumps in manufacturing cost i

1. The program itself is structured to increase

structural variable values by large increments as certain

limiting relationships are met.

2. The model itself is not operating properly in

the range under consideration; T-bar values between .025

and .50 inches (18).

A detailed study of the program was undertaken to determine

limiting mathematical relationships causing jumps in values

of the independent variables under study. However, this

effort proved fruitless due to the complexity of the over

fifty functionally independent subroutines (8*3-2) .
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Log-b R  Plots

To further analyze possible relationships that might

not be visually apparent, the data were plotted using a log-

log scale. These plots would give an indication whether

the data follow a power function relationships

If the plot of experimental data upon a Cartesian
chart having uniform scales reveals a curve that might
possibly belong to the family of’ curves represented by
the form y = bxrn, verification of this fact can be mad e
by plotting the data on a chart having logarithmic
scales for the x and y axes, in which case the plot of
~he data should lie approximately on a straight lineL 13,200 1.

Appendix E shows the data from Christensen and Evans study

plotted on log-log paper . These plots were taken from view-

graphs constructed by AFFDL. The nearly linear steep lines

for all stringer types indicate a strong power function

relation between T-bar and cost as well as I-bar and weight.

In contrast to these plots , the data from this study are

shown plotted on log-log scales in Appendix F. Unlike the

plots using Christensen and Evans data, these plots demon-

strate less defined (no t as linear) and less significant

(less steep) power relationships.

Line Segment Analysis

To check for possible mathematical functions descri b-

ing segments of the graphs, the Texas Instrument Calculator

Model 58 with the Bivariate Curve Fitting program was used.

This program can be used to fit three types of curves to

data input--exponential , power , and logari thmic. The

26



equations for these curves are transformed internally into

the form indicated in Table I.

Table I

Internal Data Transformations in the ~ivariate
• Curve Fitting Program

Curve type Equation Transformed Equation

Exponential y be~~ In y ln b + mx
Power y~~~~bxm 1ny~~~l n b + m 1 n x

Logarithmic y b + tn in x same

The Bivariate Curve Fitting program includes routines for

determining the correct values for the y intercept, slope,

and correlation coefficient (r) (28~5-8 to 5-10).

Segments of the graphs were selected for analysis

which visually appeared to present a parabolic relationship

( smooth curve) on Cartesian coordinates. The results are

summarized in Table II.

The correlation coefficient shown in Table II may

vary between the limits of plus and minus one. A plus one

would indicate perfect positive correlation whereas a nega-

tive one would indicate perfect negative or inverse corre-

lation. A zero correlation coefficient would indicate that

no correlation exists between the expected curve values and

the actual data points.
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A test to determine the validity of the correlation

coefficient for the data comparisons was established as

follows i

Hypothesis tested a H0 s ,P 0

H1s 
,~~~ 

~~ 0

where f represents the true correlation coefficient. Let

v n-2 where n is the number of sample data points. A

c-statistic was computed from the formulas

t - ~~~~~/(lar
2)

For the examples, v is three except for the last four entries

of Table II where v is four due to six data points being

plotted .

Substituting the highest correlation factor observed,

.88 into the formula for the t-statistic we obtained

t — 3.209. The 95 percent confidence interval for the t-

statistic with 3 degrees of freedom is -3,18,3.18. The cor-

relation at 95 percent confidence is significant. One

should note, however , that an r value below .88, for example

.87, gives a t-statistic of’ 3,056 which is not significant

at the 95 percent confidence level (28s5-7).

A second point to note is that these particular seg-

ments of graphs were selected for what appeared to be the

best vi sual relationship. A high correlation, as in the

best example which was an integral blade stringer with 46

inch rib spacing, is only of value if it can be in some way
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related to the phenomena observed to explain/predict a

future occurrence. This line segment analysis did not yield

a significant relationship that could be used in the predic-

tion of cost.

Multiole Linear Regression

Even though the graphed data did not appear to fol-

low a linear relationship, the multiple linear regression

analysis subprogram Regression from the Statistical Package

for the Social Science (sPss) was used to verify that no
linear relationships did , in fact, exist. Three specific

cases were analyzed using the CREATE computer system. These

cases weres (I) integral blade at 26 inch rib spacing ,

(2) separate jay at 36 inch rib spacing, and (3) integral

tee at 76 inch rib spacing. The stepwise inclusion method

was specified in each case to identify in order the van-

ables which most affected the prediction of cost from the

data set, The independent variables presented for inclusion

in the model were T-bar, stringer spacing, weight, and wing

load. The results of multiple linear regression for the

three cases selected are shown in Tables Eli , IV, and V.

After each table an equation is given listing the regression

coefficients (Bi) for the “best fit” equation for a straight

line through the data points. In each case the F0 value is

the program computed F ratio. In each of the tables one of

the variables failed to enter the equation. Below the
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table the statement “tolerance less than .001” is cited.

This means that the portion of the variance of the variable

that did not enter is less than .1 percent of the variance

already explained by other variables in the equation

(20*346).

Table III

Multiple Regression, Cost with T-bar, Stringer
Spacing , Weight , and ding Loading
(L Type m t  Blade, R 26)

Variable Entry Name Bi F0

T T-bar 7820016.366 6.641

S Stringer Spacing - 313284 ,398 3.584

W Weigh t - 190.667 3.413

Constant --- 6918354.798 ---
Total wing load did not contribute significantly to the
model ; less than .001 tolerance.

Equations C 78200l6.366T - 313284.398S - 190 .667W
+ 6918354.798

To test the statistical significance of B~ two

approaches may be takens (1) in isolation, or (2) with

M other independent variables. The conservative approach

is to test the B~ values simultaneously. To do this an

equivalent-alpha level must be computed to conduct the

test. Using Bonferroni’s approach, equivalent-alpha =

~ + (M + 1), where M equals the number of other independent

31
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Table IV

Multiple Regression, Cost with 1-bar , Stringer
Spacing, Weight, and Wing Loading

(L Type — Sep Jay, R 36)

Variable Entry Name B1 F0

I T-bar 5663543.785 3.605

W Weight - 151.181 2.740

S Stringer Spacing - 173788.508 0.819

Constant --- 4835961.077

Total wing load did not enter model; contribution less
than .001.
Equations C = 5663543. 7851 - 151.181W - 173788.508S

+ 4835961.077

Table V

Multiple Regression, Cost with I-bar, Stringer
Spacing, Weight , and Wing Loading

(L Type Inc Tee , R 76)

Variable Entry Name B1 F0

W Weight - 142.332 1.302

S Stringer Spacing - 485229.074 4 .549

U Wing Loading 6.431 3.978

Constant a- -  7447022.477

1-bar did not enter the model; contribution less than .001.

Equations C = -142.332W - 485229.0745 + 6.43W +
7447022.477
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vari ables , With an alpha level of .05 , the equivalent-

alpha value is dependent upon the number of independent

variables included in the regression equation (35) .

In determining whether the independent variables

in the regression equation are statistically significant,

the null hypothesis is tested which states that the

coefficient of the respective independent variable is zero;

the independent variable has no effect on Costs

H0 s B~~~~ O

H1s B1~~~ 0

The critical value (F 0) is found using the F distrIbution

with one upper and n-p (7) lower degrees of freedom. For

an alpha level of .05 (95 percent confidence) the equivalent-

alpha will be .05/3 .0167 and FcCl ,7,,0l67) 
— 11.09.

Since none of the F0 values in any of Tables III through V

are larger than 11.09, the null hypothesis cannot be

rejected and none of the independent variables in the three

cases of multiple linear regression are considered statis-

tically significant.

The Bonferroni technique for finding the confidence

coefficient for a family of variables in the same equation

in actuality gives a lower bound on the true, but often

unknown , family confidence coefficient. However, this tech-

nique was used for the analysis at hand due to a high degree
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of correlation among the independent variables under test

(19s 147).

Limitinp~ Re’ationships

As noted earlier, a very disturbing point encoun-

tered in visual analysis of the Cartesian coordinate data

plots was that in several cases stringer spacing seemed to

reach a limit , staying the same for additional increasing

increntents of wing loading. Further research into the

User’s ~‘!anual for the VDEP program revealed that limiting

relationships involving stringer spacing exist as shown in

Table VI. Because the variable values of stringer height

and stringer riser thickness were not part of the normal

computer output that was being received from VDEP, the

print statements were modified to increase the output and

give these values (see Appendix H). Values for BW, BS

1W, and IS were used to make a scale drawing of the

stringer as VDEP designed it. These drawings were struc-

turally feasible and did not overlap or form infeasible

stringer shapes.

Subprogram BOXSIZ

The lack of a meaningfu l relationship between the

dependent and independent variables led to a more detailed

study of the VDEP model and especially the subprogram

BOXSIZ. This analysis resulted in the followings

L. 
_ _ _ _ _ _ _  --~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Table VI

Limiting Values in Stringer/Skin Relationships

Configuration Llype Allowable Range

b
~

— 

*BW/BS — 0.30 - 0. 60
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

Llype 1W /TS — 0.80 - 2.00
I”— ~s— ’l

Integrally Stiffened

• tf~

1i~ rb t t BW/BS 0.2 0  - 0.80
• ~~~~~~~ 

w W 
~ LType 1w/Is = 0.50 ~ 1.00

b 3 ~~~~
Integral Zee

-

L
1~~

Jf 
Biv/BS 0 2 0  - 0.60

II ~w ~w ir~ 
LType = 0 7 0  - 1.40

b5 ~~1t5
Integral Tee

__ b__ 

LType 
~~~~s = ~5

“J” Stiffenc~ 
-

*BW Stringer Height (inches)
BS — Stringer Spacing ( inches)
1W Stringer Riser Thickness (inches)
IS Skin Thickness (inches)

(8~2-13)
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1. The design of the wing was accomplished on a

cross sectional basis with each section being sized by s

a. Analyzing the structure as it is defined

by input data.

b. Predicting the new skin thickness and

stiffener area based on the results of the analysis.

c. Re-analyzing the structure as predicted

in b.

2. The costs for each wing section were then com-

puted and totaled to find the entire cost of the wing.

This results in an optimum wing design on a section by sec- V

tion basis but not on an overall optimization of the wing.

In addition, this method results in a least weight wing,

designed section by section, without regard to actual con- V 

-

~ :ruction methods.

The design methodology is demonstrated in this

example using the computer outpu t of VDEP subprogram 3CXS IZ 
V

from a run accomplished for a wing surface with a material

type of Aluminum 2024-16, a surface load of 250,000 pounds,

integral zee stringer type, and a rib pitch of 26 inches.

The spar data for the swept axis iss

1. Front spar 17 percent

2. Rear spar = 68 percent

Using this data with the information presented in the Rib

Data printout, see Appendix G, and subtracting the front

spar percentage from the rear spar percentage, there is

36 
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51 percent of the full chord available at each rib station

for calculation of stringer spacing. The stringer spacing

is designated by 13S in Appendix H and is divided into the

chord available, 51 percent of the full chord, to determine

the number of stringers at that rib. For example, at ribs

numbered I and 41 respectively of the compression cover,

the calculation for determining the number of stringers iss

Rib Number 1

Fuji. chord 420.93 in,
x .51%
214.67 in.

BS +5,26 in./stringer
40.81 stringers

Rib Number 41

Full chord 134.27 in.
x .51%
68.47 in.

BS 
~~
- .83 in./stringer
82.50 stringers

This results in 40 stringers at rib number 1, wing root1 V

and 82 stringers at rib 41, the last rib before the tip of

the wing. These calculations can be carried our for each

rib station and would show that the number of stringers

is not constant at each rib. At rib number 26, for the

compression cover and the tension cover, the number of
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stringers starts to increase and continues to increase

until the tip of the wing is reached , See Appendix I for P
an example of calculated stringers per rib per wing .

VDEP prints out the total number of stringers per

wing as being the average of the number of stri ngers at

the wing root and the last rib. This average number of

stringers is then used to calculate the total weight of the

stringers in the wing. Analysis of the output shows that

in order to obtain the least weight for that wing section

the number of stringers is different at each rib. This

difference in the number of stringers at each rib used for

least weight construction and the number of stringers used

to calculate the total weight of stringer material in the

wing results in weight being determined by one set of data

and the cost of the wing being calculated from another set

of data.
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CHAPTER IV

CONCLUS IONS AND RECOMMENDA T IONS

Introduction

The major thrust of this research effort was to

determine the algorithm s for use with VDEP in order to

optimize the Cost estimation of aircraft wing structures.

This effort focused on the T-bar range of 0.25 to 0.50

inches. Within this range the VDEP model produced costs

and design results which when analyzed could not be used

to produce an algorithm for costs or a feasible design.

The conclusions drawn from this study do not answer the

research questions which guided it.

As shown in Chapter III  the data analysis did not

result in a usable relationship between T-bar and cost.

This lack of a relationship led to an analysis of the VDEP

model subprogram BOXS IZ . Analysis showed that the wing was

designed section by section and that subprogram BOXSIZ

determined the least weight design for each section. These

sections were then summed to obtain the least weight wing.

Each section had a different number of stringers

at each rib. The stringers in each section were changed

in order to simultaneously meet performance criteria and

the least weight construction criteria. Another value for

39
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the number of stringers in the wing was calculated by the

average of the number of stringers at the wing root rib

and the last rib of the wi ng . Thi s number was then multi-

plied by a constant value for material used in cons truction

to obtain the weight of the stringers in the wing. This

difference in the number of stringers at each rib for least

weight construction and the number of stringers used to cal-

culate the total weight of the wing results in the weight

and design of the wins being determined by one set of data

and the cost of constructing that wing being calculated by

another set of data. ~
- 

-

While this method of designing a wing in sections

is an asset to modeling on a computer , the result in this

case is unacceptable. C. H. Latimer Needham stated that

it is important that the stringers should be contin-

V 
uous C17s2371.” Interviews with Dale Nelson and Richard

Mueller of Air Force Flight Dynamics Laboratory reinforced

Needham ’s statement and confirmed that the VDEP BOXS IZ wing

design was not correct (18). Gerard ’s analysis of stringer

panels assumes that stringer spacing is constant throughout

the panel and that for a constant stringer width close

stringer spacing is required for panels of minimum weight

(9t48). VDEP changed the number of stringers in almost every

sectioni therefore , they are not continuous. VDEP also

changed s tringer spacing in aitnost every section.
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Conc lusions

The VDEP subroutine BOXS IZ is not performing a

proper structural synthesis for the aerodynamic surface of

the wing . Each subprogram of VDEP that uses output data

-~ 

- from BO~~IZ is subject to error.

The relationship between T-bar and cost in the

1-bar range of 0.25 to 0.50 inches is not definable as a

design parameter in developing a cost optimization algO-

rtthn
~ 
with VDEP. Previous research indicated a relationship

between the independent variables and cost. The graphs in

Appendix E are based on that research and indicate a strong

case for linearity. The research also indicated that in

the lower values of 1-bar a power function may be the best

relationship between T-bar and cost (6s28).

This relationship could not be established by our

follow-on research. As shown in Appendices D and F the

graphs do not portray a linear or usable power relationship.

Statistical ana ysis does not indicate a relationship

between the independent variables and cost.

The subroutine BOXSIZ fails to properly determine

the weight of the wing and the cost of manufacturing the

wing. The discovery of an improper structural synthesis

within the BOXSIZ subroutine explains the undefined rela-

tionship of the variables and invalidates the VDEP model.

The model does not function as a correct estimator of air-

frame manufacturing costs.
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Any studies of VDEP or conclusions drawn from it

should be re-evaluated with respect to this finding. The

value of VDEP as a design tool cannot be measured until

the entire program is checked for other errors and cor-

rected. This effort is estimated to take as much as 20

V 
man years to accomplish ( 2 7 ) .

Corollary Conc lusions

Based on the analysis of the data as explained in

Chapter III, the researchers believe that the use of VDEP

as a basis for developing algorithms to assist design

engineers and cost analysts should not be continued.

As shown in Appendix J the VDEP BOXS IZ subprogram

for structural synthesis, Contract NAS 2-5718, has not been

carried forward in subsequent NASA or Air Force contracts.

The lack of this subprogram will prevent it from generating

erroneous data for more advanced models; however, this

research shows that each model must be verified. Without

verification the model and its output must be suspect as

to validity, and conclusions drawn from the non-validated

model must also be suspect.

Summary

This research attempted to further clarify rela-

tionships between cost and design parameters in the NAS

2-5718 VDEP model, using DC-l0 wing data. Definite rela-

tionships could be used to further the development of
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algorithms which would assist VDEP in designing an optimum

cost aircraft structure. In using the VDEP program it was

determined that the program did not perform a proper wing

structural synthesis in the subprogram BOXSIZ. Any conclu-

sions or studies performed utilizing VDEP, NAS 2-5718,

should be re-evaluated with respect to this finding.

Recommendations for Further Research

1. As depicted in Appendix J , the VDEP model for

BOXSIZ is not used in the follow-on models. The follow-on

models must be verified to insure that design criteria,

structural integrity, and construction criteria are real-

istic. Estimating relationships are as valid as the data

comprising them and the models in which the data are used. r
Research in the form of validation of the models must be

accomplished to insure realistic relationships can be

defined.

- ; 2. Feasibility studies should be continued to

develop optimization algorithms for aircraft design at

minimum cost. Studies to develop or discover design/cost

relationships should be continued. This will aid design

engineers, cost analysts, ar.d planners in designing optimum

cost aircraft structures.

3. Future studies using the VDEP model ( NAS 2-5718)

to develop a cost optimization algorithm should not be

attempted.
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APPENDIX A

VEHICLE DESIGN EVALUATION PROGRAM (vDEP)
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The Vehicle Design Evaluation Program (VDEP)1 is

intended to be used as a preliminary design analysis too].

to enable the user to rapidly perform tradeoff studies

involving fatigue, fracture, static strength, weight, and

cost. The total computer program is broken down into five

modules (see Figure 7), the program driver, vehicle sizing,

structural synthesis, detail part definition, and cost

synthesis. Output may be selected from a complete and

fully detailed version or a summary version based on the

input data,2

The program driver calls the program modules in

proper sequence and initializes variables. It is appropri-

ately titled in that it drives the total program.

TI~ vehicle synthesis module sizes the aircraft,

performs a balance analysis, distributes the area, and dis-

plays a planform view along with other pertinent design

data, such as weight statements, center of gravity (CG)

data, and general geometric data. This program includes a H
curve plotting routine which allows the user to perform

1For this research effort , VDEP was used in the
batch mode. The interactive graphics package was not used.
All VDEP processes described herein were essentially the
same .

appendix is cited as it appears on pages
38-43 of thesis LSSR-30-77A. See Bibliography reference 6.
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PROGRAM Calls program modules in the proper
DRIVER sequence and initializes variables.

Generates vehicle size, weight, and
VEHICLE balance for tradeoff study evaluations
SYNTHESIS during standard preliminary design

methods.

Generates detail geometry, loads, and
STRUCTURAL optimum weight data for primary struc-
SYNt HES IS tural components as a function of

materials and construction type.

Generates a list of detail parts and
DETAIL PART processes as a function of the selected
DEFINITION option. Computes actual and material

weight of each detail part.

Generates manufacturing cost as a func-
COST tion of standard hours and material

SYNtHESIS cost. Generates total program cost and
return-on-investment as a function of
tooling, engineering, and manufacturingj costs.

OUTPUT

Figure 7. VDEP Program Modules

- 
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parametric tradeoff studies and obtain printouts for further

evaluation. These tradeoff siudies are possible at several

levels of consideration. For example, weight and cost data

can be related directly to key system parameters at the

vehicle mission level such as payload , speed, range, and

landing field length requirements. At the vehicle configu-

ration level, data can be related directly to surface areas,

spar, sweep, taper, etc., and fuselage length, slenderness,

etc. At the major component level, comparisons can be made

between different materials, modes of construction, and 
V

detailed part make-up. Tradeoffs can be made at each of

these levels to determine the overall vehicle weight and

cost sensitivities. This enables the designer to refine

the proposed aircraft design to a high degree of detail.

Thus, engineering functions are able to gain insight into

the cost effectiveness of alternative aircraft system

designs and to determine the impact of more detailed engi-

neering alternatives with respect to any particular aspect

of a design.

The structural synthesis module provides detailed

geometry loads and weight data for the primary structural

elements associated with the aerodynamic surfaces and the

basic fuselage structural shell. Structural synthesis pro-

vides a means of descriptively designing structural compo-

nents to fulfill specified requirements of strength and

geometry. This program uses a multi-station synthesis

47
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process. The basic philosophy of this process is that a

set of structural elements can be determined which will

satisfy the design criteria at each station and that the V

aggregation of these elements will result in a reasonable

representation of the structure . It is the structural 
V

synthesis portion of the total computer program which con-

tains the subroutine to add or subtract material from the

structural elements in an attempt to produce a minimum

weight structure. The purpose of this optimization redesign

process is to change a given design to produce a lighter

weight design while satisfying performance constraints such

as minimum gages, positive margins of safety, etc.

The part definition program utilizes the output

from the structural synthesis module to derive all the

detail parts sufficient to construct the complete assembly

of the aircraft. The actual parts weights and the weight

of the raw material to be purchased are also derived as 
V

part of this module based on the computed part geometry.

The part definition module is coupled with the cost

synthesis program through the manufacturing cost analysis.

The manufacturing cost analysis consists of a definition

of manufacturing processes associated with each part, the

standard labor hours, and the material weight. A l ist  of

shop operations is called out with each detail part, and a

series of equations associated with each operation is used

to compute the shop hours (standard hours) necessary to



make the part. By applying the appropriate labor rates to

the calculated hours, the direct and indirect manufacturing

labor costs are found. The material costs are computed

based on the amount of material required to manufacture each

part. Additional cost analysts includes tooling , engineer-

ing, total program , and return-on-investment costs.

Tooling costs are computed as a function of the

number of basic tool manufacturing hours, initial and sus-

taining hours are derived as a function of the number of

dissimilar parts to be produced, the average number of tools

required per dissimilar part, and the average number of

hours required to produce each tool.

Engineering costs are computed based on the number

of manhours necessary to perform the various tasks associ-

ated with the development and production of the aircraft .

Initial engineering hours are broken down and distributed

among the various engineering disciplines based on studies

made of historical data.

A learning -curve approach is used to derive costs

of a given unit or lot as a function of the f i r s t  uni t cost.

Engineering plus the other mentioned costs comprise total

program costs. Another area, included for commercial opera-

tions , is a return-on-investment cost.

Each of the five modules mentioned abov e has its

own input data requirements. Values that are generated in

one module are used as inputs to other modules. This makes
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possible the generation of data within the program which is
difficult or impossible to obtain during aircraft prelim-
inary design. Any time the user desires to set the entire
program back to the original data, it can be accomplished
without having to set each parameter to its ini tial state
individually. This allows the user to perform ~ completely
different tradeoff study utilizing initial input data plus
new changes)~

~~he content of Appendix A is extracted from theuser’s manual for VDEP-II, CoraDuter Program to Assess Impactof Fatigue and Fracture Criteria on ~eigh~ and Cost ofTransport Aircraft, General Dynamics, Convair Division, sanDiego CA, September 1974.
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Algori thra .

A set of procedures or logical steps necessary to
calculate and modify the input data values to obtain
the answers. _ It is the development of a logical approach
to a problem L24141.

Cost (C). An amount or quantity of money which is given up

(paid) to purchase the specified goal or objective , which

in this case is an aircraft wing.

Load (uJ. The amount of stress, measured in pounds, that is

placed on an aircraft structure.

Parameter, A statistical term relating to an arbitrary con-

stant which characterizes , by each of its particular values, 
-

V some particular member of a system or population L32&1b38).

Performance. (1) As it applies to an aircraft, performance

means a prespecif ted sot of parameters ; such as , speed ,

range, takeoff and landing ground roll, and turn radius .

(2) Pertaining to aircraft structure, the ability of a

giv en structural type and/or material type to meet struc-

tural requirements as they contribute to overall aircraft

performance characteristics (2 7 ) .

Rib Spacing (R). Average distance in inches between the 
V

stiffening element for the box that is the structural load

carrying member (27).
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Stringer Spacing (S)~ Average distance between the stif-
fening elements for the skin cover of an aircraft wing (27).

T-bar (T). ding area spread over distance to give an aver-
age thickness of the aircraft wing skin (27).

Weight (W), Measurement in pounds of the material usage to
cor~struct the final product, a DC-lO wing.

W~~g. The l i f t  producing appendage to an aircraft fuselage.
It is limited to the basic wing structure by excluding wine
attachments such as flaps , ailerons , engines, and landing
gear.
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APPENDIX D
CARTESIAN COORD INATE DATA PLOTS
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Each plot depicts stringer spacing , weight, and
T-bar values on the horizontal axis coordinated with the

respective cost value on the vertical axis. Stringer type

and rib spacing are fixed for each graph as shown in the

heading. Each data point is plotted with either a square,

circle, or triangle for T-bar, weight, or stringer spacing

values, respectively.

U
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Each of the four pages in this appendix represents
a different stringer type. Iwo plots are given on each page ,
I-bar to cost and I-bar to weight. I-bar units are in
inches, weight units are pounds, and cost units are in dol-
lars , The A , B, C, D, E, and F data point designations
define curves for 26, 36, 46, 56, 66, and 76 inch rib spac-
ings, respectively.
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LOG-LOG DATA PLOTS
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there are three distinct sets of plots in this

appendix. Each set has four pages, one each for the four

stringer types. The first four pages give plots of I-bar

to cost, the second four give plots of stringer spacing to

cost, and the last four give plots of weight to cost. The

legend on each graph identifies the data point syn~bol used

in plotting.
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This is a reproduction of the VDEP printout which
gave the rib data for a wing surface with material type--

- Alumiri.uu 2024-16, surface load of 250 ,000 pounds, integral

- 
zee stringer type, and rib pitch of 26 inches.
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RIB DATA

RIB NO RIB STA FULL CHORD BOX CHORD AVG . H

1 0.00 420.93 214.67 58.27
2 26.00 413.76 211.02 57 .07
3 52.01 406.60 207.36 55.87
4 78.01 399.43 203. 71 54 .68
5 104.02 392.26 200.05 53.48
6 130.02 385.10 196. 40 52.29
7 156.03 377 .93 192. 75 51.09
8 182.03 370.77 189.09 49 .89

• 9 208 .03 363.60 185.44 48. 70
10 234 .04 356.43 181. 78 47 .50
11 260 .04 349.27 178.13 46.3 1.
12 286.05 342.10 174.47 45.11
1.3 31.2.05 334.93 170.82 43.91
14 338.06 327 .77 167.16 42. 72
15 364.06 320 .60 163.51 41.52
16 390.06 313. 43 159.85 40.33
17 416.07 306.27 156.20 39.13
18 442.07 299 .10 1.52.54 37 .93
19 468.08 291.93 1.48.89 36. 74
20 494 .08 284 .77 145.23 35.54
21. 520.09 277 .60 141.58 34.35
22 546.09 270.43 137.92 33.15
23 572.09 263.27 134.27 31.96
24 598 .10 256 .10 130.61 30. 76
25 624.10 248.94 126.96 29.56
26 650.11 241.77 123.30 28.37
27 676.1.1 234.60 119.65 27.17
28 702.12 227 .44 115.99 25.98
29 728.12 220.2 7 112 .34 24. 78
30 754.12 213.10 108.68 23.58
31. 780.13 205.94 105.03 22.39
32 806.13 198.77 101.37 21.19
33 832.14 191.60 97.72 20.00
34 858.14 184.44 94.06 18.80
35 884.15 177 .27 90.41 17 .60
36 910.15 170 .10 86. 75 16.41
37 936.16 162 .94 83.10 15.21
38 962.16 155. 77 79.44 1.4.02
39 988.16 148.61 75. 79 12.82
40 1014.17 141.44 72.13 11.62
41 1040.17 134.27 68 .48 10.43
42 1069.18 126.28 64.40 9.09
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APPE~~ IX H

SKIN STRINGER C0?STRU CTION
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This appendix is a reproduction of the VDEP print-

out of the skin stringer constructio—i for a wing designed

with material type of Aluniinuin 2024- 16 , surface load of
250 ,000 pounds, integral zee stringer type, arid rib pitch
of 26 inches.
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SKIN STR INGER CO~S TRUCTI CN
INtEGRAL ZEI STRINGER

COMPRESS ION COVER

SIA TBAR 35 IS 1W
RI B NO ( IN ) ( IN) ( IN)  ( IN) ( IN) ( IN)

1 0.0 .234 5.26 .131 1. 75 .113
2 26.0 .192 4 .77 .108 1.59 .092
3 52.0 .144 3. 79 .081 1.26 .069
4 78.0 .144 1.71 .081 .57 .069
5 104.0 .162 4 .38 .091. 1.46 .078
6 130.0 .169 4 .46 .094 1.49 .081
7 1.56.0 .167 4. 44 .093 1.48 .080
3 182.0 .164 4. 40 .092 1.47 .079
9 208.0 .162 4 .37 .090 1.46 .078

1.0 234 .0 .1.59 4 .34 .089 1.45 .076
11 260.0 .157 4 .31. .088 1.44 .075
12 286.0 .155 4.27 .087 1.42 .074
13 312.1 .152 4.23 .085 1.41 .073
14 338.1 .149 4.20 .084 1.40 .072

V 1.5 364.1 .147 4.16 .082 1.39 .070
16 390.1. .144 4.13 .081 1.38 .069
17 416.1 .144 4.03 .081 1. 34 .069
18 442.1 . 144 3.95 .081 1.32 .069
19 468.1 .144 3.88 .081 1.29 .069
20 494 .1 .144 3. 79 .081 1.26 .069
21 520.1 .144 3.69 .081 1.23 .069
22 546.1 .144 3.60 .081. 1.20 .069
23 572.1 .144 3.52 .08]. 1.17 .069
24 598.1 .144 3.42 .081 1.14 .069
25 624.1 .144 3.30 .081. 1.10 .069
26 650.1 .144 3.18 .081. 1.06 .069
27 676.1 .1.44 3.10 .081 1.03 .069
28 702.1 .1~44 2.99 .081 1.00 .069
29 728.1 .144 2.85 .081 .95 .069
30 754 .1 .144 2.70 .081 .90 .069
31 780.1 .144 2.60 .081 .87 .069
32 806.1 .144 2.47 .081 .82 .069
33 832.1 .144 2.30 .081 .77 .069
34 858.1 .144 2.09 .081 .70 .069
35 884 .1 .144 1.98 .081 .66 .069
36 910.2 .144 1.83 .081 .61 .069
37 936.2 .144 1.62 .081 .54 .069
38 962.2 .144 1.28 .081 .43 .069
39 988.2 .144 1.19 .081 .40 .069
40 1014 .2 .144 1.05 .081 .35 .069
41 1040.2 .144 .83 .081 .28 .069
42 1069.2 .1.44 0.00 .081 0.00 .069

Skin Weight = 1616.9 lb
Stgr Weight 1000.3 lb 61 stgrs
Cover Weight = 2617.2
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APPENDIX I

STRINGERS PER RIB NUMBER

:1
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This appendix is a table of selected calculations of

the stringers per rib number in the wing designed by VDEP.
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STRINGERS PER RIB NU MBER (EXAMP LES)

Compression Cover Tension Cover
Rib # Stringers at Rib # Rib # Stringers at Rib ~

1. 40.81 1. 31.80
2. 44.23 2. 36.76
3. 54.71 3. 52.49
4. 119.12 4. 114.44
5. 45.07 5. 41.33
6. 44.03 6. 39.91
7. 43.41 7. 39.17
8. 42.91 8. 38.59
9. 42.43 9. 38.47
10. 41.88 10. 38.26
12. 40.85 12. 37.84
14. 39.80 14. 37.56
16. 38.70 16. 37.17
18. 38.60 18. 37.02
20. 38.31 20. 3b.76
21. 38.36 21. 36.77
22. 38.31 22. 36.77

V 23. 38.1.4 23. 36.68
24. 38.19 24. 36.68
25. 38.47 25. 36.90
26. 38.77 26. 37.13
28. 38.79 28. 37.29
30. 40.25 30. 38.67
32. 41.04 32. 39.29
34. 45.00 34. 43.14
36. 47.40 36. 45.41
38. 62.06 38. 59.73
40. 68.69 40. 65.57
41. 82.50 41. 79.62
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1

VEHICLE DESIGN AND EVAWATION PROGRAM
(VDEP) DEVELGPtfE~~

NAS 2-5718 NAS 1-11343
Stzin* SizingWeight + BalanceGeometry + C. G. RangePerformance (Prelim) + Area Distribution

+ Plotting
+ Graphics

Extern al Loads External Loads

S tructur~i. Sy~the~ts S truc~ura]. S ynthe~j~~~~~ iZ (t~iing box) - 1870 (Fuselage Shell)1870 (Fuselage Shell) + APAS (Fuselage Shell)
+ Graphics

Part Definition Part Defl.nj tj onBox Structure + Leading EdgeFuselage Shell + Trailing Edge
+ Tips
+ Fuselage Penalty

Cost CostManufacturing + ToolingStandard Hours + EngineeringRealization + First UnitMaterial + Program
+ Direct Operating
+ Return on Investment
+ Graphics

I
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VEHICLE DESIGN AND EVALUATION PROGRAM
(VDEP) DEVELOPMENI (Continued)

NAS 1-1250 6 NAS 1-13285

Sizing Sizing
+ AerodynamicS
+ Missions
+ Performance
+ Multibodies
+ Hydrogen Fuel
+ Methane Fuel
+ Mass Distribution

& Inertia
Externa l Loads External Load s

+ Aerodynamic Loads
+ Landing Gear Loads
+ Pressure Loads
4 Net Load s

— S t c ~ra ~ Synthes is Str uctural Synthesis
- BO)~~IZ (Wing box)
+ APA.S (Wing Box)
+ Fatigu e Cri teri a
+ Fractu re Criteria
Part Defini t l.on ~~rt Definition

Cost _

4 Manufactu ring CER Mode l
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