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SUMMARY

Under a tri-service cooperative effort sponsored by the Air

Force, Army, and Navy with extensive participation by NASA, a

missile-fin data base for a wide range of configurations and flow

conditions was obtained. These data were incorporated into an

engineering method for predicting the aerodynamic characteristics

*of typical cruciform missile configurations over a wide range of

angles of attack, fin deflection angles, roll angles, and Mach

numbers. This final report documents the test programs,

describes the new code MISSILE 3, and presents comparisons of

independent experiment and predicted results to verify the

code. A user's manual for the code is included.
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N INTRODUCTION

Under Office of Naval Research Contract No. N00014-80-C-

0700, Nielsen Engineering & Research, Inc., (NEAR) conducted an

investigation to obtain an extensive missile-fin data base for

use in broadly applicable engineering prediction programs for

calculatina the aerodynamic characteristics of body-tail and

canard-body-tail missiles. The data base was incoroorated into a

specific computer program called PROGRAM MISSILE 3 which is valid

for angles of attack up to 450, arbitrary roll angles, fin

deflection angles between -400 and 400, Mach numbers between 0.6

and 4.5, and fin aspect ratios between 0.25 and 4.0.

The investigation reported herein is a tri-services coopera-
tive effo. k sponsored by the Air Force, Army, and Navy with

extensive participation by NASA/Ames Research Center and

NASA/Langley Research Center. The first year's work involved:

(1) selection of the test model design, test parameters and test-

ing sequence, (2) preliminary investigation of the optimum

approach for data handling, that is, preparing the data for and

incorporating it into PROGRAM MISSILE 3, and (3) revising the

equivalent angle-of-attack formulation (Refs. 1 and 2) to incor-

1 porate the new fin deflection data base. The results of that

work are described in the first year's report (Ref. 3). The

second year's work consisted of (1) support of the ongoing wind
tunnel tests, (2) preparation for processing the data to be

incorporated into the data base, (3) continued improvement of the

I L methods used in MISSILE 3, and (4) continued code development.

The results of that work are described in the second year's

report (Ref. 4). The third year's work continued the activities

of the second year and are contained in the third year report

(Ref. 5). The fourth year's work consisted of organizing the

experimental data base, implementing a revised ectuivalent angle

of attack formulation, and incorporating both of these into the

! -1-



computer code MISSILE 3. This report summarizes the previous

work and presents the new code MISSILE 3.

An engineering data base method for performance prediction

and preliminary design of missiles with cruciform fin sections

has been developed. The method uses a newly available systematic

data base which covers a Mach number range from 0.6 to 4.5 and

fin aspect ratios from 0.25 to 4.0, angles of attack up to 450,

and arbitrary roll angles. tt employs the equivalent angle of

attack concept to include the effects of vorticity and geometric

scaling. The eouivalent anale of attack method has been modified

somewhat from that used in the previous MISSILE programs

described in References 1 and 2.

The report is divided into two major parts: Experimental

Program and Technical Approach, and a User's Manual. The Experi-

mental Program and Technical Approach sections describe the

experimental tests, the data base, the equivalent angle of attack

methodology, and the fin and body vortex models. It is not the

purpose of this report to present and document the entire tri-

service data base. The incorporation of the data base into the

engineering prediction method is the primary objective. The

User's Manual section provides instruction for the use of the

FORTRAN computer code MISLE3. This includes a program descrip-

tion, program limitations, error messages, input preparation, and

sample cases. The report concludes with comparisons to indepen-

dent experimental data, conclusions and recommendations.

OVERVIEW OF FXPERIMENTAL PROGRAM

The overall objective of the test program was to obtain a

high ouality systematic fin force and moment data base for use in

high angle of attack missile aerodynamics computer programs based

on engineering methods. The data obtained fall into two 7ate-

-2-



I

gories: (1) fin loads without fin deflection for all fins in the

data base (stability data), and (2) fin loads with fin deflection
for a control fin set (control data). The model design and test

conditions were based on use of Langley Remote Control Missile

Roll Rig and are intended to reflect as completely as possible

the range of flight conditions and fin designs employed by modern

high-performance missiles. The Langley model is 2.5 inches in

diameter and allows independent, remote control of four control

surfaces and model roll angle. By interchanging modular compo-

nents, canard, wing, or tail control may be used. For the tests,

a 0.25 inch shell was added to the body to accommodate a three-

component balance and associated wiring for each of the four

fins. Hence, the diameter of the cylindrical portion of the body

was 3.0 inches. All of the data obtained for the data base was

for a body-tail configuration.

Multiple tunnel entries were made. Intermediate and hiqh

Mach number (2.5 - 4.5) tests were conducted in the NASA/Langley

Unitary Plan Tunnel, and low and intermediate Mach number (0.6 -
2.0) tests were conducted in the 6- by 6-foot Supersonic Tunnel

at NASA/Ames. These tests were performed between 1982 and 1984.

GENERAL DESCRIPTION OF MISSILF 3 CODE

The range of parameters for MISSILE 3 are described in this
section. The Mach number range of the data base is from 0.6 to

4.5. Test Mach numbers of 0.6, 0.8, 0.9, and 1.2 provide

detailed loads for the transonic speed regime. This greatly
improves the predictions in the transonic regime compared to

previous MISSILE programs (Refs. 1 and 2) which contained data

at M = 0.8 and 1.2. The supersonic Mach numbers in the data

base are: 1.5, 2.0, 2.5, 3.0, 3.5, and 4.5.

-3-



The body angle of attack range is 00 < ac <  450 .  Test

angles of attack were: a = 0, 2, 5, 10, ... , 40, 450 .  The fin

control deflection angles varied from -40o to 400 in ten-degree

increments. The body roll angle range is 00 to 90. The data

base contains loads for -900 < 4< 90 0 in ten-degree increments,

where f is the fin orientation angle.

The fin aspect ratio range of the data base is 0.25 to 4;

this greatly extends the range allowed by previous MISSILE

codes. The test fins had aspect ratios of 0.25, 0.5, 1, 2, and
4, and the taper ratio range is from 0 to 1. The fins with

aspect ratios of 1, 2 and 4 were deflectable. Trailing edge

sweep and/or forward swept leading edges are not permitted. The

test fins had body radius to semispan ratios (a/sm) of 0.5. The

method and the data base consider cruciform sections with iden-

tical fins only.

Figure 1 shows the angle of attack, aspect ratio, and Mach

number range of the systematic data base, and the range of

parameters allowed by MISSILE 3 are summarized below:

0.6 < M 4 4.5

00 4 a < 45 0  L
c

00 4 90o

0.25 < AR < 4.0

0.0 4 X 4 1.0
4 fins per section

all fins in a section are identical

symmetrical airfoil sections only

no fin trailing edge sweep

axisymmetric bodies

TABLE 1. Range of Parameters

*Fin aspect ratio is the aspect ratio of two fins joined at the
rootchord.

-4-



The data base used for MISSILE 3 is much larger than that

used in MISSILE 2h%. The MISSILE 2A data base contains experi-

Umental data for Mach numbers from 0.8 to 3.0 and fin aspect

ratios from 0.5 to 2.0 (AR to 3.5 for M. < 1.2). Descriptions
and development of the MISSILE series analysis methods can be
found in References 1, 2, 6, 7, and 8.

The eauivalent angle-of-attack concept and the data base

used in MISSILE 3 predict missile performance similar to MISSILE

2A. However, the range of applicability is much larger, so per-

formance can be investigated over a larger operating range.

MISSILE 3 allows multiple Mach number cases in a single run, a

convenience not available with MISSILE 2A. MISSILE 3 has also

proven to be more economical than MISSILE 2A, even though a

larger data base is included. MISSILE 3 has been compared to
independent experimental data for several geometries and oper-

ating conditionsp and it has provided satisfactory results.

Further comparisons with experiment are needed to determine the

0 full range of operation of the method and to locate areas which

require further improvement.

OVEPVIEW OF THE ENGINEERING METHOD

kThis section of the report describes the data base and meth-

odology used by MISSILE 3. The missile configurations allowed by

MISSILE 3 are cruciform canard-body-tail, canard-body, and body-
tail configurations. The missile is divided into four sections

for modeling purposes; the nose and forebody, the canard section,

the afterbody, and the tail section as shown in Figure 2. For a

body-tail configuration, everything forward of the fin section is

the forebody.

-5-S-S-



The coordinate system and fin numbering system used by

MISSILE 3 are shown in Figure 3. The x-axis is along the body

centerline and positive aft, and the z-axis is in the wind plane
and normal to the body axis (positive up). The y-axis is perpen-

dicular to the plane containing the body axis and the wind vector

and is positive to the right looking forward. The fins are num-

bered clockwise, viewed from the rear, with fin I always in the

first quadrant; this is opposite to previous MISSILE codes which

numbers the fins counterclockwise. The normal force for fins 1

and 3 is positive up and to the left, and the normal force for

fins 2 and 4 is positive up and to the right. (See Figure

3(c).) Fin deflections are positive when they tend to increase
the fin incidence, and hinge moments are positive when they tend

to rotate the fins so as to increase the fin incidence. Fin

bending moments for fins 1 and 2 are positive when they give

positive contributions to the rolling moment, and bendina moments

for fins 3 and 4 are positive when they qive negative contribu-

tions to the rollinq moment.

Data Base Description

The data base consists of fin data and wing-alone data. The

fin data contain normal-force coefficient, axial center-of-

pressure, and spanwise center-of-pressure information with and

without fin deflections for fins with aspect ratios of 0.25 to

4. The fin data base is divided into stability (no control

deflections) and control data, and each of these sections are

further divided into normal-force coefficient and center-of-

pressure locations. The wing-alone data contain normal-force

coefficient information as a function of angle of attack and Mach

number. The fin dlaxa base is discussed first, followed by the

wing-alone data base.

-6-



Fin Stability Data Base

The data for the fin data base come from tests performed at

NASA Ames and NASA Langley Research Centers as part of the Tri-

Services effort (Ref. 9). The forces and moments for the fins

depicted in Figure 4 were obtained by force balance measure-

ments. All test fins have body radius to fin semi-span ratios,

a/sm, of 0.5. These tests provide normal-force, hinge-moment,

and bending-moment coefficients for Mach numbers between 0.6 and

4.5, angles of attack up to 450, and roll angles from -900 to

900 .  The hinge-moment and bendino-moment coefficients were

reduced to provide the fin centers-of-pressures, 7/C R  and

y/s. Table 2 below depicts the aspect ratio and taper ratio

Sdomain of the stability data base.

TAPER RATIO, X

0 ]/2 1

Aspect 1/4 ( 12

Ratio 1/2 31 32 33

1 42
2 51 52 53 c-9= region of

4 62 C interpolation

TABLE 2. Aspect Ratio and Taper Ratio Range of the Stability

Data Base

The numbers in Table 2 are the test fin designation numbers (FiQ.

4(a)), and the Roman numerals represent regions of interpolation,

The test Mach numbers are:

M = 0.6, 0.8, 0.9, 1.2, 1.5, 2.0, 2.5, 3.0, 3.5, 4.5.

-



The test angles of attack are:

a = 0, 2, 5, 10, 15, 20, 25, 30, 35, 40, 45-.c

The fin orientation angles are:

=-90, -80,..., -10, 0, l0,...,80? 90*.

Fin Normal-Force Coefficient.- The fin normal-force coeffi-

cient, CNF, is a function of aspect ratio, taper ratio, Mach

number, included angle of attack, and angle of roll.

Methods were developed to interpolate in these parameters to

obtain specific values of CNF(AR,X,M , a c)). For example,
linear interpolation in the Mach number parameter for rormal-

force coefficient results in
M-M1 [CN(M2 )-CNM)()

CN(Mc) = CN(M 1 ) + M -M 1  2 1

where M, and M2 are the Mach numbers in the data base which en-

close the desired M .

Interpolation in the aspect ratio and taper ratio directions

is considered separately in the six distinct regions depicted in

Table 2, and the general formulas for interpolation in these

regions follow.

In Region I, the value of CN is the point in the AR-A domain

which lies on the plane formed by fins 12, 31, and 32; therefore,

Reqion I: 0.0 < A < 0.5; 0.25 < AR < 0.50

CN1 = CN32 - 2(0.5-X)(CN32 - CN31) - 4(0.5-AR)(CN32-CNi2) (2)

-8-



In Region II, the value of CN is the point in the AR-A

domain which lies on the plane formed by fins 12, 32, 'and 33;

therefore,

Region I: 0.0 4 X < 0.25; 0.25 4 AR < 0.50

7CN% = CN32 + 2(X-0.5)(CN33-CN32) - 4(0.5-AR)(CN32-CN2) (3)

In Region III, the value of CN is estimated first as the

point in the AR-X domain which lies on the plane formed by fins

31, 32, and 42, and secondly as the point in the AR-X domain

which lies on the plane formed by fins 42, 52, and 51. Since it

is unlikely that these two planes intersect at the desired point,

the interpolated value of CN is taken as an AR-weightek' uombina-

tion of the two estimates. This method was chosen ove, a three

• point method, as described above for Regions , and II, because it

* uses more information and should provide a better result. There-

fore,

Reaion III: 0.0 4 X 4 0.5; 0.50 < AR 4 2.0

CNII I =[CN32 - 2(0.5-X)(CN32-CN31) + 2(AR-0.5)(CN42-CN32)]- -1.5

+[CN52 - 2(0.5 -X)(CN52-CN51) - (2-AR)(CN52-CN42) I A R - 0.5

(4)

In Region IV, the value of CN is estimated first as the

point in the AR.-X domain which lies on the plane formed by fins

32, 33, and 42, and secondly as the point which lies on the plane

11 formed by fins 42, 52, and 53. As in Region III the interpolated

value of CN is taken as an AR-weighted combination of the two

estimates. Therefore,

-9-



Region IV: 0.0 < X < 1.0; 0.50 < AR < 2.0

,2- AR
CN =[CN32 + 2 (X-0.5)(CN33-CN32) + 2(AR-0.5)(CN42-CN32)]r- --

+ [CN52 + 2(X-0.5)(CN53-CN52) - (2-AR)(CN52-CN42) ]A1.5
1.5

(5)

In Region V, the value of CM is the point in the AR-A domain

which lies on the plane formed by fins 51, 52, and 62. Thus,

Region V: 0.0 < A < 0.5; 2.0 < AR < 4.0

CNV = CN52 - 2(0.5-A)(CN52-CN51) + 0.5(AR-2)(CN62-CN52) (6)

In Region VI, the value of CN is the point in the AR-A

domain which lies on the plane formed by fins 52, 53, and 62.

Thus,

Region VI: 0.0 < X < 1.0; 2.0 < AR < 4.0

CNvI = CN52 + 2(-.5)(CN53--CN52) + 0.5(AP-2)(CN62-CN52) (7)

Figure 5 illustrates representative examples of the normal-

force coefficient versus angle of attack for several Mach numbers

and roll angles for fin 52. Because of the overwhelming size of

the data base, only limited examples are presented in this

re port.

Fin Center-of-Pressure.- To predict the fin hinge- and

bending-moment coefficients and the missile's rolling- and pitch-

ing-moment coefficients, it is necessary to determine the axial

and lateral positions of the fin center-of-pressure. When body

-0-



h vortex-induced effects on the loads are removed, ti. fin center-

of-pressure locations depend primarily on the fin normal-force

coefficient and therefore are insensitive to roll angle. This is

S discussed below. The data base is used to obtain the center-of-

04- pressure location associated with nonvortex loads. The effects

of vorticity in the flow field are added with the equivalent

angle of attack.

The test results provide normal-force, hinge-moment and

bending-moment coefficients for each test fin as a function of

.I c and 4. These data are reduced to obtain x/CR and y/s in

the following manner:

C (MX c ) HL CHM (M , ac' (8= (8)
C C C (M , ,4)R R N wc

Y(M,a c,) CBM(M.,a c, ()

s CN(M ,c (T )

In order to obtain the centers-of-pressures as a function of
fCNJ without vortex effects, fin 2 on the windward side of the

body is considered because the vortex-induced loads are quite

small. The measured center-of-pressure for this case is almost

entirely free of vortex effects. A piecewise linear least

squares fit to the 7(M , fcl)/C and )(M ,acfl/s versus CN(Mm,
a ,) data is used to obtain a single curve fit of the fin 2 datac

for 4 = 00 to 800. Figure 6 depicts typical fits of the T/C R and

y/s data points which are composed of roll angles from 00 to

800. As with the normal-force coefficient, only limited repre-

sentative examples from the data base are shown. Generally the
center-of-pressure correlated very well with ICNI for all fins

and Mach numbers.

-1]-
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With the dependence on ac and * reduced to a dependence on

I CN , x/CR and y/s depend only on AR, X, M, and ICNI. The in-

terpolation procedure in the M%-cC.I directions is a bicubic
spline, and the interpolation procedure in the aspect ratio and

taper ratio directions is the same as that used for the fin

normal-force coefficient presented in the previous section.

Fin Control Data Base

The control data base is made up of two parts: transonic
normal-force coefficient data and the effect of control fin

deflection on the x and y centers-of-pressures. The experimental

tests provided normal-force, hinge-moment, and bending-moment

coefficients for Mach numbers between 0.6 and 4.5, angles of

attack up to 450, roll angles from -900 to 900, and deflection

angles of -400 to 400. The hinge-moment and bending-moment coef-

ficients provide the fin centers-of-pressures, X/C R and V/s.
Deflected fin data was only obtained for fins with aspect ratios

greater than or equal to 1.0. The following table depicts
the aspect ratio and taper ratio domain of the control data base:

TAPER RATIO, X

0 1/2 1

Aspect 1 42

Ratio, AR 2 51 52 53 (ZZ- Region of

4 = 62 CJ interpolation

TABLE 3. Aspect Ratio and Taper Ratio Range of the Control

Data Base

The numbers in Table 2 are the test fin designation numbers.

The missing fins denoted by Roman numerals are considered with

interpolation schemes to be described.
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The test Mach numbers are:

M = 0.8, 1.2, 2.0, 3.0, 4.5.

The test angles of attack are:

a c = 0, 2, 5, 10, 15, 20, 25, 30, 35, 40, 450 .

The fin orientation angles are:

= -90, -80,..., -10, 0, 10,...,80, 90 .

The test deflection angles are:

S= -40, -30, ..., 30, 400.

Fin Control Transonic Normal-Force Coefficient.- The fin
normal-force coefficient, CNF, is known as a function of aspect

ratio, taper ratio, Mach number, included angle of attack, angle

of roll, and deflection angle. Methods are developed to

interpolate in these directions to obtain CNF(AR,X,M ,ac,4,6).
Linear interpolation is used in the Mach number and in the

deflection angle parameters. Interpolation in the aspect ratio

and taper ratio directions is considered in four regions for the

7, control data as depicted in Table 3, and the general formulas for

interpolation in these regions follow.

In Region III, the value of CN is the point in the AR-.

domain which lies on the plane formed by fins 42, 51, and 52;

thus,

Region III: 0.0 < X 4 0.5; 1.0 < AR 2.0

CNTII = CN52 - 2(0.5-X)(CN52-CN51) - (2-AR)(CN52-CN42) (10)

-13-
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In Region IV, the value of CN is the point in the AR-X

domain which lies on the plane formed by fins 42, 52, and 53;

there fore,

Region IV: 0.0 < X < 1.0; 1.0 < AR < 2.0

CNIv = CN52 + 2(X-U.5)(CN53-CN52) - (2-AR)(CN52-CN42) (.)

In Region V, the value of CN is the point in the AR- domain

which lies on the plane formed by fins 51, 52, and 62; therefore,

Region V: 0.0 4 X < 0.5; 2.0 4 AR ; 4. 0

CNV = CN52 - 2(0.5-1)(CN52-CN51) + 0.5(AR-2)(CN62-CN52) (12)

In Region VI, the value of CN is the point in the AR-X

domain which lies on the plane formed by fins 52, 53, and 62;

thus,

Region VI: 0.0 < X 4 1.0; 2.0 < AR ( 4.0

CNvI = CN52 + 2(X-0.5)(CN53-CN52) + 0.5(AR-2)(CN62-CN52) (13)

Figure 7 illustrates representative examples of the fin

normal-force coefficient versus angle of attack for several Mach

numbers and deflection angles.

Fin Control Center-of-Pressure.- Prediction of the fin

hinoe- and bending-moment coefficients and the missile's rolling-

and pitchina-moment coefficients reauire that the effect of

control deflections on the axial and lateral position of the fin

center-of-pressure be determined. The data base is used to

obtain the center-of-pressure location associated with nonvortex

loads. By examining fin 2 at 4 = 0, the effect of control

deflection on the center-of-pressure locations is obtained.
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The test results provide normal-force, hinge-moment, and

bending-moment coefficients for each test fin as a function of

M , ac' or and 6. The 0 = 0 data are reduced to obtain x/CR

and 7/s in the following manner:

(M ,cc, 6) X HL CH (M ac 6) (14)
CR  C CN(M -F ct

s__ .=_a_ - CBM(M W a c', 6) (15)

The center-of-pressure data are plotted versus ICN for each

fin. The -40* 4 6 4 400 data for each fin is plotted on the same

graph for each Mach number, and these data are fit with a piece-

wise linear curve. Representative examples of these fits are

shown in Figure 8. The dependence on a and 6 is reduced to ac

dependence on ICNI, and i/CR and 7/s depend only on AR, X,

M and ICNI. The interpolation procedure in the AR-X parameters

is the same as that used for the fin transonic nrrmal-force

coefficient described in the previous section.

Wing-Alone Data Base

A wing-alone data base, reauired by the eauivalent angle of

attack method, is composed of normal-force coefficient data for a

N N range of angles of attack and Mach number. The aspect ratio and

taper ratio range for this data base are the same as those for

the fin stability data base described above. The wing-alone

curves were generated from various sources (Refs. 10 and 11) and

from manipulation of the tri-service control data base for posi-

tive fin deflection. Representative examples of the wing-alone

results are shown in Figure 9.
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Nose Vortex Shedding

The forebody vortex model used in the previous MISSILE pre-

diction methods is described in Reference 2 and is used by

MISSILE 3. It is a semi-empirical model (Ref. 12) which is based

on measurements on various bodies for a < 200 and M 4 2. Sev-

eral investigators have demonstrated that the body vortices for

such flow are symmetrical, and this finding is incorporated into

the low angle of attack model. For angles of attack greater than

200, the data on body vortices are sparse; consequently, a

method based on a multi-vortex tracking code (Ref. 13) was used

to calculate a nose vortex numerical data base for bodies at high

angles of attack. These results are included in MISSILE 2A and

they are currently used in MISSILE 3. Reference 1 describes the

development of the nose vortex data base.

Afterbody Vortex Shedding and Tracking

Following the general vortex cloud approach used in Refer-

ences 13, 14, and 15, the three-dimensional steady flow over the

afterbody is assumed to be equivalent to a two-dimensional,

unsteady, separated flow. The two-dimensional solution is

carried out in the crossflow plane where the flow about the body

in the presence of discrete vortices is obtained. At each time

steo, corresponding to an interval of the length on the body, a

new vortex pair is shed into the flow field from separation

points. The discrete vortices forming the wake are allowed to

move under the influences of the freestream flow, the body, and

the other vortices (includina fin vortices) in the field.

The calculation procedure is carried out in the following

manner alona the afterbody followin the canard section. Start-

ing at the crossflow plane located at the canard trailing edge,

the boundary layer in the crossflow plane is forced to separate
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at points on the body determined from the crossflow Mach

number. Figure 10 shows the variation of the separation angle

with crossflow Mach number as obtained from References 16, 17,

and 18. The equations for the separation line used in MISSILE 3

are:

if M. sinc 4 0.8 es = 900 (16)

if .8 < M ~sinaC< 1.2 8 = 200 (2.5 M ,sinac -2) + 90 °  (17)

if M sin > 1, 2 s  1100 (18)

The trailing vortices from the canard fins are placed in the

flow field, and vortices are shed from the afterbody at the pre-

dicted separation points. The strength of the body separation

vortices is determined from the vorticity transport in the bound-

ary layer. The paths taken by these free vortices are calculated

by integration of the eauations of motion of each vortex in a

stepwise fashion using a variable step size differential equation

solver. A detailed development of the multiple vortex tracking

procedure can be found in References 13 and 14. At following

downstream crossflow planes, the canard vortices and the free

vortices being shed from the body are allowed to influence the

body pressure distribution and the motion of other vortices in

the field. This procedure is carried out over the entire length

of the afterbody; to the tail leading edge for a canard-body-tail

configuration and to the base for a canard-body configuration.

Since this method is only used on the afterbody where the

body is recuired to be a constant radius cylinder, the effects of

changing body radius or noncylindrical bodies are not consid-

ered. These effects could be included in MISSILE 3 at a later

date if it is desirable.
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Equivalent Angle of Attack

Data bases, such as the one used in MISSILE 3, provide a
foundation for preliminary design and prediction methods, but
they do not encompass all geometries and flow conditions. For

example, all the fins in the new data base have radius to semi-

span ratios, a/sm, of 0.5 and they are located at various posi-

tions on the test body. In order to investigate missiles with
different radius to span ratios and fin locations different from
those in the data base, it is necessary to have a method which
geometrically scales the data base and takes into account dif-

ferent vortical flow fields. The ecuivalent angle of attack

concept is used in MISSILE 3 to accomplish these tasks, and it is
discussed briefly in this section. The equivalent angle of
attack concept is presented in References 19 and 20; however the

current method is slightly different from the previous methods.

Scaling Effects

The first step in the equivalent angle of attack approach is

to determine the fin normal-force coefficient from the data base
for each AP, X, M , ac , and 4i combination of interest. This is
done for each of the four fins and is denoted as CNFio. The

subscript "i" denotes fin number, i=1,2,3,4, and the subscript

"o" indicates the value corresponds to a/sm = 0.3. If the cross-

flow Mach number, M sinac , exceeds unity, it is necessary to
adjust the reference of CNF i o to the averaae local dynamic

pressure, . This correction is necessary because of the

presence of 1 0 body bow shock which significantly changes the
dynamic pressure near the fins. Details are presented in the
Appendix. The correction is based on predicted flow field

results from the Fuler code SWINT (Ref. 21).



The next step is to determine the equivalent angle of attark

for the fin in the data base, . If the crossflow Mach

number exceeds unity, it is necessary to use the fin average

I local Mach number, M9 , because of the presence of the
S 01,

10 bow shock. As above, the correction is based on predicted flow

field results from program SWINT. For the fin local Mach

number and the normal-force coefficient of interest given by

CNFi o (./- , the equivalent angle of attack, a eq. , is

calculated from the wing-alone tables as indicated in the

!3 following sketch.

CNW

(MZ)i0
" ) i,o

CNF i. • __-

,1,

q5

eqj o

Once a is determined, the next step is to remove the
eq.~

vortex-induced effects for the test conditions of the data base;

that is, the nose and forebody flow field and the body radius to
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semi-span ratio, a/s . These adjustments are necessary so that
the vortex field for the actual geometry and flow conditions can

be included later. The fins in the data base are located on a

cylindrical body at various axial stations aft of a 3-caliber

ogive nose. A semi-empirical method, based on 3-caliber ogive

nose and cylinder, is used to obtain the body vortex strength and

location for the test fin locations. This method is the same as

that used for the nose vortex model described earlier. With the

strength and location of the forebody vortex known, the effect of

the vortex field on the equivalent angle of attack is obtained in

the same manner as the previous MISSILE programs. The increment

in the equivalent angle of attack due to the body vortex system

is obtained from reverse flow theorems as described in Reference

1 (Appendix B). The following equation is solved for the vortex

free equivalent angle of attack, a , for each fin ..

tana = tana - tan(Aae) (19)
eq1 0O  eqi,0  eq v,i,o (9

Once the vortex-free equivalent angle of attack is found,

the results are scaled to the a/sm of the actual fin. If it is

assumed that K.,, the Beskin upwash factor, is given by

tan a

K = (20)w tan c cosc

and that Kw is linear with respect to a/sm as predicted by

slender body theory. Then the scaling with a/sm is given by

tana = 2 a tan - (2 a 1)tana cos i  (21)eqi'l Sm e, e O sm c

The subscript 1 denotes the a/sm of interest, and the A indicates

the absence of vortices. With a known, the actual vortical
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flow field may be included. If the first fin section is under

consideration, the vortex field due to the nose and forebody must

be added. If the second fin set is being considered, the vortex

field from both the first fin set and the afterbody must be

included. The equivalent angle of attack for the fin geometry

and flow conditions of interest for no fin deflections is given

by

tana 1 tant + tan(Aa) (22)eq il e ill ea vil

The next step is to determine the fin loads without deflec-

tions. To calculate the fin normal force, the wing-alone normal-
force coefficient is found corresponding to a and Meql 1  

2.i"

Quantity . is the average local Mach number for the a/sm

of interest. With CNWii and the average local dynamic

pressure, , the fin normal-force coefficient is calculated
~i,I1

as

CNF. = c . )/q (23)

The bending-moment coefficient acting on the fins with no

control effects is calculated from the normal-force coefficient

and the 7/s center of pressure in the stability data base. The

vortex-free fin normal-force oefficient, CNF.,1 , is calculated

in the same manner as CNFi, except a i  is used. From the

stability spanwise center-of-pressure data base, (7/s) is

found corresponding to CNW and M for the fin geometry ofS"i,l i,l

interest. The bending-moment coefficient is given by

" CBMF i  = CNF (y/s) .1- (CNF - CNF )(y/s) i (24)

where (y/s) v,i is the point of action of the normal force due to

the vorticity in the flow field as determined by reverse flow

theorems (Ref. 1).



The hinge-moment coefficient acting on the fins with no

control effects is calculated using the normal-force coefficient

and the i/CR from the stability data base. (3/C ) is found
-R i.l

from the data base corresponding to CNWiI and M z * The

effect of vortices on the axial center-of-pressure is found by

the method of Nielsen and Goodwin (Ref. 22). This method assumes

the effects of vortices on the center-of-pressure cause it to

move along a lifting line (constant percent chord).

Given (g/s) v'i from reverse flow theorems, (x/CR)v, i is given by

(3/C ) = T + (1-T)(]-)(/s) (25)

where

(x/c R)i 1-
T = i (26)J - i

The hinae-moment coefficients for the fins are calculated as

CHMFi,1 = - ( )i CNF,

+ L - )vi](CNFil - CNF i ) (27)+ R  ( R v~ ( F ,1I'

This completes the equivalent angle of attack formulation and the

corresponding fin loads for no control deflections.

Fin Deflection Effects

The effect of fin deflection on the equivalent anale of

attack is presented in this section. For Mach numbers oreater

than 1.5, interference effects and control effectiveness aru

handled by slender body theory and proper use of a, and M For

Mach numbers less than 1.2, control effectiveness is obtained
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from the transonic normal-force coefficient control data base,

and interference effects between fins are obtained from slender

body theory. For 1.2 4 M. 1.5, a combination of the two
methods is used. The procedure used herein is justified by the

correlations presented in Reference 19.

The equivalent angles of attack with fin deflection for each

fin for M > 1.5 are given by

=a e + ASELF 6 1 - AAJ( . /q,) 2,1 ADJ6 2eq1 , 2  eq1,1

+ /q t/q +A)OP o (/)3,1XOPP63 + AADJ(; 9 / 4,1XADJ64

(28)

eq 2  eq 1  ADJ (/Z ) 1,1 XADJ 61 + ASELF6 2
i e2,2 e2,1

+ AADJ (qq )3,1XADJ 3 AOpP (/q -)4,1 OPP64

N(29)

a ae + ( Io) X 6 +A (q/q) X 6e3, 2  eq3,1  App 1,1 app 1 ADJ 2,1 ADJ

+ A 6 - A (/
SELF 3 ADJ ( q. 4,1 XADJ 4

(30)

a =a + A (/q) X 6 + Aop( /q)2 O 6
eQf4 , 2  eq 4,1  ADJ z. 1,1 ADJ I ~P - )2,1'app62

-A X~q) ) 6 + A 6ADJ z/ 3,1 ADJ 3 SELF 4

(31)

For M 1.2, the equivalent angle of attack due to control

deflection is given by the previous expressions except the

A 6. terms are replaced by Aa terms which are calculatedSELF ea.i'6

from the transonic normal-force coefficient control data

-23-
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base. To calculate Aa , the normal-force coefficients with

and without deflection, CNF. and CNF. are found fromI !~~,0, 6. 10 i0
S11

the data base for the M., ac , AR, X, and 6. combination of

interest. These values are corrected to the average local test

dynamic pressure as previously described. The corrected values

of CNF and the average local test Mach number are used to

calculate the equivalent angles of attack, aeq and

a . The change in the equivalent angle of attack of fin ieg 6,=0

due to its deflection is scaled with a/sm using slender-body

theory and is given by

ASEL F, a/sm

Aa = (a - a )AA m (32)eqi6 eqi6 eqi,=0 SELF,a/sm= .5

Given the equivalent angle of attack, the loads on the fins

are calculated. The normal-force coefficient is calculated in

the same manner as the nondeflected normal-force coefficient.

The wing-alone normal-force coefficient is found corresponding

to aeq i,2 and the average fin local Mach number, M .i1. With

CNWi, 2 and the average local dynamic pressure, . , the fin

normal-force coefficient is J,

CNF = CNW (/q)] (33)C ,2i ,229CNii,

The effect of control deflection on the bending- and hinge-

moment coefficients is calculated from the control y/s and T/CR

data bases. The wing-alone vortex-free normal-force coefficient

for the deflected fin is approximated by

CNW = CNW. - (CNW. - CNW ) (34)
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From the control spanwise center-of-pressure data base,
is found corresponding to CNW and M for the fin

(y/s)ir. ijli,, cresodigtoCW, 2  £

of interest.

= = - (7/s)il I + (T/s). (35); ( s) ,2 [ /si, 2c il~c1,1

where (7/s)i, c is the control spanwise center of pressure cor-

responding to CNW, and M (V/s) is the spanwise fin
i1z £il i,2

center of pressure with control and vortex effects included.

The bending-moment coefficient is

CBMFi12 = [CNF i2(Y/s)i,2 - CNFi,I(y/s) i ,l  + CBMF (36)

where from Equation (33)

CNFi, 2 = CNWi, 2 (q/ q )i, I

The hinge-moment coefficients are calculated from the con-

trol A CR tables. (/CR)iljc is found corresponding

to CNW and M , and (X/CR), 2, is found corresponding
il I i,l

to CNW. and M . The axial center-of-pressure with fin de-
1,2 i,

flection is given by

(i/C) = ((i/C). - (7/C) I + (7/C) (37)
r i,2 R i,2,c R i'l'cR '

The hinge-moment coefficient is then given by

CHMF = - 2] CNF (38)
i,2 [XHL/CR R i,2 i,2

[xHL/C - (7/CR ) I] CNFi.] + CHMF i
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This completes the equivalent angle of attack method imple-

mente6 within MISSILE 3.

Body Loads

The body force calculation used in MISSILE 3 is the same as

that used in MISSILE 2A. These calculations provide a very rough

estimate to the forces and moments, and it is recommended the

user input body forces if better estimates are available.

The nose forces on the body are found from a combination of

potential and crossflow drag theories. Potential forces are

included by specifying the normal-force coefficient slope,

dCN/d. The crossflow drag term is included to approximate vis-

cous and vortex loads. The formulation for these loads is found

in Reference 4.

The afterbody forces are calculated by a combination of

crossflow drag theory and pressure integrations. The crossflow

drag term is used to approximate the normal force, and the side

force is calculated by integration of the pressure distribution

on the afterbody. These formulations are presented in Reference

2.

MISLE3 DESCRIPTION AND USER'S GUIDE

MISLE3 is an aerodynamic engineering prediction method for

preliminary design of axisymmetric missiles with one or two cru-

ciform fin sections. The foundations of the method are an exper-

imental data base and the equivalent angle of attack concept.

The equivalent angle of attack methodology manipulates the eata

base results to predict fin loddinqs for configurations and flow

conditions not in the data base. The range of parameters per-
mitted in MISLE3 are. 00 € ( 450 0.6 < M ( 4.5

-401 < 40, and 0 < 9 0 .
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The following sections are a user's manual for the program

MISLE3. Included are descriptions of the program, the calcula-

tion procedure, input preparation, sample input and output cases

which illustrate various program features, and program limita-

tions.

Program Description

This section provides a general description of program

MISLE3 and its various subroutines. The code is written in modu-

lar form so that as improvements or additions to the data base or

methodology become available they are easy to incorporate. The

flow of the calculation is described herein, and detailed com-

ments are provided throughout the code to assist the user in

understanding the order of calculation.

The computer code consists of the program MISLE3 and 60

subprograms. The overall flow map of the program is shown in

Figure 11 where the general relationship between the subroutines

and external references can be seen. Communication between the

program modules is handled by argument lists and named common

blocks. A cross reference table for the calling relationship

between the program subroutines is shown in Figure 12, and a

similar table for the named common blocks is shown in Figure 13.

The program is written in standard FORTRAN 77. Execution

for a single case on a VAX 11/750 can vary from 1.5 minutes to

more than 5 minutes depending on the geometry, the flow condi-

tions, and the number of shed vortices on the afterbody. MISLE3

spends a significant amount of time setting up tables in which to

interpolate. This time is independent of the number of cases

beina run; therefore, the code is much more efficient for mul-

tiple cases.

-27-
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Subroutine Description

This section briefly describes the main program MISLE3 and

its various subroutines.

MISLE3 The main program for calculating the forces an d

moments on missiles with cruciform fin sections.

ALFEQ Interpolates in the wing-alonenormal-force coeffi-

cient table to determine the equivalent angle of

attack corresponding to CNF and the Mach number of

interest.

BLOCK DATA Initializes the named common blocks CNFD, CNFS and

PREPRO.

BODY3 Sheds and tracks vortices in the midbody section at

high angles of attack and computes loads on the

midbody section.

BVTEX Computes symmetric body nose vortex strength and

position.

L
CCL Computes the slender-body theory span loading for

fin-fin interference.

CHRT8 Calculates 3(dCL/da) for supersonic Mach numbers;
Chart 8 of NACA Report 1307, Reference 23.

CH1416 Calculates the body center of pressure due to a
wing or tail; Charts 14, 15 and 16 of NACA Report

1307, Reference 23.
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E04 Calculates KBCW) 0(l + X) (s - II (dC,/da) from

Equation 4 of AIAA Journal, Vol. 20, No. 6, June

1982; Page 856, Reference 24.

EQ5 Calculates KB(W) R(I + X) (sm - 1) (dCL/da) from

Equation 5 of AIAA Journal, Vol. 20, No. 6, June

1982, Page 856, Reference 24.

E06 Calculates KB(W) S(I + X) (sm - 1) (dCL/da) from
Equation 6 of AIAA Journal, Vol. 20, No. 6, June

Y i 1982, Page 856, Reference 24.

E07 Calculates KB(W) 0(l + X) (sm - I) (dCL/d) from

Eauation 7 of AIAA Journal, Vol. 20, No. 6, June

1982, Page 856, Reference 24.

DFEOKM Integrates a system of N first order differential

eauations from X to X + DX with error control by

using a Kutta-Merson integration scheme. This

routine is used for the vortex tracking on the

a fterbody.

FINLDS Computes the loads on a fin section.

FINSFID Computes the strengths and locations of the trail-

ing vortices from the first fin set.

QU FTRACK Calculates the derivatives needed for the ordinary

differential equation solver DFEQKM for tracking

the shed vorticity.

; tGVFL Computes the velocity induced by a set of NV free

vortices at an arbitrary field point.
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INFLU Determines the region of influence of one fin of a

cruciform set on another for M. > 1.

INTFAC Calculates the fin-body interference factors, KB(W)

and KW(B) and the body center of pressure, XB.

INPT Reads in and prints out all input data for MISLE3.

INTDGI Computes the transformed geometry for an interdigi-

tated tail fin section. Used only when the body

bank angle exceeds 450.

INTDG2 Transforms loads for interdigitated tails back into

the original coordinate system. Used only when the

body bank angle exceeds 45° .

LAMIJ Computes the slender-body theory fin deflection

factors given the slender-body theory span loading

for fin-fin interference.

LNTRP Performs a 1-dimensional linear interpolation.

LIN2D Performs a 2-dimensional linear interpolation.

N1OSE Ca! ^ - . loa on the body nose.

PROSS Sets up tables of wina-alone normal-force coeffi-

cient and fin centers of pressures for the geometry

of interest.

QLML Calculates ( /q.) and (1T/M.) as a function of

M sin(a c) for each fin. M sin(a c) > 1. This is
based on calculations performed using the Euler

code SWINT, Reference 21.
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REVFLO Computes the weighted average of the vortex-induced

upwash on each fin and its point of action.

SETCNS Interpolates in the fin stability data ba.,e to

produce a table of CNF(B) for no fin deflection for

Sthe geometries of interest and for the Mach number

of interest. Also sets up a table of transonic

normal-force coefficient with fin deflection if

M 1.2.

SIMPi Computes an integral to a given tolerance using

Simpson's rule and a given function for the inte-

grand.

SIMSON Computes an integral using Simpson's rule and a

given array of ordinate values.

TRACK Tracks vortices from X to X + DX.

VELBOD Computes the velocity induced on a body by a set of

NV free vortices.

VORADD Computes the initial positions and strengths of the

shed body vorticity.

WNGCND Interpolates in the CNDxx tables (transonic control

normal-force coefficient data base) in the aspect

ratio and taper ratio directions.

CND42 Transonic control normal-force coefficient data for

FIN 42, AR = 1.0, X = 0.5, as a function of M

a, and 6.
C
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CND51 Transonic control normal-force coefficient data for

FIN 51, AR = 2.0, X = 0.0, as a function of M0,,

a, I , and S.

CND52 Transonic control normal-force coefficient data for

FIN 52, AR = 2.0, X = 0.5, as a function of M ,

ac , 4, and S.

CND53 Transonic control normal-force coefficient data for

FIN 53, AR = 2.0, X = 1.0, as a function of M ,

a , 4, and S.

CND62 Transonic control normal-force coefficient data for

FIN 62, AR = 4.0, X = 0.5, as a function of M.,

ac , and 6.

WNGCNT Interpolates in the CNTxx tables (stability normal-

force coefficient data base) in the aspect ratio

and taper ratio directions.

CNT12 Stability normal-force coefficient data for FIN 12,

AR = 0.25, X = 0.5, as a function of M , a c  and 4.

CNT31 Stability normal-force coefficient data for FIN 31,

AR = 0.5, X = 0.0, as a function of M , a and .
c

CNT32 Stability normal-force coefficient data for FIN 32,

AR = 0.5, X = 0.5, as a function of M , ac and 4.

CNT33 Stability normal-force coefficient data for FIN 33,

AR = 0.5, X = 1.0, as a function of M , a and 4.

cCNT42 Stability normal-force coefficient data for FIN 42,
AR = 1.0, ?X = 0.5, as a function of M , a and 4.

C
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CNT51 Stability normal-force coefficient data for FIN 51,

AR = 2.0, X = 0.0, as a function of M ,, ac and 4.

CNT52 Stability normal-force coefficient data for FIN 52,

AR = 2.0, X = 0.5, as a function of M., ac and 4.

CNT53 Stability normal-force coefficient data for FIN 53,

AR = 2.0, X = 1.0, as a function of M ,, a and 4.

CNTE2 Stability normal-force coefficient data for FIN 62,

AR = 4.0, X = 0.5, ns a function of M , ac and 4.

WNGCNW Constructs a table of wing-alone normal-force coef-

ficients as a function of M and aco C

1 >. XBAR Computes the vortex-free axial location of the fin

center of pressure (stability data base).

XBARC Computes the vortex-free axial location of the fin

center of pressure for fin deflection.

XCPWB Calculates the body longitudinal center-of-pressure
location in the presence of wings or tails.

BAR(l + X)(l + 1/M.) > 4 and M > 1.

Y PAR Computes the vortex-free spanwise location of the

fin center of pressure (stability data base).

YBARC Computes the vortex-free spanwise location of the

fin center of pressure for fin deflection.
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Program Restrictions and Limitations

The major restrictions in MISLE3 were discussed previously,

but these are summarized in this section for completeness. Addi-

tional limitations and suggestions based on the authors' expe-

rience with the code are also included.

The scope of the data base imposes the following restric-

tions on the flow conditions and the geometries that can be ana-

lyzed:

0.6 < Mo 4.9
00 < a < 450

c
00 < 4, < 900

0.25 < AR < 4.0

0 X, 1

4 fins per section

All fins in a section are identical

Symmetric airfoils only

No trailing edge sweep

Axisymmetric bodies

Figure 1 illustrates the angle of attack, aspect ratio, and Mach

number rance of the systematic data base.

While the data base in MISLF3 is limited to the above re-

strictions, the program will allow certain of these restrictions

to be violated, but it will print out a warning message. These

messages are discussed in the following section. It is recom-

mended that the user stay within the aforementioned limits for

general usage of the code, and any excursions outside these

limits should be made cautiously.
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Error Messages and Stops

The code MISLE3 has numerous internal error messages of

8varying degrees of importance. The severest error message is a

2FATAL which results in a numbered program STOP. A WARNING mes-

sage is printed out if a condition is violated but is not con-

sidered severe enough to stop execution of the code and prevent

the remainder of the cases from being run. The error messages

and their location in the code are described, and suggestions to

eliminate the problems are presented.

STOP 10 This is a FATAL error which occurs if the number of

input Mach numbers, NMACH, exceeds 5 or the number

of total cases, NMACH*NCOND, exceeds 100. One of

the two following messages will be printed:

"FATAL 10 **** NUMBER OF MACH NUMBERS EXCEEDS 5

"FATAL 10 **** TOTAL NUMBER OF CASES (NMACH*NCOND)

EXCEEDS 100 ****"

The user should check the input and resubmit the

job. Subroutine INPT.

STOP 20 This is a FATAL error which occurs if the tip chord

of a fin is larger than the root chord. One of the

two following messages will he printed] along with

the quantities in question:

"FATAL 20 * TIP CHORD EXCEEDS ROOT CHORD FOR FIN

SET I *

"FATAL 20 **** TIP CHORD EXCEEDS ROOT CHORD FOR FIN

SET 2 ****"

Subroutine INPT.

STOP 30 This is a FATAL error which occurs when a fin is

not fully on the body or when the rear fin section

_ i 
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overlaps the front fin section. One of the four

following messages is printed along with the quan-

tities in question:

"FATAL 30 * LEADING EDGE OF FIN SET 1 LESS THAN

XZERO ****"

"FATAL 30 * TRAILING EDGE OF FIN SET 1 EXCEEDS

XBASE"

"FATAL 30 * LEADING EDGE OF FIN SET 2 LESS THAN

TRAILING EDGE OF OF FIN SET I ****"

"FATAL 30 **** TRAILING EDGE OF ?IN SET 2 EXCEEDS

XBASE"

Subroutine INPT.

STOP 40 This FATAL error occurs if any of the input Mach

numbers are less than 0.6 or greater than 4.5. One

of two following messages is printed:

"FATAL 40 * MACH NUMBER LESS THAN .6 *

"FATAL 40 * MACH NUMBER EXCEEDS 4.5 *

STOP 50 This FATAL error occurs if any of the input fins

have aspect ratios less than 0.25 or exceeding

4.0. One of the four following messages is printed

along with the quantities in question:

"FATAL 50 * ASPECT RATIO FOR FIN SET 1 LESS THAN

.29 ****"

"FATAL 50 * ASPECT RATIO FOR FIN SET 1 EXCEEDS

4.0 ****"

"FATAL 50 * ASPECT RATIO FOR FIN SET 2 LESS THAN

.25 ***k"

"FATAL 50 * ASPECT RATIO FOR FIN SET 2 EXCEEDS

4.0 ****"!

Program MISLE3.
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WARNING 60 This WARNING occurs if any of the input angles of

attack exceed 45 degrees. A program STOP is not

used here since the user may be running a series of

angles of attack. The program will skip over any

conditions for which this warning occurs. The

following error message is printed:

"WARNING 60 -ANGLE OF ATTACK EXCEEDS 45

DEGREES"

Program MISLE3.

WARNING 70 This WARNING occurs if any of the input angles of

attack exceed 30 degrees when the Mach number is

less than 0.8. A program STOP is not used here

since the user may be running a series of angles of

attack and several Mach numbers. The program will

skip over conditions for which this warning

occurs. The following error message is printed:

"WARNING 40 **** ANGLE OF ATTACK EXCEEDS 30 DEGREES

FOR MACH NUMBER LESS THAN .8 ****". The points

that violate the conditions are printed.

Program MISLE3.

WARNING 80 This WARNING occurs if the aspect ratio, Mach num-

ber, and angle of attack combination are outside
th',e data base values illustrated in the preceding

sketch. One of the two following messages is

printed along with the parameters of interest:

WARNING 80 **** ASPECT RATIO, MACH NUMBER, ANGLE OF

ATTACK COMBINATION OUTSIDE OF DATA BASE FOR FIN SET

WARNING 80 **** ASPECT RATIO, MACH NUMBER, ANGLE OF

ATTACK COMBINATION OUTSIDE OF DATA BASE FOR FIN SET

Program MISLE3.
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Input Description

This section describes the input dat'. and format required by

program MISLE3. MISLE3 uses list-directed input to eliminate the

tediousness of input preparation. MISLE3 does not reouire any

specific knowledge of the dimensional unit of measure, but the

user must be consistent throughout and not mix units. The

remainder of this section describes the order ot input and the

input variables.

Item I is a single card containing an integer specifying the

number of title cards to be input.

Item Variable Description

I NCARD Number of title cards used to identify

the run; NCARD > 1.

Item 2 is a set of NCARD title cards used to identify the

run. These cards are limited to an 80 column field.

Item 3 is a single card containing the program control vari-

ables.

Item Variable Description

3 NFIN Numbe: of fin sets; NFIN = I or 2.

NCOND Number of attitude conditions (a c, , 6i

combinations) for which calculations are

to be made; NCOND < 100. Note that

NMACH*NCOND 4 100.
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NMACH Number of Mach numbers for which NCOND

conditions are to be run; NMACH 4 5. Note

that NMACH*NCOND < 100.

NXAB Number of axial body stations, aft of the

first set of fins, at which body vortices

are to be shed. Also, the number of

items at which vortex information will be

output if OUTP=.T. NXAB < 40. Note that

(2*NXAB+4*NSHED) 4 100. NXAB should be

chosen such that the spacing between

stations is less than D/2.

NSET Number of the fin set used for control.

= 1, First fin set used for control

= 2, Second fin set used for control

jSHED Number of trailing vortices shed per fin

from the forward (first) set of fins;

1 4 NSHED 4 10. This option is provided

for closely coupled canard and tail

fins. NSHED = 1 is sufficient if there

is a long afterbody between the fin sec-

tions.

LTAIL Logical variable concering interdigita-

tion of the rear (second) set of fins

with respect to the first set.

= F, Second fin set in line with the

first set.

= T, Second fin set is rolled 450 clock-

wise (viewed from rear) with re-

spect to the first set.
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E5 Accuracy criterion for vortex tracking.

Suggested value, E5 < .001.

BSHED Logical variable concerning shedding of

body vortices in segment after the first

fin set.

= F, No shedding of body vorti ces.

= T, Body vortices shed at the NXAB

stations if separation conditions

are met.

OUTP Logical variable concerning intermediate

output. If OUTP is true vortex tracking

information for diagnostic purposes is

printed.

= F, No intermediate output.

= T, Intermediate output will be

printed.

DEFLEC Logical variable concerning fin deflec-

tion.

= F, Fins are not deflected.

= T, NSET fin set has deflected fins.

Item 4 is a sinole card containing the reference information

for the runs. There is not a specific unit of measure used in

MISLE3, but the user must be consistent.

Item Variable Description

4 SROUT Reference area, dimensional.

LROUT Reference length, dimensional.

XMC Moment center of missile, dimensional.
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D Diameter of missile, dimensional.

XZERO Axial location of the nose tip, dimen-

V sional.

XBASE Axial location of missile base, dimen-

sional.

Item 5 is a single card containing the geometric information

for the first set of fins.

Item Variable Description

5 SPAN(l) Exposed fin semispan, dimensional.

XLE(1) Axial location of the leading edge of the

fin root chord, dimensional.

HL(1) Axial distance from the leading edge of
the fin root chord to the fin hinge line,

dimensional.

CT(1) Fin tip chord, dimensional.

CR(1) Fin root chord, dimensional.

Item 6 is a single card containing the geometric information

for the second set of fins and is included only if NFIN = 2.

Omit item 6 if NFIN A 2.

Item Variable Descripton

6 SPAN(2) Exposed fin semispan, dimensional.
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XLE(2) Axial location of the leading edge of the

fin root chord, dimensional.

HL(2) Axial distance from the leading edge of

the fin root chord to the fin hinge line,

dimensional.

CT(2) Fin tip chord, dimensional.

CR(2) Fin root chord, dimensional.

Item 7 is a set of NCOND cards specifying the attude con-

ditions. 1 < I < NCOND.

Item Variable Description

7 ALFAC(I) Body angle of attack; angle between the

wind vector and the body axis in degrees.
00 < < 450 .

c

PHI(I) Bank angle in degrees; angle between the

Z-axis and the hinge line of fin 1 of the

first fin set; angle measured clockwise

(looking forward). 00 < < 900.

DELTA(l,I) Deflection of fin 1 in degrees; positive

if it produces a counterclockwise rolling

moment (looking forward).

-400 < 6 < 400.

DELTA(2,T) Deflection of fin 2 in degrees; positive
if it produces a counterclockwise rolling

moment (looking forward).

-400 < 6 < 400.
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DELTA(3,I) Deflection of fin 3 in degrees; positive

if it produces a clockwise rolling moment

(looking forward). -400 4 6 4 400.

DELTA(4,I) Deflection of fin 4 in degrees; positive

if it produces a clockwise rolling moment

(looking forward). -400 4 6 4 400.

Item 8 is a single card containing the Mach numbers for the

run; 1 I < NMACH.

Item Variable Description

8 FMACH(I) Freestream Mach number; 1 4 I 4 NMACH

0.6 4 M, 4 4.5.

Item 9 is a single card containing an integer flag, IFLB,

Nwhich determines whether the body loads are input or calculated.

Item Variable Description

9 IFLB = 0 Body loads are input in item 10.

= 1 Body loads are calculated; nose

information must be input in Items

11 - 15.

Item 10 is a set of NMACH*1COND cards containing the input

loads; 1 < IJ 4 NMACH*NCOND, one set of loads per card. These

values should be nondimensionalized with respect to the input

reference area and length.

Omit item 10 if IFLP > 0.
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Item Variable Description

10 CZB(IJ) Z-direction force coefficient of the body

alone (normal force) for condition IJ,

where IJ = I+(J-I)*NCOND,

1 < I < NCOND, 1 < J < NMACH. The inner

loop is on I (attitude conditions), and

the outer loop is on J (Mach numbers).

CMYB(IJ) Moment coet..cient around y-axis of the

body alone (pitching moment) for condi-

tion IJ.

CXB(IJ) X-direction force coefficient of the bcdy

alone (axial force) for condition IJ.

Omit items 11-15 if IFLB < 0.

Item 11 is a single card containing an integer flag, IDCN,

which determines whether the potential normal-force coefficient

slope dCN/d for the body alone is input. If DCNDA is not to be

input in Item 12, it is set to its default value of 2.0.

Item Variable Description

11 IDCN = 0 The default value cf DCNDA is used,

DCNDA = 2.0.

= I DCNDA is input in Item 12.

Item 12 is a single card containinq the potential normal-

force coefficient slope for the body alone, DCNDA.

Omit Item 12 if IDCN < 0.
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Item Variable Description

12 DCNDA Potential normal-force coefficient slope,

dCN/da, in radians.

Item 13 is a single card containing the number of points
specifying the nose geometry, NNOSE.

Item Variable Description

13 NNOSE Number of points specifying the body

nose.

Items 14 and 15 are two sets of NNOSE values specifying the

body nose; XNOSE(I), RNOSE(I), I < I < NNOSE.

Item Variable Description

14 XNOSE(I) x-location at which the body radius

is specified, dimensional.

1 I < NNOSE.

15 RNOSE(I) Body radius at XNOSE(I), dimen-

sional. 1 4 I 4 NNOSE.

Sample Input Cases

In this section, two sample input cases are described to

illustrate the various proqram options available in MISLE3.

Their purpose is to illustrate the available f, tures and options

and to provide sample inputs which will help users prepare input

for specific cases. An effort has been made to simplify the

input requirement of MISSILF 3 compared to MISSILE 2A. Figure

14 shows the aeometric inputs required by MISSILE 3.

-45-



Sample Case 1, Figure 15, is a test case based on the AIM9

wind tunnel model with king size tail fins (Ref. 25). This case

will also be used as the sample output case in the next sec-

tion. It is recommended that this case be run initially to

provide a check with the results presented in the following sec-

tion.

Input Item I, NCARD, indicates two title cards are to be

input. The following two cards are the reauired title cards for

the run.

Input Item 3 contains various program control options. NFIN

= 2 indicates that the missile has two cruciform fin sections.
NCOND = 3 indicates that 3 attitude conditions are specified in

Item 7. Results for these three conditions are calculated for

each input Mach number. NMACH = 1 specifies one Mach number is
input in Item 8. Vortices after the first fin set are shed and

tracked at 25 stations, NXAB, along the afterbody ahead of the
second fin section. NSET = ] indicates that if a fin set is

deflected for control effects, it will be fin set 1. NSHED = 1
specifies one trailing vortex per fin is shed from the first fin

set. The second fin set is not interdigitated 45 degrees with

respect to the front set, LTAIL = F. The accuracy criterion for

the vortex tracking, E5, is 0.001. The logical variable BSHED is

set to T so that vortices are shed from the afterbody if the

separation conditions are met. OUTP = F indicates that vortex
tracking output along the afterbody is not output. The final

variable in Item 3, DEFLEC = F, indicates there are no deflected

fins.

Input Item 4 contains the reference information for the
run. These items are dimensional, and for this case the unit of

measure is centimeters. The reference area, SPOUT, is the maxi-

mum ccossectional area of the missile; the reference length,
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LROUJT, is the maximum diameter; and the moment center, XMC, is

46.04 centimeters from the nose. The maximum diameter is 4.234

centimeters. The axial location of the nose tip is 0.0, and the

axial location of the missile base is 102.319 cm.

Input Item 5 contains the geometry and location of the first

fin set. The exposed semispan, SPAN(l), is 7.24 centimeters.

The root nhord leading edge, XLE(1), is located at axial station

15.80, and HL(l) indicates the hinge line is 6.35 centimeters aft

of the root chord leading edge. The tip and root chords, CT(l)

and CR(]), are 3.338 and 11.123 centimeters, respectively.

Input Item 6 is the same as item five except the geome-

try and location of the second fin set is input: SPAN(2) = 9.04,

XLE(2) = 80.729, HL(2) = 10.795, CT(2) = 12.55, and CR(2) =

12.59. All these values are specified in centimeters. The hinge

line for this fin set is arbitrary because it will not be de-
4A flected in this run.

Input Item 7 contains the NCOND attitude conditions for
which results are to be obtained. For this sample case, an angle
of attack sweep is demonstrated. The first attitude condition

for the body is 2.00 angle of attack and 450 roll angle. There

are no deflections for this case, but values must be input

because tnQ code uses list-directed input and expects input

values. The four values of deflection angles are input 0.0. The

second and third attitude conditions are identical to the first

except the angle of attack is changed to 5.00 and 10.00, respec-

tively.

Input Item 8 contains the run MACH numbers. For this case,

a single Mach nunwer is set to 2.90.
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Input Item 9, IFLB, is a single integer flag indicating

whether the body forces are to be input or calculated by

MISLE3. For this case they are calculated, IFLB = 1. Input Item

10 is not reauired since the body forces are calculated.

Input Item 11, IDCN, is a single integer flag indicating
whether the potential normal-force coefficient slope, dCN/da, is

input or defaulted by the program. IDCN = 1 indicates that DCNDA

is to be input in Item 12. Item 12, DCNDA, is the potential
normal-force coefficient and is set to 2.0.

Items 13 through 15 contain the body nose geometry reauired

for the body force calculation. NNOSE = 31 in Item 13 specifies

31 points are used to define the body nose. The 31 axial sta-

tions, XNOSE(I), where the nose radius is defined are input in

Item 14. The nose radii, RNOSE(I), at the 31 axial station
spe-ified in Item 14, are input in Item 15. Item 15 completes

the input for Sample Case 1.

Sample Case 2, Figure 16, is a test case based on the Army

Generalized Missile (Ref. 26) for multiple Mach numbers and

.reflections. Input Item J, NCARD, indicates three title cards
are input. The following three cards in item 2 are the title

cards for the run.

Input Item 3 contains various program control options. NFIN

= 2 indicates that the missile has two cruciform fin sections.
NCOND = 4 specifies four attitude conditions are input in item
7. Results for these four conditions are calculated for each

input Mach number. NMACH = 2 indicates two Mach numbers are
input in Item 8. Body vortices after the first fin set are shed

and tracked at 10 stations, NXAB, along the afterbody ahead of
the second fin section. NSET = I identifies fin set 1 as control

fins. NSHED = I indicates one trailing vortex per fin is shed



from the first fin set. The second fin set is not interdigitated

45 degrees with respect to the front set, since LTAIL = F. The

accuracy criterion for the vortex tracking, ES, is 0.001. The

logical variable BSHED is true so that vortices are shed from the

afterbody if the separation conditions are met. OUTP = T indi-

cates the vortex tracking input along the afterbody is printed.

The final variable in Item 3, DEFLEC = T, indicates that fins of

fin set 1 are deflected for control effects.

Input Item 4 contains the reference information for the

run. These items are dimensional, and for this case the unit of

measure is inches. The reference area, SROUT, is the maximum

crossectional area of the missile, the reference length, LROUT,

is the maximum diameter, and the moment center, XMC, is 26.0

inches from the nose. The maximum diameter is D = 5.0 inches.

The axial location of the nose tip is 0.0, and the axial location

of the missile base is 52.00 inches.

Input Item 5 contains the geometry and location of the first

fin set. The exposed semispan, SPAN(l), is 3.75 inches. The

root chord leading edge, XLE(l), is located at axial station

12.72, and HL(l) positions the hinge line 2.28 inches aft of the

root chord leading edge. The tip and root chords, CT(1) and

CR(l), are 0.25 and 4.00 inches, respectively.

Input item 6 is similar to item 5, except the geometry and

location of the second fin set is input. SPAN(2) = 3.50, XLE(2)

= 43.00, HL(2) = 3.00, CT(2) = 3.50, and CR(2) = 7.00 define the

geometry of fin set 2. These values are also specified in

inches.

Input Item 7 contains the NCOND attitude conditions for

which results are to be obtained. For this sample case, two roll

angles with and without pitch control deflection are con-
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sidered. For the first attitude condition, the body angle of

attack is 8.00, the roll angle is 0.00, and the deflections are
0.00. The second case is the same as one except fins 2 and 4 are

deflected 150 for pitch control. Case 3 is the same as case 1

except that the roll angle is 450 , and case 4 is the same as case

3 except all the fins are deflected 150.

Input Item 8 contains the run Mach numbers. For this case

there are two, 1.30 and 1.75.

Input Item 9, IFLB, is a single integer flag indicating

whether the body forces are to be input or calculated by

MISLE3. For this case they are input, IFLB = 0. Input item 10

is a set of NMACH NCON cards containing the axial-force, normal-

force, and pitching-moment coefficients for the body alone. All

the values are input as zero for this case.

Output Description

A typical output file from MISLE3 is described in this sec-

tion. In general, the output quantities from MISLE3 are labeled

and each page is headed with appropriate descriptive informa-

tion. The output from Sample Case 1 reauires four pages which

are described in this section and shown in Figure 17.

The first output pace contains the MISSILE 3 header to indi-

cate the version number and creation date, the summary/title

cards for the run, and an echo of the input. The program control

variables, reference information, fin geometries, attitude condi-

tions, Mach numbers, and body nose information are all printed

for checkina purposes. Along with the echo of the input fin

aeometry, the calculated aspect ratio and taper ratio are

printed.
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The results from MISLE3 start on output page 2 which con-

tains the output for the first attitude condition. The run

number, Mach number, body angle of attack, and roll angle are

printed on the second line. The next block of output contains

the component and overall loads acting on the missile. The nose

loads include components from the potential normal-force coeffi-

cient slope, dCN/da, and from a crossflow drag term. Fin section

1 loads are the sum of the loads on the individual fins of fin

set 1 along with the body carryover loads. The afterbody loads

are due to the presence of fin and body vortices over the after-

body. Fin section 2 loads are a sum of the individual fin loads

and the body carryover loads. The total loads on the missile are

the sum of the component loads.

The next block of output on page 2 contains the individual

fin loads for both fin sets. The four fins of fin set 1 are

given first followed by fin set 2. The deflection anale, if non-

zero, is printed followed by the equivalent angle of attack, the

normal-force coefficient, the hinge-moment coefficient, the bend-

ing-moment coefficient, and the rolling moment coefficient. This

completes the output for the first attitude condition.

The output for attitude conditions 2 and 3 are contained on

pages 3 and 4, respectively, and have the same format as output
page 2. This completes the output description.

RESULTS

This section pLesents results obtained with the engineering

prediction method MISSILE 3. Comparisons of the results to

experimental data are made for code verification and to indicate

necessary improvements. This section is divided into two sec-

tions; Body-Tail configurations and Canard-Body-Tail configura-

tions.
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Body-Tail Configurations

Two independent comparisons with experimental data on body-

tail geometries are discussed in this section. The first con-

figuration is a 2.5-caliber ogive nose followed by 10.9 diameter

cylindrical body (Ref. 27). The tail fins, located 11.2 diame- kI

ters aft of the nose tip, have an aspect ratio of 2.81, a taper

ratio of 0.423, and a body radius to fin semi-span ratio of

0.25. This missile is depicted in Figure 18.

Comparisons of measured and predicted aerodynamic character-

istics at M = 1.6 are shown in Figure 19 - 22. Figure 19(a)

illustrates the overall normal-force coefficient and the pitch-

ing-moment coefficient at zero roll angle with no fin deflec-

tions. The normal force is in good agreement with experiment at N

low and moderate angles of attack and slightly underpredicted at

high angles of attack. The pitching moment is also in good

agreement for low and moderate angles of attack but overpredicted

at high angles of attack above 12 degrees. The predicted loads

on fin 2 are compared with experiment in Figure 19(b). The fin

normal-force coefficient comparison indicates good agreement for

fin loads, but the hinge-moment coefficient comparison is not as

good. Hinge moments are sensitive to thickness distribution, and

for this case the fins have a wedge leading edge then a flat

constant thickness section followed by a wedge trailing edge.

The data base fins in MISLE3 are all double wedge sections. The

fin bending-moment coefficients are in good agreement with expe-

riment.

Figures 20(a) and 20(b) show results for M0, = 1.6 at zero

roll angle with fins 2 and 4 deflected -15 degrees for nose up

pitch control. The overall normal force in Figure 20(a) and the

fin normal force in Figure 20(b) are in good agreement with mea-

sured loads; however, the pitching moment comparisons in Figure
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20(a) indicates an overprediction of complete configuration

pitching moment. Since the fin normal force is predicted well,

the difference in the pitching moment arises from an e-ror in the

body load distribution. The fin loads are small due to the nega-

tive deflection angle and the positive angle of attack; there-

fore, the error in the body load distribution dominates the

pitching moment. This is not the case when the fin is highly

loaded in the undeflected case shown in Figure 19. The error in

the body load distribution arises from using the crossflow drag

formulation for the normal force on the body. This correlation

predicts overall normal force well but does not provide a force

which varies along the body.

Figure 21 compares results for M = 1.6 at 45 degrees roll

without fin deflections. Figure 21(a), (b), and (c) indicate the

normal force on the fins and body are in good agreement with

experiment. The results for the lee side fins in Figure 21(b)

show that the effect of the body wake on the fins is handled well

by the program for this case. Figure 21(c) indicates an under-

prediction of normal force n the windward side fins. Bending

moments are generally in good agreement for this case.

Figure 22 compares results for M = 1.6 at 45 degrees roll

with -15 fin deflection on all four fins for positive pitch con-

trol. The results are similar to the results for pitch control

at zero roll angle in Fiqure 20. The overall and fin normal

forces agree well with experiment, but the pitching moment is

overpredicted. This is attributed to a deficiency in the body

load distribution. It is apparent from Figures 20(b), 22(b), and

22(c) that the effect of control deflection on the fin bending-

moment coefficient is in error for this fin.

Figures 23 - 26 show comparisons of measured and predicted

results on the same missile model for a Mach number of 3.7.
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Generally the results are similar to the M = 1.6 results

described above. The overall and fin normal forces are in good

agreement, and the pitching moment is overpredicted when fins are

deflected such that the fin normal force is near zero or when the

body loads are large with respect to the fin loads.

An overall view of the body-tail comparisons in Figure 19 -

26 indicate that MISSILE 3 predicts the missile and fin loads

well. There is a deficiency in the body load distribution model,

and the user should input body loads if a better body model or if

correlations from experiment are available.

The second body-tail model considered with MISSILE 3 is

shown in Figure 27 (Ref. 28). The body is a 1.5-caliber ogive

nose followed by a 15-diameter cylindrical afterbody. The fin

aspect ratio is 2.57, the taper ratio is 0.4, and the body radius

to fin semi-span ratio is 0.25. This investigation did not pro-

vide any fin loads, but total configuration normal force and
Npitching moment for Mach numbers of 0.7, 0.9, 1.42, 2.01, and

3.08 are available for comparison purposes.

The measured and predicted normal-force and pitching-moment

coefficients are compared in Figures 28(a)-(e) for zero roll

angle and no fin deflections. The M = 0.7 and 0.9 results in

Figures 28(a) and (b) indicate that normal force is predicted

well at low to moderate angles of attack, but they are over-

predicted at moderate to high angles. Since fin loads are not

available for this case, it is not apparent why the predicted

nocmal force is too large. It is possible that the normal force

is sensitive to fin cross section geometry in the transonic

regime. The test fins have wedge leading edges, a flat constant

thickness section, and a wedge trailing edge. The data base fins

are double wedge sections.
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Figures 28(c) through (e) illustrate results at supersonic

Mach numbers of 1.42, 2.01, and 3.08, respectively. These

results are similar to the previous supersonic body-tail results

described in Figures 18 - 26. The predicted normal-force coeffi-

cient is in good agreement with experiment for all cases, but the

pitching moment is overpredicted at moderate to high angles of

attack. The error in the body load distribution is likely the

cause of the pitching moment error, and the error is even larger

for this particular case since an extremely long body is

involved.

Canard-Body-Tail Results

Comparisons of measured and predicted characteristics on

three canard-body-tail models are described in this section. The

first configuration is a canard-controlled missile, similar to

the Sidewinder missile, presented in Reference 25 and depicted in

Figure 29. The body is a 2.25-caliber ogive nose followed by a

21.9-diameter cylindrical body. The canard fins have an aspect

ratio of 2.00, a taper ratio of 0.30, and a body radius to fin

semi-span ratio of 0.226. The canard leading edge is located

3.73 diameters aft of the nose tip. The tail fins under consid-

eration have an aspect ratio of 1.06, a taper ratio of 0.58, and

-' a body radius to fin semi-span ratio of 0.19. The tail fins are

located 12.7 diameters aft of the canard trailing edge. Overall

loads on the model at several supersonic Mach numbers are avail-

able, but only results for M. = 2.5 are presented here. Refer-

* ence 25 also provides comparisons to MISSILE 2A which are also

U included herein.

Measured and predicted normal-force and pitching-moment

coefficients at M = 2.5 for zero roll angle and without control

deflections are shown in Figure 30. MISSILE 3 underpredicts the

normal force at high angles of attack; however, for a greater
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than 23.6 degrees, the crossflow Mach number exceeds unity and

the correction for local dynamic pressure and local Mach number

activate as described in the equivalent angle of attack sec-

tion. This correction tends to increase the normal force to a

level comparable to projected experimental results. Since this

correction helps the calculation:, an effort should be made to

extend the correction iowt to the critical crossflow Mach number

for a circular cylinder. This corresponds to a crossflow Mach

number of approximately 0.5 which occurs at an angle of attack of

11.54 degrees in this case. The correction also improves the

pitching moment results.

Figure '1 qhnws a comparison of control deflection

effects. Canard fins 2 and 4 are deflected +5 degrees for posi-

tive pitch control. The normal-force coefficient is under-

predicted at high angles of attack, bitt the crossflow correction

in the equivalent angle of attack formulation increases it when

the crossflow Mach number exceeds unity.

Figure 32 compares measured and predicted results on a

rolled configuration without fin deflection. As with the pre-

vious comparisons, the normal-force coefficient is under-

predicted. In general, the MISSILE 2A results are in better

agreement with experiment over the entire range of angle of

attack.

The next model considered is the Army Generalized Missile of

Reference 26 shown in Figure 33. This model consists of a 3-

caliber rounded ogive nose and a 7.4-diameter cylindrical after-

body. The canard fins have an aspect ratio of 3.53, a taper

ratio of 0.0625, and a body-radius to fin semi-span ratio of

0.42. The tail fins have an aspect ratio of 1.33, a taper ratio

of 0.5, and a body radius to fin semi-span ratio of 0.42. The

experimental test for this missile provides overall loads and
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detailed canard and tail fin loads. Results for a Mach number of

1.75 are presented in this report.

Figure 34(a) illstrates the comparicon of measured and pre-

dicted overall normal-force and pitching-moment coefficients on

the model. The normal force is slightly underpredic.ted at high

angles of attack, and the pitching moment is overpredicted in the

same flow regions. Figure 34(b) indicates the loads on the

canard fins are underpredicted for high angles of attack. This

is due primarily to the nose vortex flow model interaction with

the canard fins. In the body-tail case the nose and forebody

vortex model did not cause this type of an interference effect

since the vortex system is further away from the body and fins

because of the long forebody. The close proximity of the nose

vortex and the canard fins results An the error in the canard

force. The error is even more apparent in the roll cases which

follow.

The tail fin loads predicted by MISSILE 3 in Figure 34(c)

agree extremely well with the experimental data. Based on the

above comparisons, the error in the overall pitching-moment coef-

ficient in Figure 34(c) must be due primarily to an error in the

body load distribution since the tail fin loads are in good

agreement with experiment and the canard fin loads are under-

predicted.

Figure 35 illustrates the effect of canard control deflec-

tion on the forces and moments on the unrolled model. Canard

fins 2 and 4 are deflected to +15 degrees for positive pitch

control. These results are similar to those described for the

undeflected fin case. The normal force is in good agreement with

experiment except at high angles of attack where it is slightly

underpredicted as seen in Figure 35(a). The canard fin loads are

underpredicted, Figure 35(b), as in the undeflected case shown in
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Figure 34(b). The tail fin loads in Figure 35(c) are in good

agreement with the measured results. In general, the hinge-

moment coefficients are in fair agreement with experiment, and

the bending-moment coefficients agree very well with experiment.

Figure 36 shows the effect on__the fin loads of rolling the
model 45 degrees. Figure 36(a) indicates the predicted normal
force is in good agreement with experiment except at high angles

of attack where it is underpredicted. The lee side canard loads

shown in Figure 36(b) indicate the individual fir. normal forces

are dramatically underpredicted. This is likely due to the prox-

imity of the nose vortex system to the lee side canard fins.
This effect was seen in the unrolled case, but it was not as

dramatic. The windward canard fin loads are seen in Figure

36(c), and these results indicate that the windward fin loads are

in satisfactory agreement with experiment. Figure 36(d) illus-

trates the lee side tail fin loads. The normal force is pre-
dicted well for low to moderate angles of attack, but at higher
angles of attack, the normal force is underpredicted due to the
afterbody wake. The vortex wake also causes a large discrepancy

in the tail fin hinge moment. The windward side tail fin loads

arc in good agreement with experiment as seen in Figure 36(e).

The effects of canard fin deflection on the loads for the

model rolled 45 degrees are shown in Figure 37. These results

are similar to the undeflected case discussed above.

The final comparison with experiment is for the canard-body-

tail model shown in Figure 38 (Ref. 28). The body is a 1.5-

caliber ogive nose followed by a 15-diameter cylindrical body.

The canard fins have an aspect ratio of 0.857, a taper ratio of

0.4, and a body radius to fin semi-span ratio of 0.25. The tail

fins have/an aspect ratio of 2.57, a taper ratio of 0.4, and a
body radius to fin semi-span ratio of 0.25. Overall model loads
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*The second objective was to include the new data base into a

computer code to provide an engineering prediction method for the

aerodynamic characteristics of typical missile configurations

over a wide range of flow conditions. Part of this effort

included improvements to the equivalent-angle-of-attack method,

investigation of...e-fficient means of manipulating large data

bases, incorporation of correction methods for local Mach number

and dynamic pressure in regions of supersonic crossflow, and

investigation of improved vortex-induced effects.

Both the above objectives were accomplished succesfully. A

large body of experimental data was collected from four separate

tunnel entries, and these data are resident at the NASA/Langley

Research Center. The magnitude of the data base is such that it

was impossible to analyze and correlate all the information for

this investigation. An engineering prediction method in the form

of a code, MISSILE 3, was developed, and verification was accom-

plished by comparison with independent experimental results. The

general result from this effort is that an improved prediction

method for the normal force, hinge moment, and bending moment of

a wide range of missile fins over a wide range of flow conditions

is now available.

In conclusion, the extensive comparisons of measured and

predicted aerodynamic characteristics presented in this report

for verification purposes prompt the following observations. The

new code, MISSILE 3, is capable of predicting the performance

characteristics of typical missile configurations under an exten-

sive range of flow conditions, and it has application as a pre-

liminary design method. Generally, predicted individual fin

V, loads are in good agreement with experiment, and loading distri-

bucions are adeauately predicted for preliminary design pur-

poses. Fortunately, this was the prime objective for the new

MISSILE 3 code. The simplified body load prediction method is
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for Mach numbers 0.7, 0.9, 1.42, 2.01, and 3.08 are available.

As with the body-tail results from this same reference, no indi-

vidual fin loads were measured.

Figures 39(a) through (e) illstrate comparisons of measured
and predicted overall normal-force and pitching-moment coeffi-

cients for the unrolled missile for the Mach number range. The

normal force is usually slightly underpredicted with respect to

the experimental results. The crossflow Mach number correction
in the M. = 3.08 condition in Figure 39(e) raises the value of
the normal force and improves agreement with experiment. The

pitching moment is not predicted well for transonic Mach numbers,

but it exhibits trends similar to the other canard-body-tail

results for supersonic Mach numbers.

Figures 40(a) through (e) contain the comparisons for
normal-force and pitching-moment coefficients for the above model

at a roll angle of 45 degrees. The predicted normal force is in

good agreement with experiment in all cases. The pitching moment

is predicted well in the low and moderate angles of attack range
except for the M = 0.9 case.

CONCLUSIONS

The original intended purpose of the multiphase program

described in this final report was twofold. The first objective

was to obtain an extensive missile-fin data base which would

permit development of a broadly applicable engineering predictive

method for calculating the aerodynamic characteristics of -anard

cruciform missiles. Specifically, a systematic data base which

extended (1) the geometric fin characteristics of aspect ratio

and taper ratio and (2) the flow characteristics of Mach number,

angle of attack, deflection angle, and roll angle beyond the

current limits of existing experimental data was to be developed.
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satisfactory for total normal force, but the distribution of

normal force on the body, dominated by vortex shedding character-

istics at high angles of attack, is marginal. For this reason,

the provision for the input of improved body characteristics is

included in the code.

The performance of MISSILE 3 is very similar to that of the

previous MISSILE 2A code, but the new code is applicable over a

much wider range of geometric and flow parameters. The code is

simple and economic to use, and the enclosed user's manual with

sample input and output should expedite the learning process

associated with a new code. However, it should be noted by pros-

pective users that MISSILE 3 is a newly developed code, not a

revised version of MISSILE 2A. There are likely to be subtle

errors that were not uncovered during the extensive development

phase of the code; therefore, the user is cautioned to carefully

5t~st predicted results against common sense and experience before

accepting the results. The authors encourage both positive and

negative feedback from users of the code.

As noted in various parts of this report, there are certain

limitations of the code and suggested improvements that were

beyond the scope of the present effort. The next section briefly

outlines some of these areas,

RECOMMENDATIONS

The first and most important recommendation is for addi-

tional testing and verification of the new MISSILE 3 code to

_ better define the limits of its capability. Extensive compar-

isons with independent experimental results for a wide range of

geometries and flow conditions will help identify the practical

range of application ef the code and uncover heretofore unde-

tected errors.
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Several known areas of needed improvement include the following:

1. Modify the body force distribution calculation to

include enhanced vortex shedding characteristics either

through empirical means or the inclusion of now-

available discrete vort.ex methods (Refs. 13 and 14).

2. Improve the fin hinge moment prc .ction by including
additional empirical information A J/or correlations for

the effects of different airfoil ,?ctions.

3. Extend the correction for local Mach nimber and dynamic

pressure effects to include crossflow Mach numbers

between 0.5 and 1.0.

4. Extend the correlations for fin control effects through
the incorporation of available control data not con-

sidered in the current effort.

5. Extend the method to include effects of changing missile

afterbody radius.

6. Extend the method to include effects of noncircular

cross section missiles.
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LIST OF SYMBOLS

a body radius

AR aspect ratio of wing-alone formed by joining two fins at

their root chords

CA axial-force coefficient; axial force/qgS R

CBM fin bending-moment coefficient; bending moment/q,,S R SR

CHM fin hinge-moment coefficient; hinge moment/ qS RI R

C1  rolling-moment coefficient; rolling mment/q SR1 R

CMx rolling-moment

CMy pitching-moment

CMz yawing-moment

Cm pitching-moment coefficient; pitching moment/q SR 1R

CN normal-force coefficient; normal force/q SR

CNW wing-alone normal-force coefficient; normal force/qgS R

CR fin root chord

Cx force acting along the x-axis, = CA

Cy force acting along the y-axis, side force

Cz  force acting along the z-axis, = CN

D maximum body diameter

Kw Beskin upwash factor

1R  reference length

7£ average local Mach number
M freest.ream Mach number

q£ average local dynamic pressure

ao freestream dynamic pressure

s exposed fin semispan

s m  semispan of fin-body combination

SR  reference area

v,w velocity components in the real plane

W complex potential

x axis along the missile centerline positive aft

xHL chordwise location of fin hinge line measured from lead-

ing edge of the fin root chord
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XLE axial location of the leading edge of the root chord

measured from the nose tip

3axial location of the fin normal force center-of-pres-

sure measured from the leading edge of the fin root

chord

y axis to the right looking forward

Vspanwise location of the fin normal force center-of-

pressure measured outboard from the fin root chord

z axis in the wind plane positive up

ac included angle of attack; angle between the body axis

and the freestream velocity vector.

a equivalent angle of attack; that angle of attack of the
eq

wing-alone for which its normal force is twice that of

the fin

6fin deflection angle

AAD J  slender-body-theory factor for carryover of loading due

to deflection to an adjacent fin

A slender-body-theory factor for carryover of loading due
to deflection to an opposite fin

A slender-body-theory factor for effectiveness of fin
SELF

deflection

A taper ratio; ratio of fin tip chord to root chord

XADJ fraction of the fin planform area affected by the load-

ing on t1he adjacent fin

X OPP fraction of the fin planform area affected by the load-

ing on the opposite fin

roll angle

Subscripts:

i fin position numbered clockwise looking forward; fin 1

of the first fin section is always in the first quadrant

i,O data base value for the i-th fin
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i,1 scaled i-th fin value for dimension of interest with no

fin deflection

i,2 scaled i-th fin value for dimension of interest with fin

deflection included

Superscripts:

indicates a quantity which lacks the effects of vorti-

city in the field

V
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FIN 52: AR = 2, X = 0.5
0.8- 0.8-

0.7 0.7

0.6 0.6

0.5 Roll. - 0.5

R Angle s V

00

0 0 io
0.4 20 0.4- 0

+ 30 - 1

X 40
-50

0.3 - 60 0.3
[70
) 8 0

0.2- 1. , 0.2
• 0.8 1.6, 4 0.0 0.8 1.6 2.4

C NC N"Z N cN

(a) M = 0.8

Figure 6.- x/C and y/s curve fits to the stability data
for fin 52.
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FIN 52: AR = 2, X = 0.5

0.8- 0.8-

0 7 0.7

0.6 0.6

x 0.5- Roll Y- 0.5-
C R  3 1 s

Angle
0 0 °  0.

0.4 0.40o., ( 20 0. 4
+ 30
X>40

0.3- <> 50
V60 0.3

[70
S80

0 .2 , , . , , , , , ,0 . 2 L

0.0 0.8 1.6 2.4 0.0 0.8 1.6 2.4

CN CN
N N L

(b) M = 1.2

Figure 6.- Continued.
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-FIN 52: AR = 2, X = 0.5

0.8 0.8

0.7] 0.7

0.6 0.6-

£ CR Angle s

0 0

0.4 /k 20 0.4-

x 4 0

O 5o
0.3 V7 60 0.3

[] 70

-~ X80

"", . .8 i6 240.0 0.8 1.6 2.4
C N CN

(c) M = 3.0

JFigure 6.- Concluded.
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2.0

i FIN 52: AR = 2, X = 0.5

1.5

1.0

CNF

0.5

0. 0

A = -20'

0 6 00

-0.5 = 200

0.0 10.0 20.0 30.0 40.0 50.0
ANGLE OF ATTACK

(b) M = 1. 2

Figure 7.- Concluded.
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FIN 52: AR = 2, X 0.5

d9CD C)

D 0-

o 0i

CD C

x 0
000

mofl 0 oo
0 0

0 rAt3

o0 0

0-0

..

0.0 0.8 1.6 2.4 0.0 0.8 1.6 2.4
CN CN

(a) M = .8

Figure 8.- x/C and y/s curve fits for control
defection effects.
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FIN 52: AR 2, X =0.5

0

5,. 5,

• a

a

0. . N I.6 240.0 0.8 C 1.6 2.4

(b) M = 1.2

Figure 8.- Continued.
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FIN 52: AR =2, X 0.5

8C

CD CCD
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2.0-

FIN 52: RR =2, x 0.5

M co 0.801.6

1.2

pM
C-D

0.8

0.4

S0.0 1, .I

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0

ANGLE OF ATTACK
(a) M = 0.8

Figure 9.- Wing-alone normal-force coefficient for
Fin 52.
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1.6

1.2

X
z
C..)

0.8

PIN 52: AR - 2, . 0.5

M0 = 1.20

0.0-
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80. 0 90.0

ANGLE OF ATTACK

(b) Mc, = 1. 2

F-igure 9.- Continued.
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2.0-

FIN 52: AR 2, 0.5

Mw 3.00
1.6

1.2-

X
C-)C,'.

0.8

0.4

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0

ANGLE OF ATTACK
(c) M = 3.0

Figure 9.- Concluded.
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Seaation point

lie

t ® Agnone, Zakkay,
X TOty, and Stallings

0 o- A(Ref. 16)
a ®Murthy and Rose

× (x ) (Ref. 17)
0 90 0

V 01.60
0 2.30

Landrum, LRC
80 < 2.96 (ref. 18)

A4.60

70 I I I
0.8 1.0 1.2 1.4 1.6 1.8 2.0

Crossflow Mach number, is

Figure 10.- Effect of crossflow Mach number on separation
points on a body of revolution.
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FLJI 0MRT OF~ POGR(1 - tlISt3

KO

I -)MR -IBCIEU -ICSICU
I I I-IS

I -YDhA -IBCIEU -- ICSIcU
I I I-1CS

I I-YWL
1--M --- FIM
I I-FINITM
I 1--FINUHL

I-qFij lfs -m

I-ITFAC -- EQ4
I I--EQ5

IN I I--{Q7
I I-xm~~
I I-C141G
I-f-LU
I-SE101S --416011 -01M32

I I 1-0(112
I I I-Qfl12
I I 1-0(142
I I 1-0(W42
I I I-NTS

I I 1-0(15
I 1-04162

I 1-4t6016-162

I 1--M653

I-NOSE --1f1M

I I-UN2D

I 1-ilQ -IBCEI RP S

I I -OJTE2 -tHIR?
I I -4EVF ---- OEL
I I-NRPD
I 1-111,6

I-41WO11
1 -40Y3 -ELI30

I--ORADD -- I-BOO
I i-UI(rpy

I-OfE---- -- V

Figure ll.- Subroutine calling sequence for
program MISLE3.
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CROSS REFERENCE W PAGE 1

S B BCICCCCCICCCCCICCCCCICDEEE IEFFFF IFFF I III II
IOLOVCIHHNNNINHNNHINNNNNINFQQQ QIlII I ITYBICCNN I

SUBROUTINE 1OFDTLI 1RDDDI DDTTTITTTTTITE4561 7N HN INNRECI SSFPTI
E 1OEYE 14T455 56133 345551 6Q I LSTT ITTALI IEILTDI

12Q3X 18212 132212 32123 12K I D lH KINNK E IVCU 61
2 16 1 I I SDLRILR UIUU I

EXTE LII
REFERENCES I

ALFEQ I I X I I
800Y3 I I I I I
BT 2 I I X I II
CCL I I
CH1416 I I

I II-I , - F

CfRT8 I I
M1042 I II
QMD51 I I
M4052 II I
CN053 I I

CD62I I I
CNT12 II I01IT31 I I

CNT32 II I
cT'33 I I

CNT42 I I
CNT51 I I
CHT52 I I
CNT53 I I
DIT62 I I

I +-----+-- '-------........ -F!

DFEQKM II IEQ4 I I IIIIII
EQ5 I I

F I I I
EQ7 I IIIIIIII

F ........... II I I"

FINLDS I I
FINSID II I
FINTL X I I
FINTMR X I I

(a) Page 1

Figure 12.- Subroutine cross reference list for program
MISLE3.
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CROSS REFEREEMAP PAGE 2

S ABBC CCCCC CCCCC CCCCCI CDEEE IEFFFF IFFFI 1 1 1 1 11

IOLOVC IHHNNNI NNNNN INH.NNN NFQQQ Q1i 1 IITVBI CCHNNI
SUBROUTINE OFDTL 1RDDDI DDTTT TTTTT ITE456 7NHN NINNREC ISSFPTI

NAME 1OEYE 14T455 56133 34555 6Q I LSTT ITTALI IEILTDI
12Q3X 11821213221213212312K I DHHHINNK EIVCU G1

1 2 16 1 1 1 H SDLRI LR UI UU 11
EXIE IIII

REFERENCES I I I I I I

FINTNL I X I
FITM I X I I I
FTRAK I I
FLN I I
GEL I I

IBCIEU I
ICSEVU I! X I

ICSICU I X
IHF1.U IIIIIIIII

INPT I
- -- --- ----------------, ....... ----

INTDG I I x
ITDG2 1 X
INTFAC I
INTRPD I X
LiIJ I

+------------+------ ------- ------ - - ------ ------
LIN2D I X
LNTRP I X X I
NOSE I
PROSS I
QLHL II X I

4 ---------------- 4- - ---------- ------------ -- 4 ------- 4 -- ------------------ 4
REVFL2 I X
SETCNS I
SIMPi I X I IIIII

SIMSO I I
TRACK X I

------------------------------- --- ------- - --------------------- - ---
VELBOD X I
VADD X I
WN~GCND III IIIII
kG 4T I ,II III

------------ --- 4 -- --- ----------------------------- 4 --------- ----- 4

(b) Page 2

Figure 12.- Continued.
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CROSS REFEREE PAP PAGE 3

----------------------------------------------

A BBU I CCCCC I CCCCC I CCCCC I CDEEE I EFFFF I FFFGI llII1l
IOLOVCIHHNNNINHNNNINNNNNINFQQQIQIIIIIIITVBICCNNNI

SUBROUTINE OFD TL I IRDDD I DDTTT I TTTTT I TE456 1 7NNNH I NNREC I SSFPT I
NAW IOEYE 14T4 5 556133 3455516Q I LSTT ITTALI IEILTDI

12Q3X I18212 1322 1213212312K I DH H NNK E IVCU GI
I 2 1- H I SDLRI LR UI UU 1

EXTERNL II
REFERENCES I

X ARC I I I I I I
XCPWB i I i I I I
XLEOD I I I I I
YBAR I I I I I

YBARC I I I I i I
4--4 I ------

(c) Page 3

Figure 12.- Continued.
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CROSS REFERENCE AP PAGE 4

SI LL ILHNPQ IRSSST IVVHH IXXXXY Y I
ININAI IORL IEEIIR IEONNN IBBCLB B

SUBROUTINE ITTT N ITSSO VTKHA ILRGG6 AAPEAI A
NAIE IDFRI2 RLESL IFCPSC IBACCC IRRHOR R I

GAPJDI P3 S ILN1OK ODNNNI CBD IC

2CD 2S N DDTI I I I I

REFERENCES I

ALFEQ II I
BODY3 II I
SMEX2 1I
CCL X I I
CH1416 X I I

CHRT8 X I I
ND42 X I I
C051 I X I I
CND52 I X I I II
CN053 X I I II

-----------------4------+----4------+--- -----------------------
CND62 x I
,NtT 2 X I
CNT31 X I
CRT32 X I
CNT33 X

+--------------------------4------- - -- - ------
CNT42 X I
CXT52 XII

CN[53 X
DIT62 x

--------------------------t-- ------------------4 - ------- --
DFEQKM I
EQ4 X I
EQ5 X I

,"EQ6 IX I

EQ7 X I
-------------- --- - --------------- - - ---------------------- 4

F I
FINLDS x I
FINSH IX
FiINTIL i
FINTMR I

+------ ------ 4 ------ ----- ------ 4 -----4 ------ 4

(d) Page 4

Figure 12.- Continued.
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CROSS REFERENCE IP PAGE 5

-- -, ------- ... -.- -... . ..-- - --

III LLI LHNPQI-RSSST IVVWWI XXXXY.I Y
INNNAI IORL IEE IIR IEONNN BBCLBB B

SUBROUTINE ITTTN ITSSO VTMMA LRGG 61AAPEAI A
NAME IDFRI2 RLESL FCPSC IBACCC IRRRHOR R I

IGAPJDIP3 S ILN1OKIODNNNI CBD IC
12CD 1 12S H IDDDT I W I

EXTM I I I I I
REFERENCES

FIN(1. I IIL I I I
FIHINR I I I
FTRAK I X I I
FIN I X I I
GVEL I X I I I

IBCIEU I X IX X I
ICSEVU I I I
ICSICU I I I
INFLU I X I I
INPT I X I I

INTDG1 I I I
INTD62 I I I
INTFAC X I I
INTRP II I I I
L.. 1IJ I I X I IIIIII

LIl2D I I I
LNTRP I XX I I
NOSE I X I i
PROSS I X I 
QLMLII I I

REVFL2 I I I
SETCNS I X I I I II
SIMPI I
Q Is I V I 1
TRACK I I II I ' --- f---I-------I--F
VELBOD XI I I
VORADD I I I
W41, ND I x I I II.?, IGOQ, I I IX IIII II GT I I I

(e) Page 5

Figure 12.-- Continued.
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CROSS REFERENC MAP PAfSE 6

.1HILILMNPQIRSSSTIVVWNWIXXXXYIY II
INNNAIINIORLIEEIIRIEONNNIBBCLBIB>1StBOUTIE IT T T HN ITS S MI V TM A IL R G GIA A PE AI I A

NAME IDFRI21RLESLIFCPSCIBACCCIRRHORIR III
IGAPJDIP3 S ILNIOKIODNHNI C8D IC I I
12CD I 12S N IODDTWI I II

E)CTEMb1 I I I I IIIII
REFEREN4CES I I IIIIII

XBARC I I I I
XBC I I I I
XLEO I X I I I I I
XED I I x I I III1

YARC I I x I IIIII
+ ---- 4-------

()Page 6

Figure 12..- Concluded.
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c oss PJFERaEtX IW PAGE = 1

I ABB'CICCCCC CCCCCICCCCCICOEEE-IEJFFFIFFF6III * I
1OLOVC IHNNNI1 4 M N HNNN NINFQQ Q I"II IITV8 CCNNNI

SRWUTIHE I I FTL IIR0OD DiTTT TTTTT ITE45 67HHNNIN HREC ISSFPTi
WE iOEYE 14T45515613313455516Q I LSTTITTALIIEILTDI

12Q3X 11821213221213212312K I DHHHINNK EIVCU 61
1 2 16 1 1 1 H I SDLRILR tJUU 11

C I X I I I I I I

BOK IX I I I I I I I I
I rxxxIxx I IlXX iI x I

CN ' IX I I I I I X I I I
CNTLO I I I I I I I I X I

+ ! I . -- i II

GEMI I I I I X I I X I
LDS I I I I I I X !.
NOSE I I I I i I X I
PREPRO I xx I I I I I X I I I
PIW I X I I I I ! X I

! I - II I

REF I X i I I IX I I X I
VORTS I X I I! I x i xI

III I I I

CROSS REFERENCE K

IIIILLLHNPQIRSSSTIVVUIIxXXXXYIY .1 I
INNNAIINIORLIEEIIRIEONNNIBBCLBIB I I

SUwR m I rTTHN TSSOH IVTHMA ILRGGG IAAPEAIA I
W1E IDFRI2 RLESLI FCPSC BCCC IRRWORIR I I I

IGAPJDIP3 S ILN1OKIODNNNI CBD IC I I
1 2C I1 2S N ID D TWI I I I I

CiOti. I I I I I I I I I
BLOCKS I

LCN S I x I I x I I I I I I
I -I-I-I ----- I-I-I -I---l-I -I --- I--I -I-I-I --f-i -I-I-I--- -I -- I -- +-I -I-I-I -f--I -I---

CNS. I I I I I I I I I
G F I I I I I I I I

CONT I I X I I I I I I II~l. I X I I I-- -+I

CliO I I I I I
I I I I

NOSE I x I I I
PREPRO I x I I I
PROG I xII

+--------I--f----If-----f-------

REF I x I I I
VORTS I I I x xx I I I I

1. I - - -- - - - - --

Figure 13.- Common block cross reference list for program
MISLE3.
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Figure 14.- Geometric inputs for program MISLE3.
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I
16.0

M = 1.6 0 Experiment, Ref..27

120= 0=0 MISSILE 31 2 .0 - S 0 *

8.0

z

4.0-

0.0
0

a

-4.0
-8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0

c

30.0-

20.0-

10.0-

Z- 0.0 0
0 0

-20.0

-30.0
-8.0 -4.0 0.0 4.0 3.0 12.0 16.0 20.0 24.0 28.0 32.0

c

(a) Overall loads

Figure 19.- Comparison of predicted and measured
aerodynamic characteristics for the
body-tail model in Reference 27,
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Figure 30.- Comparison of predicted and measured
aerodynamic characteristics for the
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dynamic characteristics for the Army
Generalized Missile, Reference 26,
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Figure 40.- Comparison of predicted and measured aero-
dynamic characteristics for the canard-body-
tail model in Reference 28.
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APPENDIX A

Lccal Mach Number and Dynamic Pressure Correction

A body at angle of attack in which the crossflow Mach number,

Mw sin ac, exceeds unity experiences regions of flow where local

conditions are very different from freestream conditions.. For

example, the presence of a bow shock wave can significantly alter

local Mach numbers and dynamic pressures; therefore, a method

incorporating the equivalent angle of attack approach which

relies on wing alone aerodynamic characteristics in a uniform

freestream requires a correction of the referenced flow

conditions to account for the local flow conditions seen by the

fins on the body. More detailed descriptions of this phenomena

are presented in References Al and A2.

A correction for local dynamic pressure and Mach number

effects is implemented using predicted velocity components,

densities, ar pressures from an Euler code. The velocity

components u, v, and w, the density, p, and the pressure, p, are

determined around a body using program SWINT. The body consists

of a 3-caliber ogive nose followed by a long cylindrical section,

and the flow field properties are investigated 10 diameters aft

of the nose section. The following dimensionless variables are

defined

dimensions x x/l , r = r/l , = (Al)

4-'

axial velocity W= (A2)
~U cosa

(Al) Hewsch, M. J. and Nielsen J. N.: Triservice Program for

Extending Missile Aerodynamics Data Base and Prediction
Program Using Rational Modeling. Interim Report for Period
J .uxx 1 ) I t ? to June 15, 1983. NEAR TR 305, Aug., 1983.
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lateral velocities u- Usina (A3)

V U0sina (A4)

density p =P/PO (A5)

pressure p ()sin2

Note that a, V, W, p, and p are equal at corresponding points in

the flow field (R,f,o) if the parameters kI = 6cota and k2

M0 sina have the same values at the points. For a long (infinite)

swept cylinder, kI 4 0, R 4 w, and all of the dimensionless

variables become functions of Mmsina only.

Considering the pressure equation, since U9 = M97pw/pw for

isentropic flow, Equation (L6) can be written as

- P(A.)P - 2 2
• 7pwM sin a

or
* =- 7P 2 2
p p=7p Msin a (A8)

Since S = p(Mmsina) for kj 4 0, R 4 O, Equation (A8) has the form

p* P- = f(M sin a) (A9)
POO0 0

(A2) Hemsch, M. J., and Mullen, J., Jr.: Analytical Extension
of the MISSILE I and MISSILE 2 Computer Programs, March
1982, NEAR TR 272.
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The normalized dynamic pressure is

_q - [U2 +(H2 w2(A0

Substituting Equations (A2) - (A5) into (AIO) yields

_ = Ii2a(u2+ -2) + cos a(-2 ) (Al)

The average local dynamic pressure at a given # is obtain by
.A integrating Equation (All) over the exposed span and dividing by

the exposed span length; therefore,

u sin+ 2 2)dt + cos afp(w )dt (A12)

a a

The normalized Mach number can be expressed as

_M 2 U2 + V 2+ W 27,p2 "tP/P U2

2p/ 2 2] (A13)

Substituting Equations (A2) - (A5) into (A13) yields

- P [sin(2 a( 2+ 2) + Cos 2 a(w2 (A14)

The average local squared Mach number is

(MJ2 __ 2{..2 v)dt + ~fP*(w )dt (A15)

a a

Note that Equation (A15) gives the average M2 not the square of
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The following coefficients are defined for use of the SWINT-

generated data base at x/D = 10.

A(r,0,M00ina) p (u2 + ;2) (k16)

C(r,O,Msina) A!p* (A18)

D (r, bMoosina) EB/p* (A19)

The average values integrated over the fin span are

M

B(a/sm# ,M®sina) s JA(r,O,Mmsina)dr (A20)
m a

M

B(a/s M ,Msina) 1 J B(r9OMOsina)dr (A21)
m a

S

Using Equations (A20) - (A23), the local dynamic pressure and

Mach number become

L .i2 + Jcosa (A24)

-M = Os ia + Dcosia (A23)

Tables of A, B, C, and D were created from SWINT results at

x/d = 10 and the a/sm in the data base for vrarious crossf low Mach

numbers greater than 1.0. These tables are included in MISSILE
3, and the average local dynamic pressure and Mach number ar:z

calculated fron Equations (A24) and (A25), respectively.
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