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FOREWORD

(U) This repor t  was prepared b y the Voug ht Systems Divis ion ,

LTV Aerospace Corpora t ion , P . O. Box 6267 , Dallas , Texas 75222

under U. S. A r m y  Elect ronics  Command Cont rac t  DAABO9-72-C-0062 .

The work  was ini t iated under  the d i rec t ion  of Captain R. A. Dow d , USN

and com p leted under  Captain W. A. Greene , USN, Chief , Long Range

Forecast Divis ion , Di rec to ra te  of Est imates , Defense Intelli g ence

Agency ( DIA-DE- 1) .

(U) Persons con t r ibu t ing  to the development  and tes t ing of

the procedure reported herein include:

DIA-DE- 1

Capt. W . A . Greene , USN
Capt. R. A . Dow d , USN (Re t i r ed )
Capt. R. F. Weiss , USAF
Mr. R. E . McQuist on

ARPA

Cmdr. T . W. Hogan , USN

VSD

Mr. J. S. Smith , Jr. Chief Project Eng ineer ,
Special Projects

Dr. L . D. Gregory  Project Eng ineer , SEAT]D E
Mr. J. R. Matthew s Models and Anal ysis
Mr. F. E. Dye , Jr. Technolog ies (CM-CGSM)
Mr. R. K . McDonoug h Models and Anal ysis (CM-CGSM)
Mr . R. E. Dyer  Models and Anal ysis  (NEM)
Mr. G. G. Johnson Aerod ynamics
Dr. J. A . Bott orff  Propuls ion
Mr. A . C. Morris  Electronics (Radar , Guidance)
Mr. H . R. Crow Operations Research
Mr. C. H. Harris  Operations Research
Mr. G. S. McCorkle Propulsion
Mr. L. D. Cardwell  Propuls ion
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(U) This report  has been prepared in the following volumes:

Volume Clas s i f i ca t ion  Tit le

I S Summary

h A  U Naval Engagement Model (NEM)  -

Users  Manual

hIB U NEM - Append ices A - I

IIC s NEM - Appendices J - M

hID u NEM - Appendices N

lilA U Cruise Missile - Concept
Generat ion and Screening M odel
(CM-CGSM) - Users  Manual

IIIB U CM-CGSM Appen dices A -B

hhIC S CM-CGSM Append ix C

h I D  U CM-CGSM Appendices D-G

IIIE U CM-.CGSM App end ix H

IV S Relative Worth  Model (RWM)
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ABSTRACT

(U) The SEATIDE Anal ysis Process is a semi-automated

procedure  for  the genera t ion of t i m e - p hased , hig h value cruis e miss i le

weapon sys tems concepts , together  wi th  the suppor t ing  technology and

intell igence indicators  which would reflect that  these technolog ical goals

are being achieved. The SEATID E process can also be used to evaluate

the effect iveness  of f ixed fo rce  levels , exis t ing forces in SAL environ-

ments , or Naval defenses.

(U) The Defense Intel l i gence Agency,  through its Direc tora te

of Estimates , and The Advanced Research Projects  Agency (ARPA)  have

sponsored the development  of this com puter based anal ysis at the weapon

system and Naval force  s t ruc tu re  level. A previous process , RIPTIDE,

was developed for  DIA for  use in anal ys is of s t rateg ic miss i le  systems.

(U) Generic to the SEATIDE Anal ysis Process are three

major computer  models: The Naval Engagement Model (NEM),  Cru i se

Miss ile Concept Generat ion and Screening Model (CM-CG SM) and Relative

Worth Model (RWM) .  The NEM evaluates fo rce  ef fec t iveness , tact ics , and

task force confi gurat ions;  the CM-CGSM enables de f in i t i on  and selectio n

of candidate , advanced cruis e miss i le  system concepts;  and the RWM per-

mits assessment of wor th  in accordance w ith a var ie ty  of objective and

subjective cr i ter ia .  Each of these models has been checked Out by DIA .

(U) In addit ion to exerc is ing  the computer  models , there  are

several other anal ytical and eng ineer ing  tasks to be performed , e. g. , the

identif icat ion of areas of curr en t  interest  and the assoc iated c r i t e r i a  and

potential concepts , the creation of a fore i gn technology data bank in a

format  needed by the computer models , the engineer ing of concepts to

the required detai l , and the use of a ver i f ica t ion  anal ys is loop.
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AERODYNAMICS MODEL

1.0 INTRODUCTION

The Aerodynamics Model is desi gn ed to pr ovide the aerod ynamic

parameters required by the CM-CGSM for the general solution to the cruise

missile synthesis problem. The coefficient s required for performance

anal ysis (C L. C D
) are the pr imary output ; however , certain elements of

the pitch and roll characteristics of the confi guration are also computed in

the module. The Missile Synthesis and Performance R outine (Ref .  1) was

used extensively as a model for the SEAT IDE Aerod ynamics Model.

2 . 0  OBJECT IVE

The objective of the program is to provide a description of the

basic force coefficients and pitch plane ae r od ynamic derivatives as a func-

tion of vehicle geometry,  flight conditions , and center of gravity loca tion.

Force coefficients (C L v CD
) required for mission performance  anal y ses

are provided to the Vehicle Performance Model .

3.0 MODEL DESCRIPTION

The model computes aerod ynamic coeff icients  of each element of

the confi guration and combines these element s along with appropriate inter-

ference  factors into a description of the complete configuration . Component

drag coefficient is computed as a function of both Mach number and altitude,

because of the dependency of skin fr ic t ion drag or altitude while lift curve slope

is computed as a function of Mach number onl y. The general procedure for

this is diagrammed in Figure 1. The anal ysis is limited to the linear

angle-of-attack reg ion , Mach numbers from 0 to 5. 0 and altitudes below

100 , 000 feet .

3. 1 C onfi guration Options

The configuration elements available for use  in the SEATIDE

CM-CGSM are  shown in Figures 2 , 3, 4 , and 5. Bod y options are  illus-

trated in Fi gure 2 where the various combinations of nose shape and boat-

tail are  shown. The bod y must.  have a cy lindrical center section with one

A- S 
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DEFIN E CONFIGURATION

LENGT I1 WING A R E A
DIAMETER TAIL AREA

SELECT CONFIGURATION OPTIONS

___  BEGIN ALTITUDE LOOP

BEGIN MACH NUMBER LOOP

DEFINE BODY AND LIFTING
SURFACE PARAME TERS

THAT ARE MACH NUMBER
DE PENDENT

COMPUTE LINEAR
AERODYNAMIC COEFFICIENTS
CD = f ( M . h ) ,  CL = f ( M)

0

END MACH NUMBER LOOP

END ALTITUDE LOOP

COEFFICIENT OUTPUT

FIGURE 1 AERODYNAMICS MODEL FUNCTIONAL FLOW
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TRAPEZOIDAL DELTA

(1
STRAIGHT TRAILING EDGE

TRAILING EDGE SWEPT FORWARD

TRAILING EDGE SWEPT AFT

FIGUR E 3 LIFTING SUR FACE PLANFORM OPTIONS
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WING ARRANGEMENTS

PLANAR CRUCIFORM X

TAIL ARRANGEMENTS

PLANAR TRIFORM
CRIJCIFORM + CRUCIFORM X

SECTION PROFILES

FLAT
THICKNESS ~ H SECTIONH

~~~~~~~P 1 
THI~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

CHOR D - - .  H CHORD ~~~ , 
CHORD

DOUBLE WE DGE BI CONVEX MODIFIED DOUBLE
WEDGE

FIGURE 4 LIFTING SURFACE A R R A N G E M E N T S
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_ _ _ _

HEIGHT

CAPTURE
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SIDE MOUNTED INLETS
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“
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DIVERTERA EA WEDGE

FIGURE 5 CONFIGURATION OPTIONS - INLE T SYSTEMS
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TABLE I

AERODYNAMIC OPTIONS

NAME DESCRIPTION OPTION NO.

ITN Type of nose Tangent Ogive 1

Von Karman 2

Cone 3

Spherical 4

Blunted Cone 5

Blunted Ogive 6

IBTL Type of boattail None 7

Conical 8

ILUG Launch lugs No 9

Yes 10

NW Fixed wings No 11

Yes 12

ICNTRL Control Selection Tail 13

[ART Aerod ynamic Surface Planar 14
Arrangement (Aft) Cruciform + S

Triform 16

Cruci form X 17

IAR W Aerod ynamic Surface Planar 18
Arrangement (Fwd ) Cruciform X 19

ITSE CT Aer odynamic Surface Doubl e Wedge 20
Section (aft )

Bi-Convex 2 1

Modified Double 22
Wedge

IWSECT Aerodynamic Surface Double Wedge 23
Section (Fwd) Bi-Convex 24

Modified Double 25
Wed ge

A - l i  

-~~~~~~~ -~~~~~~~‘ - - --- - ——~~~~~~~~- ~~~~~“- -~~~~---‘~~~~~~~~~- - - - ~~~~---



TABLE I (Cont’d. )

NAME DESCRIPTION OPTION NO .

ISURFW Type of win g planform Trapezoidal 26

Delta 27

ISURFT Type of ta il planform Trapezoidal 28

Delta 29

IPLANW Wing planform definition Input : SEW , ARW , 30
input opti ns TRW , ‘TE 

= 0 .0

Input: SEW , ARW , 31

‘LE ’ ‘TE 
= 0.0

Input: SEW , ARW , 32

MDES. ~‘TE = 0

Input: SEW, ARW , 33

TRW , 
~
‘TE

IPLANT Tail planform defini- Input: SET , ART , 34
tion input options TRT , 

~‘TE 
0 .0

Input: SET , ART , 35
A LE. ~‘TE ° °
Input: SET , ART , 36
MDES, 

~~TE °°
Input: SET , ART , 37
TRW , ‘TE

A- 12
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of the nose shapes shown , and may have a conical boattail. Nose f ineness

ratio , bluntness ratio , and boattail f ineness  ratio are input var iables .  The

amount of boattailing desired may be se lec ted by an input factor which de-

fines the amount of the base annulus to be removed by boattailing .

Lift ing surface options are illustrated in Figures 3 and 4. Lift-

ing surfaces may include two sets of surfaces (wing-tai l)  or a bod y-tail

conf iguration . Arrangement of the sur faces  may be planar (2 panels) ,

triform (3 panels), cruciform +, or cruciform X as shown in Figure 4.

Wing and tail panels are assumed to be in lin e in this model.

Trapezoidal or triangular planforms may be spec if ied by input. Wing plan-

form characteristics are specified in all cases by exposed area and aspect

ratio. Taper ratio , leading ed ge sweep, Ma ch number for a Sonic leading

edge , or trailing edge sweep angle may be used in various combinations to

select a surface planform. Table I shows the input options available for

surface planforrn definition. Figure 6 illustrates the lifting surface plan-

form parameters.

Option 30 requires input values for exposed wing area (SEW),

exposed aspect ratio (ARW),  and taper ratio of the exposed panel (TRW );

the trailing ed ge is unswept. Exposed span (BW) of the wing is defined

from the relationship between aspect ratio , span , and area:

BW 2
AR W SEW

BW = i/SEW ARW

Wing root chord (RCW) is defined by the r elation

RCW 2 x S E W / B W / ( l  + TRW)

Ti p chord is defined by the taper ratio and root chord

TCW = RCW (TRW)

A - l 3
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Leading ed ge sweep angle is defined by the relation

A - 
-14(1. - TRW )

I.E - TAN ARW ( 1 . + TRW )

Option 31 requires input values for leading edge sweep angle

r ather than taper ratio; the trailing ed ge is unswept.  Taper ratio is

computed from the following
ARW TAN ALE

W~~~~~~~TR 
~ + AR W TAN.L LE

4

If the input leading ed ge sweep combined with the inpu t aspe ct

ratio is not consistent with a trapezoidal wing , a delta wing with the input

leading ed ge sweep is defined from the input area and a computed value of

aspect ratio.

ARW 4.0/TANJtLE

BW = ~~~~W * ARW

Win g root chord for the delta wing is based on the relationship

RCW 2 . 0  * SEW/EW

Tip chord is zero for the delta wing .

Option 32 is s imilar to Option 31 with the leading ed ge sweep ang le

being set to provide a sonic leading ed ge at a specified Mach number.  Lead-

ing ed ge sweep angle for a sonic leading edge is defined by the relation

LE = TAN -1 ~~~~~ -

The remainder of the wing parameters are computed as in Option 31. Trail-

ing ed ge sweep angle must be input in Option 33 along with aspect ratio ,

exposed area , and taper ratio . Leading ed ge sweep angle is computed from

the relation

A LE 
TAN 1 

( 2 ( R C W  + ~~~~~~~~ TANJ4L.TE 
- TCW )/BW )

Midchord sweep angle is computed f rom the following

A - i S
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= TAN ’ R C W - TCW

Quarter  chord sweep ang le is based on the relat ion

= TAN ’ 1 . 5 ( R C W - TCW ) ÷j1~
C/4  BW TE

Mean geometric chord length is based on the relation

2 C C
MGC = 

~ 
( C R + CT 

- 

C + CH T
Spanwise location of the mean geometric chord is

= 
p~~r f i .  + 2 T R W

MGC 6 \~l. + TRW

Longitudinal location of the leading ed ge of the mean geometric chord

with respect to the surface leading ed ge intersection with the bod y is

X MGL ~MGC TANALE -~ 
-

The location of the intersection of the wing leading ed ge may be

input or computed to satisf y a desired stability margin at either a subsonic

condition (M = 0. 8) or a supersonic condition (M 2. 0) for example.

Section profile may be double wed ge , bi-convex , or modi f ied

double wed ge as shown in Figure 4 . Surface thickness ratio is an input

variable.

Two inlet configurations are provided for airbreathing confi gu-

rations as shown in Figure 5 . A single two-dimensional bell y mounted

inlet or dual side mounted inlets may be selected. Launch lugs may be

specified as required.

3. 2 Input-Output Options

Input requirements are related to the configuration options

selected. The basic inputs are body diameter , missile length or weight ,

wing area , wing aspect ratio , and tail area. Modif ying inputs for the body

are nose shape , f ineness ratio , and bluntness ratio.  Wing and tail modifi-

cations include sweep angle, taper ratio , section pr ofile , and thickness

A - l6
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ratio. Inlet t ype mus t be specified for the airbreathin g conf i g u r a t i o n .  Table

I l ists the confi gurat ion option switches for the Aerod ynamics Model .  De-

tai led input instructions are d i scussed  in Volume li lA .

The basic output of the aerod yna mics model is z er o - l i f t  drag

coe ff ic ient  and lift curve slope of a specified confi gura tion as a funct ion of

Mach number and altitude. Table II l is ts  the aerod ynamic coef f i c i e nts

com pute d in aerod ynamics  model and inc luded  in the l i f t / d r a g  c o e f f i c i e n t - .

A - 17
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TABLE II

AERODYNAMIC COEFFICIENTS

Symbol Description

CDO OFF 
Zero- l i f t  drag coeffi c ient (power -o f f )

CDO ON Ze ro-lift drag coefficient (power-on)

CL Slope of lift coefficient curve with respect  to
angle of attack d CL

d cX

CL Slope of lift coefficient  curve with respect  to
sur face deflection d CL

d S

C Slope of p itching moment curve with respect  to
ang le of attack d Cm

d o

Cm T Slope of pitching moment curve with respect  to surface
6’ deflection d Cm

d
~~ T

CmQ Slope of pitch damping moment with respect  to
pitch rate d Cm

Cm ~~ Slope of pitch damping moment with respect  to rate of
change of angle of attack d Cm

C1 Slope of rolling moment coefficient with respect  to
sur face  deflection d C1

C1~~ Slope of roll damping moment with respect  to roll
rate d C1

d-~-2V
Slope of tail hinge moment curve with respec t  to ang le
of attack d (HM)

A-18
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TABLE II ( C o n t ’d . )

~ ymbo1 Desc r iption

Ch - 
Slope of tail hinge moment curve with respect  to tail
sur face deflection d (HM )

CN R Slope of yaw damping moment with respect  to yaw
rate d CN

d R

CN~~ Slope of yawing moment with respect  to sidesl ip
ang le d CN

d~~~
Slope of side f orce coef f ic ie nt with respect t o s ideslip
angle d C~

A- 1~ 
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3.3  Anal y sis

Complete configuration aerod ynamic coefficients are deter-

mined by a build-up procedure with appropriate interference factors. The

general procedure for this is diagrammed in Figure 1 using the component

options described in Table I.

The procedures used for computing the component coefficients

and interference factors are outlined in the following paragraphs , along with

the source references.

4. 0 Body Aerodynamics Character is t ics

The vehicle bod y consists of a ri ght circular cylinder with a

forebody and possibly a conical afterbody. Forebody shape and fineness

ratio are input variables while afterbod y fineness ratio and diameter ratio

are variable .

4. 1 Drag

Body drag consists of skin friction drag, nose pressure drag,

afterbody pressure drag, base drag , and drag due to lift.

4.1.1 Zero-lift Drag

Subsonic

~ [e, ~ C~~ / ~~ ÷ 
3]] 

~~~~~~~~~~~~ ÷

The flat plate incompressible skin fr ict ion coefficient (C F .)  is based on the

modified Prandtl-Schlicting relationship for turbulent boundary layers.

— 
O.4g2

— ,,,
( iO&,0 ‘~ i1

Bod y Reynold’s number is computed from 1962 U. S . Standard

Atmosphere data. Reynold’ s number per foot per Mach numbe r data vs.

altitude is presented in Table III. The incompressible skin fr ic t ion coef-

ficient is corrected for compressibility e f fec t s  by the data of Table IV .

Base drag at all Mach numbers  is computed f rom the base

‘pressure  coefficients presented in Table V. Base drag coef f i c ien t s  are

A-20  
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cor rec ted  for boattailin g b y the base dia meter  ra t io .

Power -on base drag coeff ic ient  is computed f rom the relation:

c~ , = ~~~~~~~~~~~~~D~w~ /~~~M
Power -off base drag coefficient is based on the relation:

C05 - — c,~3 (~ i)~
Transonic, M l

Nose pressure  drag at M 1  is based on curve fit s of the data of

Reference 3. Tables II and III present ogival nose and conical nose pressure

drag coefficients at M l  as a function of nose apex half ang le. Boattail

pressure drag coefficient at M l  is based on data of Reference  4. Table III

presents boattail drag parameter CQ,rh(~f~~~ 
as a function of

boattail base area ratio. The effect of nose bluntness on nose drag coef-

ficient at M l  is based on data of Reference 5. Base drag and friction

drag coefficient s are computed in the same manner as the subsonic condi-

tion. Launch lug drag coefficient at M l  is based on empirical data of

Reference 6. Zero-lift  drag at M 1  is given by the relation:

= r ~~ 
C0~ tC0~~~

Supersonic, M 1.25 - 5

Nose pressure drag coefficient s for tangent og ive , von Karman ,

and conical nose shapes are based on a curve fit of the data of Reference  7.

Tables IX through XI presen t nose p re s su re  drag  coefficient  time s the square

of Mach number as a function of Mach number divided by nose-fineness ratio.

Hemispherical nose pressure  drag coefficient from Reference  8 is presented

in Table XII as a function of Mach number .  Nose p re s su re  drag  coeff icient

of hemisphericall y blunted conical noses is based on data of Refe rence  1.

Tabular data of nose pressure drag for blunted cones is presented in Table

XIII as a function of Mach number , theoret ical  nose f ineness  ratio , an d nose

bluntness ratio. Pressure  drag coeff iLients  for hemisphericall y b]’ nted

ogive noses is presented in Tabl e XIV , as a funct ion of Mach number , theo-

retical nose fineness ratio , and nose bluntness ratio.
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Boattail pr e s s u r e  drag  is based on data of R e f e r en  e I .  Table

XVpresen t s  boattail drag parameter ~~~~~~~~~~~ as a f un (  t ion  of b o i t  -

tail base area ratio ~~~~ ) and boattail para meter 
~~~~~

_ 

~~~~

. 
-

Base drag is computed as described in the subson ic  r e g i o n .

Bod y fr ict ion drag is based on th e re lat ion

~ /iCr~~ ~~~~
Launch lug d rag coefficient  is based on empir i  al data of

Reference  6. Table XVI p r e sen t s  launch lug equ iva len t  f l a t  p l ;t t e  a r c i o~ - .~

function of Mach number.  Launch lug drag  coef f i c ien t  is based  ‘ri the

relation

‘. .Sg9~ 3

Ze ro-lift  drag coeff ic ient  at supersonic Mach number  is b a - .d

on the relation
= C~~-i. C~ 7. -t. C08 1~CoF ,ICD

4. 1 .2  Induced Drag

Induced drag  ~~ eff i c i en t  at all Mach numbers  is b ased  on the

relation

4. 1 .3  Total Drag Coef f ic ien t

Total drag coeff icient  is based on the relation

C0 CD0 ÷C~~4~
4. 2 Lift Curve Slope

Bod y lift consists of the nose  contribution and the boattail

contr ibution.

Subsonic, M~~~.9

Nose and cylindrical section lift curve shape is based on poten-
tial theory and uses  Munk ’s apparent mass factor f rom Refe rence  1.

Munk ’s efficiency factor is presented in Table XVII  as a funct ion of bod y fine-

ness ratio. The boattail contribution is equivalent to the nose contribution

corrected for boattail volume and beattail base area ratio. The boattail

A -2 8  

A
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f a c t o r  is presented  in Tabl e X V I I I  as a f u n c ti o n  of boattai l  g e o m e t r y  and

angle of attack. Bod y lift curve slope at subsonic  speeds is based on

the relat ion
= eEi~ * z~~~~(~~~r) “

OC g~

Transoni c, M 1

Bod y lift curve slope at Mach 1 is based on s lender  bod y theory

adjusted for experimental results . Bod y lift curve slope is given by the

following relation
= Z.4/ #

Supersonic , M> l . 2

Supersoni c lift curve slope for nose -cylinder bodies is a func-

tion of nose f ineness ratio to cylindrical section fineness ratio .

Supe rsonic lift curve slope for cone-cylinder bodies is pre-

s ented in Table XIX . Ogive-cylinder da t a is present ed in Tabl e X X .  E f f e c t s

of nose bluntness on blunte d cone lift curve slope are based on data of

Figure 4.2. 1. 1-24 of Reference 1. Tables XXI and XXII present bluntness

effec t s fo r blunted conical nose shapes and blunt ed og ival nose shapes ,

respectively.

4. 3 Center of P ressure

Subson ic an d Tr an son ic

Center of pressur e f or nose an d boa ttail at subsonic speeds

and t ransonic  speeds accord ing  to potential flow theor y is given b y the

following relation:

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~
‘~ 5~~~~~”~~~ / DR i2. j

# DB 4 2 L  
p4)] 

~~ 
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~~~~ TABLE XX (Continued)

OA TA C~J A21?/2,000 ,
(:18 RF~. 01 8 ~ Ft .

1 0.2010 , 7,980 , 0 , 30 0 ,  7 , 050 , 0 , 140- 0 , 3 , 07 0 ,
2 0. 50 0 .  3 , 0 9 0 , 0 ,6 00 ,  3 . 1 1 4 0, 0 ,9 0 1 0 ,  3 , 7 70 ,
3 1,000 , 3,790 ,

FA F~ :3.0
14 3,0010 .

PF~ - C l  A 8 F t ~ C LA  ~ F’ - CI A
5 01 ,7 0 0 , ~~~~~~~ 0.300 , 2, 950 , 0 , 44 00 , 3 , 01 3 01 ,
6 0,500 , 3 , 12 0 , 0 .6 0 0 ,  3 , 3 ° 0 1 . 0 ,900 , 3 ,320 ,
7 1 . 0 0 0 , ~,390 ,

8 14 , 0 0 0 ,
C I A  8F N  CLA P F N  C I A

9 0 , 2 0 0 , ?. 8 a01 , 0. 3 0 1 0 ,  7. 930 ,  01.4400 , 3,030 ,
£ 0 ,5 0 1 0 , 3 ,1 1 4 0 , 0,600, 3.720 , 0 ,801 0 , 1,3501 ,

1, 0 0 0 ,  3, 1 4j 0 /

O A T A  CP~- A 2?/ 0 ,0 0 0 ,
PPF r~ C l ~ PPF P~ C IA PPF N CL~01 ,200 , 1,7501, 0.300, 1.530 , 01.140 0, ¶ , 730 ,

2 0. 6 0 0 ,  1 .960 , 0-~~8 o o , 7 , 1 3 0 1 , 1. 0 0 1 0 , 7 ,7 70 ,
F A F ~:0 • 5

3 0, 5 0 1 0 ,
P P F~ C! A P PF I ’ C L A  P PF PI~ ILA

44 n .2o0. 1.560, 0 . 3 0 0 ,  1 ,000, 0. 44 0 0 ,  7 , 3 6 0 ,
0,6 0 1 0 , 2,4470, 0.900 , 7, 650 , 1,0 0 0 ,  2. 760 ,

6 1, 0 0 0 ,
CLA R P F~ CLA RPFN 018

7 0 , 2 0 1 0 , 1 ,630 , 0.3010, 7, 04 0 , 0,1400, 7.3801,
8 0 ,6 0 0 , 2,9 2 01, 0. 8010 , 3 , 012 0 ,  1 . 0 0 0 ,  3 , Oa ,0 ,

FAFk:2.01
9 ? , 0 0 0 ,

CI A BPF~ - C LA PPFP’- CIA
A 0, 20 0 ,  1. 7?0 , 0 .30 0,  ?.?001, 0 , 1 4 0 0 ,  .~~8 0 p
B 0 ,6 010 ,  3 ,0 7 01, 0, 8 0 0 , 3. 2 9 0 1, 1. 01010 , 4 ,790 ,

F A F ~ = 3, 01
C 3,0 0 0 ,

CI A PPF!I~ C IA PPF ’~ C I A
O 01 ,70 0 , 1 ,7901 , 0, 3 0 0 ,  ‘.? 601 , 0 , 4 4 0 0 1 , 7 ,670 ,
E 0 ,6010 , 3 ,19 0 1 , 0 ,8 00 ,  3, l Q r ,  1, 0 0 - 0 ,  4 , 4 9 0 1 ,

F ‘4 ,0 0 0 .
pPF~ - C ’A  6 P F P . 0 - L b

C 0 .2 0 0 ,  1, 9 0 0 1 , 0 ,3 0 10 ,  2 , 4 Q 0 , f- , 4 4 0 ( i , 2,6901 ,
0 , 6 0 1 0 , 3 , 1 9 o , o- , 91o( ~, 1, 44 3 0 , 1. 0 0 0 , 3 , 44~~r /
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TABLE XX I

‘~I I~~ TF O (:rl~~F I FT C I i ~~V f-  SI 0 -Pp

F P 1 :ACT IA! ~fl~~F FT~
I.F~~FSR PAT IO ’

FCAP:~~r1~~F 
8~ II ~ T k F  SS PA T  Tfl

C I . AR RL IIP.TEfl C flN F L IFT C’~PVF ~LO’PF
F P j :~~,O 

-D A T A  C N A 7 2 I / 1  ,0 0 0 ,
F C A P  F C A P  C~ -A 8 F lA P

1 0.000 , 1 ,600, 0,100 , 1,670 , o , ? 0 1 o ,  1,655 ,
2 0 ,3010 ,  1 , 680 , 0, 440 0, 1 ,6110 , rI , sn o ,  1 ,6 901 ,
3 0 , 6 0 1 0 ,  1, 530 , 0, 700 , 1. 1450 , 0,9 0 0 1 , 1 .314 01,

FPt :1 ,5
44 1. 5 0 0,

F O A P  (:t~J A f ~ F C A P  FlAP
5 0 ,00 0,  1. 8 0 0 ,  0 1 . 1 00 ,  1 ,875 , 0 , 2 0 1 0 ,  1. 06 5,
6 0 .3010,  3 , 7901 , 0 , 140 0 ,  1. 7~~S , 0 .5 0 0 , 1. 685,
7 0.600, 1.605, 0. 7 n 0 ,  1. 1400, 0,8010 , 1,~~501,

FPI ~?, 01

8 2 ,0 0 0 ,
FOAP C~~A R  FCA P O N A R  FOAP r P A ~~

9 0,000, 1 ,985,  0 , 10 0 ,  1 , 997 , 01 , 7 0 1 0 ,  1 ,97~~,
A 0, 30 0 ,  ¶ , 814 3, 0 .140 0,  1.7~~S, 0,500 ,  1 ,7 3 9 ,
B 0 . 6 00 ,  1. 670 , 0 . 7 0 1 0 , 1. 5 0 0 1 , 0 , 8 0 1 0 ,  3 , 356 ,

F P I  :3 ,01

C 3, 010101,
F l A P  C P ’ A F~ F C A P  r.~ ’AB F lA P  rP~A !-~

0 0 , 0 1 0 0 .  1, 9 4 4 5 ,  01 , 10 1 0 ,  1, 944 3 , 01 , ? f l 0 , 1 ,07? ,
E 0. 3 0 0 ,  1, 88?, 0 . 4 4 0 0 ,  1. 915 , 0 .50 0 , 1 , 7 38,
F 0. 6 0 0 , 1 ,635,  0 . 7 0 0 ,  1,505 , o .80 0 ,  1, 35~~/

, 0
D A T A  C NA 7 ? 2 / 4 .0f lC1 .

FlAP  INAB F C A P  C r~~~ F l A P
I 0 . 0 0 0 w  1. 065 , 0 , 10 1 0 ,  1, 96?, 01 ,200 , ~,Q 4 4 0 1,
2 0 ,3 0 0 ,  1 ,893 , 0,44001, 1 .93~~, 0. 5 0 0 ,  1 ,7 4 4 0 ,
3 0, 6010 ,  1, 639 , 0 .7 0 0 , 1. 508 , 0 , 8 0 1 0 1, ~~~~~~~

1:6,0
‘4 5,01010,

F O A P  O N A R  F (:4P O N A P  FrA P C~~A S
5 0. 0 0 0 ,  1,9 801 , 01,101 0 ,  l .~~72, 0,700, 3, 9145,
6 0 ,300 , 1 ,903 ,  0 ,44 0 0 , 3 , 835 , 0.500 , ~~~~~~7 01 ,6010 , 1 , 6 4 4 0 1 , 0 .7 0 1 0 , 1. 609 , 0 , 8 0 1 0 ,  l ,35~~,

F 03 :6 • 01
8 6 , 0 0 0 ,

F l A P C~-A ~ ~- (b P 0~~AR F l A P  rl~A 8
9 0 , 0 0 0 1 , 1 , 080 , r~~ 3 n r , 1,~~75, 0. 2 0 0 .  1. 050,
A 0. 3 0 1 0 ,  1 ,0 116,  C , i401 t - , 1. 839 , ~ , c n o ,  I , 7 4 4 © ,
8 0 ,6 0 1 0 , ~~~~~~~ • 

01 ,700 , 1.~~I 0 1 , 0 ,~~ 00 , 1 ,359 ,

F ~ 1 :7 • 0
C 7 , 0 0 1 1 ,

FC L P ~~~~~ F l A P
P 0 , 0 1 0 0 1 , 1 .0 0 0 1 , 0 , 1 0 1~~~, 1 ,~~7P , o ,7r~~, ~~~~~~~

0 , 30 1, ~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~ •~~0 0 - , 1 , 7 14~~,
F O ,6 A 0 , 3 , l~ 14 ? , ,7 ’r , ,8 ir - , ,8or ,

A - 3 7
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TABLE XXII

ki IJ~~’T F rI flC ,TV~ I r FT rI I PVF 
~1C~ F

F P 3 : A O T H A !  ~~t i~~~~ F ~~~~~~~~~ P A T ! 0’

F C A P ~~~~~~i ~~~~ T’~ ~~ 
PA TIC

C I  A 9 : P I I I J T F 0 -  O ’1,TyF I IFI C1~~ VF SI f lP~
F~~3:1 ,1

~ LT *  li~A 7 3 1  / 1 .0 0 0 1 ,
F r A p  F C A P

1 0 , 1 0 1 0 . 1 , 6 0 1 0 1 , ~ , 1 0 0 1 , 1 .60 0 ,  0 . 70 0 ,  1 .cc~.
7 01 , 3 0 0 1 , ~~~~~~~~~ ( .1400- , 1 . 5 6 0,  0 , 50 0 , j ,530 ,
3 0 .6010 , 1 ,14~A 5 , 0,700, 1 ,ujS, 0,800, 1,3701,

FPI :1 ,5
1. 500 ,

F lA P C~.AP FCAP CNA ~ FlAP
5 01 . 0 0 1 0 1, 1 ,762 ,  0,100, 1. 7 6 1 ,  0.2010, 1 ,756,
6 0,3010, j , 7 1 4 0, 0. 4 4 0 1 0 , 3 , 700 , 0 , 5 0 1 0 1 ,  1, 65 0,
7 0 ,6 0 0 ,  1 ,563, 0,700, 1.446 2, 01,801 0 ,  1 ,335 ,

FPI :2,0
8 2, 001 0 ,

FlAP FC AP C~~A 8 FCA P
o 0 , 0 0 0 ,  1 ,850 , 0 .1 001 , 1 , 850 , 0 , 2 0 1 0 , 1, P~~1,
A 0 , 3 0101, 3 , 9 1 7, 0 ,1 4 0 0 ,  3 , 767, 0 ,5 0 0 ,  1 ,603,
8 0,600 , 1 ,~~016, 0,700, t .~~39, 

0 ,0 0 0 1 ,  1.344? ,
F P 1 : 4 ,0

C 3. 001~~,
FlA p FCA P C~~AR F lAP N A P

o 01 .0 0 1 0 ,  1 ,9301 , 0 ,101 0 , 1 , 92 0,  0 ,700 ,  1,905 ,
0 ,3010 , 1 ,~~63, 0 , 44 0 0 ,  1. 808 , 0 . 50 0 ,  3 , 730 ,

F ~,600, 1 , 630 , 0,7010, ~~~~~~ 01,~~01O, I
F 8 1 :44 • 0

O*T A CNA 73?/14,000,
F l A P  N A P  F C A P  0 - N A E  F l A P

1 0 ,0 0 0 .  1, 960 , 0 , 1 00 ,  1 ,950,  0 ,2 0 0,  1, 9301 ,
2 0. 300 ,  1 , 85-8 , 0 , 4 4 0 0 ,  1, 8 2? , .5 0 0 ,  1. 73 9,
3 0 ,600, 1 ,6~,P , r ,7 0 c ,  1.51?, 0,800 , 1, 460 ,

FP1:5,0
14 5,001 0,

F O A P  N A P J  F lA P  0 - ’ A~ FlAP
5 0,0 0 1 0 , 1 ,97? , 0 , 1 0 1 0 ,  1,~~65 , 0 .2 0 0 ,  1 ,9447 ,
6 0.30101, 1 ,000 , 0. 4 0 0 1 , 1 ,930 , 0 ,5 0 0 , 1 , 7145 ,
7 0,6010 , 1 , 6 1 4 0 1 , 0 ,700- , ~,c 3 ? , 0.800 , 1, 36?,

FPI:6.0

8 6 .0 0 1 0 ,
F C A ~ C~~A P F (:A P F l A P  ~~~S A 8

9 01,0010 , 1 ,956 ,  0 .101 0 , 1.Q76 , 0 .2 00 .  1 ,’~~0 ,
A 0,300, ~ ,0O?, 0 , 1 4 0 0 ,  ~~~~~~ 0 , 500 , 3 , 7 501 ,
8 0,6 0 0 1, 1 ,4443 , 0 , 70 0 , 1. 6 16 , 0 , 8 0 1 0 , 1.3 6 1 4 ,

F P1:7 • 0
C 7, 0 0 0 ,

F 01 A P C P. A 1 -~ FCAP r’~A U FlAP N A~
01 0 ,0 0 0 , 1 ,0901 , 0,101 0 , 1 ,018 , 1 ,?010, ¶ ,0S01,
F 0 , 3 0 1 0 1, 1 ,0~~~0 , 0 , 1 4 0 1 0, 1 ,036 , r , 5 0 i, , 1 , 7~-.C ,
F r ,6 0 1 t~~, ~~,6’i ? , 01 ,7r ç- , i ,5~~ 01 , 0 ,8 0 1 0 , ~~~~~~~~
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Center of pressure  of the nose alone is assumed to be at the centroid of

the nose volume . A correction for af terbod y ( 
~~~~~~~~~~~~ 

) is ba sed on
Cp.~data of References 9 and 10.

Supersonic

Nose center of p re ssure  at supersonic speeds is based on data

of Figures 4 . 2 . 2 .  l-l8a and b of Refe rence  1. Table XXII I presents  center of

pressure data for cone-cylinder bodies as a function of Mach number , nose

fineness ratio, and the ratio of afterbod y to f or ebod y f ineness ratio.

Table XXIV presents  similar data for  og ive — c ylinder  or bodies .

Center of pressure of blunted cones and ogives is based on data

of Figures 4.2.2.1-21 and 4.2.2. 1-22 of Reference  1. Tables XX V and X X V I

present center of pressure for blunted cones and og ives as a function of

nose bluntness ratio and actual non-fineness ratio. At Mach numbers grea-

ter than 4 , the center of pressure is based on a curve fit of data obtained

from modified Newtonian theory.

4. 4 List of Symbols

Symbol Descr iption

CD B 
Base drag coefficient

CD BT Boattail drag coefficient

Fr ic t ion drag coefficient

CD Indu ced dra g coe ff icient

CDL 
Lug drag coefficient

CD0 
Zero-l if t  drag coefficient

C
F 

Skin friction coefficient (corrected
for  compressibility)

CF
C 

Compressibility correction factor
F j

CFJ Incompressible skin friction coefficient

CL~~ 
Lift  curve slope

CP Center of p ressure

A - 3 9  
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Symbol Descr iption

CPAB Nose center of p re s su re  correct ion
cp 0 

factor to account for afterbod y length

EK Munk ’s eff iciency factor

FA Afterbod y (bod y minus nose )  f ineness ratio

FL Launch lug equivalent flat pla te a rea

FN Nose fineness ratio

FRB Bod y fineness ratio

K BT 
Boattail lift correlation factor  based
on boattail volume and geometry  -;

LBT 
Boattail length

LC Cylindrical center section length

LM Missile length

LN Nose length

M Mach number

S Refe rence  area
Ref

Swet B Body wetted area

V Volume of nose

a Ang le of attack

Beta = M2 - l

5. LIFTING SURFACES

The lifting surfaces planform may be either the basic delta or

a clipped delta . The fixed lifting sur faces  may be either a planar arrange-

ment or a cruciform X arrangement.  The movable lifting surfaces

may be planar with a vertical panel , cruciform +, cruc i form X , or t r i form.

Section profile may be double wed ge , biconvex , or modified double wed ge.

5 . 1  Drag

Drag of the lif t ing surfaces  consists of p r e s s u r e  dr ag due to

thickness and skin friction drag

Cc, CD,, +

A- 40 — 
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TABLE XXIII

CrNF— r 1~ -D~~c~ 
fFl~-1FP 1W PPFSSIi~~F (SIIPFPSU ~ j~~)

~ FN ~~B F~TA / P f l~~E F !NFI’~ESS P A T I f l

XCPr)L=C .P. ~ i~J PFRCE~N T  8flflY L F~~GT~
FAF~J$ AFT EPBnr Y C L / /~ J.~F CL /fl )

FAFPj :1 ,n
DA T A  XCP PFN/1 , 0 0 0 ,

BF~J X~~Pr! p FN ~lP~~I . XC P~~L

1 0 .2 01 0 ,  0,307, 0.600 , O , 14~~14 , 0 , 901 0 ,  0 ,1467,

2 1,0 0 0 .  0,147?,
FA F N ? .0

3 2 ,0 0 0 .
X C PO L ~ F~- - XCPDL kFN ~CP0La O .? 0 1 o , 0 ,258 , 0 ,6 0 0 , 0,337 , 01.800, 0 ,360 ,

S 1.0 0 0 ,  0 •~~45 ,
F A F P ~:3,01

6 3, 001 0 ,
Y C P D I RF~ YCN~L N

7 0 ,2 010,  n ,1Q5 , 1 , 40 0 , 0 . 7 6 5 .  0 , 9 0 0 .  o ,?~~6 ,

— 
8 1, 00 0 ,  01,797,

FAF kJ:S, 01
9 5 ,0 0 0 .

8FP~,. YC~~PL BF~ ~ FN XC P fl L

A 0. 2 010 ,  0,1?6 , 01 ,6 0 0 , 01,1~~0 , 0 ,9 0 0 , 0 ,197 ,
8 1. 0 0 1 0 , 0.709/

F A F ~ :1 ,01

D A T A  Y C P 8 D P/ 1 . 0 0 1 0 ,
F4PPF ’~ YCPO ’ ‘~‘-~~F~ P P F F k

1 01 , 20 0 ,  0 , 445~~, r ,~ , n r , o ,~~7F- , 0 ,~~ 00, 0 ,1180 ,
2 1. 0 0 1 1.  01,1476,

F A F ~ I :?,0

3 2 , 0 0 0 ,
~CP0I PPPF~ ~0P0L PPPF~ ’ X rPr~L

44 fl .? 0 01, 01 ,393 , 0 , 6 0 0 ,  0 , 465 , 0 .901 0,  0 ,375 ,

5 1. 0 0 0 , 01 .36c ,
F A F ‘~‘ ~~ 3,01

6 3 , 0 1 0 0 ,
yrPr

~ 
MPPF~ ~rPr,1 PPPF-i XrPr~L

7 01 , 2 0 1 0 ,  01 ,430 , 0.601 01, o , 4 j 5 , 01 ,6 0 0 ,  01 ,301 8,
8 3 , 000 , 0 ,797 ,

F A F ~~:5, 01

9
XC P01~ ~PPF~. ~~~~~ PPPF~ Yrpr’1.

A 0 ,2 001 ,  o ,?73, , 6 0 1 1 ,  ~~~~~~ ~~,801( ’ , 0 ,773 ,

1. 0 1 0 1 0 1 . 0 , 7 0 0/

~
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TABLE XX IV

(T,IVF CY L T~~0EP r~~~IF8 C~F PPF~~quPE. (SIjPE~~sr~~YC~

F A F ~~:I ,0
D A T A  X C P6 L J / 1, 0010- ,

~FN YCPDL BFP~. XCPOL pFN

1 0,200 , 0 ,2 0 14, 0,400, 01 ,336 , 01 ,700, 0,~~66,

2 1.01010, 01 ,350 ,

3 2.0101 0 ,
X~~P0L 

pFP ~ X C P ~~L
14 rl , ? 0 0 1 , 0,179 , 0,1400, 0,737, 0,700. 0,270,
5 1.0 0 0 , 01,78~~,

F A FN:3 • 0
6 3,000,

~C~~DL A F~’ xCP’~L ~ F N
7 0,200, 01,1?~~

, 0 ,400, 0.178 , 01,700, 0,7 3 5 ,
8 3, 01010, o~~;33,

F A F ~~:14,C~
9 44 ,0 0 0 ,

XCPfi L ~4FN
A 0 , ? 0 0 1 , 01 ,0195,  01 , 140 0,,  0 ,~~ 14 L1 , 01 ,70 0 , 0 , 170 ,
P 3, 000 , 0,397 ,

FAF ~.:c,0
C 5, 00 0 ,

PFN XCPDL BFN X C I~rIL RFP.~ XC PDL
D n , ? 0 1 0 ,  0,080 , 0 ,4 0 1 0 , 01 . 12 1 ,  0 , 700 , 0 , 1501 ,
F 1, 0 1 0 0 ,  0 , 167/

FA F~~:1 .0

DA TA X C P6 S /  1 .0 0 0 ,
R P P F N ~ cPrjI RPPFN XC PDL CppF~J X C Pr~L

1 0,3010, 0,333, o , c no ,  01 ,3 73, 0,700, 01,35 3,
2 1,000 , 0,380 ,

F A F N ?, ~3 ?,000 ,
8PPF~ XCPDL RPPF N X C~~~L PPPFI’J

14 0,3 0101, 01,277 , 0 .5 00 .  0 ,795 , 01 ,700 , 01 ,707,
5 3 ,0001, 01,755 ,

F A F ~-:3 ,0
6 3 , 0 0 1 0 ,

8PPF’~ X CPDL RPPF~ xC Pr’L PpPF~7 0.3010, 0,235, 0, 5 00 ,  0 ,7146 , 0 , 7 0 0 ,  0, 7443 ,
5 3 , 0 1 0 0 ,  0.23?,

F A F P~I:u ,0
9 14,0010,

~4PPFk~ YCP~~L PP~ # N  XC POL ~ pPF’-i ~~~
A 0.3010, 0,7014, o.Soo, 0,713, 0.700, 0 ,701 8 ,

3 ,0010 , 0 , 19 7,
• 0

C 5 , 0 0 1 0 1,

~ C° r I  8PPFP” DPPFI~
o ,3 0 1 o ,  0 ,177,  0 , 5 0 0,  0 , 18 6 , 0,701r~, 0 ,1~~1 ,

F 3 , 0 0 1 -~~, 0~~16 7 /
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TABLE X X V

RL JkT~~r cr ~~ C~ ‘- TF’~ (iF p
~~~5~8L’ ($~

I PEQSr~~TC )

F lA P :  ~- i iSF PLII~~T~~~S~ PA T TI’
FP1: AC T JA L ~~~~~~ ~~~~~~~~~~ ~ A T Tfl
XrP~ :r ,~~, [‘F isr P P~~ ~~~ ~ T A O T I J A L  ~‘flSF I ENGTI ~’F P 1 I 0

flA TA XCPFjr1/1 ,0100 ,
FO A P YC~ ”- . F C A P  ~ CP~~ F C A ’ ~

0,01 010, 0,9301. 0 ,1001 , 0,905, 0,2010. 0,7801,
2 0 ,3010 , 0,754 , 0 , 1 4 0 1 0 , 0. 727 , 0,50101, ~~~~~~~
3 0,6010, 0 ,6 7 0 1 , 0 ,7010, 0 ,6i.~0 , 0 ,9 0 1 0 .  01 ,6 j 3 ,

FP1 :? , 0
‘4 2. 0 0 0 ,

Fl AP ~~~~~ FlAP ~~~~~ F C A P
5 0,000, 0.668, 0,100. 0 , 6,4 ? ,  0,200, 0 ,41 5,
4 01,300 , 0•580, 0, 1 4 0 0 , 0,c~)01 , 0 ,50101, 01 ,625 ,
7 0 . 60 0 ,  ~ ,1485, 01 ,700 , 0, 14 35 , 0 ,801 0 ,  0 ,44c .

FPI :3 , O
8 3,000.

F l A P  YC~~ ’ F O A P  ~lP~ ’ F l A P
o 0 ,0 0 1 0 ,  01 , 667 ,  o , l~~o , 0.#~39, 0,?0c , 0.61 1 ,
A 0 ,3 00, 0 ,5~~0 , 01,4400, 0,5’48, o ,~~oo ,  01 ,5 1 0 1 ,
B 0, 600 , 0 ,4 4 6 6 , 0 . 7 0 0 1 , 01,14 3 0 , 0 ,~~C f l , 01 ,339 ,

F 8 1 14.O 
-

C 14 , 0 1 0 1 0 ,
F l A P  FlAP FlA P ~rP~

D 0,0001, 0,6~~6, 0 .10 0 , 0 , 437 , 0 ,20 0 ,  01 , 6 3 0 1 ,
F 0 .3 00 , 0,676, 0. 14010 .  0 ,5143, fl ,~~~ 0 , o ,c~~3,
F 0.600 ,  0 ,1456 , 0, 7 0 0 ,  0.398, ~~~~~~ 0,32 1/

F~~1=5 ,0D A T A  Y C P~’ C? /5 , 0 0 1 1 ,
F l A P  Y C P P~ F lA P  Xl’” - FlIP YIp ’

I 0,001 0, 01 ,44,, 01 , 1 0 1 0 ,  0 ,436 , 0 ,2010 , 0 , 60’ 7 ,
2 0 , 3 0 1 0 ,  0,573, 0,140 0, 0.630, 0,500 , 01,4499,
3 01 ,60101 , 0,44449, r - , 7 r o , 0 ,3901 , 0 , F C ~~~, 0 , 4 1 1 ,

14 6 . 00 0 ,
F l A P  ~~~~ FC ,~~ 

y O P N  ~~~~P X CPN
5 0 ,010 01, 01 ,666 , 01 ,1 0 0 1 , 01,436 , 0 ,?0101, 0 ,4 f l 6 ,
6 01 , 3 0 0 , 0 ,572 , 01. 4 4 0 1 0 1 , 0 ,536 , 01 ,5 0 10 , 0. ’~95,
7 ‘ 0 ,6 0 0 ,  01 , 4 4 1 4 L 4 , 0 , 7 0 1 0 , 0 , 3~~6 , 0, 60 0 , 0 ,4015 ,

F ~ 1 :7 ,0

5 7,01010 ,
F CA ~ F O A P  *0~~~

- F l A P
9 01 , 0 1 0 1 0 1, ~~,4 6 6 .  01 , 10 0 , 01 , ,3 L ~~, (‘ , ?C- -

~~. 01,6r’ .,
A 0 ,3010 , 01 ,570 , 0 ,14010- , ~~~~~~~ r ,~~r .-, , ~~~~~~
8 

~~•600 , 01 ,1 4 4 4 4 , r ,7 0 1 r , , 01 •3 ;~~~/

A - 4 3  - 
-

~~~~~~~~~~~~~~~ 1 , 1 .  ~~~~~~~~~ 



TABLE X X V I

~
( I j ~~ 7~~ ”’ 1 C , j V~~ çF~~TF D OF 

~F c s ’~v ~~~~~~~~~~~~~~ ~~~

F C A P  ~.- r1SF 8 1 I ! ’ - - T N~~SS PA~~Ifl
FP 1 ~C T H A L  P- .OS F rI~~F~~E~~S ~.‘A T J ( -
X~~PP~ 0 , P~~ OF ‘~PFF J~ PE ~ C F”  T A C ’~ ’A L f lSF I

F t.? 3~~ 1 , 01

D A T A  Y C P 7 ~~3 / 1 . 0 0 0 1,
F O A F  Y 0 P~ F C A P  x C P~ - F l A P

1 0 ,0 0 0 . 01~~1494, 0.1001 , 0.1457, 0. 2 0 0 ,  0 , 147 c ,
2 01,3001 , 01.1463, 0 ,44 001 , 0 , 14 5 1 , 0 . 5 0 1 0 , 01 ,1439 ,

3 0,6001 , 0,142?, 0,700, 01,1406, C- ,8010, 0 , 3 8 1 ,

14 2.000,
FlA P x01 P~’ FlA P YCPN

5 0 , 0 1 0 0 1, 01,1470, 0 .1001 , 0,U~~7, 0 .2 0 1 0 ,  0 , 1 4 1 4 1 ,
6 0 .3 0 01 . 0 .44 ?6. 01 , U o r ~, 01 , 1401 9, 0.5010, 01 . 10 0 1 ,
7 0,60101 , 01 ,169, 01 , 7 0 1 0 , 0 .31~~, 0,9010 , 0,707,

F P1 ~ 3 , 0
9 3.0 0 1 0 ,

F l A P  ~~~~~ F l A P  X r P~4 F O A P
0,0100, 01 , 4 4 6 0 , 01 , 1 0 1 0 1 , 0 , 1 45 3 ,  01 ,201 0 , 0 ,4 4 3 6 ,

A 0,30101, 01 , 14~ 0 , 0 ,1 4 0 0 , 0 , 4 4 0 0 , 0 .~~00 , 0,370 ,
B r ,6 o o .  01,353,  01, 700 ,  0 .3~~7, 0.5 0101 . 01 ,7~~3,

FI~1~~’~.0
C 14,0010 ,

Fr ~~~P~ - FlAP  ~‘ F l A P
0 0 , 000 - , 0 , 446 8 . 0 , 101 0 , 0 , 44 51 , 0 , ? 0 1 0 ,  0 , i~33,
F 0 , 30 0 , 01 .4 4 1 6 . 0 ,1 4 0 0 , 01 ,3° 14 , 0,500 , 01 ,371 ,
F 0,600, 01 , 3 1 4 1 4 . 0. 7 0 0 , 0,3015, r , 9 0 0 , 01 , 76 0 1/

F P 3  • 01
D A T A  X C P 7 5 2 ,’5 ,0100 ,.

F lA P  YCP ~- F lA P  ~0P M F lA P
1 0 ,0001- , 01,14 6 7 , 0,100 , 01 , 1 45 0 , 0 .2 0 0 ,  0 ,1 43 0 ,
? 0 ,3 00 ,  0 , 1 4 1 0 1, 0 , 4 4 O C ,  01 , 389 , ~~~~~~~~~ 01 ,3 4 1 ,
3 0,6010, 01,431., 0 , 7fl0 , o .?qS , 0.80(’, 01 , ?~~ 01 ,

FP1~~6 ,0
14 6 , 0 0 0 ,

F lA P  Y C P f
~

- F (A ~ ~~~~ FCA P
5 01 ,0 0 1 0 .  0,1467, 0 , 1 1 0 , 01 , 1 4 4 4 0, O .? 0 1 f l , 0 , lj ? M ,
6 0 ,3001, 01 ,LI0 ~~, 0 ,1 4 0 0 , 01 . I 4 ~~, 0 . 5 0 1 0 ,  01 ,360 ,
7 0 . 6 0 1 0 1, 0 ,330 . 0,700 , o ,?01, 01 .8 0 0 1 , 01 , 7~~3 ,

FPI:7 ,01
8 7,0-001 .

F lAP  YI P~ F lA P  x r P~
0 01,00101, 01- ,~~.7, 0,101 0 , 0 , 4 4 4 4 7 , r ,?001. O , 4 4 ? 7~~
A 0 , 3 0 0 1 , 01 , 4 4 0 1 5 , 01.14010 , 01 ,3 9? ,  ~~~~~~~ 01 ,4’-.l ,
P 01 ,6 0r . 01 ,3?c , 01 ,700, 01 ,79 6 , ~~~~~~~~ 

01 , 73~~/
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5. 1. 1 Ze ro -L i f t  Drag Coef f i c i en t

Subsonic

The liftin g sur face  drag at subsonic speeds is based on skin

friction drag corrected for thickness ratio effects. The skin friction coef-

ficient is based on Reynold ’ s number computed f rom the mean geometric

chord of the surface. Lifting sur face  zero lift drag coeff ic ient  at subsonic

speeds is g iven b y the fol lowing:  -

C0 =[ ~‘CI~ # ZC~[z(’fl + ioo(~.)~JjJ ~ “VP -

Surface wetted area is assume d to be twice the planform area S .

N accounts for the number of pane ls.
p

Transonic ,  M = 1

Zero- l i f t  drag in the transonic region consists  of f r ict ion drag

plus a pressure  drag term derived from a curve fi t  of data of Re fe rence  2.

C0~,=f2 C~ +(~~~~~A(~~~J~ -~- f l P

Super sonic

Zero- l i f t  drag coefficient in the supersonic region consists of

friction drag and pressu re drag due to thickness.  For subsonic leading

ed ges , zero-l i f t  drag coefficient is g iven by the following:

4, [2cr ,‘. g cø r ,~~~ (~,)];~~~ ~~~

For supersoni c leading ed ges

- c, #f (~~)Z J ~ 
Np

The airfoil  section constant , K , is based on data of page 4. 1.5 .  1-15 of

Refe rence  1.

5. 1 .2  Induced Drag Coeff ic ient

Induced drag is based on the relation

= ‘Z.. ~~~~~~~

5. 1.3 Total Drag Coef f i c ien t

Total drag coeff icient  c o n s i s t s  of z e r o - l i f t  drag coefficient plus

the induced drag coefficient

CD =C D ~~~~~

A - 4~
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5. 2 Li f t  C u r v e  Slopes

Subs on ic

Isolated liltin g s u r f a c e  lift curve  slope is obtained f rom data

of Reference 11 .

C~~=J ( A ) r411 /1./ ,Z ) ~~~~~~~~~~~~~~~~~~

The arrangement  factor  KF accounts for the reduced effect ive ang le of

attack and rotates the lift vector into the pitch plume for tn -form and

cruciform “X” configurations . Table XXV I I  p r e sen t s  isolated su r f ace  l i f t  c u r v e

slope divided by aspect ratio C
~~~/A 

as a function of surface taper ratio (A ) ,
the product of aspect ratio and the tangent of the midchord sweep angle

A D4M /t.I/z and the product of aspect ratio and~~ \JM
2 

- 1. (BAR)

Transonic

Lift curve slope of the isolated pan el is defined by the re lat ion

C~~ = 4 (A~ T4I~l / t l b ) 
~~

)
~~~~ F

Superson ic

Lift curve slope of lifting sur faces  with exposed aspect ratios

greater than 1.0 is based on the relation.

Low aspect ratio wings (A~~~1. 0) produce more lif t than indicated

b y R eference 11 according to data of Refe rence  10 and 12. A correct ion

factor (1 + K
A

K
M

) was developed by Martin to account for aspect ratio and

Mach number.  This factor is applied to the CL ,Ic obtained from Refe rence  11.

[
~~( A i ~~i~ a~~)] (~4K A KM) ~ L NP k P

5 . 3  Interference Ef fec t s

The mutual in terference effects  of the wing/body,  ta i l /body,  and

tail in the presence of the wing are based on the methods described in Ref-

erences 1 and 13.

A -4 ~ 
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TABLE X X V I I

SURSI’~J T C  S I J P F A C F  I T F T  r i - ~~~~~ SL flPF/~~HP FAC F A SO FIT P A T I p

TPI~~SI IR FACF TA P E P  ~ AT T~
D A T A  A 1 1 6011 / 01,000 , 001 , 2 5 0 ,  0. 6001 , 1 ,000 ,

A T I ~ S?T ~~A 5 P f C T  P A T I O  T I~~FS T A ~~0~~~T flF ~ Irc ~~r p r  S~~F F P
1 0 . 0 1 0 0 ,  1. 0 0 0 1 , 2, 0 1 0 0 , 3, 0 0 0 1 , ‘4 , 0 0 1 0 , C. , O 0 0 , 6 , 0 0101 ,

BtPI: PE T A T P.’FS A S P F C T  P411r1
2 0 ,0 1 0 1 0 1, 0 ,5 0 0 ,  1 ,0 0 01 , 1.5 010 , 2 , 0 1 0 1 0 1,

3 3,000 , 14 , 0 0 1 0 ,  6.000 , 6 ,0 0 0 1 ,  7,0001 ,

A7 C 1T S~~PFAr E LI FT CL IPv F SL 01’P F /A SPFCT PA TTI ’
TPJ :0,0 AT~~~?I~~0,0

LI 1 ,5 7 0 1 ,  1, 5 0 1 0 ,  1 , 14?~~, 1. 370 , 1 ,2 1 0 ,
5 1. 0 1 3 0 ,  0 .900 , 0 , 7 801 . 01,700 , 01 ,4140,

TPT: r ) ,0 A T kS ?I 1 ,0
4 1 , 5 7 0 1 , 1, 14901, 1 , 14 00 , 1 . 29 5,  1 ,’ 7 0 ,
7 1, 01101, 0 ,5 5 0 ,  0 ,77 01 , 0.4901 , fl .6 ?0 1 ,

~~~~~~~~~~ A T~ J~~?I:?, 0
8 1, 570 ,  1,14140, 1 ,3 1 0 ,  1, 1801 ,  1 .05 0,
o o. o so , 0. 5 1 4 0 ,  0 ,750 , 0, 6 70 .  0 , 4 1 0 ,

TP T: 01 ,0 A T~JS2I~~3,0
A 1 ,?b0,  1.100 ,  1 ,12 0 , 1, 0~~c , 01,990- ,
B 0 ,8901 ,  0 ,8 0 0 , 0 ,72 0,  0 ,4~~~~, 

01,6 0 0 ’,
TPT:01, 0 AT k~S?l:14,0

C 1,0 145, 1.0 1 5 , 0 ,975 , 0 . 9 35 , Ij, 90 ,

O 0 ,5 10 1 , 0. 7 1 40 ,  01 ,6 70 , 0 , 6 2 0 1 ,  0 ,S R 0 .

18 1:0 ,01 A T ~j S?~~:5,0
E 0,90 01, 0, 888’, 0,9601, 0,593, 0,Q~~0,
F 0 ,7140 , 0 ,6 °C ,  0,6~~01 , 0.590, 0,550 ,

181:01.0 A I~ S?1 6 ,0
0 .790 , 0 ,75 3 ,  0 ,7 7 0 ,  0 ,750 , 0 , 730 ,

k 01 ,680, 0,430, 0,690 , 0,540, 0,5~~0/
181:0,25 £ T ~ - S ? T :0 • 0

DATA A 11402/1 ,570, 1. 520 , 1. 14440, 1 ,3145, 1.25 0.
1 1 ,070, 0 ,9301 , 0,R~!C, 01 ,730 , 0 ,460,

18 1:0 , AT~ ~27 :1 ,0
2 1, 570 , 1 ,~~1 01 , 1 ,1420’, l ,3?5. 1 .220 ,
3 1 , 0 1 4 0 , 01 ,91 01 , ( , 7 0 0 11 , 0,720 , 0 ,6 C.01 ,

1’ 1,- T : 0 1 25 A T ~ S 2 t ~~? , 01

1 ,5 7 0 1 , 1 . 4444 01, I ,~~
y ,  I ,? ? ‘ , 1 ,145,

5 0,090 , ) ,~~~7 0 1 , 01 , 7 7 0 1 , 0 , 1.01~ 01: , (~~~ 4 0 .
T P T : r ’ ,2’, A T ~~5.2 T:~~,-2

1 • , 3 • 20 ~ 1 • i ~ , i • , I • ‘1’

7 0 .0 1 0 . f’ , 9 1 0 1 , 0 ,710 , 0 ,6~.O , (~~~~ j~ ’ ,
T~.1:O,2c- I T ~~~ 2 3~~u ,r

8’ 1. 0 5 0 1 , 1 ,0 1 0 1 , 0,970 , 0~~~q~~~0 , ‘ p e ~~~~,

0,94k , 01 71.~’~~ C•)~~~~, ~~~~~~~~ ~~~~~~~~~~~~~
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TABLE X X V I I  (Cont i ~~u - d )

TPT :0 ,25 A T ~~S) T : c,,0
A 0,9 0 0 , 01,970 , 0 ,9 14 01 , ~~~~~~~ 0 , 7 8 0 ,
8 0 , 714 0 ,  0,6001 . fl ,4440, 01 , ,.~~~0 , C . ~~ 1.01 ,

T~? T : 0 1  .?5 A l  ‘-S ? T ~~ ’,0
C 0 ,790 , 0.76~~, fl ,7~J , 0 ,770 , (- .7 0 1 0 ,
O 0 ,670 , 01 ,1.11 01 , 0 , 4 ” ( , 01 ,5401 , 0 1 .~ , 4 0 /

TPI:0 ,fn A l~~S2I:01,0
DA TA Arr6 03 /~~,6701 , I ,S?~~. 1. 14 301 , 3 ,~~~ i 01 ,

I , 0~~O , 0 ,01. 0 , ~~~~~~~~ 01 ,730 , 01 ,660 ,
1~~~~ :01,~~~0 A T ~ C 7 1 :1,rl

2 1, 570 , 1 ~~~~~~ I .140’ , •~~~01-~~~
1. 04 4 0 1, rI ,0 ? 0 1, 0 , 8 0 0 ,  0,720 , 01 . 6 1 40 ,

TPT :0,60 tT~~~7 ! d ,0
‘4 1. 5 7 01 , 1 ,1430. 1.310 , 1.?00 , 1. 12 0- ,

S 0 ,0 9 0 , 0,970 , 0,770, 01.690 , 0,610.
1PI~~0 ,501 A T~~S21 3 ,()

8 1 ,7 1.01, 1.2 0 0 1 . 3 ,13 0, I ,”601, 1 .010 ,
7 0 ,9 1 0 1 , 0 , 92 0 , 0 , 7 30 1 , 01,640, 0.600 ,

1PT~~0’ ~ c0  A T ~J57 I L4 • 0
8 1 , 0 6 0 , 1 , 0 17 , 0 ,97 5, (‘j ,9L1 01 , 01 ,900 ,

0.930 , 01 7 5 0 1, 0 , 6 9 0 ,  0,4?0 , 0 ,580 ,
T~~I~~o ,cr ATNS2I:5, 0

A ~~,q 1 o , 01 ,975 , 0 ,9 6 0 , 0. 9 1 6 , 0 . 78 5 .
0 ,714 0,  01,6 9 0 , 0 ,63 0 , 0.5 901 , 0 • 5 5 0 ,

~rP7~~o ,co  A I~~~?J:6 ,01

O 0 .7~~0, 01,76 0 ,  01 ,7 4 4 0 , 0, 7 1 5, 0 .6 00 ,
0 01 ,~~ 601- , 01 ,1.30 , 0 ,590 , 0 , 650 , C~~5?O/

1~~T~~1, 00 A T ’ 5 ~2I:0 ,0

r’~A T A  A1160 44/ 1,570 , i ~~~~~~ ¶ ,U1i~~, 1. 314 0 , 1 • 2 ?0 ,
1, 04 4 0 1, 0 •000 , 01 ,790, 01 ,7001, 0 .4 1 10,

T 1 ~~I ,01 01  A 1 ” - S? I : l  .0
2 1 • ~~~~~~~ • I • ~ I 01 , 1 ,~~ 20- , 1 .306 , 3 • I ~~~

3 3 , 01 001 , ~,9501 , 0 ,7 71 , 01 .6 0 0 1 , 01 ,0 1 7 0 1 ,

T~’T~~1 ,0~’ A T~ -~~?I:2’,r)
3 , 570 , ¶ • 4 4 7 4 , 1,3~~0, 1 , 7?0, 1 . 1 0 1 4 ,

5 0,Q~~0, 01,9701, 01 ,730, 0 , 6 6 0 1, 0 1 ,6 1 0,
T PI:1 ,01 01 A T ’ S 7 I : 3 ,0

1. 1 ,2 1.0. 1 ,I 7 ~~, 1 ,00 3, 1 .01 2 01 , 0 ,960 ,

7 01 ,91.0, 01 ,77 01 , 0,690,  01 ,630 . 01 ,5 901 ,

‘I’PI:1 ,001 A T - ~~~7I :L4 ,0

A 3 , 0 6 0 , 01 , 9C~ 7 ,  0 Q ~~ 0 .  01 , 9 9 6 , 01 , F~L J 5 ,
9 0,7~~o , 

01,7 101 , ~~~~~~~~ 01 ,6 0 0 1 - , ~~~~~~~~~~

1P7:3 ,00 AI~~S2 I 5 ,01
A 01 9 0 5 ,  01 , 9 53 ,  ç , P 0 1 2 , ,  01~~~766 , 01 ,71~~’,

0 ,701 0 , ~~,6 c 0 1 , 11 ,6 0 1 1 ,  0 ,5 6 ’ - , 0 ,SL ’ C ,
15’:I ,01’ A T ’ c 7t :I-.0

C 01

,7901 , 01 ,744 01, 0 ,701 ’-. , 01 ,67r , 0 ,65 0- ,

O 01 ,670 , 01 ,5 90 1 I, 0 .’- s A O- , 01 ,6301 , 01 , 60 10/
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TABLE X X V I I  (Continued)

S U PF PSf l~S I r  ~ t ’ P F & C ~ t T F T  r ’ P v ~ S L( P F/ S I I r~r ? O F  A 5~~F01 1 ~~~T l n

18!: 1~F A C E  T A P E R  ~ A T Ir i
D A T A  A 10611 /0 ,0001, 0.2501, 01 ,5010 , 1.0001 ,

ATh~~2I:ASPFC7 RAT I r - T 7 ~.’ f 5  ~T A N f . E ~~T ~~
1 0,000, 1, 0100 , 2 ,0 0 1 0 , 3, 0 1 0 1 0 , 44 ,0101 0,
2 5, 0 0 1 0 , 6 .0 0 01 ,

BA PT :PETA T I~’FS ~~ PF CT Pa l m
3 0, 0 0 1 0 1 ,  0, 500 , 1, 0 1 o~~- ,  1 ,500 , 2, 01010 ,
1.1 3 ,0 0 0 ,  14,01010~ 5, 0 0 0 ,  6 , 0 0 0 ,  7 , 0 1 0 0 ,

A I d  T =S~J PF arE L~~~T r’J P~~ S Lf l P E /A S P Ef I  P A T I r
TPI:0. 00 A1~ S7T 0,0

5 1 ,570 , 1 ,70 0 , 1 ,750, 1 ,730 , 1 ,7010,
4 1, 2 10 , 0 ,95 0 ,  0.770, 0,650, 0 ,550 ,

181:01,010 ATIJ571 :l,C
7 1,570, 1 ,7140, 1 .7~ 5, 1 ,6301. 1 .14901,
8 1,260, 0,9601 , 0 ,7 0 0 ,  0 ,6 6 0 , 0 ,560 ,

181:0 ,0101  A T~~S p J :? , 01
9 1 .570 ,  1 ,63 0 ,  1. 1 4 6 0 ,  1 ,4 80 , 1 . 3 0 1 0 1,
A 1 .11401, 1 ,01 1 0, 0 , 8 201 , 0 ,6 9 0 ,  0,5~~01 ,

181=0 , 00 A T ~ l S ?I :3 ,C
8 1 ,260 , 1 ,300 , 3 , ?75 , 1 .?30 , 1 , 17 0 .
C 1. 050 , 0 ,05 01, 01,5 4 0 ,  0, 7 10 , 0 , 4 0 1 ) ,

187:0 ,Of’ A T~~571:44 ,0
O 1 , 0 1 4 0 1, 1 ,0164 , 1.0 5 0 , 3 , 0 75, 1. 0 1 6 0 .
E 0 ,9~~0 ,  01,900 , 01,53Q, 01,760 , 01,630 ,

¶8 1 0 ,001 A1 I~S71 :5 ,0
F 0,0010, 01.015 , 0,9 3 0 ,  01 ,035 , 0,014 0,
G 0 , 9 1 0 , () ,8L4 0 , 0,7~~0, 01,730 , 01 ,6801 ,

¶81:0,00 AT~-~5pI :6,0
k 01,8010 , 01.500 , 0,800, 0,900 , ,),900,

X 0,800, 01,01 1 0, 0,750 , 01 , 7j 0 .  01,660 /
TpI .0 ,2’~ & T ~~~2 I : 0 ,01

DA TA  h 10 61?/1 ,5701, I ,140 0, 3 •&90 , 1 ,9301 , 1 ,‘,140,
1 1 ,2 7 0 . 0 ,914 0 , 0.771 , 0,6501 , 0 ,5601,

181:0 , 25 A T ~ ’52I :1  ,1
2 1 ,~~70 , 1 ,35 01 , 1 , 9 L J O ,  1 ,710 , 3 ,58 0 ,
3 1 , ? ? 0 , 01,0 1 4 0 1, 0 7 7 1 , 01 ,660- , 0 ,560 ,

T~~~~: ( - , 25 A1~ ‘~7 J 7 ,0
1.4 1 ,57 0 , 1 . 1 2 0 1, 1 • LJ~~~0 , 1 ,44 7 01- , 3 , 4 4 1 1 ,
5 1. c~

Z01 , 01 ,0001, ‘~ • 9 1 C , 0 ,6 6 0 1. 01 , 5 P 0 ,
T~- T : ” .?’ AT~ ~?1~~3, 01

6 1 ~~~~~ 1 , 1 9 0 1 , 1 ,09 ( , 1 , 7 4 4 0 1 , 1 • r~~~
i

7 1 , ’ 3’ , • 0 1 7 0 1, - - •
$
~‘C , 0 , 7~~~~01 , r , 4~ 1

T~~ T~~~ - , 2 ’. ~l ’ cz73~~ -~ ,O
9 1 f~~~L , I 

•
O C .~~~, ~ . , ~~~~~ I ~~~~~~~~

1~~~
(’ 1J , s g ~~~~ 01

, ~~~~~~ ‘•
7 C.. 01 , - ,~~./ ‘ ,
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TABLE X X V I I  ( C o n t i n u e d)

¶8 T :0,75 ~ 1 ~‘~~2I :5 ,01

A 0,9 0 0 1, 01 , 0 3 0 1 , 0,970 , 0,9301, 01 ,Q L) 0 ,
9 0 ,Q~~, 01 , 0 .0 10 , 01 ,851 , 0,790 , 01 ,~~7ç,

F 1 P T r ,?5 ~ T~-~~?T :6 .C
C 01,791, (),756 , ~~~~~~~ 0,7501, 01 ,7801- ,

0,9(10, 01,9301, 0 ,9 2 1 , 01,7601, 0,70101/
IP T 0 

• 
S P A T  ‘~J~~~? 7 ~0 • 1)

D ATA 410613/1,670, 3 , 9601, 3 , 960, 1. 8 3 01 ,  1 ,500,
1 1, 200, 01 ,930 , 0,760 , 01 ,6440, 01,550 ,

IPT:0 ,’, 0 1  A T ’ ,- S? t : l , (1
2 1, 5 7 01, 1 ,79o , ,9~~0 1, 1 ,7 M0 , 1, 5 7 0 ,
3 1 ,2001 . 0,0440, 0,770 , Q ,4401, 0 ,561- ,

161:0 ,501 A1 P-~S?I:2,0
LI 1 ,’~7 0 ,  1 , /.180 , 1. 360 , 1 , 143 01, 1 , 1450 ,
5 1 , 2 10 , 0 ,09 0 , 0 , 800 , 0 , 670 , 01 ,580 ,

¶8 7 :0 ,50 ATP ~jS?I:3,0
6 1 , 270 , 1 ,2~~6, J , ?LL r- , 1 ,7?c , 1,255,
7 1 , 1 ” 1 , 1 .0 1 01 , 0 ,5 1 4 0 1 ,  0 ,7 0 0 1 , 0 ,6 0 ’ .

¶~~T:01,c0 A T ~~$ ? T : 4 4 ,C
8’ 1 ,060 , 1 ,01~.0 , 1 ,060 , 1 .0601 , 1 ,01.0 ,
O 1.065, 01,980 , 1 ,870 , 0,750 , 0 ,611 0 ,

1~~T :0  , 5 ’ -  A1~~S?T :c,r~
A 0 ,910 , 0.0101 , 01 ,910 , 01 .9 10 , 01,91 0,
5 0 ,9701, 01 ,0101, 1 ,960 , 01 , 77 01- , 01 , 6701,

181:0.50 ATI ~lS 7 T 6  ,0
C 0 ,780 , 0 ,7901 , 0 ,500 , 0 ,9 1 0 1 , 0 ,~~70 ,
O ~~~~~~~ 0,530 , (1.52 0 , 0,770~ o ,700/

1~~1:I ,010 A T~~~7I:01,0
D A T A  A 7 0 4 1 1 4 / i  ,570 , 1, 7901, 1 ,99r , 1.9001 , 1 •~~?0,

¶ 1 . 1 2 0 , 0 ,9801 , 01 ,730 , 0,1.701, 0,5 1 4 0 ,
1~~T:I .00 A T ~~S7I: 1 ,0

? 1 , 5 7 0 1 , 1 ,5147, ?.O I C , 1 ,720’, 1 ,1480,
3 1 ,130 , 0,900 , ~~~~~~~ 0 , 630 , 0 ,5140,

¶p !:1 00 A T P ~F7 7 : 2 , Ci
LI 3 ,5 7 0 ,  1 , c37 ,  1.57~

- , I ,‘i’0 , 1 ,1 4 1 4 .
5 1 ,11. 01, 0,OV- , 0,760 , 0,650 , 01 660,

¶~~T= 1 , 00 £~T~~-~~2 J 3 ,0
6 1 .?60 , 1 .30101 , 1, 300 , 1 , 2 7 5 ,  1 ,?1J 01 ,
7 1 ,3’ J0, 01 ,0601, 0.500, 0.6901, 0.5 9 0 1,

¶87:1 •0r~ A T \ S 2 1 :14,01

5 1 ,060, 1 ,01501, 1 .(iSO, 1, 01.01, 1, 070,
0 0,980 , 0 ,0701 , 0,930, 0,710 , 0 ,1 . 1 0,

181:1 .010 A T~ 071:5 ,01
A 0 ,91 ‘, 0 , 0 0 1 0 1 , r- , 8 ’P o , ‘1 , 9 7 4 , ~~,96’ ,

8 0 ,5 6 0 1 , 01 ,5601 , ~~~~~~~ 0,71.’, 0 , 6 6 0 1 ,
TL!:1 ,00 A T~ - i’?I:6,f

C 0,700 , 01 ,7.”-, 0 ,7901 , 0 ,7 70 ,
0 ,7 1 . 0 1, 01 7501 , (‘,741 , 0 ,790 , ‘ ,7 7 0 1 /
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5 . 3 .  1 Ca r ryove r  l)u e to Ang l e of At t ack

K - ~~~ - 

/ (, ) / ~ 
r~i ’j (~ -n ÷i1 - M(~- -f) 2ThN~~fJ~

— rr

(/ f;) R_~r f (/ *f )/J ~~i~~(
’
~~~f) *~]~4L(4-f ) + z TAN~~fJ~~

The basic carryover  factors , K and K , ar e based on
S(B) B (S)

slender bod y theory as presented in References  1 and 13. At supersonic

speeds the carryover from the surface to the bod y has been modi f ied to

account for  the aft movement of the area influenced b y the sur face .

5. 3. 2 Carryover Due to Incidence

The carryover  factor 
~~S(B) for the case of surface deflection is

based on slender bod y theory as derived in Reference 13. The following

express ion ~ ives.~~s(~~) in terms of the semi-span-ratios ratio (7  = s / r )

I[i
~
z(r I

~

2. 
÷ ~~~~~~~~~~~~

2: £?~~ ‘;:; ~) — z7T (?~*1) ÷
( r ~~,) L 

(5,w~~r
z
~, 
\

Z 

— ~~~(i~#i) 
~~~N 7 ~~- (  + ~~ •h (r~±i\1_L (r _ ,) l

~(.. 7”- #~ ) 7~(r—/ ) ~~~ (~~~j ’ ~ ~ Zr )

Th e car ryover  f ac tor~~~B is based on slender bod y theory and the assump-

tion that the sur face  transmits a certa in fraction of its lift to the bod y whether

the lift is developed by angle of attack or incidence ang le. An approximate

value f or~~~B (5) 
is g iven by multiplying the value of 4~ 

by the ratio of the

car r yover factor due to angle of attack K B (S) /
~

ZS (B)

‘
~~~B) !.~~~�±2-

5. 3. 3 Wing Vortices

The wing-tail interference results fr om downwash in the reg ion

of the tail caused b y wing vortices.  Fi gure 7 illustrates the vortex

model used in determination of the wing-tail interference. The lateral

location of the wing vortices is based on slender bod y theory  and is g iven b y

the relation:

A - S i
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For low ang les of atta ck and zero deflection of the forward surface , the
vertical location of the wing trailing vortex is assumed to lie near the plane
of the wing . The tail in ter ference  factor “i”  is evaluated in terms of the
two external and two internal or “image ” vortices as defined in Reference
14. Appendix B of Reference 13 describes the use of strip theory to obtain
the tail interference factor from integration of the lift contribution of the
vortex system on the tail panels. The lift on the tail section due to wing
vortices is computed from the relation

C~~,, C~~ 14,CS) A.. (as.r ry)

iff AT (f ~- “~)
5. 4 Center of Pressure

All Mach Numbers

Lifting surface center of pressure at o( = 0 is obtained from
data of Reference 11.

CP = f ( A , A , tan A 112 ,~~
Table XXVIII presents lifting sur face  center of p ressure  data in percent  of
mean geometric chord as a function of aspect ratio , taper ratio , tangent of
the midchord sweep.

5 .5  List of Symbols

~ ymbol Description

A Aspect  ratio , exposed

b Surface span , 2 panels , no body

CD Drag coefficient

CD. Induced drag coefficient

CD Zero-l i f t  drag coefficient

CF Skin friction coefficient

CD P r e s s u re  drag coefficient
p

CT Lift curve slope
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Symbol Des cription

CP Center of pressure

f Lateral  location of wing trailing vortex

i Tail in terference factor

K Airfoil  section constant

Correction factor for C
L 

of low aspect
ratio surfaces

K B (S) Lifting carryover factor due to angle of
attack , surface  in presence of bod y

kB(S) Lifting carryover factor due to surface
in ciden ce , bod y in presence of surface

K F Lifting surface arrangement factor

K Correction factor for C of low aspectM .ratio surfaces

KS(B ) Lift carryover factor due to ang le of attack ,
sur face  in presence of body

k
S(B)  

Lift carryover  factor due to sur face  incidence,
sur face  in presence of body

r bod y radius

5 Surface semi-span

Planform area of 1 exposed panel

Reference area

( t / c )  Thickness ra t io)

d Angie of atta ck

“LE Leading ed ge sweep angle , measured from
perpendicular to root chord

Mid-chord sweep angle , measured from
perpendicular to root chor d

A Surface  taper ratio

r Semispan - radius ratio

A - 5 4 
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TABLE XXVII I

P I F S S ~~~ F r.# LI~~TP)r, S118c A C E  (S’~~~ r~ - J C )

TP1 TA ~~FW 8A T1f ~
D A T A  ~A (1F41/ 0,000 , 0,750 , i ,50 (, ~,noo ,

A TH S?1:A SPFC ’t WA1’ Tfl TIM FS 1A NGE ’~’T D~ ~~ rr~~r~~r S~.JEFP1 01 . 0 0 1 0 ,  1. 0 0 1 0 , 7, 0 1 0 0 1, 3 ,0 00, , 14 .0(’ 0 ,
kA p r A .q PErl’ P A l m  T T ~4 F S B E T A

2 0.000 , 01,5010 ,  1 ,0 0 0 1, 1. 5 00 ,  7,000 ,
3 3,000 , 14,0 0 1 0 1, 5 ,r~~0 , 6 .0 0 1 0 , 7.0010,)u~’A r q ,Q rA (~ OP J~ P~~PrF~.T ~4 F A N  ( F n M c T P , r  “l.4flP(~

¶81:0,0 ~ T P S2 I :0 .0
14 0,250 , 01,259, 0,265, 0 ,260 , 0 .27 7,
S 0 ,2 714, 0 .273,  0 ,271,  0 ,270 ,  0 ,767 ,

181: 0 ,0 8T ~.J~~?!:1 .0
6 01 ,377 , 0.360 , 0,3145, 0 , 3 3 3 ,  0 . 32 ? ,
7 01.3 1 01, 0 ,301 0 , 0 ,79 1 , 01,255 , 0,283,

¶81:0 • 0 A T ~~S? I ? .0
0,50O , 01,14145, 0,1417, 0,395, 01,473 ,

9 ~ ,45o , 0,33?, 01.321 , 0 ,315,  0 .4 1 1 ,
¶ 8 1:01,0 8T ~ ’S?1:3 ,f.

A 1 ,5011 ,  0 ,1469,  0 ,14143, ~~~~~~~ 0 , 140 3,
B 0,377,  0 ,360 , 0 , 4 5 1,  0 ,3143 , 0,539,

181:01,01 A~T~ . S2 I:14 ,0
C 0 ,5 0 ? ,  01 ,1478, 0,1460, 0,14145, 0 , 1437 ,
1) fl .~~10 ,  Q ,394 , 0,380 , 0,~~7S, 0.388/

¶ 8 1 :0 .?5 A T P S 2 1 : 0  .0
O IA TA YA O 7 P?/0 ,1145, 0 , 173 ,  0 , 1°7 ,  01 ,7 12 ,

1 01 ,273 ,  0 , 2 14” , 0,2146, C ,?~~01, 0,750,
2 0 , 25 01 ,

781:0,25 A T ~~S7I :1  .0
3 01 , 2601 , 0 ,?# ’ 2 ,  0 ,265 , 0 ,266,  0 ,267 ,
LI 0 .268 , 0 ,269 , 01~~?7 01 , 0 ,27 0,  ~~~~~~~~

781:n ,?5 ATXJS2I :2,0
5 0 ,383, 0,35’i. 01,333, 0 ,317, 0 ,3 0 1 5 ,
6 0,701. 0,796, 01,79), 0 . 28 1,  0 ,751 ,

781:01,75 A’T~~c?I:3, 0
7 0 ,3Q~~, 0 ,311, 0 , 351.1 , ~~~~~~~~~ o ,4~~(1 ,

01 ,3 114, 01 , 3 0 1.3 ,  0 ,290 , fl ,2~~5,  0,7914,
78 1:01.75 A T~~S27:14.0

0 (‘ ,LL 0 LI , ñ , 38 9 , 0 ,3 8 3 , 01 ,37 5 , 01 ,4 1 . 1 4,
A 0 ,314/i , 0 ,476., 0 .4 16 . 01.306 , 01,4(4/

B ~~~~~~~ f 1 ?  ,:~~
01Y r
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TABLE XXV I II  (Cont inued)
$

7P T :0 ,~~0 A T~ ’$? l : r,  ,0
D A T A  Y A 0 7 8 3 / 0 , 07 0 ,  0 , 13 6 , 0 . 18 5 ,  0 , 713 ,

1 0 ,226 ,
2 0,235 , 0,238, 0,2145, 01 .2 14 7 , 0, 7148,

781:01 ,50 A T NS 2 I : 1  .0
3 fl .17~~, 0,203 , 0 ,2 15 , 0 . 2 29 , 0 ,238 ,

fl ,?14~~, 01 ,2 14 5 ,  0,7~4 S,  01 ,214 5 ,  fl ,2~~S,
181:01,501 AT ~4 S 7 I ?, 0

5 0 . 2 5 6 , 0 ,260 , 01 .2 148 , 0 , 2 1 4 1 ,  0,7143,
6 0 1 . 2 1 4~~, 0 .252 ,  01 .257 , 0 , 25 0 , 0.250,

781:0 ,50 AT~~S2I:3 ,01
7 0 ,3 05 ,  0,280, 0 .269 , 0 ,7601 , 0 ,257 ,
8 01 ,?Sc , 01 ,2~~5, 0 .255 , 0 .255,  0 .25~~,

T P I A ,c0 A T ~’ 5 2 7 - LJ , 01
9 01 ,3~~0 , 01 , 3 0 1 0 , 0,786, 0 , 2~~’) , 01,275 ,
A 01 ,2 701 , 0 ,2 7 0,  0,270 , 0,270, 0,270/

TQ I :t, 00 AT P’ J~~7 ! 0 1.0
D A T A  YAC7PLI/0 ,0100 , 0,1 1 7 , 0,176, 0,207,

1
2 0 ,73 0, 0.7143 , 0.7145, 0.2116, 0.2146,

7 87 : 1, 0 0  A T ~~~? T 1 ,0
3 0. 01 85 , 0 , 0 0 3, 0 , 1 0 8 , 01 , 1 4 5 , 0 , 1614 ,
14 01 ,?0P~, 0 ,227 ,  0,??~~, 0 .230 , 0 ,73 1 ,

7~~I:1,0fl A T ’~S?!:? ,0
5 01 , 16 6 , 0 ,16 7 , 0,168 , 0 ,169 , 0 , 1 7 01 ,
6 0,150 , 0 ,105 , 0,2016 , 0 ,2 1 1 ,  0 , 2 1 1 4 ,

781:1 ,001 AT’S?7:3,01

7 01,1914, 0 , 19 4 ,  0 , 1 0 0 1 , 0 ,~~gr , 0 , 1 9 0 1 ,
5 o ,IQ~~, ~~~~~~~ 01.198 , 01,t~01, 01 .7 0 3 ,

T~~T:1,00 AT~~S2 T 4 L ,C
9 0,701, 01 ,?010 , 01 ,?00, 0.1~~

7,  0,!°Li ,

A 0.1 901, 0,10 1 ,  0,106 , 01 ,108 , 0 ,198/
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TABLE X X V I I I  (Con t inued)

rF~ 7t-~~ r’~ ~ 8~~~ S i ~~F r~~ L T ~~T J ’ ~G S I ~ FAr ~~(ç, p~~~q f , IC)

T P T T A P c P  PA I T f l
O A T A  ~ A C 7 9 1 / 0 ,0 0 1 0 1, 0 ,25~ ’ , n ,500, 1. 0 0 0 ,

A T P~~ 2 T A S P E C 1  P A I T I  T T ’ ~FS T A ~JC .E~~T OW ~ C~~C~~ ’ S~~EFP
1 0 1 , 0 0 0 1, 1,0010 , 2, 01 0 0 , 3, 0 01 0 , 14 .01 00 ,

P A P T : A S P F O T  8 A T T f l  T T I~FS ~ F T A
2 0 ,01001, 0.500, 1 ,o r n , 1. 5 00 , ? ,0 0 1 0 ,
3 3 , 0 0 0 , 14,000 , 5,0001, 6,0001, 7,000 ,

~ l~ A O : S ~~P F 6 C F  r~ IN PEPCF1’ T “E A P’.. GF O~~E’P7C CHOPD
7 8 1 : 0 .01 A T N S ? 1 0 , 0

/4 01 ,2 501 , ( .200 , 0 , 3 1 4 8 , 0,1400, 01 ,14501,
5 0,1465, ~~~~~~~ 

01 ,1 4 8 0 , 0,4~~?, 0,1455,
787:0,0 ATN ~ 2 r:1.o

6 0 ,37 7,  0,1470 , 0,/170 , 0,1470, 0.1470 ,
7 01 ,14 7 01, 01 ,ÜR ~~, 0 ,1 1 85 ,  01 ,1 4 0 0 , 0,1491 ,

787:0,01 £T~JS?I :2,0
S 0 ,50(1 , 0 ,500 , 01 , 5 0 0 1 , 0 , 5 0 0 ,  0 , 500 ,
9 01,60101, 0,500, 0,6001, 0 ,5010 ,  0, 500 ,

781:01,01 ATNS?7:3, 0
A 0 ,6 0 1 ,  0 .5 18 , 01 ,5 38 , ( .538 ,  0 ,53 8 ,

0.538 , 0 , 5 3~~, 0 ,64 8 , 0 . 52 7 ,  0 ,6 20 ,
781:0 • 0 A7N~~21:/4 ,01

C 0,5012, 0,518 , 01,530, 0,561,  0,5801,
0 ,580 , 0 ,580 , 01 ,5 5 0 , 0, 580 , 0 ,556/

T P T 0 ,75 A T ~~52I:0 • 0
D A T A  ~ A O70~~/ 0 1 , 1 / 4 5 ,  0 , 725 , 0,30 , o ,37 0 ,

I 01 , 14 501 ,
2 01 ,1475, 0,1483, 0,14901 , 0,1403, 0 ,,1çr ,~

781:0.25 kT~~~2I:1 .0
3 01 ,?60 , 0 ,307 , 01 ,3 1 40 , 0 ,3 0 ? ,  01 ,1435 ,

01. 1 4 7 0 1 ,  0, 14801 ,  01,1458, 0, 1490, 0,14901,
7PI 0 .?5 b T P ’~~?I :2 ,  01

5 0.383 , 0 ,141 7 , 0 ,11145 , 0 ,14145 , 0 ,14145,
6 0,14145, 01,1490 , 0,500 , 01,500, 01,500 ,

TP!:0 .?5 A T l k ~~ ?I :3,0
7 0 , 3~~~, 0 ,141 7, 01,14/4 1 ,  0,1465 , 0,14~~O ,
5 0 ,14801 , 0 , /4~~0 , 

0,537, 01 ,S?9 , 0 ,577 , —

T PT : 0 1,?5 ATI’S7I :/4,fl
9 01,14014, 0 ,14 1 ?, 01,14 3 ? , 0 ,1 45 0 ,  0,1469,
A 0 .525, 0,575, 1 ,575, 0,570 , 0,65 8/
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TABLE XXVII I  (Co nt inued)

781:0,501 A T~ ’S?I:~i ,O
O A T A  xA 0 7Q 3 /01,0701 , 0,164 , 0 . 2 5 7 ,  0 ,455 ,

I 0,14501,
2 0 ,147 9 ,  01,14 8 5 , 01,/100 , C ,~~Q2, 0 ,/19?,

TP7 :01~~601 ATN ’S71 :1 ~0
3 0 , 17 0 , 0 ,2~~6 , 0 ,479 , ~~~~~~~ 0,’i15 ,
14 01 ,1450, 0,1475, 0,14801, C. a~~5, 0 ,aSS ,

781:0 ,50 A T ~ lSp1:? , ~6 0 .285, 0 ,375 , 0,3~~6. ,485 , 0,455,
/, 0 .142 ? , ~~~~~~~ o , ’i e s , C . ~~ 9 0 ,  0 ,14 9 0 ,

787:01,50 A T~~s2t 3. 0
7 0 ,305 , 0 ,3 301 , 0,4c4, (,371 , 0 ,/ i O O ,
8 0 ,1438 , 0.146 2 , 01,c~~0 , 0,508, 0,606 ,

¶~~T: 0 ,cr ~ P527:14,0
0 “ .3 19 , 0,3701, 0~~424, 01,331, 0,433,
A 01 ,1 .160, 01 ,4901 , o ,c l o , 0 ,5110, 0 ,5 39/

181:1 ,001 AT P’S?I:r,0
D A T A  Y A O 7 9 L I / 0 , 0 0 0 , C, , 0 0 0 , 01 ,3 301 , 0 ,1.1 1?,

1 0 ,14143 ,
2 0 , 146 6,  0 ,147 1, 0 ,145 4 ,  0 ,1455, 0 .FI$ ~~ ,

¶ 8 1:1 , 00 A f l S ? J : 1 , 0
3 0 , 0155 , 0 ,?” ? .  0 , 799 , 0 ,366 , 01./1 01,1 ,
14 ñ , / 4 L 10 , 0 , 14~~

. , 0,1465, 0 ,14 70 , 0,14701 ,
1~~T :1, 010 A T ~ S 27 :? ,0

5 01 ,1~~~.., 0 ,2 7 0 ,  0 ,3 1 4 0 1, 0,3714, 0,499,
6 0 , 11301 , ~~~~~~ 

0 ,~~57 , C: , I.i 65 , 0,’171 ,
¶6 1 :1 , 0 0  ~T~~0121 3.n

7 0 , 19 1 4 ,  01 ,27R , ~~~~~~~~ 0 . 300 .  0,’j17,
8 0 ,14/10, 0,1456, 01 ,~~~ - c , r / j 7 C, 0, 75,

¶~ 1:1 0 ~ - ~ I ~ 52 ~ —.
~~~ •

0 0 ,2~~~ , o . ?C5 ,  0,475 , ~~~~~~~ 0, LJ~~R ,
A 0 , 1 4 7 4 , 0 ,d8 L i , 0 ,’I9 ( , 01 ,, i.~~~5, 0 ,UQ/ J /
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6. INLETS

Three  t ypes of inlets are used for the a i rbreathing conf igu ra t ions

s ynthesized in the CM-CGSM; two-dimensional side mounted (2 or 4) inlets ,

and a single bell y line mounted inlet. The side mounted inlets are flat sided

and mounted symmetrically with the internal  compression s u r f a c e s  at

the top. Bell y mounted inlets are mounted beneath the missile bod y with the

internal compression ramp at the top. A wed ge type boundary layer diver ter

system is provided for both inlet types .  Figure 5 i l lustrates the inlet

geometry for both side mount ed and be lly mounted inlets . The model defines

the incremental drag,  lift , and p itching moment associated with each inlet

type. The model accounts for internal (momentum) lift , but does not a ccou nt

for internal drag which is included in the net thrust  computation.

6 .1  Drag

The incremental drag of the inlet consists of a f r ic t ion drag ,

pressure  drag,  and dra g due to lift.

CD1 
= CDF 

+ CD~ + CD.

6. 1. 1 Zero Lift Drag

Subsonic

Zero  lift drag coefficient  of the inlet subsystem at subsonic

Mach numbers consists o~. friction drag onl y. The net fr ict ion drag incre-

ment is based on the inlet surface area minus the skin area of the main

bod y masked by the inlet and fairing. The number of inlets is accounted for

by the fac tor  N~~~L.

- 

SWET
CD0 

- CF N fl~L

The skin fr ict ion coeff icient  is based on the Prandtl-Schlictin g re-

lationship for tubulent boundar y layers corrected for compressibi l i ty  e f f e c t s .

Reynolds  number is based on the total inlet length.
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Transonic,  M = 1

At t ransonic speeds the d r a g  consis ts  of f r i c t ion  d r a g ,  f o r w a r d

fai r ing drag , and aft fai r in g drag .

WET
CDQ 

= (C F SREF 
~~~~~~ + CDPA

)

The forward  fair ing drag coefficient  is based on a conical fair-

in g with an equivalent conical nose f ineness  ratio of 3. If the inlet fairing

extends forward of the non-tangency point , the fair ing length is limited to

the length available between the nose t angency point and the inlet leading

ed ge. The diameter of the equivalent bod y of revolution is based on the total
1

projected frontal area of the inlet. Equivalent cone half ang le is based on

the relation

= tan 1 (1. f(FR + FR)

The fo rward  fairing pre s su re  dr ag at M 1 is based on curve fi t da ta of

Re fe r ence  3 presented in tabular form in Table VII .

Afterbod y pr e s s u r e  dra g is based on an equivalent bod y of

revolution defined by the length of the aft fairin g and the equivalent diameter

dis cussed above. E mpirical data of Re fe rence  4 is used  to est imate the

fairing pressure drag at M 1

CDPA 
= 0. 233/ (L ID) 2 

~~BT

Sup erso nic

At super sonic speeds below the ramjet  take-over Mach number

the inlets are covered by the conical fa i r ings  d i scussed  above. Ze ro - l i f t

drag  coefficient consists of the skin fr ic t ion drag of the inlet , pr e s su re

drag of the forward  fa i r ing ,  and p re s su re  drag of the aft  fa i r ing .

A - 0
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+ CDPF + CDPA

Skin friction drag is computed in the manner described in the

previous sections. Pressure drag on the forward fairin g is based on the data

of Table XII for an equivalent conical bod y of revolution with a maximum cross -

sec tional area define d by the total proj e cted frontal  area of the inlet.  Af t e r -

bod y drag is co mpute d f rom data of Table XV for  an equivalent bod y of revol-

tion defi ned by t he length of the aft fair ing and the equivalent diameter  of the

inlet.

At supersonic  speeds grea te r  than the ramjet  take-over  Mach

number , the inlet fair  in g is je t t isoned and the inlet cowl and boundary laye r

dia meter are exposed. The boundary layer diver t er height is equal to 75

percent  of the turbulent boundary  layer thickness at the inlet leading ed ge at

the desi gn Mach number and al t i tude.  A 10 degree half ang le wed ge is

assumed for the boundar y layer d iverter  sys tem.  Diverter sys tem projected

are a consis ts  of the frontal area of the wedge plus an addi t ional pro jec ted

are a due to the curvature of the bod y. Boundar y layer diverter wedge drag

is based on da ta of Refe rence  2.

2 / 3  2 / 3/ M \  . 882 MCD DIV = [CD 0 ~ri~i j ”( t / c

2 / 3
The term CD0 (_

~~
_ )  is obtained from a curve fit to data of

Fi gu r e 8 , page 17-9 of R e f e r e n c e  2. Mach number used in the equation is

reduced to 88 pe rcent  of the f ree  s tream value to account for  losses  in the

boundary layer .  Friction drag of the diverter  sys tem is based on the wetted

area of the wed ge side pan els and t he fr ic t ion coef fi cien t is based on R e yno lds

number computed at the diverter station based on bod y length to that point .

Cowl p r e s s u r e  drag is de f in ed by the average p ressu re  coeff ic ient

acti ng on the cowl pr ojected f ronta l  area.  Cowl li p p re s su re  coeff ic ients  a re

co mputed as a funct ion  of Mach number , and the ang le of the oblique shock

waves ~ic ’n era ted b y the e x t e r n a l  compress ion  ramp of the inlet sy s t em.
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P r e s s u r e  coef f ic ien t  on the cowl li p whe n the oblique shock

l ies ins ide  the l ip is based on the f :llowin g re lation:

2 . 2M~~ sin - 1
CpLJP = 

M~
2

LI the shock pattern formed by the multiple compress ion  ramps li~
outs ide the cowl lip, a maximu m of 4 sh ocks may be encoun te red  b y the f l o \ ~
before reaching the lip. Oblique shock relat ions derived in R e f e r e n c e  15

are used to define flow angle, Mach number and p ressu re  downs t ream of

each shock wave . For cases when an oblique shock is not possible , normal

shock relationships are used  f or the case of an obliqu e shock
2 . 2p 2 7M 1 sin - l

6

Pr e s s u r e  coeffi cient is comput ed f rom th e rela tion

p 2 2C = — - l . ) / . 7 Mp p 1

Ma ch number downstream of an oblique shock is based on the

shock wave ang le and the upstream Mach number

Z 4 7 \ /-i 2 2.
M .? 6 t~i, ~~, ~~~~~ 

- 
~~~~~~~~~ ~5/i/ Os., 1) ( I  1’1, ~/N ~~~~ 7’ 5

( 7~ f,’- 5,AI
~~~~~ -‘ ) (,w, 2 3~ N ~~~~,, t- 5 )

if th e fl ow conditi ons creat e a no rm al shock p re s su re  ra tio a c r o s s  the

shock wave is computed by the following

p
2 

- 

7 M 1
2 - 1

p 1 6

Pressu re  coeff icient  on the lip is computed as above. The

average pr e s s u r e  coeff icient  act ing on the cowl s u r f a c e  is a ssumed  to be

equal to 1/2 of the p r e s s u r e  coeff ic ient  actin g on a wed ge with a cons tant  ang le

equal to the lip initial ang le. P r e s s u r e  drag  coef f ic ien t  on the cowl li p is

based on the re lat ion

CD COWL 
= CP LIP S

IJROJ
/S R EF
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P r e s s u r e  drag coe ff ic ient  on the aft f a i r ing  of the inlet  is based

on an equivalent  bod y of revolu tion defined b y the length of the fa i r  ing and

its equivalent diame te r .  The data of Tabl e XV is used  for  fa i r i n g s  wi th  an

equivalent  f i n e n e s s  rat io of at least 2 to 1. Inlet f a i r ing  p r e s s u r e  d rag  for

inlet  f a i r i n g s  wi th  f ineness  ra t io  less than 2 to I is computed  fr om the data

for  conical boattails f rom R e f e r en c e  3. If the p r e s s u r e  drag c ce f f i c i e n t

computed for  the shor t  a f t e rbod y fa i r in g is g r e a t e r  than the full base drag

on the  inlet projec ted  area , base d rag  is used for the drag  of the af terbod y

fairing .

. 1.2 Induced Drag

- Induced drag is equivalent for the complete conf igurat ion as

descr ibed in Section 5. 1.2.

6. 2 Lift Curve Slope

The two-dimensional  side mounted inlets are  t rea ted  as a low

aspect  ratio lift ing su r face  and the lift  curve slope is computed in the manner

descr ibed in Section 5. 2. Span of the equivalent l i f t ing su r face  is

equal to the total width of the side mounted inle ts .  Ef fec t ive  area of the

equivalent l if t i n g  s u rf a c e  is based on the total platform area of the inlet

p lus one-half of the platform area of the aft fa i r ing.  Aspec t  ratio of the

equivalent sur face  is based on the exposed span and the effect ive area of

the inlet.  A momentum lift t e rm based on slender bod y theory  is used

when the inlet fa i r ing  is removed
2 . 0  A

CL~~M 
= 

57
~~

3 5 REF

The momentum lift  t e rm  is the onl y l if t  cont r ibu t ion  fo r  sing le

bell y mounted inlets.

6. 3 Center of Pressure

Center  of p r e s s u r e  for  the side mounted in le ts  is locate d at

the centroid  of the e f fec t ive  plan fo rm area at all Mach number s . Center

of pr e s s u r e  for  the bell y mounted inlet is assumed to be at the inlet leadin g

ed ge.

A-b 3
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6 . 4 Lis t  of Symbols

Symbol Descr i ption

A c 
Inlet capture area

CD DIV 
Boundary  layer diverter pressure  drag
coefficient

CD F Frict ion drag coefficient

CD. Induced drag coefficient

P res su re  drag coefficient

CF Skin fr ict ion coefficient

C . . .
— Compressibility correction factor
CF1

P r e s s u r e  coefficient

F CL M Lift curve slope due to turning of the flow
at the inlet

FR Fineness ratio of inlet fairing

L / D  Length to diameter ratio of inlet aft fairing

M Mach number

pressure  ratio across shock

SREF Re ference area

SWET Wett ed area of inlet and fa i r ings

t/c Thickness ratio of wedge diverter

9BT 
Boattail fairin g angle

Oblique shock wave angle

A-64

- ~~rniir ~~ET~~ruruir TTTJ ~T~ TT



7. E X T E R N A L  BOOSTER
The external  booster model used for su r f ace  launched miss i les

is shown in Figu re 8. The booster  case is a non-boattai led , r i ght c i rcu lar

cylinder with a 25 degree  half ang le nose cone with a bluntness  rat io of 25

percent . Booster diameter is an input variable , boos ter  length is a func t ion

of the propellant  r equ i red  to achieve a desi red  fl i g ht condit ion .

7 . 1  Drag

Drag  coeff ic ients  for the external  boos te rs  are based on isolated

bod y coe f f i c i en t s  cor rec ted  to the coeff ic ient  r e f e r e n c e  area for the complete

configura t ion .

7. 1. 1 Z e r o - L i f t  Drag

External  booster  ze ro - l i f t  drag consists  of nose cone p r e s su re

d rag ,  base d rag ,  and skin fr ic t ion drag . Skin fr ict ion drag coef f i c ien t  is

computed in the manner previously described . Reynold~s number  computa-

tions are based on the booster length. Nose cone pressure drag coefficient

for a 25 deg r ee half ang le blunted cone is presented in Fi gure 9. Base

pressure  drag coefficient is based on the base p r e s su re  coef f ic ien ts  pre-

sented in Table V . Effec t ive  base area is 50 percent  of maximum cross

sec tional area of the booster.

7 . 1 .2  Induced Drag

Induced drag is evaluated for the total confi gurat ion as deEcr ibed

in Section 4. 1 .2 .

7.  2 Lift  Curve Slope

L ift curve slope for  the external boos ter  is based on a correla-

tion of empirical data on cone-cylinder bodies .  Lift cu rve  slope for the

cone-cyl inder  configuration used in the external booster model is shown in

Fi gure 10. Lift data for the external  boosters  are  based on isolated bod y

coeff ic ien ts  cor rec ted  to the coef f ic ien t  r e f e r e n c e  area  for the complete

confi gurat ion.

7 . 3  Center  of Pres sure

Ce nt er of pr e s s u r e  da ta f or th e ext er n al boos t ers  is based  on a

cor re la t ion  of empirical data on c o n e - c ylinder bodies .  Center  of p r e s s u r e

of the isolated booster  is p r e s e n t e d  in F i g u r e  I l  as a func t ion  of Mach  n u m b e r .
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A BSTRACT

This  append ix d e s c r i b e s  the  SEAT IDE VEHPER sub-

model . In its present state , VEIIPER computes the trajector y of a

cru i se  miss ile  powered b y r o c k e t , t u rh o~et or r amje t  p r o p u l s i o n  sy s t em~- -

The descri ption includes math models for the vehicle characteristics and

its geop h ysica l  e n v i r o n m e n t , n u m e r i c a l  t e c h n i ques , and a t o p - l e v e l

blo ck d i ag ram .
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I . INTROI)UCTION

The r u l e  of t h e  VE}IPER submodel is to compute the

p er f o r m a n c e  of a t m o s p he r i c  c r u i s e  m i s s i l e s  sy n t h e s i z e d  b y the  SEATIDE

C onc ept  Ce n e r a t i o n  and S c r e en i n g  M o d e l . T h e  s ubm odel  is c ap a b l e  of

a nal yzing a wide variet y of missions and confi gurations . The vehicle may

be s u r f a c e  or a i r - l a u n c h e d , and it m a y  f l y hi g h a l t i t u d e , low a l t i t u d e , or

sp lit-level missions . Propulsion systems represented include a rocket

booster and throttleabl e rocket , ramjet , and turbojet sustainers

The basic approach to computing the perform ance of the

missile is to numericall y integrate two degree-of-freedom , point mass

equations of niotion . The integration subroutine utili zes a fourth order ,

variable step size Runge-Kutta method which controls the integration

s t e p  s i ze  to  m a i n t a i n  an ap p r o x i m a t e l y c o n s t a n t  t r u n c a t i o n  e r r o r .  Seven

first-order differential equations of motion are integrated simultaneousl y.

Variables integrated includ e fli gh t path va r iabl es , weight , and id eal
vel oc i t y .

The trajectory is d i v i d e d  int o p has es for  c o m p uta ti onal and
user convenience. At the start of each phase , the vehi cle characteristics

and i ts f l i ght pa th co n t rol me thod m a y  be s p e c i f i ed in o rde r t hat the
veh icle ca n f l y th roug h a seq uence of conf igurations and maneuvers .

Fi gure 1 illustrates a typ ical sequence. Initial conditions define a low -

altitude air launch. In the first phase , t h e  missile is accelerated to a

desir ed Mach number by a rocket booster. In the second phase ,

aerod ynamics are re-defined , weigh ts assoc ia ted wi th the boost  p hase

a re d ropped , and the sus ta iner  prope ls the mis s ile dur ing  a
cli mb. The third phase is a m aneuv er fo r level ing t h e  cl imb path at the
c r u i s e  a l t i t u d e .  Phase  4 is the  c r u i s e  p h a s e .  P h a s e  5 is a de s c e n t .

Phase 6 is a p u l l - o u t  at a tow altitud e. The 7th and final phase  is a tow -

altitude run-in to the target.
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1’ r o i i i  a p r o p u l s i o n  s t a n d p o i n t , a p h a s e  m ay  h o ne of

t h r e e  t pe s .  The  phase  m a y  be unpow e red , (thrust and f u i ~ I f l aw  art zero)

and t h e  v e h i c l e  is in ‘ c o a s t i n g ’ f l i L t h t  a f f e c t e d  o n l y b y a e r o d y n a m i c  and

uravity forces . A coast phase m i g ht  be ut ilized to p r o v i d e  a r e a l i s t i c  t ime

d e lay  b e t w e e n  b o o s t e r  b u r n o u t  and  air — breathing sustainer i gnition or an

i in o o we r c d  d e s c e n t  to tar~t ct encounter . A second type of propulsion in a

abase  is boost. A boost phase is one in which an unthrott led rocket

propels the vehicle. A boost phase would typ i call y be used to accelerate

a r a m j e t  f r o m  a s u b s o n i c  (or zero) velocit y to a supersonic ramiet take-

o ve r  Mach  numbe r. The third category is one in which the  vehicle is

p r o p e l l e d  b y a s u s t a i n e r . The s u s t a i n e r  is characterized as being capable

of t h r o t t l e d  o p e r a t i o n  in o r d e r  to s a t i s f y a d e s i r e d  v e l o c i t y  r e q u i r e m e n t ,

e. g.  , a c r u i s e  Mach n u m b e r .  At  the present state of development , the

s u s t a i n e r  m a y  he e i t h e r  a rocke t , r a m j e t , or t u r b oj e t .  For the

d u r a t i o n  of a p hase , the  s u s t a i n e r  m a y  be o p e r a t e d  ia one of t h r e e  modes:

th rot t l e ab l e , maximum thrust , or m i n i m u m  t h r u s t .

Som e i m p o r t a n t  o p t i o n a l  c a p a b i l i t i e s  have  been added to

th e  bas ic  t r a j e c t o r y  p r o g r a m  to r e l i e v e  the  u s e r  of t e d i o u s  “ hu n t  and t r y ”

p r o c e d u r e s  f o r  f i n d i n g  a ccep t ab l e  f l i g ht pa ths .

In a s s e s s i n g  a m i s s i l e  d e s i gn , t he  a n a l y s t  m u s t  be able

to c o m p u t e  i~s m a x i n  - n  r a n g e .  Fo r  the  m i s s i o n  p r o f i l e  of Fi g u r e  1 ,

m a x i m u m  r a n g e  can b - ~c h ieved  b y i n c r e a s i ng  the  l e ng t h  of the  c r u i s e

leg of t he  m i s s i o - . u ’ i t i  iu e l  is e xh a u s t ed  a t  t h e  end of the  low a l t i t u d e

r u n - i n .  The  V E H P LR  s u b m o d e l  allow s the  anal y s t  to d e s i g n a t e  a

p a r t i c u l a r  p hase  as a v a r i a b l e  l e ng t h  c r u i s e  phase , and the  c o m p u t e r

p r og r a m  w i l l  p e r f o im  an i t e r a t i ve  s e a r c h  fo r  t he  c r u i s e  leg l e n g t h  w h i c h

e x h a u s t s  f u e l  at  the  end of the  l a s t  p hase .

A n o t h e r  r e q u i r e m e n t  p laced on t h e  r o u t i n e  is t h a t  the

c l i mb  a l t i t u d e  be p e r f o r m e d  e f f i c i e o t l y •  as e x p e r i en c e  has s h o w n  t h a t

a c l i r i ib  p a t h  ang le w h i c h  is too g r e a t  or too sma l l  can have  a d r a s t i c
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e f f e c t  on t o t a l  r a n g e .  R a t h e r  th a n  r e q u i r e  t h e  u s er  to  gu e s s  at  the proper

c l i m b  ang le , p r o v i s i o n  has b e en  m a d e  to  g e ne  r a t e  a c l i m b  s c h e d ul e , con-

s i s t i ng  of a M a c h  n u m b e r  v e r s u s  a l t i t u d e  t ab l e .  J u s t  b e f o r e  the  c l i m b

phase  is begun , the  t a b l e  is c o n s t r u c t e d  b y s e a r c h i n g  f o r  t he  bes t  c l i m b

speed f o r  each of s e v e r a l  d i f f e r e n t  a l t i t u d e s . ~A erod y n a mi c s  and propu l -

s ion  c h a r a c t e r i s t i c s  a re  u t i l i z e d  to d e t e r m i n e  excess  t h r u s t  at each

velocit y and altitud e combination considered.

A third capabilit y desi g ned to ease the user ’ s task is

the incorporation of a novel level-off naviga t ion law . During climbs or

descents to a cruise attitude , the level-off maneuver must be initiated at

a point  on the path w h i c h  al lows fo r  the t ime to cha nge the  path ang le to

z e r o  wh i l e  the  c r u i s e  a l t i t u d e  is be ing  a c h i e v e d .  The a l t i t u d e  change

d u r i ng  the l e v e l - o f f  m a n e u v e r  can be several mites for a Mach 4 ramjet .

The point of level-off initiation could be found throug h the “hunt and try ”

process  of r u n n i n g  severa l  l e v e l - o f f  t r a j e c t o r i e s  s t a r t i n g  at d i f f e r e n t

t im es on the c l imb  or desce nt path . The VEHPER e l imina t e s  the  need

fo r such  i te ra t ive techn iques b y emp loy ing a s imp le , a p p r o x i m a t e

anal y t ica l  e x p r e s s i o n  rela t ing l eve l -o f f  load f a c t o r , a l t i t ud e e r r o r  wi t h

respect  to des i red c r u i s e  a l t i tud e , and vertical speed. The climb or

de sce nt phase is s topped whe n t he load f a c t o r  r e q u i r e d  to l eve l  off  at t h e

cruise altitude becomes equal to the level-off load factor desired by the

u s e r .  F rom the  c l i m b  or d e s c e n t  s t o p p ing p o i n t  u n t i l  r e a c h i n g  the

c r u i s e  a l t i t u d e , the path is c o n t r o l l e d  b y t h e  l e v e l - o f f  nav i g a t i o n  law .

At each i n t e g r a t i o n  s t ep  a long  the  t r a j e c t o r y ,  the  load f a c t o r  r e q u i r e d  is

c o m p u t e d  f r o m  the a l t i t u d e  e r r o r  and v e r t i c a l  speed . ~A c o n s t a n t

veloc ity d u r i n g  the  l e v e l - o f f  w i l l  r e s u l t  in a n e a r - c o n s t a n t  load f a c t o r .
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2. FLI G H T  P A T t I  E OU ATIQN S

2 . 1 EQUATIONS OF M O T I O N

Two d im e n s i o n a l  f l i g ht  pat h e q u a t i o n s  of m o t i o n  d e f i n e  t he
m i s s  t I e ’ s ve loc i t y r a te  and pa th ang le r a t e  w i t h  r e spec t  to a n o n - r o t a t i n g ,
spherical earth model :

= T~ o~ 
(~4+~t) D — ~~~~m

[ Ttt~~(’~~i~~) + 1.. +(v ’ ....~ \ ~~~~~ (r.cL /~ cc.~) (i- a)
V in I J

Rates  of c h a n g e  of a t t i t u d e  and down range  d i s t a n c e  are r e sp e c t i v e l y

A = V s~ (2-3)

A. V gi co~~X’ ( f t/ ç c c . . )  (2-4)r

I n i t i a l  cond i t i ons  f o r  the  d i f f e r e n t i a l  e q u a t i o n s  of m o t i o n  are:

V(o’) = MAX (v.a o.i ) (
~t/ss~ )

t(o ) K

.J~.(o) = ( p 4 )  
-

S. ~ O 7 4 . l t S  (ci~
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wher e V01 ~. ~~~~~ R0 a r e  i n p u t s . Pa th  v a r i a l ) l e s  used  in t h e

equa t ions  of m o t i o n  a re  i l l u s t r a t e d  in Fi g u r e  2 and are  d e f i n e d  as f o l l o w s :

V = velocit y (ft/sec)

1. = net  t h r u s t  f o r c e  ( l b f )

ang le of a t t a c k  ( r a d )

D = aerod y n a m i c  d rag  f o r c e  ( l b f )

= mass ( s l ug s)

= g r a v i t y  fo rce  per uni t  mass ( f t/ s e c 2 )

= f l i ght path e leva t io n ang le (rad)

L = aerod y namic  Li f t  f o rce  ( l b f )

= geocen t r ic  r ad i a l  d i s t a n c e  to veh ic le  ( f t )

= t h r u st  cant  ang le fo r  boos t  phases  ( r a d i a n s )

Veh ic l e  mass is d e t e r m i n e d  b y i n t e g r a t i ng  i ts  t ime  r a t e ,

= ~~~~ (~‘.v~J s s c. )

and is the  fue l  f low ra te  computed  b y the p r o p u l s i o n  math  mode l .

The m i s s i l e  ang le of a t t ack  is the  c o n t r o l  va r i ab le  used  to

d e t e r m i n e  the f l i g ht  path;  its va lue  is cons t r a ined  to an inpu t  m a x i m u m

value such  tha t

~~ *

where ~~~ is the input maximum in degrees. Subsequent paragrap hs w i l l

indicate the several op tions for computing ang le of a t t ack .

The missile fli ght path is comp uted b y s i m u l t a n e o u s l y
i n t e g ra t i ng  f ive  f i r s t - o r d e r  di f f e ren t i a l  equa t ions , Eq. ( 2 - 1) ,  ( 2 - 2 ) ,  (2 - 3 ) ,

( 2 - 4 ) ,  and ( 2 - 5 ) .  The n u m e r i c a l  i n t e g r a t i o n  p r o c e d u r e  is a f o u r t h  o r de r

v a r i a b l e  s tep  s ize t e c h n i que d e s c r i b e d  in Section 3. 0.
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2.2 PATH CONTROL OPTIONS

The miss i l e  ang le of a t t a ck  is t he f inal  out put of each of

the f l i g ht path con t ro l  opt ions . The c r u i s e  and l e v e l - o f f  opt ions  also

determin e thrust required.

2 . 2 . 1 Qpt ion 1: t(*) Path Ang le C on t rol

An in p u t  t able of f li ght path ang le versus t ime de te rmines

t he des ired ang le of attack. The commanded path ang le is

= t ( t)  (r~ã~)

where is bound ed by tabular values , VN4I and Y’~ , and t is

likewise bounded by tabular values LH.~ 
and t~~. A computed path

ang le rate  is

= (Xpi,i — 4 (t ~- V)  (rd/~t~)

The an g le of a t tack re qui red  to ac h ieve is de t e r m i n ed b y an i t e ra t ive

so lu t ion  of the t equat ion of mot ion , Eq. ( 2 - 2 ) .  Subrout ine  XALPHI

performs this function. The variation in thrust with angle of attack , if any,

is considered in XALPHI.

2 . 2 . 2  Option 2: Not Used

2. 2. 3 Opt ion 3: .(*) A t t i t u d e C o n t r o l  vs.  Time

Ang le of a t tack is compu ted  d i r e c t l y f r o m

~~ = 9(i ) —

2 . 2. 4 Opt ion  4: 9(A) A t t i t u d e C o n t r o l  vs.  Altitude

Ang le of a t t ack  is computed  d i r e c t l y f r o m

&,. = •(A) - 
~
‘ (

~~‘)
2. 2. 5 Option 5: e(M) Attitude Control vs. Mach No.

Ang le of attack is computed directl y f r o m

a&~~ •(~~~~ (rag)
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2 . 2 . b O p t i o n  1: 
~~~(*

‘
~ 

A n g l e  of A t t a c k  C o n t r o l  vs .  Time

Ang le of a t t a c k  is  d e t e r m i n e d  b y a tab le  l o o k - u p

o( o( (~~~
) (r~â)

2.2.7 Option 7: Ang le of A ttack Control vs. Altitude

Ang le of a t t a c k  is d e t e r m i n e d  b y a tab le  l o o k - u p

o~~~~o& (A ) (r ~~&~)

2 . 2 . 8  O p t i o n  8: .((M~ Ang le of Attack C o n t r o l  vs .  Mach No.

Ang le of a t t a ck  is d e t e r m i n e d  b y a table l o o k - u p

= ©,(~ (~ v~) ( r d)
2 . 2 . 9  Opt ion  9: Load Fac tor  C o n t r ol  vs .  Time

Load f a c t o r  is d e t e r m i n e d  b y a tab le  l o o k - u p

N~~(~) (Gr ’i)

Path ang le r a t e  as a f u n c t i o n  of load f a c t o r  is

= + (~~t 

~~ C.o~ *~ (p~4Jse~ )

The ang le of attack to achieve the path ang le rate is comp uted Oi subroutine

X A L P H 1  w h i c h  i t e r a t i v e l y so lves  Eq. 2 -2  f o r  O(

2.2. 10 ~~ption 10: Load Factor Control vs. Altitude

Load factor is determined by a table look- up

(~ ‘~
)

Path ang le rate and ang le of attack are computed as in Option 9.

2 . 2 .  1 1 Optio n 11 : N~~(t4) Load Factor Control vs. Mach No.

Load factor is determi ned by a table look- up

N~ ~~~
Path ang le ra te and ang le of attack are computed as in Option Q .

B - i l

_ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-- —-- 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~ -- -~~- ~~- -~ .-— --—---——-- - ~~~~~~~~~~. —~ —.—~ -- - =

2 . 2 . 12 Op t ion  12: Mach Number Climb or Descent Schedule

This  is the  p r i m ary  path c on t r o l  opt ion  fo r  p e r f o r m i n g  the

c l imb and descent  phases on a miss ion  prof i l e .  The M(A~) tab le i s

opt iona l l y input  to VEHPER or in te rna l l y computed w i t h in  the VEHPER

MAINS sub rou t ine .  The eng ine is assumed to be oper at ing at maximum

t h r u s t ;  hence the schedule  is main ta ined  b y con t ro l l ing  the path elevat ion

ang le.

The path cont rol  equat ion to achieve the desired

s c h e d u l e  is

i’ = i~~ , (v —v ’~ * ~~~~ 
—

whe re

are input gains

is the desi red ve loc i ty  ( f t / s e c ) ;

M ($~) 
P0. ( f t / s e c )

0.. = sound speed at a l t i tude  ( f t / s e c )

is a compu ted des i red  path ang le (rad )

Th e des i r ed path ang le is based on the s lope of the c u r v e , t h r u s t ,

and dra g :

= s~;t { T ~c.os .c* _ o l  (r.&) (2—a)

(V~~~~~~ 4c~~

is the  an g le of at t ack on t he d e s i r e d  path ( r a d i a n s )

is th e drag on the des i red  path (lbf)

is th e t h r u s t  on the  des i r ed  path ( l b f )

= rate of change  of ve loc i ty  on the MW) s c h e d u l e

Since t h e r e  are  two unkn owns , and a (, in Eq. ( 2 - 6 )  an addi t ional

c o n s i d e r a t i o n  mus t  be in t roduced  to pe rmi t  the so lu t ion .  An a s sumpt ion

that  ~ = 0 yie lds

c~~~= ( v *
1
~~~) ~~/ T ’* ~~~~~~ 

s) (.rs &) (z-7)
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Equations (2-b) and (2-7) are solved simultaneousl y fo r  and in

an it er a t i v e  p roced u re .

2.2. 13 Op tion 13: Cruise

During cruise fli ght the vehicle is flow n at constant altitude

(if the ang le of attack constraint permits), and s us ta i ner eng i ne thrust is

cont ro l led  to  s a t i s f y the  d e s i r e d  c r u i s e  Mach n u m b e r .

The concep t  of a c c el e r a t i o n s  n o r ma l  and t angen t  to the

f l i g ht pa th  a re  i n t r o du c e d  f o r  the  c r u i s e  path c o n t r ol  op t i on  (and a l so  the

Opt ion 14 l eve l -o f f  p a th  c o n t r ol ) .  A c c e l er a t i o n s  n or m a l  and t angen t  to the

path  are  r e s p e c t i v el y

= ~~ .1. ~~~i- + ( f_ c  c.o
~

Y’
t (G~~

) (i5)

= T~~og .~ D - ~~~~~~~ (i’s) (2-9)
~~ I

Duri ng cruise flight ,

o.~ =0 (c,~~) (z-io’)

= ~~~~~~~ (r ~~ — v) (G ’s ’)

~~~~~ is a gain on the  v e l o c i t y  er r o r  ( G s / f t / s e c )

M~ is the  d e s i r e d  ( c r u i s e )  Mach

0.. is the  speed of sound ( f t / s e c )

V is the  mi s s i l e  v e l o c i t y  ( f t / s e c )

S u b r ou t i n e  X A L P H 2  solves  e q u a ti o n s  ( 2 - 8 )  and ( 2 - 9 )  f o r

r e q u i r e d  t h r u s t  I and ang le of a t t ack  o( w h ic h  s a t i sf y c r u is e  c o n d i t i o n s

s p e c i f i ed  b y e qu a t i o n s  ( 2 - 10 )  and ( 2 - 1 1 ) .  If t h r u s t  r e q u i r e d  is not ava i l ab le

fo r  the su s t a ine r eng ine , then  m a x i mu m  t h r u s t  is com manded , and ang le of

a t t a c k  is r e c o m p u t ed  based  on ma x i m u m  t hr u s t .  If ang le of a t t ack  r e q u i r e d

f o r  0.,j = 0 exceeds  the  ma x i m u m , the  vehic l e  is f l o w n  at ma x i m u m  ang le of

B- 13
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a t t a ck  and a d e s c e n t  to a lower  a l t i t u d e  w i l l  o c c ur . M a x i m u m  ang le of

a t t ack  f l i ght continues until the flig ht path ang le becomes zero , and

the rea f te r t he veh ic le  is f l o w n  at 0 pi = 0 .

2.2. 14 Option 14: Level-Off

The level-off maneuver is used as a transition maneuver

between a climb or descent phase and a c on s t a n t  a l t i t u d e , ( z e r o  path ang le)

c r u i s e  phase. A load f ac to r  is computed  wh ich  wi l l  cause  the  path ang le to

become zero at t he same time that cruise altitud e is attained. The sustainer

pro pul s ion  s ystem is t h r o t t l e d  to m a i n t a i n  a d e si r e d  Mach n u m b e r .

The l eve l -o f f  n avi g a t i o n  law re la tes  a c c e l e r a t i o n  n o r m a l

to the path , O..t.i , to a l t i t u d e  e r r or  and a l t i t u d e  ra te :

0-w = -~~~ & (cs)
Z~~. Ai

= a l t i t u d e  e r r o r ;  c r u i s e  less  c u r r e n t  a l t i t u d e  ( f t )

The s i n g u l a r i t y  at c r u i s e  a l t i t u de  is c i r c u m v e n t e d  b y h o l d i n g  O~~ c o n s t a nt

d u r i n g  the last 20 f e e t  of a l t i t u de  change .  The law y i e l d s  a c o n s t a n t  n o rn ~al

a c c e l e r a t i o n  if the m i s s i l e  v e l o c i t y ,  V , is c o n s t a n t .

T a n g e n t i a l  a c c el e r a t i o n  d u r i n g  l e v e l - o f f  is c o m p 1 t e d  f r o m

the same expression used for cruise:

= ~~~ 
(~~~a. - v)  (ce’s)

J u s t  as in the  c ru i s e  op t ion , s u b r o u t i n e  X A L P H 2  s o l v e s

fo r  ang le of a t t a ck  and t h r u s t  w h i ch  sa t i s f y t h e  r e q u i r e d  n o r m al  and

t a n g e n t i a l  a c c e l e r a t i o n . If t h r u s t  r e q u i r e d  is g r e a t e r  than  m a x i m u m  avai l-

able , the  s u s t a i n e r  is opera ted  at m ax i m u m  t h r u s t .

2 . 3  A E R O D YNAMICS FORCES

A e r o d y n a m i c  l i f t  and d r a g  f o r c e s  on the  v e h i c l e  a r e

respec t ive l y

L Cs.~.~-o(~~~S

D= C ~~ ~~ ~~) q~.s ( I b f l
B ~~~
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w h e r e

C~~ 
is t h e  s l ope  of the  l i f t  c u r v e  and is an i n p u t  t a b u l a r

f u n c t i o n  of M a c h  n u m b e r  ( r a d i a n s  
1

)

is t h e  ang le of a t t ack  ( r a d i a n s )

is t he  d y n a m i c  p r e s s u r e ;  ~. .~ t0 V ~
is the  a t m o s ph e r i c  d e n s i t y  in s l u g s/ f t

( l b f / f t 2)

S is the aerod ynamic reference area (ft
2
)

CD0 
is the  z e r o  ang le of a t t ack  d r ag  c o e f f i c i e n t;

an i n p u t  t a b u l a r  f u n c t i o n  of Mach n u m b e r  and

a l t i t ude .

2.4 PROPULSION

At the  p r e s e n t  s ta te  of d e v e l o p m e n t , the  VEHPER s ub rn odel

c o n s i d e r s  rocke t , turboje t , or ramje t  propuls ion .  The rocke t  may be either

a cons tan t  t h r u s t  booster  or a th ro t t l eab le  s u s t a i n e r .  The r a m j e t  and tu rbo je t  sus-

t a i n e r s  may be operated in a thro t t leable  mode or at maximum or minimum t h r u s t .

2 . 4 . 1  Rocke t  Boos te r

Both li qu id and so l id  r o c k e t  t h r u s t  and f u e l  f low a r e

mode l ed  w i t h  the  f o l l o w i n g  r e l a t i o n s h ips:

T = I~~ , -

T is net thrust (lbf)

~~~ 
is the i npu t  c o n s t a n t  vacuum t h r u s t  ( l b f )

A1 is the rocket nozzle exit area (ft
2
)

is the ambien t  a tmosp he ric p r e s s u r e  ( lbs  / f t
2 )

is fuel  f low rate ( lb r n / s e c )

Isp is the input constant vacuum specific impulse

(lbf  s e c/ Ib m )
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2 . 4 . 2 R o c k e t  S u s t a i n e r

During throttled operation , thrust required , T~ , is

comp uted to sa t i s f y trajectory requirements during each integration step.

The vacuum thrust required is

~~~~ = T~ . A~~ . (t~ c.”)
and is bounded a c c o r d i ng  to

~~. ‘r~~. ~ ~~~~~~~~~~~~~~~~ (
~~~~~~)

w h e r e

(T~~ ),4~~, (Tv,,~ci
’)

~~~~~ a re  inpu t  m a x i m u m  and m i n i m u m  va lues

of vacuum t h r u s t  ( lb f )

The t h r o t t l e  f r a c t i o n  is the  ra t io  of t he  t h r u s t  i n c r e me n t  used  to the t h r u s t

i n c r e m e n t  avai lable:

*
= — (TvA~~)M1,,~

— (T~ , ~~ M
Fuel  flow is c o m p u t e d  f r o m  a vacuum s p e c i f i c  i m p u l s e  w h i c h  is an inpu t

t a b u l a r  f u n c t i o n  of t h r o t t l e  f r a c t i o n :

= _ _ _ _

L5p (~~)
Net t h r u s t  f o r c e  is

T ~~~~ — Ae. p.. ( (
~~~~)

2. 4 . 3 Ram j e t  Sus t a ine r

The sou rce of ramjet performance data is subroutine

PROP 11 . The equations are based on compressible flow laws of gas

d ynamics and thermod y n a m i c s . The ma th  mode ls  emp loyed b y PR OP I I  a re

those  de ta i l ed  f o r  PROP 1 in Ap p e n d ix F. Because  the  c o m p u t a t i o n s

produce  l e ng t h y c o m p u t e r  e x e c u t i o n  t i m e s , the  r e p r e s e n t a t i o n  of r a mj e t

c h a r a c t e r i s t i c s  has been l i n e a r i z e d  to r e d u c e  the  n u mb e r  of t i m e s  t h e

PROP I I s u b r o u t i n e  m u s t  be e x e c u t e d .  In t h e  c o u r s e  of t r aj e c t o r y

B - I c
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calculations , linear relationshi ps f o r  r a m je t performance characteristics

a re  u t i l i z e d  in the e q u a t i o n s  of m o t i o n .  The P R O Pl i s u b r o u t i n e  is used

onl y to  p r o d u c e  p a r t i a l  d e r i v a t i v e s  fo r  t he  l i nea r  r e l a t i on s  h ps . P a r t i a l

d e r i v a t i v e s  a r e  c o mp u t e d  b y f i n i t e  d i f f e r e n c e s .

Rarn et p e r f o r m a n c e  l i n e a r i z a t i o n  is based on t h e  a s s u mp t i o n s

t h a t  p e r f o r m a n c e  c h a r a c te r i s t i c s  a re  l i n e a r  f u n c t i o n s  of f l i g ht  c o n d i t i o n s

w i t h i n  a f l i ght  c o n d i t i o n  reg ion.  A reg ion is e s t a b l i s h e d  at the  beg inn ing

of r a m j e t  powered  f l i g ht  and thereal ..e  is r e - e s t a b l i s h e d  each t i m e  a

f l i g ht  c o n d i t i o n  exceeds  a bound of the  p r e v i o u s  reg ion.

Max imum or m i n i m u m  t h r u s t  eng ine o p e r a t i o n  is u t i l i z e d

r e s p e c t i v e l y f o r  c l imbs  or d e s c e n t s . R amj e t  t h r u s t  c o e f f i c i e n t , s p e c i f i c

f u e l  f low , and c o m b u s t i o n  t e m p e r a t u r e  a re  r ep r e s e n t e d  as l inea r  f u n c t i o n s

of ang le of attack ,a l t it u d e , and Mach n u m b e r  T h u s  fo r  m a x i m u m  or

m i n i m u m  t h r u s t  f l i g ht  ( d e s i gna ted  b y an inpu t  f l a g ) ,

= [c~, + ~~~ (~ -~ .) + ~~~~

4 ~ci ( M-t .~.)] ~~

~ufç [ S c . + ~~! ~~~~~~~~~~~ + ~~S F (i- . & )

+ ~~SF ( t 4 M. ”
)l ~.S

T1.4 1’~4~ 4 alT4 ~~~~~ ~r ( L - -L~

+ ~~~~~~ (~.t-M.~
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where perform ance character istics are

T n et  t h r u s t  ( l b f )

CF ne t  t h r u s t  c o e f f i c i e n t

~~~~ f u e l  f l o w  ( l h n i / s e c )

Sc s p e c i f i c  fo c i  f l ow

T~4 c o m b u s t i o n  t e m p e r a t u r e  ( °R)

and f l i g ht c o n d i t i o n s  a r e

- 

- 
~~ ang le of a t t a c k  ( rad)

a l t i t u d e  ( f t )

- 
- M% Mach  n u m b e r

N o m i n al  values  of the performance characteristics and fli ght conditions

(values at the “center ” of the fli g ht condition reg io n ) a re den ot ed b y the

‘ 0 ”  s u b s c r i pt .

$ 

Throttled eng ine operat ion is utilized during cruise or

d o r i n ,~ th~ l e v e l - o f f  m a n e u v e r s  to  a c h i e v e  a d e s i r e d  N i a c h  n u m b e r . For

t h i s  case , the  r e q u i r e d  t h r u s t  c o e f f i c i e n t  is an i n d e p e n d e n t  v a r i a b l e , and

we have

4L4r,p ~~Siii 
~~~~~~ (i- k~~~

~~~~ur ( C - C r 0 ) ~.S

~ Cc

+ ~~IT4 .~. ;TT 4 ( $.. - i~.
’
)

4 ~.~~~4 ( M - I i 0 ’) + ~~Tc~ (c ç~-e F .~

~~ l8
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whe re CF is the des i red  t h r u s t  c o e f f i c i e n t  as d e t e r m i n e d  b y t r a j ec to r y

cons ide ra t ions , and Cr~ is the nominal  values for  the established f l i g ht

condit ion reg ion. Bounds on des i red  t h r u s t  coe f f i c i en t , which  are used to

represen t  maximum and m i n i m u m  t h r u s t  ava i l ab le ,  are

0
0 th ~

The maximum t h r u s t  coeff ic ient  mus t  also be represented as a f u n c t i o n  of

f l i g ht condi t ions :

= + ~~~~ (o&- ~ ..) .
~
. ~~~~ (i-i,’)

+ ~~~~ (~~~~Mo~

The zero  lower l imit on net th rus t  coeff ic ient  is generall y not representa t ive

of the m i n i m u m  available;  negat ive values are usuall y achiev~ ble dur ing

ramjet  operat ion at minimum fue l  flow . However , the d i f fe rence  in the

zero l imi t  and the achievable negat ive value should not affect the t r a j ec to ry

to a si gni f icant  degree  for  foreseeable  app lications . The use of a zero

lim it serves to reduce computer  execution time and to ease PROP ! con-

ve rgenc e d i f f i cul t i e s  associated w i t h  negat ive  t h rus t  coe f f i c i en t s .

2. 4. 4 Turbojet Sustainer

The calculation of thrust  and fuel flow for a turbojet sustainer

entails the computation of pressure  recovery and corrected airflow which

satisf y both the inlet and the eng ine requirement . For a given eng ine

design , a specified turbine inlet temperature, and flight conditions (Mach

number , altitude , and angle of at tack),  the relationships between pressure

recovery the corrected airflow are illustrated in the

sketch.
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It is seen that if flight conditions and the turbine inlet temperature result in

subcritical corrected airflow , the inlet can deliver any corrected air flow

less than the critical value at the design pressure recovery. (Critical flow

conditions result in a normal shock at the inlet throat; subcritical flow means

that the shock is upstream of the throat; and supercritical flow mean s that

the shock is downstream of the throat. ) If the engine demands a super-

critical corrected airflow, then the eng ine and inlet relationships must be

solved simultaneously for pressure  recovery and corrected air flow. The

algorithm for the engine corrected air flow requirement as a function of

pressure recover y is embodied in GENENG , a subroutine version of the

computer program documented in Reference 2. The inlet algorithm is con-

tained in subroutine INLET and is described in Appendix E. Subroutine

TJPER control s the cal culations performed by INLET and GENENG .

2.5 GRAVITY

The gravitational force per unit mass , acting at the vehicle

mass center and directed toward the center of the spherical earth model , is

= r.
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is z e r o - a l t i t u d e  standard g rav i t y :

32. 17405 ft/sec

V. is the radius  of the spherical  ear th  model ;

20 .9 x 10
2 

ft

is vehicle al t i tude ( f t )

2 . 6  ATMOSPHERIC PROPERTIES

A time and Locat ion invariant  U. S. Standard 1962 model

atmosphere is used to define atmospheric proper t ies  including densi ty ,

pressure , t empera ture  and speed of sound . The standard atmosp here

equations are contained in Reference ( 1) .

2 .7  ROCKET ENGINE IDEAL VELOCITY

Rocket  eng ine ideal velocity is computed in the course of

t ra jec tory  computat ions in order that velocity losses can be quant i f ied.

Ideal veloci ty,  the veloci ty  which the vehicle would attain in the absence of

atmospheric ,  gravi ty ,  and turning losses , is

t~V~0 (t ’) 
~ / Iy~~d~

where

are respect ive ly the rocket  eng ine igni t ion

and burnou t  times ( sec )

~~~ is vacuum thrus t  ( tb f )

is vehicle mass ( s lugs )

Total velocity loss may be computed f rom

~ A VZD — V (tat) — V (t 1’) ’
l (ft/ se~

where V(L~
’) V(t1) is the actual  veloci ty  change dur ing  rocket

eng ine operat ion.
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2.8 CLIMB SCHEDULE GENERATION

A climb schedule can be generated just before the start

of a climb phase if the user selects this  optional capabil i ty .  The cl imb

schedule, which consists  of a table of Mach number versus a l t i tude , is part

of the phase in i t ia l iza t ion  process accomp lished in the MA INS subrout ine .

The princ i pal re la t ionsh i ps uti l ized are the equation of

motion, Eq. (2-1) and (2-2). The assumptions are made that missile
.

velocity rate ‘1, path ang le rate V’ , and th rus t  cant angle i( are zero

and that mass is constant dur ing the climb. The forms of the equations of

motions utilized are obtained b y solving Eq. (2 -1)  for sin 1’ and Eq. (2 -2 )

for .L

~~~~, T~ .i.( D

i (2-13)

Maximum rate of climb is obtained b y maxim iz ing the

quantity V s~~* at each altitude of an array of altitudes encompassing the

expected climb path. At each velocity-altitude combination ,Eqs. (2-12)

and (2-13) are solved simultaneously for the angle of attack and pa th ang le

b y means of an i terative successive subs t i t u t ions  techni que. The search

for climb speed , ~~ , is l imited according to

~~ ~~ V,.~
.,

where

Vet. = the cl imb speed ( f t / s e c )

~~~ = M~~p *Q. ( f t/ s ee )

t4~1, is an input reference Mach number

for  the phase

0,. is the local speed of sound ( f t / s e e )
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and

= t’~~~ (v , ,  VM~~X /2 )

V~ is the speed at the start  of the cl imb phase

( f t / s e e )

When the search for  cl imb speed has converged , c l imb Mach number and

the alt i tude are computed and stored in the climb schedule table.

Because of the assumpt ions  mad e in formulat ing the cl imb

sc hedule generation , l imita t ions  on its use should be observed . Obvious l y

a vehicle wi th  a hig h thrus t  to wei g ht ratio would not be consistent with

the assumption that ~ 0 , and in fact t h r u s t - t o - w e ight ratios greater

than un i ty  can cause Eq. (2 - 12)  to y ield a value for  sin t which is greater

than one, a mathematical  imposs ib i l i ty .  The assumption of cons tant mass

is not normal l y s ignif icant , but it could be s igni f icant  if a large percentage

of the ini t ia l  mass is consumed dur ing  the cl imb (e. g. a low th rus t  to

weight ratio rocket  wi th  an extended c l imb)  or if wei ght is je t t i soned dur ing

the cl imb. For vehicles where these modeling limitations preclude internal

climb schedule generation, a climb schedule (Mach No. vs. altitude) can be

provided by the user through Option 12 path control (see Section 2. 2. 12).
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3. NUMERICAL METHODS

3. 1 RUNGE-KUTTA INTEGRATION WITH ERROR CONTROL

The R u n g e - K u t t a  f o rmu la  used is of f o u r t h - o r d e r  accuracy

in step size h. It is of the fo rm

where

X = a dependent  var iabLe
‘ItX j 1 = increment  in the dependent  var iable

a = increment  in the independent  variable t

K2 =..&Z~~t ( t +4 ’, x + 4 ~)

k 3=A % x Z~~~’~.!~, x # ~~ )

K4 4 Z c(L (~.I+L~ , X~ +~
(3~)

~ low e r - o r d e r  f o r m ula  may  be found b y u t i l i z i n g  the three

derivat ives at t 
~~~ , , and 

*~~~. If and A~
the fol lowing Lagrangian  i n t e r p o l a t i o n  f o r m u l a  g ives the d e r i v a t i v e  at any

t ime

~ ~.(t- L,~(* - t .~ _ _ _ _ _ _ _ _ _ _ _

+ _ _ _ _ _ _ _ _ _ _ _
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~~~~~~

Integrat ion of th is  equat ion f rom t~ to ~~ y ields

xe] = j  
[(i

~ S

)
t( ~~~~~~ ~S~ (i ~ 3.1) )

~

~~X2.

The d i f fe rence  in t h e  increments over the interval between the Runge-

Kutta scheme and the low-order scheme may be divided by a nominal value

of the dependent variable to obtain the relat ive e r ror  £~~
. Thus ,

lit ‘It

~~2 = X j — X i ,
x

The e r ro r  is expected to vary  as approximately the f i f t h

power of J1 , which leads to

(where A is a suitable coefficient) or in the logarithmic form

Io~~S = A ’ .~ r %.c~.k
where

~
Let it be assumed that  A’ wil l  va ry  l inear l y wi th  t ,  the var iable  of integra-

t ion.  Then A’  at a tim e c o r r e s p o n d i n g  to t~ can be found f rom A’ at two

previous points t~ and L~ as

I I

~~~~ fr~~+ A~~-A  (t,-*~ )

and if .J~~~= L1-L~~ and .&~~~.t~ - L1

A~~~ ~~~~~~~~~~~
and on th is  bas is  would be predic ted  to be 4 ~ ~~~ .&~.
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It is desi r ed that s hould appr ox imate ~~~~, t he r e fe rence  e r ro r ;  t he r e fo r e ,

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

~~~~

‘
)

Each dependent  variable has an associated re la t ive  e r ro r  and would lead to

computat ion of a d i f f e r en t  s tep size for  each var iab le ;  however , the maxi-

mum relat ive e r ro r  of all variables may be selected for  I . Obviousl y,

inaccurate  predic t ions  of s tep size can occur  when the maximum relat ive

error  shif ts  f rom one variable to another  or when any sudden change occurs .

When a step s ize  produces  an excessivel y large e r ro r  (,~
, ;,~

j.) , a

reduced step size mus t  be used. It may  be obtained f rom the r e f e rence

error  S as

.t~ = t xp
~~~~1.~~~~

_
~~~ 1

3. 1. 1 Star t ing the Integrat ion

The Runge-Kutta  scheme is s imp le to s tar t , sin ce integ ration

f rom X~ to ~~~ r equir es no kn ow ledge of X pr ior  to X 1~. Since the e r ro r

control coeff icient  A has no value at L&O , however , a pred ic t ion  of the second

step size is d iff icul t .  To overcome this d i f f i c u l t y ,  two equa l s iz e fir st steps

may be made before checking the e r ro r.  The A for  the f i r s t  s tep may be

a r b i t r a r i l y set equal to the A for  the second s tep so that may be pre-

dicted.  The low-order  in tegra t ion  scheme equat ion in th is  case becomes ,

with

•i’ LI.
X j ,  T~~~. ’~ 4 X 1 + X 2)

3. 1. 2 Fa i lures

Sh ould two consecu t ive pr ed ictions of t he same s tep f ail to

produce an e r ro r  £ less than ~~ , a r e t u r n  to the s ta r t ing  procedure

will  be made with  a th i rd  predict ion on step size, wh ich  is no larger than

one-ha l f  of the second es t imate .  The s t ep - s i ze  con t ro l  descr ibed  here

w i l l  opera te  stabl y w i t h  near l y cons tant e r ror pe r s t ep only f o r  a well-

behaved f u n c t i o n .  For most  problems it will repeat a s tep occas ional l y to
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reduce a Larg e error , and on shar p corne r s it w i l l  res ta r t .  This  ac t ion

is not regarded as object ionable.  The object ive is to at tain a des i red

level of accuracy  w i t h  a minim um total  number  of s teps.

3. 1 .3 Variables of Integrat ion for  This App l ica t ion

The a r r a y  of variables of in tegra t ion X and the i r  normaliza-

t ion values are shown in Table 1. The numbers  identif y ing the var iable

locations in the a r ray  correspond to the colum n headed b y NERR in the

t ra jec to ry  t ime h i s t o r y  output .  Thus NERR ident ifies the variable having

the maximum normalized t runca t ion  e r ro r .

TABLE 1 VARIABLE S OF INTEGRATION

Location Normal iza t ion  
—

In X A r r a y  Variable Defini t ion Value 
—

1 t ime (sec)  1, 000. 0

2 fli ght path ang le (rad ) 1. 0

3 V veloc ity ( f t/ s e c )  5 , 000 . 0

4 A alt i tud e (f t )  100 , 000 . 0

5 R range (f t )  1 , 000 , 000 . 0

6 W mass ( Ibm)  1,000 . 0

7 “tB ideal veloci ty  ( f t / s e c )  1, 000. 0 
V

3 . 2 NEWTON -. RAPHSON PROCEDURE

~ Newton -Raphson procedure  is used in several  instances

to solve a non- l inear  equation fo r  the independent variable.  Specif ical l y,

the Newton-Rap hson method is used to:

(a) Find the t ime at which  a phase should te rminate  when

a dependent var iable  stop is emp lo yed.

RUNG E K subrou t ine )

(b)  Find the ang le of at tack required to sat isf y a g iv en

path ang le rate . ( XALPH 1 s u b r o u t i n e )
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(c)  F ind t he ang le of a t t ack  requ i red  to sa t i s f y a g iven  normal

accelera t ion.  ( XALPHZ s u b r o u t i n e )

(d) F ind the ang le of a t tack  re qui red  to sat isf y a path ang le

ra te which  var ies  d u r i n g  the i teration.

(DERIV subrou t ine , ICONT = 2 opt ion)

Let the independent  var iable  be denoted by X , and le t

the non- l inear  func t ion  of ~ be tj~~.). The condi t ion  to be sat isf ied is

j (~)= ~~ — q (~
) = 0

where  is the desi red value of . The de r iva t ive  of is found b y

f inite d ifferences to be

I = (I ~~~~~~~ 
— / C’r~..)r1~— Xm.,

The next guess fo r  X is

= x ,~ —J .
Is

The process is repeated unt i l  / is w i th in  a g iven tolerance of zero.
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4 . SUBMODEL S T R U C T U RE

The princ ipal subrou t ines , the i r  p r i m a r y  func tions , and V

t he flow between them are  i l lus t ra ted  in Fi gure  3. A L l  s u br o u t i n e s  are

no t shown;  e. g . ,  s u b r o u t i n e s  X A L P H I  and XALPHZ used fo r  ang le o f at tack

it e ra t ive  solut ions  b y DERIV, s ubrouti n es use d in su pp ort of PR OPI , the

ram je t per f o rmance subrou t ine, and FORTRAN supp lied sub rout ines  are

omit ted.

Al l  subrou t ines  used which  are not FORTRAN supp lie d

are listed and br ief l y described in Table 2.
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T A B L E  2 VEHPER S U B R O U T I N E S

T r a j e c t o r y  Re la t ed  S u b r o u t i n e s

NAME D E S C R I P T I O N

AIR I In i t i a l i z e s  a t m o s p h e r e  c o m p u t a t i o n s

AIR Gets  a t m o s ph e r i c  p r o p e r t i e s  on t r a j e c t o r y  (an AIR I
e n t r y  p o i n t )

DERIV Co m p u t e s  d e r iv a t i v e ~& of i n t ~~~ra t  on v a r i a b l e s

DSLINE L i n ea r  i n t e r p o l a t i o n  f o r  f u n c tw n s  of two i n d e p e n d e n t
v a r i a b l e s

ERROUT Not Used

MAINS I n i t i a l i z es  p hase

OUTPUT Pr i n t s  t r a j e c t o r y  t i m e  h i s t o r y

R U N G E K  In tegra tes  s i m u l t a n e o u s  f i r s t - o r d e r  d i f f e r e n t i a l
equa t ions

STDATA I n i t i a l i z e s  t r a j e c t o r y

SLINE L inea r  i n t e r po l a t i o n  f o r  f u n c t i o n s  of a s ing le indepen-
dent  va r i abL e

T PROP TPROP has fou r  e n t r y  po in t s .  TPROP e n t r y  p oin t
ini t i a l izes  l inear ized  ramjet  model.

TPROPA E n t r y  point  t e s t s  f l i g ht c o n d i t i o n s  f o r  reg ion bound s

TPROP 1 E n t r y  poin t  ge ts  m a x i m u m  or m i n i m u m  t h r u s t  eng ine
p e r f o r m a n c e

T PROPZ E n t r y  po in t  gets  t h r o t t l e a b l e  eng ine p e r f o r m a n c e

X A L P H 1  Uses  N e w t o n - R a p hson  m e t h o d  to ge t  ang le of a t t a c k

XA L P H Z  F i n d s  ang le of a t t ack  and t h r u s t  r e q u i r e d  to s a t i s f y
n o r m a l  and t a n g e n t i al  a c c e l e r a t i o n s

V EHPER Sta r t s  t r a j e c t o r y  co mr ~u t a t i on  b y c a l l i n g  STDA TA
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T A B L E  2 ( C o n t i n u e d )

Ramjet  Propulsion Subroutines

NAME DESCRIPTION

DTRGET D e t e r m i n e  t e m p e r a t u r e  r ise  b y table L o o k - u p

ISEN Dete rmines  real gas to ta l  t e m p e r a t u r e  and p r e s s u r e
f rom s ta t ic  t e m p e r a t u r e  and p r e s s u r e

MACHNO D e t e r m i n e  Mach No. f r o m  area ra t io  change

PROP I I P r inc i pal ram j et  p e r f o r mance  s u b r o u t i n e

ROAMER De te rmines  r a t i o  of s p e c i f i c  heats (gamma)  and gas
cons tant  f rom table  L o o k -u p

TLU1 Per fo rms  l inear  i n t e r p o l a t i o n  f o r  f u n c t i o n s  of a s ing le
i n d e p e n d e n t  va r i ab l e

TLU2 Pe r fo rms  l inea r  i n t e r p o l a t i o n  for  f u n c t i o n s  of two
independent  va r i ab les

Turbojet Propulsion Subroutines

NAME DESCRIPTION

TJPER Compute s turbojet  of f -des i gn performance ( thrust  and
fuel flow) as a function of flight conditions (ang le-of-
attach , altitude , and Mach N o . )  and thrus t  required.
The principal function of TJPER is to match inlet air-
flow and pressure  recovery to the engine requirement.

GENENG A package of subroutines which for given flight condi-
tions and pressure  recovery,  computes thrust , fuel
flow , and corrected airflow

INLE T A package of subroutines which for given fli ght condi-
tions and corrected airflow , computes inlet p ressure
recover y
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