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PREFA CE

This study was conducted to determi ne the analyti c relati onship

between miss i on requirements and the minimum take off gross weig ht of air-

craft which have been optimi zed in terms of their design geometry for the

particular mission. Having such a relationship and using current methods

to estimate system cost in terms of gross weight , the Air Force program

planners may apply this methodology to estimate the acquisition cost and

schedule for future airc raft. The itte thods employed in this study include

aircraft conceptual design sizing equations, statistical selection tech-

niques, surface fit approximations and design optimization based on them .

All of these methods exist in computer programs supplied by the Air Force

Aero Propulsion Laboratory (AFAPL ) and the Air Force Fli ght Dynam i cs

Laboratory (AFFOL).

I am indebted to Mr. Glenn Blev ins of the AFA PL Performance Branch

(TBA) for his hel p with the surface fit program (SURFIT) and the optimi-

zation program (OAPEN). Captain Russell Morrison of the AFFDL Design

Branch (FXB) was always willing to provide whatever help I needed in

using the aircraft sizing program (CISE). In addition, he made the 45

sizin g runs wi th CASP in the AFIT 799 study and helped analyze the output.

Russ is a personal fri end and I appreciate d the opportunity to work wi th

him on this study . Mr. Gordon Tamplin of AFFDL/FXB generated the 25

engine decks required by CASP in the AF IT 799 study . I thank you all, and

si ncerely apprec i ate what you~ve done for me.

I would l i ke to thank Major Stephen Koob of the Aeronautics and

Astronau tics Department of the School of Engineering, A ir Force Institute
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of Technology , for providing this thesis topic and for his aid during

the conduct of thi s study .

Finally, I want to express my deepest appreciation to my wife , Gwen ,

for keeping the household running dur ing my AFIT studies and for her

patience, understan ding and encouragement the past two years .

Captain Mi l ford K. Greenway , Jr.
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ABSTRACT

A study was performed to demonstra te the feasibility of using surface

fit approximations in the mission analysis for future fighter aircraft.

Dash Mach number (MACH), dash range (RNG), and internal payload (SIR ) were

selected as mission vari ables and a mission space defined based on a

simple latin square method. Wi ng loading (WOS), aspect ratio (AR) and

aircraft thrust-to-wei ght ratio (1W ) were selected as design variables and

a design space defined based on a simple latin square method. The take

off gross wei ght (TOGW), take off distance (DTO), and the land ing dis-

tance (DIN) were determi ned by the use of a computer program wh i ch simu-

lated the requi red mission for each design case. A regression analysis

was performed on this data to obtain quadrati c surface fit approxima-

tions for TOGW , DTO , and OLN i n terms of the des ign varia b les WOS , AR ,

and 1W. An unconstrained minimi zation of 10GW was performed for all

missions using a conjugate gradient technique to determine the minimum

10GW within the design space and the corresponding values of DTO and

DIN. Another regression analysis was performed on the results of the

min imi zations and the mission variables for specific missions to obtain

quadratic surface fit approximations for 10GW, DTO , and DLII for optimum

aircraft in terms of the mission vari ables MACH , RNG , and STR. It was

concluded that these surface fit approximations in terms of the mission

variables were suffi ciently accurate for use in mission analysis and con-

ceptual design studies .

x i



‘~~~~~
,
~~~~~~~~

_
~~
—.——

r

1’ AN INVESTIGATION OF THE RELATIONSHIP BETWEEN MINIMUM TAKE OFF

GROSS WEIGHT AND MISSION REQUIREMENTS FOR

GEOMETRICALLY OPTIMIZED AIRCRAFT

I. INTROD UCTION

Backgroun d

In the early stages of bringing a new fighter ai rcraft into the Air

Force inventory , iiiany trade stud ies are performed to establish the

required capabil i t ies of the aircraft and the operational concepts . The

trade studies performed during this conceptual design phase provide the

visibility necessary for sound design and management decisions . The

effects of these trade studies are apparent when one considers that the

conceptual design phase , and the prelimi nary desi gn phase which follow s,

together encompass approximately five percent of the total manpower

required to bring a flying prototype into existence . However , the deci-

sions made during these stages typically commi t 95 percen t of the future

program expenditures (Ref 1:3). Once the required capabilities are

established , the objective is to acquire the most cost-effecti ve system

satisfying those requi rements. The most cost-effective system is the one

whose cost divided by its effecti veness is the minimum for the systems

and operational concepts considered.

The difficulty lies in relati ng system cost and system effectiveness

to the required capabilities of the aircraft. The relationship between

system effectiveness and mission requirements does not generally exist

as an analytical expression , and is currently limi ted to experience ,

judgment , and “gut feelings ” on the part of the lanners . System cost,

however , can be related to aircraft gross weight (Ref 2:10). If the
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relationship between gros s we ight and mi ss i on requi rements we re known ,

the cost could then he related to the mission requirements . This study

addressed that prob lem.

Statement of the Problem

The purpose of th is study was to determine the relationshi p between

the take off gross weight and the mission requirements for an aircraf t

opti mi zed in terms of i ts design geometry to yield the mini mum g ross

weight required to perform the mission.

~~P~o~-C~1

The following nine step approach was used in this study :

1 . A mission profile was selected for simulation .

2. Three independent mission variables were se lected and the range

of their va l ues defined. TIu i s three—d imensional space was ca l led the

“Mission Space. ”

3 . Three independent des ig n varia b les were sele cted and their range

of values defi ned . This three—dimensional space was called the ‘Desi gn

Space.”

4. The simple lati n square method was used to select several par-

t 1 CU 1 ~i r 1111 ss ion space points at w hich minimum wei tih t designs were deter-

mi ned for points with in the design space .

5. The si nip 1 e 1 a tin squa re method was used to se lect.  se vera 1 pa rt i —

b r  LIes i qn space poi nt.s at wIii ch ai rcraft si. in’i was performed .

6. An al rc raft s i zi ng program (CISI ) was used to de terini ne the

take off gross weight (10GW), take off distance (010), and b andin g dis-

tance (DIN) for each selected des i gn point at each selected mission point. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



7. For each mission point , 10GW was related to the des i gn parameters

by fitting a quadratic expression in the three design parameters to the

sizin g data using the regression analysis program SURFIT.

8. Usin g these expressions , the minimum 10GW for each mission was

determined with the optimization program OAPEN .

9. Finally, SURFIT was used to obtain the desired relationship

between these minimum TOGW ’ s and their assoc i ated miss ion parameters .

Steps one through fi ve are discussed in Chapter II , while steps

six , seven , and eight are discussed in Chapters III, IV , and V respec-

ti vely. The results are presented and discussed in Chapter VI. Conclu-

sions and recommendations are found in Chapter V II .

A compan i on effort , arbitrari ly designated as the AFIT 799 study ,

was performed in support of the Air Force Flight Dynamics Laboratory

Design Branch (AFFDL/FXB) and their design analysis of future USAF

fighter aircraft. The approach was very similar to that outlined in

(1) through (8) above . The aircraft sizing program CASP was used to

simulate the mission which included a supersonic dash at 1.95 Mach and

50,000 feet a ltitude , for a distance of 250 nautical miles. The AF IT

799 study is discussed in Appendix F.

3
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II MISSION SPACE AND DESIGN SPACE SELE CTION

Mission Space Selection

The m ission profile was defined by combining several mission seg-

ments considered by the Air Force Fligh t Dynamics Labora tory to be

representative of those required for future fi ghter aircraft. The com-

plete mission profile simulated in this study is presented in Figure 1.

The dash Mach number (MACH), the dash range (RNG), and the i nternal

payload (STORES) were selected as the independent mission variables .

The desired optimum aircraft were to have the minimum take off gross

wei ghts over the range of mission variables considered. The “mission

space ” was defined as the three dimensiona l space comprised of the

independent mission varia bles and their range of values. The mission

space is presented in Table I.

TABLE I

Mission Space

Vari ab le Range of Values

MACH 1.2 - 1.6

RNG 200 - 400 NM

STORES 5000-10000 lbs

It would have been desirable to include other mission variables ,

however, only three mission variables were used to limi t the scope of the

problem. Even so, three variables with three values each resulted in

twenty—seven (3’) possible mission points . Each of these mission points

was a candidate point at wh i ch to determine optimi zed aircraft designs .

4
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1. Start engines, taxi , takeoff

2. Climb at .85M to 35000 feet

3. Outbound cruise - 275 NM , .8514 35000 feet

4. Loiter - 30 minutes , .85M , 35000 feet

5. Accelerate to dash Mach number

6. Outbound dash - dash Mach number

7. Combat - 1 maximum “G” turn at dash Mach number

8. Drop stores

9. Inbound dash - dash Mac h number

10. Climb to 45000 feet using afterburner

11 . Inbound cruise - 325 NM , .85M

12 . Descend to sea leve l , loiter for 20 minutes at .4M , land

Figure 1. Mission Profile

5

- ~~~~~~~~~~~ —-~~--~-~~~~~ 
- -

~~~~~~~



~~~~~~~
— 

~~~~~
-

~~~~

—----..- .— ----- -- - ------ —--—- - -

- 
---——-— ---- • — - — - — —.- ~—- - -.---

Design Space Selection

Ai rcraft designs are greatly influenced by the airframe variables

wing loading (Was), aspect ratio (AR), and aircraft thrust-to-wei ght

ratio (1W ) and the engine vari ables overall pressure ratio (OPR) and by-

pass ratio (BPR ). For this reason , these variables were selected as the

i ndependent desi gn variables. The objective was to find a contination of

these which yields the minimum gross wei ght for a particular mission.

A “design space” was defined as the five dimensional space comprised of

the fi ve i ndependent design vari ables and their ranges of values . The

ranges of values considered were recommended by the Design Branch (FXB) of

the A ir Force Flight Dynamics Laboratory (AFFOL) as being appropriate for

future USAF fi ghter aircraft designs. The design space is presented in

Table II.

TABLE I I

Design Space

Variable Range of Val ues

OPR 10-30

BPR .2-2.2

WOS 80-160 LBS /Fl ’

TW .6-1.0

AR 1 .5-3.5

The mission simulation CISE (Computeri zed Initial Sizing Estimate )

was used in this study to reduce cost. However, the effects of OPR

and BPR could not be included since CISE does not have provisions for

6
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OPR and BPR input. If the design variables were allowed to assume five

equally spaced values each , there would have been 3125(5 ) possible

desi gn points to be input to CISE for each of the 27 possible mission

points -- a total of 84,375 sizin g runs. The simple latin square selec-

tion method was used to reduce this number to a manageable value of 675

runs (15 mission points x 45 design points).

Simple Latin Square Method

A statistical selection technique known as the simple latin square

method was used to logically identify representati ve subsets of the

complete mission space and the complete design space . The method is

based on random numbers , field algebra and the algebra of integers , and

yields a sequence of val ues for each vari able which is formed by joining

together permutations of the val ues of that varia ble. Hence , each

vari able is stepped through all of i tS Values everY k data points , where

k is the number of values each variable is allowed to assume . The

values of the vari ables are normalized on the interval (-1 , 1). For

“n” in dependent variables , there are “n ” matr i ces es tab li shed to genera te

the design points or mission points (Ref.9:52-57). Table III contains

the matri ces for the three variables used .

TABL E I I I

_____________ 
Lat i n Squa re Matrices for Three Vari ables

Variable 1 2 3

M 0 1 -l 0 1 -l 0 1 -1

A 1 -l 0 -l 0 1 0 1 -l
T -1 0 1 1 -l 0 0 1 -l

I - 1 0 1  1 - 1 0 1 1 1
x 1 —l 0 -l 0 1 -1 -l -l

7
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The data space is generated by locati ng the mid point (0, 0, 0) and

an appropriate step size for each variable. The first element of the

data space is deri ved by mu l ti pl ying the step size for each variable by

element (1 , 1) of the matrix for that variable and adding the result to

the midpoint . The second design point is found by mu l tiplying the step

size for each vari able by element (2, 1) and adding the result to the

mid point. This process is continued unti l the space is complete . If

‘ fl ” is a prime number, there will be n 2 + n(n -1) design points generated .

If “n’ is not a prime number , the nunter of points generated is deter-

mined by the next prime number “p” greater than ‘n ” , and p 2 + p(p -1)

points will be generated .

The design points generated by this method may contain duplications.

The cases selected may not be wel l distributed over the space and would

not adequately represent the space as depicted in the “bad” fit of

Figure 2. A “good” fit , as shown in Fi gure 2 adequately represents the

space. A bad representation can allow a significant buildup of cross

correlations between terms with poor surface fits as a result. This

situati on was not encountered in this study . The th ree vari able , latin

square mission space used in this study is presented in Figure 3. The

27 possible cases are identi fied by line intersections . The numbers in

parentheses are the order of selecti on and the miss ion case numbers .

The latin square mission space is presented in Table IV . Note that

missions eight and nine are duplicates , as are missions 12 and 15. The

mission space is not orthogonal because of these duplications . It is

desirable to have orthogonal spaces since better surface fit approxima-

tions are generally obtained from an orthogonal space . The method

described in Reference 4 assures an orthogonal space.

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Figure 2. Two Examples of Latin Square Space
(Two Dimensional Cross—Section Views)
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Figure 3. Latin Square Miss ion Space
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TABLE IV

Lat in Square Mi ss i on Space

Case No. 
- 

MACH No. RANGE (NM) STORES (LBS)

1 1.4 300 7500

2 1.6 200 7500

3 1.2 400 7500

4 1.2 400 10000

5 1.6 200 5000

6 1.6 400 10000

7 1.2 300 10000

8 1.4 200 10000

9 1.4 200 10000

10 1.2 300 5000

11 1.2 200 5000

12 1.4 400 5000

13 1.6 300 5000

14 1.6 300 10000

15 1.4 400 5000

The latin square desi gn space is presented in Table V. Values of

WOS , AR , and TW corresponding to the 45 design cases of Table V were

input to the mission simulation . The design space was orthogonal.

Append ix A. contains the input requi rements for the computer

program LATSQR .

10 
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TABLI V

L a t i n  Square  D e s i g n  Space

~::=I (LB T~~ 
AR 1W OPR BPR

120 2.5 .8 20 1.2
2 140 3.5 .6 15 1.2
3 160 2.0 .9 10 1.?
4 80 3.0 .7 30 1.?
5 100 1.5 1.0 25 1.2
6 160 3.0 .7 10 1.7
7 100 3.5 .6 25 2.?
8 140 1.5 1.0 15 .2
9 80 2.0 .9 31) .7

10 140 3.0 .Q 25 1. 7
11 161) 1.5 .7 20 1.7
12 80 2.5 1. 1) 15 1. 7
13 101) 3.5 .8 10 1. 7
14 120 2.0 .6 30 1.7
15 80 3.5 .8 15 1 .7
16 120 1.5 .7 30 2 .?  I

17 160 2.0 .6 20 .2
18 100 2.5 1.0 10 .7
19 160 3.5 1.0 31) 2. ?
20 80 2.0 .8 25
21 100 3.0 .6 20 2.2
22 120 1.5 .9 15 2 .?
23 140 2.5 .7 10 2 . ?
24 100 1.5 .9 2(1 1.7
25 140 2.0 .8 10 2.2
26 SO 2.5 .7 25 .2
27 120 3.0 .6 15 .7
28 80 1.5 .6 10 .2
29 100 2.5 .9 30 .2
30 120 3.5 .7 25 .2
31 140 2.0 1.0 20 .2
32 160 3.0 .8 15 .2
33 120 2.0 1.0 25 1.7
34 160 2.5 .9 15 2.?
35 100 3.0 .8 30 .2
36 140 3.5 .7 20 .7
37 100 2.0 .7 15 .7
38 120 3.0 1.0 10 .7
39 140 1 .5 .8 30 .7
40 160 2 .5 .6 25 .7
41 80 3.5 .9 20 .7
42 140 2.5 .6 30 1.7
43 80 3.0 1.0 20 2.2
44 120 3.5 .9 10 .2
45 160 1.5 .8 

—_
25 .7
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III. A IRCRAFT SIZING

S i z i ny Ground Rules

The twelve segements of the mission show n in Figure 1 are representa-

tive of future USAF fighter aircraft  designs. This mission and the inde-

pendent design v a r i a b l e s  WOS , AR , and 1W were input to an aircraft siz ing

program (CISE) supplied by the AFFDL Design Branch (FXB). The CISE pro-

gram was used to compute the take off gross weight (10GW), take off di s-

tance (DTO), and landing distance (DLN) to accomplish the specified

mission for the input set of design variabl es . The aircraft was to per-

form the specified mission with a one-man crew , carry all stores intern -

all y, and make one 360 degree turn at the dash Mach number and alt i tude

before expending the internal stores. Distance credit was given for a l l

mi ss ion segments exce pt sub son ic loiter , combat , expenditure of stores,

and loiter before landi ng.

ç~~~ jçpmputerized Initial Sizing Estimatej

The CISE program was develo ped as a f i rst cut ” des ig n tool for use

even before a configuration is proposed (Ref 5:2). The program performs

a weight oriented aircraft sizing to predict some basic physical

character istics so that the designer has an idea of where to begin his

analysis. The CISE program uses nested DO loops so that combinations of

wing loadin g (WOS), aspect ratio (AR), wing thickness-to-chord ratio , and

wing quarter chord sweep angles can be evaluated in an iterative process.

The -initial estima te of 10GW is given by

TOGW1 = 2(WSIOR + 2000 lANK) (1)

12
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where WSTOR is the coinbi ned wei qht of internal and external stores , and

TANK is the number of ~0OO pound external fuel tanLs . The initial

geometry is estimated by the program (based on actual aircraft data) from

the input van ables and mi ss ion parameters.

The C ISE program ‘ f lys ” the input miss ion to determine fuel require-

ments based on input values for the engine thrust-to -weiq ht ratio and

eng ine specific fuel consumption. Major aircraft components are sized to

provide adequate volume for fuel , payload , and the crew using statisti c~il

wei ght estimating relationships . These wei ghts are summed to yield 10GW .

When TOGW is within one percent of the estimate at the start of the

iteration, the process is terminated. Another desi gn combination is then

considered and the sizing process is repeated. When TOGW is not within

one percent of the estimate for that iteration , 10GW becomes the estimate

for the next iteration and the si zing process is repeated. Twenty-five

such iterations were allowed in this study and all design combinations

converged within twenty-five iterations.

Takeof f D i stance

The takeoff distance computed by CISE (DISTTO ) is the takeoff roll

along the runway and does not include the distance required to clear a

fifty-foot obstacle. This computation is based on the following set of

equat i ons :

I TT O — 400 + 31. 4 TOGW 1D S (~LMAx )( SRE F TREQDT

= ?(WSTOR I + WSTORX + ?OI1OTANK)
( 3 )

or TOGW 1 = TOGW from previous iteration

CLMAX = 3.707? - .05355 (SWPLE) + .037l6(AR )

— l.5355(IROOT) (4)

13
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SREF = TOGW 1 /WOS (5)

SWPLE = 13.4 + 14. 9 (A MMAX) (6)

TROOT = .0185 + .0637 / (AMMAX) (7)

where TRE QD is the thrust ; TOGW 1 is the current estima te of take off gross

wei ght in pounds; WSTORI and WSTORX are the weights in pounds of the

interna l and externa l stores load; TANK is the number of 2000 pound

external fuel tanks; CLMA X is the maximum aircraft  l i f t  coeff icient;

SW PL( is the wing leading edqe sweep angle in degrees; AR is the aspect

ratio; TROOT is the wing thickness-to-chord ratio measured it the win q

root; and AMMAX is the maximum Mach number for the m i s s i on . TiI~’ program

only computes va lues for CLMAX , AR, SWPLE, TROOT , and /\MMAX when they are

not input.

Land i ny Distance

The lauding di stance computed in C I S1 is the 1 audi nq roll along the

runway . It has the variable name DISIL in the program and is based on

the followin g relationships:

- 94.?? LDGW 0D IS IL (~LM~xi~~rn (“)

LDGW = TOGW 1 - WTFU [L 4 WLFIJ[L (9)

where CLMAX , SREF, and TOGW 1 are as defined in [uqation (2) th rough (7)

above , WTFL IEL is the fuel required to perform the m i s s i o n ,  and WLF IJFL is

the fue l required to loi ter before landing - twent y minutes at sea level

al t i tude for this study.

14
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CISE~~~~~ tion

In oi~der to consider the mim ission and only the specific design cases

from Table IV , it was necessary to input the forty-fi ve design cases one

at a time . CISE was modified to output on f i le “TAPE12” the values for

MACH , RNG, STORES , WOS . AR , 1W , 10GW , DTO , and DLN. CISE was stored on

a permanen t f i le and run from a remote term i nal . !~fter all desi qn cases

had been run for the particular mission , lAPEl? was dispcsed to the AF IT

punch for a permanent record of results . The punch cards were then

input to the surface fi~ procedure described in Cha p ter IV to generate

analytic ex pressions for 10GW , DTO , and DLN as functions of WOS , AR. and

1W for each mi ss i on.

Input for CISE is described in Appendix B.

15
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LV . SURFACE Iii APPROXIMATION

Introduction

In order to app ly mathema t i cal op tim i zation methods to the ai rcra ft

designs generated by CISE , i t was necessar y to represent the dependent

var i ables TO GW , LJTO, and DLN as analyt ic functions of the independent

design var i ab les WOS . AR , and 1W. The multidimensional representations.

or ‘ surface f i t  approximations ” for the dependent variables were obtained

through regression analysis using the computer program SURFIT (SURface

FIT) supplied by the Air Force Ae ro Propoulsion Laboratory (AFAPL).

- I SURFIT was developed by McDonnell-Dou glas Corporation , McDonnell A irc ra f t

Company . St. Louis , Missouri

F 
Quadratic Approximations

Althou gh other options were available in SLIRFIT, it was decided that

the dependent va ria b les 10GW , DTO , and DLN would be represented by second

order polynominals of the form :

TOGW = A~ + A~ (WOS) + A (AR ) + A~ (T W) + A~1 (WOS)

+ A~ (WOS)(AR) + A 1~ (W O S )(T W ) + A~. (AR ’,

+ A~ (AR)(TW ) + A~ (T W )~
’ (10)

In genera l summation notation for ‘ n’ independent variables . Equation (1 0 )

can be written :

10GW = A0 + 
i~ l 

A 1 X 1 1= 1 ~j l  
A
~~

X 1 x.~ 
(11 )

when the A ’s are the coeffi d ents and the X ’ s are the i ndependent van ables .

li.
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The quadratic approximation was par ticularl y suite d to this study

for several reasons . First, it is simple and easy to work with and makes

possible economi c calculation of the partial deri vatives in the optimi zer.

Secondjy. h i gher order approximations are unnecessary since adequate

representation can be obtained with second order surfaces (Ref 3:595).

Thirdly , this second order approximation is equivalent to the assum ption

tha t the per formance function can be adequa tely represented by the fi rst

few terms i f its Taylor series expansion about some nominal design point

(WOs . AR , TW) ~ 01011111. This assumption requires tha t the range of va lues

for the design variables be kept reasonabl ,’ small .

Re~ression Analysis

The number of unknown regression coeff icients (the A’ s in Equation

(11)) in the quadratic po lynonm inal can be expressed as L = (n+1)(n-i-2)/2.

where “n” is the number of inde pendent varia b les . The number of data

points input to the regression analysis must he equal to or greater than

the number of unknown coefficients L. This is necessary so that an over-

de term i ned sys tem of linear equations can be solve d by the method of

leas t squares . In th i s metho d , the terms are selected so is to minimize

the sum of the squares o f the error ,

N
SSE = • •  t L ’  (1 ?)

i=1

where L i s the difference between the actual value of the performance

fun ction and the predicted value and where N is the number of data

points input to the regression analysis (Ref 6 :22 9) .

17
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The goodness-of-fi t of the regression surface is tested statistically

by variance analysis. The four tests used by SURFIT to evaluate the

goodness-of-fi t were the standard F-statistic for regression , the mult ip le

correla tion coefficient squared (MCC - or R”),the si gnif i cance ratio , and

the standard error.

The F-s tatistic is defined as the ratio of the regression mean

square , 
N

~ (10Gw , -

MSR = ~~- ---~-I- _---_--~ (13)
N

to the mean square error
N

~ ( 10GW - Th~ ,)2 (14)
MSE =~~~ 

—
~~

-—-----------

1-N

where ~~~~ i s the mean of the actual TOGW ’ s in the N data points ,

TOGW t is the TOGW predicted by the polynominal at the l’-th data point ,

and L is the number of coefficients in Equation (1 1) .  A good fit is

assured when the calculated F value exceeds the F value found in

standard tables for I and N-L degrees of freedom at the 95 percent

confi dence level (Ref 3:595).

The mul tiple correlation coefficient squared (MCC~ or 
Ri’) is defined

as
N

MCC’ — - (15)

~ (TOGW e 
-

t’= 1

18
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where the terms are as defined for Equations (13) and (14 ) .  This quan-

tity varies between zero and one and the closer MCC ’ is to one , the

better the approximating equation follows the data.

The s tandard error is gi ven by

STERR /MSE (16)

Sma ller values of STERR indicate a better approximation of the actual

data .

SURF~~ 0j~e ration

The regression anal ysis performed by SURFIT uses the least squares

method to determine the regression coefficients of Equation (11).

Values of the F-s tat is t ic  are computed for all variables in the prob lem.

The variable with the largest F value is selected as the f i rst  variable

to be entered in the equation. The signif icance ratio , MCCC , STERR for

• the equation and F values for variables not in the equation are computed .

The var iable wi th the highest F value is added to the equation (for-

ward step regression) as long as the F values from the previous step for

al l  var iables in the equation exceed the highest F value for variables

not i n the equa ti on . A var i ab le in the equation with the lowest F value

is removed (backward step regression ) whenever its F value from the

prev ious step is smaller than the largest F value for variables not in

the equation for the current step. In this manner , second order terms

(W0S~ ) and cross product terms (W OS\ AR ) could be entered even though

WOS or AR were not in the equation. This process was repeated until all

var iables had been entered or the desired number of steps had been reached.

19
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The step selected as best representing the actual input data was based

on the significance ratio , STERR , and MCC and wa s the step having the

largest val ue of FACT given by

FACT = L 1F1c~~~~~~ nb0J ’ X MCC~ ( 1 7 )
( STERR )

The selected equation was printed and the regression coefficients punched

on cards according to the input requirements for the optimizer described

in Chapter V.

Results

The selected equation was used by SURFIT to compute the va lues of

dependent variable at all N data points . These computed values were

compa red to the actual value at each data point and the percent error

computed according to

ERROR = COMPUTED - ACTU AL 
~ 100 (18)

A summary table of the computed and actual va l ues, their difference

(residual), and the percent error was printed for each prob lem.

The regression analys i s was performed for mi ssion case 1, using

actua l data and data normalize d as recommended by Marler (Ref 7:14)

using the transfo rmat ion

x = ~~~
‘ 

~~~max + Xniin ) (19)
%- (X - X . )2 max mm

The resulting surface fi ts were found to differ by no more than .02 per-

cent in max i mum error. Thus , actual data was used for all subsequent

regression analysis . Very good surface fi ts were obtained for 10GW , DTO , 

-
~~~~~ 
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and DLN for all niission cases. Most surface fits were within plus or

minus two percent while the maximum error encountered was —4 .57 percent.

These results compared quite favorably with those obtained by Marler

using normalized data in the regression analysis.

The surface fit approximations obtained for mission 13 in Equations

(20 ) th rough (22) below are typical for those obtained for all missions .

The TOGW , DTO , and DIN equa t ions  for all mis s ions  are presented in

Append ix C.

TOGW = 38850.416 - 28156 .2033(114) + .l780( W 0S) 2

- 16.00 80 (W OS)(AR) + 450.77 10(AR) - 1591.2582(AR)(TW )

+ 26021 .8945(TW)2 (20)

010 3239.8422 + 48.9 005(W OS ) - 7296.6377(TW)

- .4827 (W O S)( .AR) - 30. l4 0 9(W OS)(TW )

+ 4549.4329(TW) 2 (21 )

DLN = -954.8010 + 36.42 08(W OS ) + 2556.2243(1W)

-.0238(WOS)2 + l . l4 96(W O S)( A R)  - 39.7089(AR)2

+ 1 l8 . 2 8 4 2(A R) (T W ) - 164 9.17 97(1W )2 (22)

Three dimensional plots of 10GW versus 1W and AR were generated from

the su rface f i t  approximat ions  in  order to provide a check on the pre-

dicted min imum 10GW output  fro m the opt im izer for  the uncons t ra ined  mini-

mization . The p lo t  presented in Figure 4 is for mission l3at TW = .6 and

was generated from Equation (20). While not suitable for determining

21
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Fi qure 4. 3—9 Plot of 10GW vs WOS and AR for t’~i ss i on 13
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numerical val ues of 10GW , these plots were sufficient to veri fy the

existence of an apparent niinimumn 10GW in a particular region of the

surface .

Input requirements for SURFIT are described in Appendix 9.

23
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V. OPTIMIZATION

Introduc ti on

The optimization problems considered in this study required the

minimization of a performance function such as TOGW subject to the

i nequality constraint that another performance function such as DID be

equal to or less than some specified value . An additional “box constr aint ’

imposed was that the independent variables not be outside the design space.

An object deck of the computer program OAPEN (Optimizat ion Analysis by

PENalt y function) was supplied by the Air Force Aero Propulsion Labora-

tory (AFAPL) and was used to accomplish the various optimizatio ns in this

study . OAPEN was developed by The Boeing Aerospace Company , Seattle,

Wash ington under contract F336l5-73-C-2084 to AFAPL .

Problem _Defin ition

The two opti nmizations performed for each mission were to: (1) mini-

mize 10GW with no constraints on DTO and DIN other than they must he

posi t ive , and (2) minimize 10GW subject to the constraints that 910 must

be equal to or less than 3500 feet and DLN must be equa l to or less than

4500 feet. The independent variables WOS , AR. and 1W were “box constra i ned”

to not be outside the range of values noted i n Table L I for the design

space.

OAPEN

OAP EN is designed to find an optimum design parameter vector usin g

surface fit func tions to app roximate the true functions of the desi gn

parameters in an optima l design problem. In this study , the genera l

24
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optimization problem to be solved can be written as

M i n i m i z e  f1 ~~
Subject to f~ (X)  ~ c~ , j  = 2 ,m (23)

where X is the vector of independent var iables , the f ’ s are the per-

formance functions approximated by surface fits , and the c ’s are the

values of the upper limits for the constraint functions . OAPEN solves

this problem by the penalty function method in which the inequalities of

Equation (23 ) are used to establ ish a penalized cost function of the form

m
F(X) = f 1 (X) + ~ (CV~ )2 (24)

j=2

where f1 (X) is as defined for Equation (23),  
~K is a weight factor

which modulates the severity of violati ng the constraints , and CV

represents the violation of the constraints inequalit ies. 
~K corre-

sponds to the allowable tolerance on violation of the constraints. A

default va l ue of 50 exists in the program and corresponds to a two

percent tolerance. A value of = 100 (one percent tolerance) was used

in this study , although 
~K 

can be i nput as any value . CV in Equation

(24) has the form (DTO - 3500 ) when 010 is constra ined to be less than

or equa l to 3500 feet. CV is equal to zero if the constraint is satis-

fied and takes on the value (DTO - 3500) when the constraint is violated

(exceeded).

For the constrained minimization performed in this study , Equation

(24 ) can be written

F ( X ) = 10GW + lOO ( DTO - 3500)2 + lOO ( DLN - 4500 ) ’ (2s )

25
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0A F~LN uses the Fit ’ t c her— Rt ’evec Ref . : 11 —1 ‘ comij uqj to qrad en t sea rch

method to fi rid the ni iii mum ( \ ) q von in Equ ation ( .‘
~~
‘ . The qrad i cut o~

F ( \ ) I s comnp u ted from the 10GW . DTO . and t)L N cur face f i t  appro~ i mat ions

whi c h are input to the program . The al qor i thi n requl rec aim initi al ~‘a I Ut ’

f rom whi c h to begin the gradient sea rch. OAP[N has opt ions to perform

this ni nimni :a t ion using cod ed ~cal ed ) or wicoded (unscal ed ) v.ir iahi ec

In this st ud~ . uncoded variables were input along with th eir respect i Vt’

ni iii mum values and range of values . OA PL N made the trans fonna t ion

- 

~~ ~ll~i\ ~ X m~m~ ~
) 

-

‘ ~~

.

~~ mimi

where \~ i s the sc al d v ar iab l e  —1 1 , \ i s the ac t  ~al va l Ut’,

is the mil d \imnum val tie . amid 
~~ ~ 

is the nil nimun i ~al ue . This t r am i s—

forma t iOP ) was iii ve rt ed ~~ ~ to out put o t the opt I nal va lue of the per-

formance funct ion , va lues of the co mist rai mit f unct I ot is . and the v e c t o r

of Va 1 ut’s o t the I ndependent va r iab le s , correspomid i rig t o  the opt imumu .

Opt I mmi i za_t on Procedure

The opt m miii :at ions performed we re based on surf ace f it  appre\ima t ’ ions

for 10GW . 010 • and OLN as quadrat ic  funct lori s of Wi)S , -A R , and 1W such as

these g iven in L quat ions , • ‘C~ throuoh ( .‘.‘ . The L O e t f  i c i ents  of the

Various terms were input to OAPE N as they appear in tqua t ions ( .‘3
through , S

’
.
’ ) w i th  the e\c ept  ion of the pure quadrat ic terms , which were

input as twic e the i r va lime im i the surfac e f i t  appro i t I rig eqi mat ion .

This was due to the wa y c o e f f i c ie n t s  are sto red iii memory ~, Ref ~ : ~~~ 1

For e~anmpl e . (1W ) has the coeffi ci ent ‘ r~1 .’ 1 . ~°.l~’ in Iquat iou . but

was input to OAPE N as 5.’043 . . The mrmea n va l ties of WOS • AR, and 1W

1 ~‘O, .‘. 5, .~~~~ ) were input as the start Intl point for the ~iradient sea rch
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—
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al qor’i thmm m . The mmm i nimnum values and the range of valu es for a ll van ahles

were input for use in the codi rig t ransformat ion. Appendi \ C conta ins the

input for a typ ic a l run.

Results

The resul t s of cons tra I tied and unconst m’a i ned opt i mim i zati ens art’ pre-

sented in Tables Vi and V I I  respect i ve lv . The e f fec ts  ~f the co nstr al  nts

(010 3~’OO feet . DLN ~ 4500 feet) can he identified by coinpari ng values

from Table V I to the cc’rrt’spondi ng val imes in Table V I  I . In general

these particular con s tra iri t s were sat i su ed at a cost of 300 — ~d0 pounds

adLi l t ional TOGW . Wing loadings (WOS ) and aspect ratios (AR) were reduced

whi le thrust— to—we i qht ratios (1W) remna i mied the sammm e w i t h  the e~cept ions

of m iss ion ~ and ‘miss Ion 13 where 1W increased . Figure 4 indicates the

O\ I s tence of an apparent m mm i iii nimum TOGW for ni s si on 1 3 in the general

regi on predi cted by OAPEN. The ni num nu mn is clearl y confi ,‘iimed by Fi gure 5

through Fl ~mure

in order to sati sfy the const raint , it was necessary to reduce the

values of 010 and DIN. The change in 010 and DLN in -i terms of changes in

WOS . AR, at-id 1W , can be w r i t tem i  in th e form

\D1O - 3910 - (\WOS) 
~ TP (.\AR )~ ~DT0 (.\TW~

- - 

~~~~~~~~~ UN! 
3AR 31W UM 

-

- 3DLN ( \WO S )~ 3DLN ( ‘~4R) 3PLN (\TW ~ 
‘

- PLN - 
~ftis 

~~ ~ AR 31W ‘1mM 
( 

~~~

where the subscr i pt tiM indicates eva ltia t jot-i at the unconstra ined ml ni mumrm

10GW . Considering ‘mission 13 (Equations (:‘O) — (:‘:~~) . the various parti al

derivatives in Equations (~ 7) and (~ S) are given h~

- - - -
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T A E3LI V i

Unconstra ined Minim im umm i 10GW
I I - I: r I  I -,r,- ,-r t r,  I r- , , rS ~~- : - , :r, .2 - 11 -: I- - I I -, - s -, - . S I S S Z r

MISSION TOGW WOS AR TW DT O DLN

1 27320 141.79 .3 .5 .6 4 9 3  5318
2 29871 120 .70 3 .15 .6 4036 47 87
3 25669 137.2 1 3.35 .6 3904 4917
4 30074 144. 77 3 .5 .6 4086 5260
5 26127 111.58 3.5 .6 3750 4179
6 421 82 160.00 - 3 .5 .~ 9 4595
7 28999 144.28 3.5 .6 4073 535?
8 ?998? 145.10 3.5 .6 438? 5728
9 79~ $7 145.10 3.5 .6 4382 5778

- 10 20371 134.66 3.49 .6 3834 4836 —

11 19736 130.43 3.5 .6 3729 4816
12 25437 129.73 3.74 6 3983 4493
13 29035 157.42 3.5 .648 4779 5567
14 36289 149 . 38 3 .5 . 6 4851 581 3
15 25437 17Q .73 3.24 .6 3983 4493

TARLI V I I
Cons trained Mitt i mm mum n m 10GW

(910 ± 3500 feet . DIN ~ 4500 f e et )

MISSION 10GW WOS 
- 

AR 
- - 

TW Ef T O 
- 

DLN

7755 4 111 . 55 7 .98 . 3506 4731
29991 107 .7/ 7. 94 .6 3506 4109

.3 75758 1 20 . 58 3 .06 .6 350 3 4 353
4 .30 2 38 120 .55 3.01 .6 3504 44 ??
5 261;’ ! 103 .01 3.  5 .6 3500 3866
6 43335 127 .41 3 . 5  . 71 1 3506 4503
1 :19154 170 . ;‘:‘ 3.07 .6 34~~3 4503
8 30298 111 . 52 2. 95 .6 3596 4459
9 30798 111 . s;-’ 2. n . 6 3506 445(1
10 170.90 3.21 .6 350:’ 4364
11 19749 171 .06 3. 3 7 .6 3501 4490
12 ;‘5573 111 .53 3 .00 .6 3505
1. 1 29335 116. 36 1 . 79 .679 3507 4:110
14 37360 Ia;’ . 15 7.74 .6 351:’ 105;’ -:

I ~~~~~~~ 111 .53 3.00 .6 350! 389;’
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F igure 6. 10GW vs AR for Optimum WOS and TW - Mission 13.
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Fi gure 7 . T0~8 vs IJOS for Opti m um AR and T’-1 - Mission 13
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48.9005 - .4827(AR) - 30.1409(N) (29)

~DTO = — .4827(WOS) (30)

____ = 7296.6377 - 30.l409(WOS) + 9098.8658(1W) (31)

~~~~~~~~~~ 

= 36.4208 - .0476(W OS ) + 1.1496(AR ) (32)

3DLN _ 
l .1496(WOS ) - 79.4l78(AR) + 118.2846 ( 1W ) (33)

= 2556.2243 + l18.2846(AR) - 3298.3594(1W) (34)

Evaluating Equations (29) through (34) at the unconstrained minimum and

substituting into (27) and (28), we obtain

ADTO = 27.6796 (AWOS) — 75.9866 (MR) + 1152.0142 (ATW) (35)

I~DLN = 32.9512 (AWOS ) - 20.3438 (MR) + 832.88 (ATW) (36)

The maximum reduction in 010 and DIN requires ~W0S to be negative ,

AAR to be positive ,and ATW to be negative . If the relative magnitudes

of WOS , AR , and TW in Equations (35) and (36) are considered , the AWOS

terms will dominate . A decrease in WOS for nearly constant 10GW

requires an increase in wing area . Since the aspect ratio (AR) is the

wing span squared divided by the win g area , increasing the wing area

reduces the aspect ratio even if small increases in wing span are allowed .

Satisfacti on of the constraints in this manner is consistent with Equa-

tions (2) and (8) which were used by CISE to compute take off and landing

distances . It is clear from Equations (2) and (8) that increasing the

F wing area (SREF) decreases both take off and landing distance.
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Mission 13 was also used to examine the effects of TOGW mIn I WOS , AR ,

and TW when increasingly severe constraints on 010 and DIN were applied

in the optimization . The results are presented in Table VIII below.

TABLE VII I
Constrained Minimum mi 10GW - Mission 13

UPPER LIMIT

10GW WOS AR 1W 010 DLN DTO DIN

LBS LBS/FT2 FT FT FT FT

29035 157.42 3.5 .648 4779 5567 NONE NONE

29335 116 .36 3.29 .679 3507 4210 3500 4500

29552 94.89 2.88 .665 3008 3468 3000 4000
- . 29812 80.00 2.68 .690 2517 2965 2500 3500

31449 80.00 3.29 .882 2001 2994 2000 3000

It was evident that WOS was indeed the dominant vari able since successive

reductions in 010 and DLN were accompanied by successive reductions in

WOS. Changes in AR and N do not conform to the trend noted for WOS and

were dependent on the design configuration at which the partial deri va-

tives of Equati ons (29) through (34) were evaluated .

33 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 



----.----
~~---~~~~~~~~~~~~~~~~~~~~~~~~

-- -•
~~~~~

-- _~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~

r

VI. I~Y J J~~JJP LSftLJ~

TOGW . L)TO, ari d DIN in Terms of MACH, RNG, and SIR

The optimmmumm i aircraft designs for the fi fteen im iiss ions of Table II

were represented in Table V I . Surface fit approximations were developed

which rela te 10GW , DTO , and DIN for these optimm ium im aircraft to the three

independent mimission vari ables MACH . RNG , and SIR . The muethods of

Cha pter IV and the program SURFIT were used for the regression analysis

resulting in the followin g expressions .

TOGW = 97109.316 -l18597.9044(MACH)-144.1725 (RNG)

+2.6280(STR) +42465.2574(MACH)~
’ +86.997l(MACH)(RNG)

- .6542 ( MAC H)(STR) + .0735 (RNG)~’ ( 37)

010 = 1159.6500 +1O.6167(RNG ) ÷.0770(STR )

+4.3653(M.ACI-I)(RNG) - .O?66(RNG)-’ (38)

DLN = 3756 .6445 + .l771 (STR) - l?46 .7666( MACH~~

+13.2589 ( MACI -J )( RNG) - .03 1l(RN G )2 (39 )

~~~1y f l v ~~~~~t tJo~ Results

The statist i cal anal ysis for each equation is presented in Table IX.

In order for a 95 percent confidence level to exist for Equations (37)

through (39), the F value for 10GW , DTO , and DIN shoul d be greater than

4.74. This critical value was taken from standard tables for ten

degrees of freedom (ten regression coefficients) in the nun~ rator and

five degrees of freedom (fifteen data points minus ten regression coef-

ficients ) in the denominator (Ref 6:401). The F values in Table IX

fail to meet th is cri teria. However , comparison of the values of 10GW .

34
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DT0, and DLN computed by SURFIT from Equations (27) through (39) to

corresponding in put values from Table VI results in maximum errors of

-2.63 percent for 10GW, -7 .19 percent for DTO, and -9.82 percent for DLN .

TABLE IX

Statistica l Analysis of Selected Equations

F-Value Si gnificance Multiple Standard Maximum
Ratio Correlation Error % Error

10GW 2.4850 284.7412 .99825 465.69(LBS) -2.63

010 2.7336 9.9297 .89380 189.12(FT) -7.19

DLN .0446 11 .4594 .90604 267.89 (FT) -9.82

Application of Investigation Results

Contour plots of constant 10GW versus MACH and RNG for optimi zed air-

craft at three store loadings were generated by solving Equation (37) for

MACH , computing its value correspondi ng to combinations of TOGW , RNG ,

and STR and plotting all points (RNG , MACH) for a parti cular TOGW . In a

similar manner , contour plots for 010 and DLN could be generated from

Equati ons (38) and (39). The 10GW contour plots for 5000, 7500 , and

10000 pound store l oadings are presented in Figure 8 through Figure 10.

Each contou r shows the tradeoff between MACH and RNG for a constant 10GW

for optimi zed aircraft . The actual design in terms of WOS , AR , and 1W

will change along the contour since the optimum design changes with the

mission .

To help visualize the relationships given by Equations (37) through

(39), three dimensiona l plots of 10GW, 010, and DIN for optimized airc raft
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If)
(0

OPTIMIZED 19IRCRHF’T
STORES—5000 LBS

Li ~~
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E
26000

‘ — ....
~~~~ 

25000

24000

200•0 2S0~0 300•0 3S0•0 40O~0
DASH RHNGE (RNG)-NM

-: 
Figure 8. Contours of Minimum 10GW vs MACH and RMG (STORES = 5000 IBS)
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OPTIMIZED AIRCRAFT
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Figure 9. Contours of Minimum 10GW vs MACH and RNG (STORES = 7500 IBS)
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T OG N CONTOUR S
C (I)

(0

OPTIMIZED AIRCRAFT
STORES— 10000 LBS 

T0c W-L85

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

32000

N N
31000

a 30000

2.. 
1 1

200•0 2S0~0 300’O 350•0 400~0

DASH RANGE (RNG ) —NM

Figure 10. Contours of Minim um 10GW vs. MACH and RNG (STORES = 10000 IBS)
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wi th 5000 pounds of stores were generated using these equations for vari-

ous values of MACH and RNG . Presented in Figure 11 through Figure 13 ,

these plots dramati cally depict trends over the entire mission space .

The 10GW plot (Figure 11) is particularly effective as a means of

locatin g an apparen t minim mi un i or regions deserving more detailed analysis.

For example, i t can be seen from Fi gure 11 that an apparent minimum

exists for MACH = 1.2 in the vicinity of RNG 275NM and not at

RNG 200NM , the min i mum range in the mission space. This result contra-

dicts the input data from Table VI where the minimum 10GW did occur for

MACH = 1.2 at RNG = 200NM (Mission 11). If Equation (37) were taken as

exact, then it can be shown that the minimum TOGW of 19. 775 pounds occurs

for RNG = 270.58NM. For MACH = 1.2 and RNG = 200NM , Equa tion (37) pre- —

di cts 10GW = 20,140 pounds. The difference of 365 pounds i s , however ,

attri buted to a b uil dup of error in the surface fi ts descr ibed in

Chapter IV and the final surface fit leading to Equation (37). The many

discont inuities in the surfaces of Figure 11 through Figure 13 and the

view point from which these must be viewed make it i mpossible to determine

specifi c values of 10GW , 010, or DIN from these plots .

The two dimensional plots of Equations (37) through (39) presented

in Figure 14 through Figure 16 for SIR =5.000 pounds , allow more precise

estimation of values than their three dimensional counterparts in

Figure 11 through Fi gure 13. The existence of a minimum 10GW in the

vicini ty of RNG = 275NM is quite clear in Figure 14. Figure 14 through

Figure 16 are suitable for reading approximate values of 10GW , 010, and

DLN at specific values of MACH and RNG.

Equations (37) through (39) can be used to evaluate TOGW , 010, and

DIN when a specific combination of MACH , RNG . and STR is of i nterest by

39
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Figure 11 . 3-0 plot of Minimum TOGW vs MACH and RNG (STORES = 5000 IBS)
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DTO VS . MFICH—RNG

OPTIMIZED AIRCRAFT
STORES’-5000 LBS
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Fi gure 12. 3-0 Plot of 010 vs MACH and RNG (STORES 5000 IBS)
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DLN VS. MACH-RNG

OPTIMIZED AIRCRAFT
STORES-5000 LBS

- 

~o.o i.s ~~IDftSIj RJiN~~~7ft ..~~~~~~~~ im.~

F igure 13. 3-0 Plot of DIN vs MACH and RNG (STORES = 50110 lilS)
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DTO VS. RNG

OPTIMIZED AIRCRAFT
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Figure 15. 010 vs RNG (STORES = 5000 IBS)
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4: DLN VS. RNG
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‘ I n
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: Figure 16. DIN vs RNG (STORES = 5000 LBS)
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direct substitution into the appropriate equation. The effects of changes

from a baseline set of requirements can also be evaluated. For example,

the change in 10GW due to small changes in MACH , RNG, and STR can be

wri tten,

- ~TOGW (t~MACH ) + ~TOGW (L~RNG) + ~T0GW (L~STR)
B B B (40)

Where ATOGW is the change in 10GW, ~MACH is the change in MACH , ~RNG

is the change in RNG , t~STR is the change in STR , and (B indi cates

evaluation of the partial deri vatives at the baseline set of requri ernents .

46 

~~~~~~~~~~~~~~~ ~~~~~ 
- 

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 
- - 

-



r

VII. CONCLUSIONS AND RECOMMENDATIONS

Conc l us ions

1 . Surface fit approximations for 10GW, 010, and DIN in terms of

the mission requi rements are sufficiently accurate to be used effectively

in trade studies to refine performance requirements for future aircraft .

2. Surface fit approximations for 10GW in terms of the mission

requirements can be used to establish initial cost and schedule esti-

mates very early in the planning cycle and conceptual design stage for

future aircraft.

3. Care must be taken when defining the i ndependent mission vari-

ables and their ranges of values to assure that the minimum 10GW lies

wi thin the mission space, while not making the range so large that

quadratic approximations are no longer valid. It may be desirable to

refine the mission space and/or the design space after an initial exer-

cise of the methodology.

4. The simple latin square method can be used to dramatically

reduce the number of design cases requiring analysis , thus saving

signifi cant manpower and computer resources.

Reconinendat ions

1 . Surface fit approximations for 10GW, DTO , and DLN in terms of

the mission variables MACH , RNG , and STR should be incorporated into

the procedures for trade studies performed early in the planning cycle

and conceptua l design phase in order to provide improved estimates of

performance requirements , acquisiti nn cost, and schedules for future

aircraft .
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2. Further studies should be conducted to determi ne the relation-

ship between system effecti veness , E , and the mission variables MACH ,

RNG, and SIR , i.e., E = E(MACH , RNG , SIR). Thus , using the resu lts of

this study, it would be possible to find the most cost effecti ve system

for a particular mission by minimizing the ratio , cost -
~ effectiveness.

3. Further studies should be performed in conjunction with AFFDI / FXB

to determ i ne the effect of including dash altitude in the mission space.

These studies should make use of a mission simulation which has provi-

sions for in put of engine design vari ables such as by-pass ratio and

overal l pressure ratio.

4. Design optimization methods based on surface fit approximations

should be incorporated into AFFDL procedures .

5. Future studies should make use of the orthogonal latin square

method or the 0-optima l method of selection in order to reduce the

correlation between cases to be simulated.
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- LATSQR Computer Program Input/Output
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Appendi x A

LATSQR Computer Program Input/Output

Input

Card No. Col No. Descri pti on

1 12-13 Number of independent design vari ables (Format 12)

2-N 1-6 Alphanumeri c label for the variable (Format A6)

11-20 lower limi t for the variable (Format E1O.4)

21-30 Upper limi t for the vari able (Format E1O.4)

“N” is the number of independent design vari ables plus one which

allows the range of each variable to be input .

Input is assigned to Tape 5.

Output

The format of the output is (18 , lOFl2.4 / l4X , 7Fl2.4) which yields

• the data point number and the values of the des ign variables for that

data point.

Output is assigned to Tape 6.
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Appendi x B

CISE Computer Program Input/Output
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Appendix B

CISE Computer Program Input/Output

All input is in the standard FORTRAN Namelist format with the first

character in each record appearing~in the second column . The title of

the design under study appears on the first data record and is in

Holleri th format. The input is divided into fi ve groups with the

following names :

DESIGN , MISSION , WEI GHTS, GEOM , PROP

The input sequence and the i tems that can be input by each Namelist are:

$DESIGN

IF = Load Factor

VMA X = Maximum Equivalent Ai rspeed

AMMAX = Maximum Mach No.

ALTX = Altitude for AMMA X

PS = Energy Level Required at Flight Design Gross Wt ,

GPS = G leve l for PS

ALIPS = Altitude for PS

AMNPS = Mach No. for PS

NCREW = No. of Crew Members

NTANK = No. of 300 Gal External Tanks

NSTORX = No. of External Stores

NPYL = No. of Pylons to Carry External Stores and Tanks

NSTOR I = No. of Internal Stores

CLMAX = Maximum Lift Coefficient for Take off and Landing

_ _ _ _ _ _ _ _ _ _ _ _ _  
- - - -: 

_ _ _



MCDX = Cd Calculation Cue; When = 0, CDOSF = Cf ;  When = 1 , Cd0 
is cal-

culated by Program and CDOSF is the Modification Factor

CDOSF = Equivalent Skin Friction Coefficient or Cd Modifi cation Factor

(depending on MCDX va l ue input)

CDSTX 1 = Subsonic Store Drag Modification Factor

CDSTX2 = Supersonic Store Drag Factor

AITTOI = Altitude for Take off and Landing

DTEMP = Take off and landing (°F) from Standard Day at ALTIOL

IPROP = 1 for Turbofan (P&W 401)

= 2 for Turbojet (GE J79)

=3 for Reciprocating (lycoming LGO-540)

AB = 1 for afterburner

AB ~ I for no afterburner

TOWE = Engine Thrust to Weight Ratio

FDGWF Ratio of Total Fuel on Board to Define Flight Design Gross Weight

(FDGW) where, in the Program FDGW = TOGW - (1.0 - FDGWF) * WFUEL

(Initialized at .60)

IDGWF S = Same as FDGWF , except for Structura l Design landing Gross Weight

(LDGW) where , in the Program 10GW = TPGW - (1.0 - LDGWFS)

* WFUEL - WSTOR (Initialized at .90)

LDGWF = Same as LDGWFS, except for Landing Distance Calculations , Using

Design Landing Distance Gross Weight (LDGWLD) where , in the

• Program LDGWLD = 10GW - (1.0 - LDGWF) * WFUEL - WSTOR (Initialized

at .70)

IPPRINT = 1 for Error Checkout Messages to be printed

= 0 for Error Checkout Messages not to be printed
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TOTHF = Thrust Modification Factor for Nonstandard Day (Altitude and

Temperature Adjustment) (Initialized at 1.0)

CDF = Total C0 Modi fication Factor, May be Used to Adjust I/D by

Modi fyin g CD

CDSF = Factor to Adjust Supersonic Drag Contribution to CD0

SMISSION

N = Total Number of Mission Legs

R(I) = 0 for Warmup Fuel Allowance

= -l to Drop Stores

= -2 to Turn at Fixed Gee

= -3 to Accelerate

= -4 for Energy Al titude Combat Fuel Al l owance

= -5 for loiter Performance

= -6 for loiter at Fixed Altitude and Mach No.

= -7 to Turn at Maximum Possible Gee

> 0 for Climb Performance

= l.E6 to Climb on Intermediate (Military Power)

= l.1E6 to Climb with Afterburner with Distance Credit

GEE(I) = G level for Turns (no ig turns), When RANGE(I) = -7

= Time (mm ) on Afterburner Power, When RANGE(I) = l .lE6

= No. of External Stores to be Dropped , When RANGE(I) = -l

NTUR NS(I) = No . of Turns , When RANGE(I)  = -7
= Mach , When RANGE(I) = —3
= Energy Altitude for Combat Fuel Allowance (ft), When

RAN GE ( I )  = -4
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lINt ( I )  L oi tt ’r lime (w i n ) .  W hen RANGI ( I )  —~~. or —
~~~

No . of I n to m a  I Stores to he D~’opped . When RAN GI (I) — 1

ii ANk( 1) No. Of I \ t e~’na 1 F no 1 1 ank~ to he t)ropped . When RANL 1 (1) — 1

AMACII ( I )  I o i  Mach Mo . . I ~cop I Wh en RANc,I (1) - — 1

We I qh t of ‘a rqo t o  ho Ilroppod , When RANG 1 (1) — 1

A L l (1) 1 t ’q Alt I tude

RG( 1) 1) i s t  anco Covered in a Part i cu 1 am Soqmon t . When RAN GI (1) 1 . it

$W l 1GIIIS

WAV I IN We i qh t of ’ Av ion i c .  I q Ui pmon I

WMA - Wei qht of AMMO . Guns . o t t - . t hat. floes Not. Requi me Inst a 1 lat ion

W oi h t  in Add i t i on

W S IORX W el qht of I . \ temn~i 1 St oro’-.

W’—~IOR l Wel qht of I ntemn a I Si res

W INGI W inq W ei qhf Modi f i&a t ion I actor

tA ll I ta i l  We i qht Modi t i  c a t  ion I actor

ROflY I Itod y Wo I qh t Mod i I i cation I act or

(it ARI - (tea r We i qh t Mod ii’ I ca F I on I act or

$GI OM

NWOS - No. 0I Wi nq b a  di nqs to he Cyc 1 ~‘~t . Ma ~ i mum of  !

WOS( 1) Wi nq I oadinq s . Ma\iwun l of ‘ IRS ‘II

NA R No. of Asp ec t Rat i os to he C,yc led Ma \ i mum of ~

AR (1) - Aspe~ t Rat I oc . Ma \ I WUW 01 !~
NSW P No . of Quart or (‘hord Sweep Antj los I o be Cy led . Ma xi mum o 1 ~

SWI’ ( 1  Sweep Anq 1 es (Quart or (Thord ) i n fleqree s • Ma \ i IlilIflI 0 t h

N IROO I No . of Roo t th i c k nec c Rat l o s  t o 1e (‘V c 1 ed , Ma \ i fliLIlU of ~

IROO T ( I )  - - Root 1 hI c k ness R~i t I os . Ma~ I I1UW of ¶ ‘ 
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TAPER = Wing Taper Ratio

SFWET = Fueslaqe Wetted Area

SlIT = Horizontal Tail Volume Coeff ic ient

IFUS = Fuselage length

CWRT = Root Chord o t’ the Wing in Inches

MAC = WI ng Mean Geometric Chord i n Feet

SWWET = Wing Wetted Area

‘~PROP

1PROP -
~ 1 for Tur bofan ( P&W 401)

= ~ for Tur boje t (GE 379)

3 for Reciprocating (Lycomin g LGO -540)

A13 1 for a f t e rburner

AR / 1 for no afterburner

SLTH = Thrust to Weight Ratio of the Vehi c le

TOW E = Thrust to Weight Ratio of the Engine

SFCF = Speci f i t  Fue l Consumption Modi f icat ion Factor

To end the I ,iput and beqi ii the mission slinu I ation • an ‘F ’ is ~ 
I aced

in column ~ .

The input used in this study Wd S

MACH NO. 1.4 RANGE 400 STORES 5000

$[)E SIGN

lPRINT~-0 ,Li 9.75 ,
‘

AMMAX= l .4 ,VM AX=4 3 ’ .,

IN lT ER~~’5,

ST O RIN~:’ .

$LND OF DESIGN

$WE IGHTS
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WAVUN=1350. ,WMA=600.,

WSTORI= 5000.,

GEARF= .97 ,WINGF= . 83 ,BODYF= . 83,TAIIF= .83,

$END OF WEIGHTS

$GEOM

NWOS= 1 ,WOS I N= l2 0. ,

NAR= 1 ,AR IN=2. 5 ,

SEND OF GEOM

$PROP

IPROP=l .AB=l. ,TOWE= ll .O.SFCF=l .00,

SITH= .~~,

SEND OF PROP

$MrsS EON

N=12,NTURNS(7)=l .O~ DELM= .4.

T IME( 1)= .75.T1ME (4)=30. ,TIME(8)=2 .,TIME (l2)=1)

GMIN=l .:~,

GEE ( 7) =6. 5,

AIT(1)=O .,35000.,35000.,35000.,35000..

35000. ,35000 . .35000. .35000 . .35000 .

45000 . .0.

AMACII(l )=O. , . $ 5 , .~5 ,.85 ,.85 ,
1 .4,1 .4,1 .4,1. 4,1 .4,

4,

RA NG E ( 1 ) =O. . . l l 7 ,~ 75., -6. , -3. ,

• ‘75. ,—7.  ,— 1 .  • I75. , l. l16

325. ,-5 .,

SEND OF MISSION

S 
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$GEOM

WOSIN=140. ,ARIN=3.5,

$END OF GEOM

SPROP DESIGN POINT 2
SLTH= .6,

SEND OF PROP

E

p 0

° DESIGN POINTS 3-44

$GEOM

WOS IN=l60., AR IN=l .5 ,

$ENO OF GEOM

$PROP
DESIGN POINT 45

SLTH= .8,

SEND OF PROP

E

Output

The va lues of the design variables and the correspond ing performance

values were output to Tape 2 and each value was of the format FlO.2.

— It was also possible to have a mission sumnia ry printed out which

included an analysis of each leg in the mission along with a weight sum-

mary . The component weights are also output but because of the many

approximati ons utilized to derive these weights , only the weight empty

and 10GW values can be considered statistically valid (Ref 5:7). This

sumary data is available on Tape 6.
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Appendix C

Surface Fit Approximations for

-
~~ 10GW , DTO, and DIN in Ter ms of WOS , AR , and N

L 
___ 
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Appendix C

I ’ TABLE X

10GW Surface Fit Approximations

Mission 1 2 3 4 5

MA CH 1.4 1.6 1.2 1.2 1.6
RNG (NM) 300 200 400 400 200
STORES( IBS) 7500 7500 7500 10000 10000
INTERCEPT 26007.566 37981.991 28723.487 32499.802 26285.989
WOS -75.7133 -67.8492 -66.3245 -87.7478
AR 1247.0493 1283.5189 2171 .4881
1W 4567.6560 -16763.4100 -9810.0152 -9744.5739
W0S~ .3433 .4173 .3035 .3807
W OSxAR -10.7585 -10.4468 -9.2106 -10.7483
WOSxTW 26.6643 23.2511 25.2367
AR 2 253.5894 408.4523 236.1505 198.5429
ARXTW -2558.9111 -2184.4073 -2673.6695 -3412.4439 -1160.5214
1W2 9383.1142 22513.8374 19424.0978 23703.6018 6326.9925
% ERROR .77 -4.21 +1 .24 +1.27 -4.57

-F— I—
Mission 6 7 8 9 10

MACH 1.6 1.2 1.4 1.4 1.2
RNG ( NM ) 400 300 200 200 300
STORES (LBS ) 10000 10000 10000 10000 5000
INTERCEPT 60287.329 30120.772 26030.222 26030.222 20235.390
WOS -77.1921 -80.5090 -80.5090 -30.2597
AR 9228.7108 1727.2149 1564.7464 1564.7464
1W -86451.623 -5118.7707 10700.1694 10700.1694
WOS 2 .3232 .3486 .3577 .3577 .2081
WOSxAR -34.5719 -10.6813 -11.3031 -11.3031 -9.8071
WOSxTW 23.2955 27.1012 27.1012 14.1431
AR 2 222.7969 236.0904 236.0904 287.8370
ARXTW -7842.9014 -2994.7320 -2780.7956 -2780.7956 -1151.5043
TW 2 82486.2967 18670.4220 7037.5085 7037.5085 7801.7026
~ ERROR 3.51 1.07 1.02 1.02 1.39

NOTE: Blanks in Tables X - XII ind ica te that the variable did not appear
in  the equation selected by SURFIT for the mission considered .
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TABLE X (Cont ’d)

TOGW Surface Fit Approximations

Mission ii 12 13 14 15

MACH 1.2 1.4 1.6 1.6 1.4
RNG(NM) 200 400 300 300 400
STORES(LBSL 5000 5000 5000 10000 5000
INTERCEPT 17738.551 35637.224 38850.416 39018.706 35637.224
WOS -24.7632 -61.7904 -157.3430 -61.7904
AR 2710.7175
TW 4376.1917 —22576.9728 -28156 .2033 —22576.9728
WOS 2 .1945 .3395 .1780 .5788 .3395
WOSxAR -9.1612 -11 .1916 -16.0080 -13.9018 -11.1916
WOSxTW 10.1508 16.6520 55.1242 16.6520
AR 2 258.1150 391 .9026 450.7710 287.7950 391.9026
ARxTW -1048.2631 -1815.8917 -1591 .2582 -4659.1598 -1815.8917
1W2 4777.9436 23534.0776 26021.8945 19326 .4624 23534.0776
% ERROR 1.28 1.96 -4.09 2.21 1.96
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TABLE X I

DTO Surface Fit Approx imations

Mission 1 2 3 4 5

MA CH 1.4 1.6 1.2 1.2 1.6
RNG ( NM ) 300 700 400 400 200
STORES(LBS) 7500 7500 7500 10000 5000

INTERCEPT 3013.7965 3239.8422 2824.5412 2824.5412 3239.8422
WOS 44.8535 48.9005 41.4857 41.4857 48.9005
AR
TW -6715.5369 -7296.6377 -6228.9847 -6228.9847 -7296.6377
WOS 2
WOSx AR - .4063 - .4827 - . 3474 - .3474 - .4827
WOSxTW -27.7031 -30.1409 -25.6668 -25.6668 -30.1409
AR2
ARxTW
TW 2 4187.014 4 4549 .4329 3883.5409 3883.5409 4549.4329

% ERROR +1.76 +1.79 +1 .73 1.73 1.79

Mission 6 7 8 9 10

MACH 1.6 1.2 1.4 1.4 1. 2
RNG (NM ) 400 300 200 200 300
STORES(LBS ) 10000 10000 10000 10000 5000

INTERCEPT 3239 .8422 2824.5412 3013.7965 3013.7965 2824.5412
WOS 48.9005 41 .4857 44.8535 44 .8535 41 .4857
AR
1W -7296.6377 -6228.9847 -6715.5369 -6715.5369 -6228.9847
wos 2
WOS xAR - .4827 -.3474 - .4063 - .4063 - .3474
WOS xTW -30.1409 -25.6668 -27.7031 -27.7031 -25.6668
AR 2
ARxTW
N2 4549.4329 3883.5408 4187.0144 4187.0144 3883.5408

% ERROR 1.79 1.73 1.76 1.76 1.73
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TABLE XI (Cont’d)

DTO Surface Fit Approxi mations

Mission 11 12 13 14 15

MACH 1 .2 1.4 1.6 1.6 1.4
RNG(NM) 200 400 300 300 400
STORES(LBS ) 5000 5000 5000 10000 5000

INTERCEPT 2824.5412 3013.7965 3239.8422 3239 .8422 3013.7965
WOS 41 .4857 44.8535 48.9005 48.9005 44.8535
AR
TW -6228.9847 -6715.5369 -7296.6377 —7296.6377 -6715.5369wos 2
WOSxAR -.3474 -.4063 - .4827 - .4827 - .4063
WOS xTW -25.6668 -27.7031 -30.1409 -30.1409 -27.7031
AR2
ARxTW
1142 3883.5409 4187.0144 4549.4329 4549.4329 4187.0144

% ERROR 1.73 1.76 1.79 1.79 1.76

(‘
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TABLE XI I

DLN Surface Fit Approximations

Mission 1 2 3 4 5

MACH 1.4 1.6 1 .2 1.2 1.6
RNG(NM) 300 200 400 400 200
STORES(LBS) 7500 7500 7500 10000 5000

INTERCEPT -65.9673 93.0035 -429.5366 -353.9872 -449.6767
WOS 43 .1109 41 .7754 41.9190 43.6554 31.9541
AR -45.7567
1W 974 .7361 837 .7123 2127 .0361
WOS 2 - .0220 - .0301 - .0214 - .0200
WOS \AR .9131 .7855 .8157 .7308 1.2957
WOSxTW -6.6417 -7.2321 -8.8234
AR 2 -36.6957 -41.6313 -36 .9886 -29.9526 -24.0529
ARxTW 131.2679 184.1080 148.6128 168.9536
TW 2 -396.9336 -696.1927 —615.5980 -1179 .0946

~ ERROR .60 1.86 
- 

.70 -.54 
— 

2.54

Mission 6 7 8 9 10

MACH 1.6 1.2 1.4 1.4 1.2
RNG(NM) 400 300 200 200 300
STORES(LBS) 

- 

10000 10000 10000 10000 5000

INTERCEPT -544.5098 -321 .5099 -75.5938 -75.5938 31 .2968
WOS 30.6154 43.8369 45.9105 45.9105 39.4081
AR -326.0750
TW 3848.2647 663.6104
WOS ’ - .0201 - .0215 - .0215 - .0225
WO SXAR 1.3310 .7820 .8777 .8777 1.2703
WOSXTW -8.2100 -7.7821 -7.7821 -5.2938
AR 2 -36 .8052 -37.4956 -37.4958 -35.5349
ARxTW 241 .9731 149.0058 135.3914 135.3914 81 .0997
1W 2 2902.5906 -493.6867

% ERROR 2.15 - .46 - .45 - .45 1.13
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TABLE X II (Cont’d)

DLN Surface Fit Approximat io ns

Mission 11 12 13 14 15

MACH 1.2 1.4 1.6 1.6 1.4
RNG(NM) 200 400 300 300 400
STORES(LBS) 5000 5000 5000 10000 5000

INTERCEPT -68.1200 -836.9182 -954.8010 -122.4515 -836.9182
WOS 38.9359 37.7589 36.4208 45 .9740 37 .7589
AR 155.1002
TW 21 38.5329 2556 .2243 2138 .5329
WOS 2 -.0211 -.0257 -.0238 -.0212 -.0257
WOSxAR 1.1748 1.1526 1.1496 .7351 1.1526
WOS xTW -3.7638 -2.8546 -8.1732 -2.8546
AR2 -50.6007 -38.1813 -39.7089 -39.5253 -38.1813
AR xTW 112.2287 118.2842 112.2287
TW2 -1384.1546 -1649.1797 177.5628 -1384.1546

% ERROR -1.08 - .87 1.94 .71 - .87
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Appendix D

SURFIT Computer Program Input/Output
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Append ix  D

SURFIT Computer Pro~r am j~p~t/~~~put

Al l  numeri c data requi res a dec i mal poin t with the exce pt i on of car d

number three .

Car d No. Col. No. Description

1-h The word PROGRM must appear (Required card)

U- l7 A s ix character identification word in alpha-

numeri c format

22 -31 Number of input variables per data point including

dependent variables

32-41 Number of var ia b les added by syn thes i s

42 -51 Number of variable synthesis cards

52-6 1 Number of la beled vari ab les

62 — 7 1 Number of data points

2 1-6 The word PRGOPT mus t appear ( Required card)

12-2 1 Number of Format cards if the default Forma t of

(llX , 6F10.O) is not used

22 -25 TRUE if input data is on magnetic tape othe r~ ise

leave blank

32-35 TRUE rewinds auxiliary input data tape otherwise

leave blank

52- 55 IRLIE prints cova riance and correlation matrices

othe rwise leave blank

6 ~

4 .. — —
- -- -—--- -~~~~-- - -  —~~~

- — — —_
- - - - —  -- - - —

~~~~~~
•
~~~~~~~~~~~~~

- ~~~~~~~~~~~~~ -~5-



- • 
-- 

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

Card No. Col . No. Description

62-65 TRUE calculates the equation based on a curve

through the or igin (zero intercept) otherwise leave

blank

3 1-3 If variable synthesis data is on ca~ds then the

i n t eger 0 must appear in column 3; if the data i s

ass ig ned to Ta pe 8 then a 1 mus t appear i n

column 3 (Require d card)

as needed 1-6 The word VARSYN mus t appear; these are the variable

synthesis cards which form the second order terms

in the equations ; in general these cards are

optional but were requi red in this study because of

the form of surface fit approximation.

8-10 Synthesis operation code which can take on the

following values :

1.0 VAR(I) = Constant
2.0 VAR(I) = VAR(J)
3.0 VAR(I) = [VAR(J )]
4.0 V A R( I )  = EXP [VAR (J) ]
5.0 VAR(I) = SIN{V,4R(J)]
6.0 VAR(I) = COS[VAR(J)]
7.0 VAR( I )  = TAN [V A R (J)]
8.0 VAR(I) = Natura l log [VAR(J)]
9.0 VAR(I )  = ARCS IN[VAR(J)]
10. VAR (I) = ARCCOS [VAR(J)]
11. VAR(I) = VAR(J) + VAR(K)
12 . VAR(r) = VAR(J) - VAR(K)
13 . VAR(I) = VAR(J ) * VAR(K)
14. VAR(I) = VAR(J)/VAR(K)
15. VAR( I )  = VAR(J ) **VAR (K) i . e.

VAR (J) raised to the power
VAR (K)

16. VAR(I) = ARCTANrVAR(J)/VAR (K)]
17. VAR(I) = [VAR(J)**2 + VAR(K)**2]
18. VAR(I) = MAX [VAR(J), VAR(K) , Constant]
19. VAR (I) = MIN[VAR(J ), VAR(K) . Constant]

12-21 Assigns a value to I in the above operations
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Card No. Col No. Description

22-31 ,~Ass ig ns a value of 3 in the above operations

~32-4 1 Assigns a va lue of K in the above operations

42-61 Assigns a value to the Constant in the above

operations

as needed 1-6 The word LABELS must appear; is used to assign
- ‘ alphanumeric t i t les to each of the variables,

both intput. and synthesized; is an optional i tem

in the prog ram

1;?-15 Index number for the fi rst labeled variable

16—21 A six character label for the fi rst labeled

van able

22-25 Index number for the second labeled var iable

26-31 A six character l abel for the second labeled

v a r i a b l e

32-35 Index number for the third labeled variabl e

36-41 A six character label for the third labeled

variable

62-65 Index number for  the sixth labeled variable

66-71 A six character label for the sixth labeled

var jab 1 e

.~ r~.’.’ded 1 -
~~~ The word FORMAT must appear if the I nput data

~0 n t an.’ in  a fonina t other than the default

— i.. .It  ( I I \ • t~I 10.01

~ 4 • ‘  .. ‘ S~~ ’c I f 1 p 1 Ofl f (~~ the i tP~~~Ut (Ia ta
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(Data points are input at this point)

Card No. Col . No. Descni p~jon

as needed 1-6 The word PROBLM must appear ;init iate the analysis

for the designated dependent variable (Required

card)

12-21 The index number of the variable designated as the

dependen t van able

22-31 Number of input or synthesized variables deleted

from the regression analysis

32-41 Limi t the number of steps for calculation

42-45 TRUE deletes the detailed printout of steps

otherwise leave blank

52-55 TRUE deletes the s uniiiary printout otherwise leave

blank 
-

62-65 TRUE deletes the residual printout otherwise leave

b lank

as needed 1-6 The word DELETE must appear if this optional

routine is used ; is used i n  conjunction with the

PROBLM card columns 22-31

1 2-21 The i ndex number of the fi rst deleted variable

22-31 The i ndex number of the second deleted variable

62-71 The index number of the sixth deleted variable

(Additional PROBLM cards can be input at this t ime to restart the
regression analysis usin g a new dependent variable or deletin g
differen t varia bles from the analysis)

Last 1-6 The word FINISH mus t appear to cause proper term-

ination of the program (Required card)
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The only vari able synthesis operation code used in this study was

code 13., VAR(I) = VAR(J)*VAR(K). This was used to form the pure

quadrati c and cross product terms.

The input for the regression analysis based on the design variables

was made up of the three independent desi gn variables [VAR(l) =
WOS, VAR ( 2) = AR , VAR(3) = 1W] and the three performance functions

(VAR(4) 10GW , VAR (5) = 010, VAR(6) = DLN). Regression analysis was

done for all three performance functi ons. Typical input is found on

page 73 of this appendix.

The input for the regression analysis based on the mission vari ables

was made up of the independent mission vari ables [VAR(l) = MACH , VAR(2)

RNG, VAR(3) = SIR] and the three performance functions rVAR(4) =

10GW, VAR(5) = DTO, VAR(6) = DIN]. Regression analysis was performed on

all three performance functions .

Output

The output from the regression analysis will depend on the options

— selected in the input. A complete listing of the means and standard

deviati ons for the input parameters is possible and a printout containing

the covariance and correlation matri ces may also be obtained . A detailed

printout of the vari ables entered or deleted at each step of the regres-

sion analysis along wi th regression statistics will be received unless

otherwise specified. A point by point comparison of the actual data with

the calculated data will be made and yields information indicating the

percent error at each point (residual information). The coefficients for

the selected equati on are printed and also appear as punched cards . The

coefficients are available on Tape 7 with the firs t record having a Format

of (16X , 4El6.8) and the fo1l~ iing records have a Format of (5El6.8). -;
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Appendix F

AFIT 799 Study

Introduction

A study was conducted in conjunction with the Air Force Fligh t

Dynamics Laboratory Design Branch (AFFDL/FXB) to demonstrate the use of

the lat~n square selection technique and surface fit approximations as

the basis for optimization in the design analysis of future USAF fighter

aircraft• The methods discussed in Chapters LI through V were used in

this study .

Purpose and Approach

The purpose of the AFIT 799 Study was to consider a variety of con-

straints and find the mi nimum take off gross weight within the design

space. This was accomplished by (1) defining a mission profile;

(2) defining a mission space ; (3) defining a five dimensional design

space ; (4) simulating the missions to determi ne take off gross weight

(TOGW), take off distance (DTO), landing distance (DLN), sustained G’s

in combat (GSS), and the time-to-accelerate (TAC) from the subsonic

cruise Mach number to the supersonic dash Mach member; (5) performi ng a

regression analysis on the mission simulation results to obtain quadratic

surface fit approximations for TOGW , DTO, DIN, GSS, and TAC in terms of

the desi gn variables; and finally, (6) performing minimi zations to find

values for the minimum TOGW and the corresponcfing i ndependent design

vari ables , within the design space . - ,
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Mission Profile

The miss ion profile presented in Figure 17 was defined by AFFDL/FXB

based on typical requirements for future fighter aircraft. The mi ssion

profile was made up of twelve segments . Distance credit was qiven for

all segments and fuel was used on all segments . The aircraft was to have

a one-r~an crew and carry 5500 pounds of STORES internally.

Mission Space

The dash Mach number (MACH) and dash altitude (ALT) were selected by

AFFDL/FXB as the two i ndependent mission vari ab l es. MACH was allowed to

vary from 1.6 to 2.3 while ALT ranged from 20,000 feet to 60,000 feet.

The specifi c mission cases are presented in Table XI II. The analysis

that follows considers only mission case 1 , where MACH 1.95 and

ALT = 50,000 feet.

TABLE XIII

Mission Cases - AFIT 799 Study

Case No. MACH No. Altitude

1.95 50,000 ft

2 2.3 60,000 ft

3 1.6 60,000 f t

4 1 .6 20,000 ft

5 2 .3 36,089 ft

Design Space

The fi ve independent design variables used in this study included

two engine vari ables and three airframe variables . The engine variables

80

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ____________ 



-- - --- -

r

— -
~~~~
- ®

/ 90 N~~

V~~~NA9 
_ _ __ _ _

1 - Start engines, t ax i , takeoff: 15 nii nutes idle power , max imum power
takeoff (1 .2  V 5~ 1ii )

2. Climb : Accelerate and c limb at intermediate powe r to optimum sub-
sonic cruise a ltitude

3. Outbound cruise: M ) .8 , o p t i m u m  a l t i t u d e

4 . Lo iter: 30 minutes at cruise Mach number and alt i tude

5. Energy exchange to dash Mach number and alt i tude in minimum time

6. Outbound dash: at das h Mach number and alti tude

7. Turn : One maximum “G” 360 ° turn at dash Mach number and a lt i tude

8. Drop “store s pay load”

9. Inbound dash: Das h Mach number and alt i tude

10 . Climb : Energy exchange to optimum subsonic c r u i s e  a l t i t u d e  and
Mach number (M 7 .8)

fl . Inbound cruise: M > .8 at optimum subsonic cruise alt i tude

12. Loiter and Land: Loiter 20 minutes at sea level at optimum
endurance Mach number

GENERAL RULES: (1) Fuel used and distance gained on a11 mission segments

(2) 5~- fuel flow conservatism applied throughout mission

Figure 17. Mission Profile - AF IT 799 Study
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were overall pressure ratio (OPR) and by-pass ratio (BPR), while the air-

frame variables were wing loading (WOS), aircraft thrust-to-weight ratio

(TW), and aspect rati o (AR). The range for each of these variables is

gi ven in Table XIV , which defi nes the design space .

TABLE XI V

Design Space - AFIT 799 Study

Variable 
- 

Range of Val ues 
-

OPR 10 - 30

BPR .2 - 2.2

WOS 80 - 120 LBS/FT2

AR 1.5 - 3.5

TW .6 - 1.0

The simple latin square selection method was used to obtain the latin

square desi gn cases listed in Table XV .

Mission Simulation

The computer program CASP (Combat Ai rcraft ~ynthesis Program) was

used by AFFDL/FXB to sumulate mission case 1 from Table XI II for the

mission profile presented in Figure 18 and to determine TOGW , OTO, DLN,

TAC , and GSS for the design configurations from Table XV. CASP is

generally more sophisticated than CISE (discussed in Chapter III), par-

ti cularly in two important areas . First, CASP requires input tables for

installed engine thrust and fuel flow rate for each power setting at

various Mach numbers and altitudes throughout the anticipated flight

envelope . Engine physical characteristics such as length , diameter ,

and weight of the installed engine must also he input. CISE requires only

that engine thrust-to-weigh t ratio and a fuel flow factor be input.
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TABLE XV

Latin Square Design Space - AFIT 799 Study

Case No. OPR BPR WOS TW AR

20 1.2 100 .8 2.5
2 25 2.2 80 .7 2.5
3 30 .7 110 .6 2.5
4 10 1.7 9’) 1.0 2.5
5 15 .2 120 .9 2.5
6 30 1.7 90 .6 3.0
7 15 2.2 80 .9 3.5
8 25 .2 120 .7 1.5
9 10 .7 113 1.0 2.0
10 25 1.7 110 .9 3.0
11 30 .2 90 .8 3.0
12 10 1.2 120 .7 3.0
13 15 2.2 100 .6 3.0
14 20 .7 80 1.0 3.0
15 10 2.2 100 .7 3.0
16 20 .2 90 1.0 3.5
17 30 .7 80 .8 1.5
18 15 1.2 120 .6 2.0
19 30 2.2 120 1.0 3.5
20 10 .7 100 .9 3.5
21 15 1.7 80 .8 3.5
22 20 .2 110 .7 3.5
23 25 - 1.2 90 .6 3.5
24 15 .2 110 .8 3.0
25 25 .7 100 .6 3.5
26 10 1.2 90 .9 1.5
27 20 1.7 80 .7 2.0
28 10 .2 80 .6 1.5
29 15 1.2 110 1.0 1.5
30 20 2.2 90 .9 1.5
31 25 .7 120 .8 1.5
32 30 1.7 100 .7 1.5
33 20 .7 120 .9 3.0
34 30 1.2 110 .7 3.5
35 15 1. 7 100 1.0 1.5
36 25 2.2 90 .8 2.0
37 15 .7 90 .7 2.0
38 20 1.7 120 .6 2.0
39 25 .2 100 1.0 2.0
40 30 1.2 80 .9 2.0
41 10 2 .2 110 .8 2 .0
42 25 1.2 80 1.0 3.0
43 10 1.7 120 .8 3.5
44 20 2.2 110 .6 1.5
45 30 .2 100 .9 2.0
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Engine size, weight , and fuel flow variati on with thrust output are com-

puted internally. Twenty-five engine decks were required to represent

the combinati ons of OPR and BPR in Table XV . Secondly, CASP integrates

backward from a lift-off conditi on to determi ne the take off roll along

the runway and integrates forward from a touchdown conditi on to deter-

mine the landing roll. CJSE computes these by use of Equations (2)

through (9) in Chapte r III. Both programs scale the physical size of

the aircraft according to fuel load required and component volume

requirements while computing the aerodynami c characteristics at each

flight condition.

10GW, 010, DLN, TAC , and GSS in Terms of the Design Variables

The output from the mission simulation is presented in Table XVI.

This data, together with the correspondi ng values for the five design

vari ables from Table XV , were input to the regression analysis program

SURFIT discussed in Chapter IV to obtain the following quadrati c expres-

sions for 10GW, 010, DIN, GSS , and TAC in terms of OPR, BPR , WOS , 1W , and

AR.

10GW = 45849.081 + 53.3127(OPR)2 - 3938.1491(OPR)(TW)

+ 86838.3926(1W)2 - 900.9884(AR) (41)

010 = 9781.7277 + 77.6748(WOS) - 14341.0841(1W) - 3086.5461(AR)

- 4l .3483(WOS)(TW) + 7.4961(WOS)(AR) + 6227.6061(1W)2

+ l605 3901(TW)(AR) + 333..0961(AR)2 (42)

DLN = 2848.4882 + 71.6588(WOS) - 1881 .9l25 (AR) - 36.3l98(WOS)(TW)
-5.4750(WOS)(AR) + 570.6408(TW)(AR) + 245.5962(AR)2 (43)
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TABLE XV I
Aircraft Sizing Results - AFIT 799 Study

Design 10GW DTO DLN TAC GSS
Case (LEIS) (FT) (FT) (MIN) (G’s)

-~~ Cz t 2zt ~~~~~~~~~~~~ . . t = t~~~~ z —--e--,---t_ tn

48510 2462 3732 .88 2.06
2 47826 2365 3301 1.06 2.33
3 40764 3853 4463 1.36 1.77
4 99643 1704 3102 .65 2.42
5 82183 2506 3890 .77 1.91
6 41886 2739 3485 1.34 2.31
7 64699 1364 2665 .75 3.21
8 51721 5089 5711 1.16 1.26
9 94043 2381 3774 .67 1.81
10 51581 2026 3555 .73 2.28
11 46023 1935 3009 .95 2.55
12 52660 2977 4133 1.04 2.01
13 47111 3022 3763 1.26 2.18
14 54998 1335 2744 .70 2.96
15 57170 2514 3581 1.00 2.33
16 65246 1347 2479 .71 3.03
17 49690 2968 4014 .95 1.70
18 46309 4991 5348 1.32 1.42
19 58310 1752 3411 .62 2.44
20 66122 1675 2904 .78 2 .74
2 1 54765 1562 2767 .91 3.06
22 46263 2456 34 28 1.12 2.34
23 4 139 5 2448 3251 1.39 2.56
24 63444 2329 3575 .91 2.23
25 40591 2701 3524 1.39 2.37
26 86629 2847 409 1 .76 1.70
27 48733 2805 3669 1 .08 1 .99
28 63327 4366 4373 1.46 1.57
29 73 741 2971 4507 .66 1.49
30 657 40 2840 4123 .73 1.69
31 50962 4285 5475 .92 1.32
32 48224 4312 5054 1.06 1.42
33 494 28 2158 3788 .76 2.13
34 422 58 2457 3636 1.05 2.34
35 81957 2731 4187 .65 1.61
36 52815 2633 381 1 .85 1.91
37 49946 3124 4014 1.11 1.83
38 45353 4992 5349 1.29 1.42
39 69335 2 182 3564 .68 1.92
40 51581 2040 3330 .77 2.13
41 75713 3169 4365 .83 1.70
42 540 13 7337 2748 .68 2.96
43 62577 2273 3673 .83 2.33
44 48285 5828 5846 1.3? 1.26
45 53797 2498 3713 .80 1.33
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TAC = 4.9253 - . 1??5(BPR) - .008399(WOS) - 6.967 1(1W ) + .0ooo1 336(0PR)~

+.0O2236(BPR)~ + .08645(t3PR)(TW ) ~ .00003341(W0S)~

+ 00003342(WOS)(TW) - .o08496(WOS)(AR ) + .L01?9(TW)

+ .0159(AR) (44)

GSS = .6559232 + .8677(AR) - .0c1588(WOS)(AR ) + . .~H8(Tw)(AR) (45)

Notice that WOS and BPR tenus do not appear in [qua t Ion (4 ) for TOGW , and

tha t OPR and BPR terms do not appear in Equations (4~’) , ( 4 3 ) ,  or (45 ) for

DTO , DIN, or GSS.

The multi ple correlation and maxi mum error for [quati ons (41) through

(45) are presented in Table X VI I . Al t hough the maximum error in 10GW was

20.26 percent , there were only seven of 45 data points at wh ich the error

was greater than 10 percent, with most errors less than seven percent .

For 010, the maximum error was 15.08 percent, although t here were only

four points with errors greater than four percent. [)LN had a maximum

error of 13.08 percent , but there were only four cases where the error

exceeded five percent. GSS had a maximum error of L~.09 percent and

there were only two other cases where the error exceeded four percent.

Considerin g these errors , Equations (41) through (45) track the data

reasonably well. The errors are attributed to correlation between design

cases, the distribut ion of selected design cases within the desiqn spac e ,

and the range of dependent variabl es (10GW varied between 40591 and

99643 pounds).

Minimization Results

Based on Equations (41) through (45), several minimiz ations with a

variety of constraints were performed using OAPEN, which is discussed

in Chapter V. The results are presented in Table XV I I I. The results

____ 
— 

86 

- 

j



r

TABLE X VI I

Mult iple Correlation and Maximuni Error for Regression Equations
AF IT 799 Study

Mul tip le Maximum
Variable Correlation Error

10GW .94306 20 .26
DTO .99626 -15.08
DLN .98791 -13.08
TAC .99888 -3.00
GSS .99508 12.09

TABLE XV I II

Min imization Results - AFIT 799 Study

Mi nimization Case
Varia b le ____ _______ -—_______ _________— _____

1 2 3 4 5

10GW (LBS) 39224 39678 39678 39918 415)4
010 (FT) 2729 3002 3002 2442 1682
DLN (Fl) 3537 3990 3990 3399 2797
TAC (SEC) 81 70 70 70 61
GSS(G’s) 2.40 2.08 2.08 2.50 2.99
OPR 22.41 23.55 23.53 24.41 27.66
BPR 1.2 2.2 2.2 2.2 2.2
WOS(LBS/FT ’) 100 116.94 116.94 97.77 30
1W .60 .63 .63 .65 .74
AR 3.5 3.5 3.5 3.5 3.5

Constraints

010 None :3000 ~3000 ~3000 ~3000
DLN None Ncne ~4000 ~3500 ~3000
TAC None ~70 ~7O ~70 ~7O
GSS None None ~2.0 ~2.5 �3.0

87

_______ ___________________ _____________



— —

~~~ 

_ _

r

indicate tha t there is only 2290 pounds (5.8) difference in 10GW

between Case 1 (39224 ibs ) where there were no constraints , and Case 5

(41 514 lbs), where the most severe constraints were app li ed . The

optimum design configurations were similar for all constrained cases in

that there was very li t t le change in OPR , BPR , 1W, and AR. Note that

BP~, 1W, and AR were either on or very near the boundary of the design

space. Wing loading (WOS) was very sensitive to the constraints on landing

distance (DIN) and acceleration time (TAC). For later ease of discus-

sion , the design configuration resulting from a particular minimization

case of Ta b le XV I I I  w i l l  be referred to by the minimization case number.

The resul ts of minimization Case 1 are referred to a~ “Aircraft 1.”

and so on for the fi ve cases.

The variation of 10GW w i th OPR I AR , and 1W for the uncons tra i ned

minimum case is clearly indica ted by the three di mens ional p lots presented

in Fi gures 1 8 through 20. These p lots also i nd icat e that the min imum

probably lies outside the design space of Table XIV and that higher

aspect ratios (AR) and l ower thrust-to-weigh t ratios (1W) should be

considered for the unconstrained case. Also , higher by-pass ratios (BPR)

shoul d be considered, particularly if the constraints in Cases 2 through

S become overridin g requirements . Note that as 1W requirements increase,

as in Case 5, the optimum OPR also increases and may eventually exceed

the design space limi t of 30. Three dimensional plots for DTO, DLN, TAC ,

and GSS , similar to those presented for 10GW could have been genera ted

from Equations (42) through (45) if desired in the design analysis.

Figures 21 and 22 present two-dimensional plots of 10GW vs OPR and TOGW

vs AR respectively for the unconstrained case. These p lots are suitable

( for determining approximate values of 10GW for specific values of OPR , TW .
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TOGN VS. OPR-AR

OPTIMIZCO AI RCRAFT
TW — .6 (OFTIMUM )
ANT 799 STUDY
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Figure I~ . 3-0 Plot of T0Gl~1 vs. 8PR and AR - ~J IT ‘°~~ Study
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TOGN VS. TN-AR

OPTIMIZED AIRCRAFT
OPR—22.41 (OPTIMUM )

FiFIT 799 STUDY
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Figure 1’) . 3—D Plot ot TOGW vs. 1W and AR — A lIT 7t1~) Study
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TOGN VS. OPR

OPTIMIZED AIRCRA FT
AR—3.5(OPTIMUM )

j ANT 799 STUDY
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Figure 21. 10GW vs OPR for Optimum AR - AF IT 7Q9 Study
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TOGN VS. AR
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X 
~ OPTIMIZED AIRCRAFT
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Figure 22. 10GW vs AR for Optimum OPR - A FIT 799 Study
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and AR , and clearly indica te that the unconstra i ned minimu m 10GW occurs

in the vicinity of OPR = ? ‘ .5,  for AR = 3.~ and TW =

Conclus i ons

The fol lowin g conclusions wer e d rawn from s tudy resu lts . They are

based on the limi ts of the design spa ce (Table XV ) and consider only

m ission case 1 for a dash Mach number of 1 ,95 and a dash altitude of

50000 feet:

1 . ~i rcraft 1 wi l l  adequatel y perform the desired mission unless

accelera tion times (TAC) less than RI seconds or susta i ned load

fac tors (GSS) greater than 2.4 are requ ired.

2. If an acceleration time of 70 seconds or less is a requirement ,

then Aircraft 4 is suitable for the mission. This configuratio n

provides a reduced acceleration time (TAC). increased sustained

load factor capability (GSS), and reduced take off and landin g

distances (DTO and DLN) over that of Aircraft 1 with only 694

pounds addi tional gross we i ght .

3. Aircraft 5 offers the operational flexibility of requiri ng less

than 2800 feet for ei ther the take off or land i ng roll. Coin-

pared to Aircraft 4, it also offers a reduction in acceleration

time and an increase in sustained load factor capability for a

gross weigh t increase of about 1600 pounds .

4 . Aircraft 2 and 3 offe r no signifi cant operational advantage when

compared to Aircraft 1 , 4, and 5.

Recomendations

The following recon~iendations are offered regarding future design

analysis studies:
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1 . The surface f i t  approximat ion used for TOGW should inc 1 ude BPR

and WOS , even thought such an equation was not selected by SURFIT as best

representing the data . Use of such an appr o\ima tion and repeatinq the

anal ys i s for Mis s~on 1 would perimm it additional desi gn visibility , in that

the effects of BPR and WOS on 10GW could he examined very early in the

design a na lys is .  If the ef fects  are indeed smim a l 1 , Equati on (4 1 ) can be

used f~ r the rema i rider at the desi gri ana l y s is .

2. The desig n space should he expanded to include aspect rat ios up

to 1.5 and thrust—to-weight ratios as low as .5. This expansion is

reco m’~uended Si 11CC the nii nimum gross weight a i rcraf t  ca pable of perforn’i nq

this mission does not lie wi th in  the desiqn space defined by Table X V.

Based s t r ic t ly  on Table X V I I I  higher by -pass ratios should also be con-

sidered. )-Iowever , this should be done only if the constra ined otpimuimi

BPR from I above rema ins at 2. 2.

3 . The remaining missions , 2 throuqh 5 of Table XI I I ,  should be

ana lyzed  to find the optimum confi guration for each mission .

a. If the optimum designs for missions 2 through 5 are not

‘ c lose ” to that for nh ssi on 1 for si mim i lar const ra i r its, it may he necessar y

to designate a speci f ic  mission as the primary mission , design an optimum

airc raft for it, arid accept the perfo rmance penalties for the remaining

missions ; or , redefine the mission space to al low compatibi l i t y between

missions in terms of reasonab le performance for more than one mission by

a sing le aircraf t .

b. In the fortunate event that the optimum designs from Mission 2

through 5 are very close to that selected for Mission 1. the design

analysis should consider a configuration which is a near op t i mum

solution for all (or most) missions , rather than emphasize a part icular

mi ss i on.
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