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Preface

Most of my time during the past six months has been spent preparing

for , working at , and finally completing this project. As time pro gress-

ed , I managed to develop at least a measure of proficienc y in workin g

with the six degree of freedom equations of motion , was introduced to

the utility of aerod yna mic coefficien ts , and gained considerable exper-

ience work ing with a computer simulation. This learning experience , un-

like most of my rote textbook encoun ters , was found to be satisfy ing, re-

ward ing, and real. I also found the professional people I came in con- F
tact with during the project to be knowled gable , motivated engineers

willing to share their time and talent. My assoc iation with my advisor ,

Dr. D.W. Breuer of the Aeronautic s and Astronautic s departmen t , Air Force

3 Institute of Technology; Major Ed Mir niak , Air Force Avionics Laboratory

who proposed the project; and Captain Bill Mik ios , Flight Dynamics Lab-

orator y who provided the computer program, made the project not only poe-

sible but enjoyable . An enormous amount of expertise was available to me

through these people as well as from those who have previous ly documen ted

their efforts in this field . This project represents the conclusion to a

personal challenge of the first degree with its own reward at the time of

completion . If any part of it is ever useful to anyone else , then all

the effor t is even more worthwhile.
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ABSTRACT

A six degree of freedom computer simulation was used to investigate

the lateral progression of a free-fall ballistic traj ectory due to spin

rate , Magnus aerodynamic coefficients and. initial projectile pitching

motion . The Increased spin rate extends the projectile impact point

both downrange and cross range due to a slight increase in tine of flight

generated by a predominately positive angle of attack. The Magnus forc e ,

Magnus moment and side force coefficients,under normal release conditions,

presents only a minor influence and can be omitted from the simulation

without altering the trajectory appreciably . If the release altitude is

sufficiently high, however, the small influence of these coeffic ients

could propagate to a correctable mag~i1tude. i~ oj eotile oscillations ~n-

countered at release can increase the lateral progression of the traj ec-

tory significantly , especially for high speed deliveries. Oscillations

induced by an initial pitch rate of the projectile generates consider-

ably more lateral deviation than an initial pitch displacement of equiv-

alent maximum amp litude . This increased, lateral displacement causes a

corresponding decrease in range impact. Other observation s concerning

the performance of a projectile following a ballistic trajectory are in-

cluded as support materi al in the last section of the study.
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ii-
MAGNUS EFFECTS ON

BALLISTIC TRAJECWRI~Z

I. Introd uction

Pur~pose

This study uses computer simulations to Investigate three factors

that effect a free-f all ballistic trajectory . The first object ive is

to determine the relative influence of Magnu s force, Magnus moment , and

side forc e coefficients . The next area of interest is the effect of os-

cillato ry motion induced by initial pitch rate motion compared to m i-.

tial pitch disp lacement of the project ile . The th ird set of simulations

determines how spin rate induced by the projectile fins alters the tra-

JeOtOr3r . 
.

The developmen t of the equations of motion used in the computer

program is included in this study , followed by a discussion of the aero-

dynamic coefficients • The results of the simulation s are presented in

the last section .

Background

A ballistic projectile is designed to spin so that a pred ictable tra-

jectory is generated. Withou t spin , aerodynamic lift created by non-sym-

metrical shape resulting fr om manufactur ing imperfections would cause the

projectile to fly away from the expected ball istic trajectory . Spin is

also requ ired for stability considerations . If the projectile has in-

suff icient angular momentum , it will eventua lly begin precessing and , if

Z the spin rate is in the neighborhood of the natural pitch frequency, it

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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~~y develop catastrophic yaw . Conversel y , with excessive angular momen-

tom , the projectile spin axis tends to become gyroscopically oriented

with respect to inert ial space and will not track properly throughout

the trajectory . Conventional bombs are therefore designed so that a

spin rate is achieved that will maintain satisfactory stability within

either limit of spin rate (Ref ~..64 I 12 a 29). This apin , while desir-

able and necessary for a predictable trajectory, induces lateral errors

which are attributable to Magnus lift and a gyroacopical].y Induced la-

teral angle of attack. These effects are additive and can cause the bomb

to progressively deviate laterally.

Assumptions

The aset of equations that completely describe the trajectory of a

spinning ballistic projectile are fully coup led , non-linear expressions

V that are developed in dynamics texts (such as Ref ks99).  The solutions

to this set of equations requ ires extensive digital computer capability

even with the following simplifying assumptions a

j 1. The earth curvature , variation in terrain , and earth rotation

are neglected . Pbr normal conventiona l weapon delivery airspeeds and

altit udes , no signif icant error is introduced since the range and time

of flight of the projectile is suff iciently small. This assumption eli-

minates the earth reference and allows the advantage of direct transfor-

mations between the body and inertial reference frame s (See Fig 1).

This greatly decreases the re quired computer time with no appreciable

loss in accuracy •

2. The gravitational field is considere d uniform over the entire

trajec tory. 
.

3. The cor iolis acceler ation is neg lected even though it can have

2

— . - •  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. :;. -

~
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~ £ T/G~~~~-flD-8 1~- a small but discernable effect on the projectile impac t point. 9br this

L~~J~~~~~~ investigation, the change in traj ectory is of pr imary interest, not the

precise trajectory itself . Coz iolis acceleration is addressed in Ap-

pendix S but is not written Into the computer program.

1i. A standard atmosphere is assumed adequate for normal release

&ltitudee • The ARDC 1959 Model Atmosphere was used and no winds were

Included in the simulaticn .

c~
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— II. Ma thematical Theory

Reference Frame Transformation Matrix

The orthogonal reference frame used in this development is the body S

fixed reference frame (xTz ) moving with resp ect to the Inert ial fra me

(zys). The origin of th. body frame is located at the center of gravi-

ty of the projectile .

x

o

Pig. 1. Reference Frames

Tb facilitate the direction cosine matrix development , the body ref -

erenc e frame is rotated 900 In the negative direction about the K axis

to allign the YZ axes with the corresponding ys axes. Th. following se-

quence of Euler angles is then used to generate the direction cosine ma-

O 
trim (11sf 2a8)s yaw rotation ‘P about the y axis , pitch rotation 0 about

tb. new s’ axis, then roll rotation ~ about the new x” axes .

________ 

__________________________________ 
_____ -
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The resulting matrix tea

Is o °11 ce so o 1 ~ w o
1 0 C~ S~ fl -so co o J o o 1 (1)

~ 
o-s~ c~JL ~ o i ] _sv’ o cv ’ j

which expands to a single Euler angle transformation so that the set of

equat ions describing the velocity vector is (Ref 7slO) i

- 

T
rcw ce SO C 9 S W  1 U

c~ ce s~cv’ - c~ sv ’so J v S

-s~ce c~cw~ s~ swseJ ~
(2)

Where i, ~~, ~ are the velocity components in the inertial reference

frame and u , v , w are the velocities along the body frame (Fig 2). 5, C

denotes sine and cosine re spectively .

!~~~~~ns of Mot1on

The relationship between vector derivatives In any two referenc e

frames (where Z denotes any vector) can be expressed as (Ref 6:109),

_~_t ..~__I
Z~~~Z + c.~~x 2  (3)

Then , for a velocity vector V

I.
•1  .b 01

V~~~~+~~i x v  (4)

-t (

~ 1~~ - _________
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Consequently , F ma mV can be expressed in the referenc e frame of in-

tereet as

(5)

The rotational parameters p. q, and r are defined as the angular

velocities about the X , Y , Z body axes respectively and u , v and w are

th. linear velocity components along the X , Y , Z axes a

- -

Pig. 2. Rotation al and Linear Velocity Axes

The scaler components of equatio n 5 can be expressed in the body

I; frame as (Ref 4s99)s

-

~~ 

- 

I~~~m ( u + c 7 w — r V )
- i~,~~m (~~ ÷ r u — p w ) (6)

~~~~~n(~~I+fV —~~~U )

6
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or , equivalently,

- iw -r v i
= ~~

I _ m  r u — ~~w J  (?)

r~j  -pv .-~~uJ

Where the components of ~ are expressed as the combination of aerodyna-

etc and weight forces.

Ri c~ r ~ 1
- -k- I = Q S  — 

rng~ c~ ce J (8)

L~ J L-
~~~~~ J

where Q = + ?V a
2 

= dynamic pressure

S = cross sectional area

C~ , C~, C~ = aerodyn amic forc e coeff icient s
V 

This set of equation s (Ref 2*11) describe the three translational dc-

grees of freedom of a projectile as it proceeds along its path. Three :~
• additional equations are needed to accoun t for the spin , pitch and yaw

motion that will be encountered .

The expression relatin g the derivative of the angular momentum

vector between the body and inertial frame , from Eq 2 , is

.i_L ~.b 
—

h • =  ~~+~~) x h

where

~
1x I% 1~
h~~~ - (10)

C I~~r

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ • V • 
-
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The rate of change of angular momentum expressed in the body frame , P

for constant mass projectiles , is 
-

IIxFl
= (11)

Li~ t1

Th. origin of the body frame of referenc e i located at the center

of gravity of the projectile which eliminates the products of inertia V

since the body frame is located on principal axes and the moment of in-

• ertia about the y & z axes are equal. The scaler components of Eq 9
S can therefore be written as

~ MX = + c , r [ I~ -Lf ]
h) My ~ 

Iy ’~ + -pr[I~ — i
~~~~~J 

(12)

(~
) 

~z z M z ~ + ?‘7 [ I.r Tx .J

SInce I~ I~ for a projectile with rotational mass symmetry , th is set

is equivalently presented as (Ref 2z11)s

M~
• = My — (Iy Ix )7’  — r (‘3)

H V

I where the N vector is the moment produced by aerodynamic forces express-
V 

.d as a function of the aerodynamic moment coefficients CL. CM~ 
0N

(aef 2,12),

8

V V~~~: V .
~~ S
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S

• ‘-.. M,~ CL
QS d CK

S CM

where d is the diameter of the projectile . 
V

Eqe 7 and 13 completely describe the motion of a six degree-of..

freedom ballistic projectile and form the basis of the six degree-of-

freedom computer program used In this Investigation.

Differential Eq~uat 1ons of Motion In Rotational Parameters

Euler angles provide an effective description of body orientation

In space and the heading , pitch and roll angles are easily visua lized .

The transformation matrix of nine direction cosine elements , however ,

requires considerable computer time to process the numerou s trigono- F

metric functions . Also, singularities in the differential equations a-

rise when the pitch angle of ± 900 is reached , as well as inducing Un-

acceptable truncation error when integrating in the neighborhood of the

singularity point. The use of Euler rotationa l parameters (sometimes

referred to as quate rnions) provide a computational device that avoids

the singularity limitation of Euler angles. This system uses four pa-

rameters to fix the position of a body in spaces three direction co-
• sine angles to specify the orientation of the spin axie , and another

V rotational parame ter to spec ify the amoun t of spin about that axis . In-

stead of working with nine direction cosine elements and six constraint

V equations from the Euler set , the problem is now reduced to expressions. . .
for the rate of change of the four quatern ion. parame ters ( A ,, A~ , A,, £ V

(
~. ~S,) and a single constra int equation )~ + + ?~ . A = I . The corn-

put r time required to solve this set is reduced but still remains ox-

- ____________________________________________
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tensive. The rotational parameter equivalen t of the direction cosine 
V

matrix of equation 2 is (Ref 2.?), 
V

2 (A,~~~÷ A , A ~ ) 2 ( A.A3— ) o A
~)1

2 C ~~~ 
- A0A,) 2 (A : + ?~) — I .2 ( Aj~3 + A~ ‘~.) 

V

I (is) 
V

2~~~ A 3+ A,7~) 2(  ?~A,- ~.A )  2( A + )
~) — IJ

where

~~~~~~~~~ + S
~~~

S
~~. S*

--f £ 4 C 4 C - ~

c4 C.~~S~~ + S~~ S4 C ~~ (16)
V 

?%3 zC.~~
S.

~~C~ : + S~~~C~~~S~~

The rate of change of these parameters are given by (Ref 2:10):

o p

• V~~~~~~~~ 

r
V 

)?~ — ._~~~~L 
-P 0 -r 

(17)
V 

~~ 
.-c~ r o - p
-r p o

The algebam required to develop equatio ns 15 and 16 is quite extensive V

as shown in Appendix D. The derivation of equation 17 is found in Ap-

pendix B of re ference 2 , page ile

The differenti al equation s of motion are now In the programmed form

and are summarized in Table I . S

10 V

V - ~~~~V_~~~~~~~ V V V~~~~~~~~~~~ VV ~~~~~~~ r ~~~~~~~~~~~~ S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Thble I

A
Differential Equations of Motion

The kinematic relati onships are s

T

2. ( )~+ 
~~~~

) — 1 2. ( A~A~ + A0A,) 2. ( ?\A 5— )
~A~) (.4

2 C )Q~3) 21 1s~ + A~) - I 2 ( Al?~,+ )‘~~
) ~~ V

V 

2. ( A,A3+ V’2) 2. ( A~A~- ?Q~) 2 ( )~ ÷ A~)-J w
V 

V (18)

a p c~ r 
• 

- 

V

0 - r q
) 2. .~~~7 r 0 p (19)

-r -
~~~~~ ~~~~Q V

The dynamic relationships are s V

r~
w _ r v  :

1

• m ~r = 
~~

. — m r u — 
- 

(20)
LP’ ’~

M x 101

‘41 = 1
~’

y —(;—;)PI— rI (21) H
rZ rJ Mz Lii

~ V

where~~~and~~~are deacrtbed In Eqs 8 and lk. V
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V III. Method of Problem Solution

The Computer Program

V 

Solution of the set of coup led , non-linear differential equations j
listed In Table I requ ires extensive computer capability . The program

used In this study was original ly coded for the Naval Ordinance Research

Computer and has been updated as more advanced generations of computers

became operational. The FOrtran IV prog ram used for this study was de- V

V 
veloped by Charles V. Ingram and R.S. Elkenberry using Cohen & Werner s ’

work (Ref 2) as a point of departure . It was written orig inally for

stability ana lysis applicatio ns rather than precision trajectory pre-
V 

diction . The six degree of freedom compu ter program numerically inte-

grates the set of kinematic and dynamic Euler equations of Table I in V

the body reference frame and ou tputs In the Inertial reference frame. V

The accuracy of the program is limited primaril y by the quality of the

aerodynamic coeffic ients that are Input. The complete prog ram is list-

ed In Appendix F.

Both the Runge-Kutta numerical Integration step size (value of A-

(20) Table B-2 ) and the output time incremen t can be adjusted by the

V user as a means of tailorin g the computer time and cost against the ac-

V curacy requ ired . If high projectile spin rate s are encoun tered , coarse

step sizes on the order of .01 second could result in erroneous outpu ts 
V

due to insufficien t data points to properly resolve the Integration

problem . The time step shou ld be small enough to provide at least ten

Inte gration steps during one re volution of the highest spin ra te expec t-

ed. A step size of .002 second is used for most simulations in this re- V

port . Since extensive core memory and computer time is required to pro- S

12
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V

Cesa this program, it is written for only a single trajectory per run .

A core memory of 100,000 was adequate for all trajectories used in this

study. (An integration step size of • 001 second requires in excess of

200 seconds of computer time for a 10,000 ft drop.)

Discussion of the computer program input and outp ut is included In

Appendices B and C. V

V Proj ectile Model Description

The standard Mark 82 warhead with an experimental tail section was 
V

the projectile model used to determine the aerodynamic coefficients.

The cylindrical aft section has four slotted fins , each fitted with a 
V

trailing edge wedge to provide the roll driving moment. The designation

of the configuration is FFSW (fin , fixed , slotted , wedge ). This particu-

lar projectile was selected because of the V similarity to existing conven-

tional weapons and , significant ly , most of the aerodynamic coeff icients

were available (Ref l~i).  V

k _____________ 

___________________

• 
1.4

d f f  

_ _

_  

_ _

I I 11’ 3j 127 d

~ —2 . 11.29 d ~r I - l 6.003 d

V Weight = 525 lbs. . V

1.81 slugs-ft 2

= 46.1e slugs-ft2

d 10.75 in.
w wedge angle

Fig. 3. Proj ectile Model V
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The cylindrical tail section provides both a higher drag coeffi- 
-

cient and a housing for an inflatable high drag device that may be In-

sta lled; the slotted fins increase the probability of a well-behaved

roll rate throughout the trajectory (Ref 3 :1).

A wedge angle of ten degrees is used for most of the simulations

in this study . This wedge angle pro vides sufficient roll acceleration

to overcome adverse dynamics encount ered during re lease. The steady

state spin rate produced is fast enough to investiga te the influence

of Magnus coefficients withou t inducing the type of instabilities that 
V

can occur when the spin ra te exceeds approximately ten times the nuts- V

tion frequency (Ref 8; Sec 3, 5) .

Aerodynamic Coefficients

V 
Values of the aerody namic coefficients used in equations 8 and lLi~ 

V

must be adequately determ ined by wind tunnel testing of the projectile

model before satisfacto ry trajectory simulations are possible . The

aerodynamic force and moment coefficients can , for most applications,

be reduced to the expressions listed in Table I I . These expressions in- V V

d ude cross-ve locity terms in both the force and moment coefficients ,

bat cross spin terms are included only in moment coefficients about

pitch and yaw axes . (See Fig 6 for definit ions of cross-velocity and • V

cross spin terms.) Table III describe s the term s which make up the tota l

aerodynamic force and moment coeffic ients . These mathematical expres- V

alone were determined in Cohen and Werners ’ work (Ref 2:15-19).

In order to illustrate the utility of the aerody namic coefficient

terms , the expression for Induced roll momen t is used as an examp le

(See Table III): V

1~4 [ S

V -——-—— S 
_ _ _ _
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V

V 
V 

C10 + C~7 sin ‘~Ø ’ + CJ 8 coa P~~ ’ (22)

where

= Angle to cross velocity vector (See Fig 6)

C,0 = Initial curve shift (See Fig 5)
V C~7, C~8 = Amplitude of curve

= Number of fins 
V

V The Cj0 term is the residual rolling momen t that remains after the pro-

jectile has been aligned in the wind tunnel at the angle of attack of V

interest with no fin deflection ; that is, an index of rolling moment

V due to body shape .

I 
The next set of terms , C~7 sin i1 Ø ’ + C( 8 cos P1 Ø~ , is the mathema—-

tical format required to describe the data curve obtained from the wind

tunnel measuremen ts . This application can best be appreciated by the V

illustration of a spinning projectile at var ious stages of roll moving

V away at an angle of attack suffic ient to cause a vortex to trail along

the top of the missile as in Figure 11.

e.22.~ ~~~~~~~V Po.t~~,. Roll I,~.ttY. Roll V

V 
V

V 
Fig. ~l. Periodic Change in Aerody namic Coefficient C~

V At the beginning of the sequence , the trailing vortex is cut symmetri- V

cally by the fin , so no net roll influence is imposed by the dynamic V

pressure change on the fin due to the vortex • After 22.5 degrees of

- _ _ _ _ _ _ _ _ _ _ _ _ _  

—____________
______________  ~~~
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roll , the vortex is in a position to exert a maximum rolling Influence .

At the k5° angle , a condition of symmetry is again encountered . ~~r

this type of oscillatin g charac teristic , C~ could be graphed for the

entire sequence as the solid curve of Fig 5. The graph obtained from

th. actual wind tunnel data for the coefficient of interest , however ,

is generally skewed from the theoretic al curve as indica ted by the dot-

ted curve . V

L
~~~~~~

i
~\:~~z;f t

Fig. 5. Theoretical vs Experimental Data Curves

The three terms, C)0 + C27 sin r lØ ’ + C18 cos ,1Ø’ , are therefore

used in whatever combination of magnitudes and sinusoida ls that produce

the best simulation of the actual wind tunnel data . The relative mag-

nitude of Cf~ 
versus the amplitude of the sinusoidals often makes one

or the other of the terms negligible .

The rema ining tri gonometric expression s in Table II not defined in

Table III are attributable to transformation s between reference frames. V

V Most of the aerodynamic coefficient arrays used in this computer 
S

V program had been previous ly determined throu gh a joint effort between

the Naval Surface Weap ons Center , Dahlgren Laboratory , and the Aero- S
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Cross spin 
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V
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”. V
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V
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V 
V 

V 

V

V 
V 

- 6 . Definition of Cross—Spin/Velocity Terms.

V 
where (Ref 2) 

V 

V 
V 

V

V 

V 4’ v 4q~ + r2 V 
, magnitude of cross-spin (redftec)

V C 
V 

arc tan V
SJV

V 
+ W2 

, magnitude of yaw ~or angle of attack ~deg)

V 
V 

~ arc tan . _  (angle about X-axls from cross-velocity vector

of the center of gr avity of missile. to Z CIr~ deg) V

- 

•“ arc tan ang le about .thc X-axls from cross-spin vector 
5

V 
V 

V toY fin) (deg)
-

. 

- 1 7  
5

~~~~~~~~~~~~~~~
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TABLE III

Aerodynamic Coeffic ients
(Adapted from Ref 2)

V Description of Coef f ic ien t

Axial force CX

V C1 + C~,7sin#’ .Cy8cost~ ’ Induced side force CT?

Magnus force CYP

c~~+c27 ~~~~~ +;8co~~~ ’ Normal force CZ

C7 (r) Trim fdrce along Y -axls N/A

~z Trim force along Z-axls N/A

sfn ,~~’ • C~~cosqç~’ Induce a roll moment CLGA

C4 (5w) 
V 

moment due to fin cant CLI)?!

V 

C
4 

Roll damping moment CL?

CJfl~+Cgfl7 sIn q~~’ 4Cm8 cos ’~~’ Restoring moment CM

V 

P~m +C ssn
~~

”+cmq~cos~?#i~~~ Damping moment CMQ

V C00+C57 81fl ‘i~ ’+C,18 cOSfl~~~
’ Induced side moment CNGA 

1 
-

C 
V 

Magnus moment CNP

Cm C’) Trim moment about y-axls CMD~

C~ (‘) 
. 

Trim moment about z-axls - N/A

6 
~~~~~~~ 

C~a s1n~’ + ~h-a2 cos~~ Roll moment due to eccentric tail N/A . j
I

_ 
V 

* $ee Appendix O
V 
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space Research Laboratory , W ight-Patterson Air Pbrce Base and were

available for this project (See Appendix G). The Magnus force coeff i-

cient, however, was not available and bad to be determined so that its
V effect on lateral error could be studied . The Nagnus force coefficient

V 
is determined from the definition

- 

ac3, 
(23)

a (pd/zv)

where p = spin rate , d = projectile diameter , V a wind tunnel velocity .

This relation states that the slope of a line fit through a plot

of C7 
versus pd/2V should yield the nominal value of C~ for a specific

angle of attack and Mac h number . Tables A-I and A-Il show the wind tunnel

data taken at Mach 0.8 at an angle of attack of 1.87 degrees. C~ “~~

plotted against pd/2V and then a “best fit” line was drawn through the

data points (Fig 8). Greater weight was given to th. lower values pct/2V

so that the cluster of data points in the neighborhood of the steady

state spin condition would not overly influence the elope. No attempt V

was made to force the line through the origin . As long as the axis 
V

tercbpt remains small , the error In the wind tunnel measuring instru-

aente will domin ate • The primary obj ective is to provide a best esti- V

sate of the most represen tative siope of the plot. The siope of the

resulting line produced the nominal value of C ,,~ that was entered as a
S single element In the CYP array corresponding to Mach = 0.8 and o a 2

V (Ref Table Iv). The remaining 71 elements of the 8 x 9 matrix were de-

ter mined in the same manner . Note that the Mach = 0 4  values are used

to fill the Mach ~ 0 row . This is done because , at lower Mach numbers ,

the compressibil ity effects diminish and the coefficient remains nearly

V constant. Fig’? shows a typ ical force coefficient progression .

20
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0 .~S 1.3 2 0
MA C LI NUft1B ER - 

V V~

PIg. 7. Force Coeffic ient vs Mach Number

The alpha = 5) ° column contains unreliable data b~t is used only to V

provide a value for the program to interpolate against in the event 0< a

2? is exceeded • The computer program is written so that interpolation

I. accomplished for any intermediate value of angle of attack and Mach. -S

The angles of attack used in this study were well below 25 degrees so

this ill-defined edge of the array wa~ not encountered .

Ap.~proach to the Investigation 
-

The primary objective of this study is to investigate the relative

contr ibotions of the Magnus coefficien ts to lateral deflection of a spin-

S 
ning projectile following a ballistic trajectory. The general approach

is to isolate the effect of the Magnus forc e coefficient 0 7 ,  the In-

duced side coefficien t Cy7~ and the Magnus moment coefficient C~~ on V

the trajectories initiated from identical release conditions • Each cc- S

efficient is studied Individually , and in pa1rs~ then compared to the ~V S

performance of all three coefficients together. The initial conditions

Include a range of airspeed , altitudes and attitud e pertubat ions.

V V The Magnus force coefficient , Cy~, , is of interest because it is

~~S~~~~~~~~~~~V 
V V V~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the source of Magnus lift that i~ generated by a spinning body subject

to a relative wind component acting perpendicular to the body spin axis.

This forci will therefore be generated anytime the spinning projectile
V is falling with an angle of attack. The direction of the lateral Nag.’ 5

nus lifting forc e is determined by the direction of spin and the cross-

velocity component w. The spin rate , p, causes a velocity differential

to be produced as shown in Fig. 9. A corresponding pressure differen-

tial is generated which produces lift in the lateral direction .

The side force coefficient, C~~, contri1~ates to the deflection of

a projectile by influencing aide lift due to a lateral angle of attack.

- I )  J :p4+W

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

Pig. 9. Yignus Lift

Th. Nagnus moment coeffic ient , %,, can directly effect lateral

progression of a proj ectile following a ballietic trajectory . )lagnus V

moment is generated when th. projectile , at a sufficient ly high angle 
V

of attack , trails a wake vortex that blanks out the rolling lift of the

fin passing through it. This causes a change in roll tor que and a fin

force imba lance that produces a yaw moment on the projectile (Fig 10).

The value of the aerodynamic coefficient is a measure of the senaiti-

vity of the projectile to this effect. V 

V

2k

V 
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Pig. 10. Magnue Momen t

The release velocities used as Initial conditions are 600 ft/sec

for a lower limit (approximately 350 knots) and 1000 ft/sec for the high

speed delivery. The lower limit was selected as a represen tative velo- V

city for a slow delivery . The 1000 ft/sec velocity remains in the sub-

sonic region and provides adequate velocity spread for comparisons . A V

V velocity of 1200 ft/sec was used , in some cases , to investigate the ef- V

fect of a supersonic deliver y (Mach 1.1 at 10,000 ft).

The 10.000 foot altitude was selected for most of the simulations .

This altitude provides sufficient time of flight to identify any algal-

ficant traj ectory trends and does not require prohibitive computer time

to proce ss. An altitud e of 20 ,000 feet was used. when a lower air den-

sity trajec tory was desired for compar ison .

All releases are from a level flight path. The pro jectile V
j

~~~~
, V

however , perturbed Ini tially under three conditions $ zero perturbation , V

a nose-down rate motion, and a nose-down displacement. The zer o per-

turbation condition ~i~ulates a pr oj.ctil. perfectly aligned with the

velocity vector at relea se • Th. pitch rat. motion of q a - .5 rsd iana/

sec is used to Investigate the effect of mot ion that could be induc ed 
V

25
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by the bomb ejec tion mechanism. The initial angle of attac k of o(=

-7.75 degrees , the third condition , is approximately the same maximum

amplitude achieved by the preceding initial motion , but obtained in a

different manner . V

Spin rate of the projectile direct ly Influences Magaus lift and .

consequently , lateral progression of the trajectory . Wedge angles of

5, 10. and 15 degrees were used In the simulations to investigate the

V 
relative influence of the differen t wedges . 

S

The parame ters studied under various Initial conditions are listed

an an overview in Table V.

I

V 

tV i

— 
V

H
H
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IV. Result s of the Simu lation s

Effect of Magnus Coefficients

The first simulation s were run to determine the relative influence

of the Magnus coeff icients . Initial relea se condi tions of level flight

at an altitude of 10 ,000 feet and 600 feet per second , using all twelve

available aerodynamic coefficien t arr ays produced the resu lt shown in

Fig . 11. The ground zero impact point for the traj ectory using all co- 
V

efficients was 5? .73 feet to the left of the iner tial x-y plane con ta in-

ing the re lease point. With three coeff icients re moved that influence

lateral disp lacement ~~~~ Cy7~ ci). the impac t point was changed to

56.58 feet. This total spread of only 1.15 feet , generated over a re-
V latively long -trajectory , is lost in the accuracy limitations of the

aerodynamic coefficients and the simplifying assumptions used In the V

V equation of motion development. This small , Ma.gnus induced lateral mo-

tion is initi ated early arid propagates slowly throughout the trajectory .

A second set of simulation s were run at a velocity of 1200 ft/sec V

to determin e if higher velocity would cause these coefficients to gen—

S erate a more significant change In the trajectories . The net difference

in the traject ories with and without the three coeffic ients remains on

the order of only a few feet.

There are a number of possible explanation s why the Magnus influ-

ence Is so small. Magnus lift depends on both the relative velocity

component acting on the projectile due to angle of attack and the spin

rate of the projectile . For normal weapon deliveries , the angle of at-

tack is relative ly small on release ar id dampens toward zero early in the

fall . During the time the angle of attack is at a maximum , shortly af-

ter release , high spin rate has not yet developed . After the projectile
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V has fallen long enou gh to generate a high spin rate , the angle of attack r

is negligible . The Magnus side forc e due to body lift is negligible be-

cause the lateral angle of attack is small. The Magnus moment is also V

small since there is no significant wake generated at small angles of

V attack to produce a lift differential in the fins. V

If oscillatory motion is encountered dur ing release , the projectile V

angle of attack alternates from positive to negative . The Magnus lift

will therefore alternate from positive to negative and average the net

V influence to zero . V

Effect of Initial Pitch Motion

V Tb simulate an Initial release condition more realistic than per-

fect alignment of the projectile with the velocity vector , an initial

angle of attack of -7.75 degrees was used as an perturbation . The same

release initial conditions were used as before and. simulations were run

first using all coeffic ients , and then with Ca , ,  C~~ , C~,,7 removed. There
V was essen tially no difference in the resulting trajectories for cç,= -7.75

degrees compared to o(j : 0 as shown In Table VI).

An initial pitch rotation of the projectile at release , as might be 
V

induced by an ejector mechanism , was then implemented by entering a val- V

ue of = -.5 rad /sec . This In itial rotation produced the same maximu m

amplitude of oscillation as the 0<~= -7.75° case , but a considerable dif - V

ference in the resultin g impact point of the projectile was gent rated .

The increased lateral displacemen t caused a corresp onding decreas e in V

range which is consistent with the principle of conservation of enerQr .

V The oscillation indu ced by an initial angular disp lacemen t produced a

trajectory that impacted. at 1~1 ,165 feet downran ge and 5?.73 feet cross

30 
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V range to th. left. The rate induced oscillation , with the same release

coeditiona, impacted at 114,179 feet downrange and 73.02 feet cross range

(5e. Table VI and Ftg l2). V

V ‘lb investigate the cause of the difference In trajectory, the nose

track, viewing the projectile from behind , was plotted for the two dif- V

feren t Inputs in Fi1. 13. Th. beta versus alpia plot represents a close

approximation of th. nose track of the proj ectile early in the trajec-

tory’ before the body reference frame and the projectile velocity vector

rotate a si~ iiftcant amount with respect to the inertial frame • The so-

tin of the projectile nose for the two conditions is quite different.

Pig 13a represents single arm coning motion caused by nutation • No pro-

V cession is evident and the damping is relatively constant. The nose

- : track in Fig 13b shows less coning and displays two arm motion with both

V nutation and precession. This oscillation dampens faster in pitch than

In yaw. The direction of nu tation is opposite to the projectile spin

rate while the precession is in the same direction . Figs 13c , d , e , f

were plotted to identify any parameters that could cause the difference

in trajectories. These plots show that the difference in spin rate build-

up and velocity progression is very small. A slight phase shift In yaw 
V

-

V

oscillation is apparent, and the initial slopes of the versus t plots

are noticably different. The last plot shows a sign if icantly different

behavior In the angle of attack oscillations between the two initial con-

ditions. 
V

The lateral displacement for both initial conditions is plotted a-

gainst time in Fig. 114 to further define the proj ectile motion shortly
- V after release • The linearized average slope of these plots produces a

ae~sure of the initial lateral average velocity . The slope for the
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St,~?.?? Initia l condition is approximately I ft/secs for q = -.5 ~~d/aec ,

the slop, is close to 1.5 ft/sec . These values of slope are significantly

different and can be modeled as an In itial lateral velocity of the pro-

Jectile at re lease. The initial late ral velocity , v0, can be input into

the simulation to determine its effect. Fig. 15 shows the lateral pro-

gression of the tr ajec tories resulting from an initial aide velocity of

— 5, 0, +5 ft/sec . The remainin g In itia l, re lease conditions were the

-
~~ ease for all three tra jectories . As the plots show , the magnitude of v0 

V

directl y influences the overall traje ctory. An equation for this later al

-î Initial velocity is given by (Ref 1:53-68):

= (
C~~A (l)( T 

)(2~ + T ~
) (24)

where = the normal forc e coefficient (actin g in plane containing the V

relative wind). V

A = frontal area of the projectile .

q = dynamic pressure.

M a a a a s

T — time constant for oscillation damping .

CJ = frequenc y of oscillation .

yaw angle of attack .

~~i. yaw rate. -

II’

If the influenc e of the disp lacement term is considered small

with respect to the rate term , the expression reduces to:
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~~ 

V (25)

wh.re CN moment coeffic ient (with respect to total angle of attack). V

I = transverse moment of Inertia . V

d = max diameter of projectile . 
V

and the following relation has been used:

_ _  
I

= (26)
1+JT2 C.~~ A q d

Equation 25 shows that the lateral velocity induced by oscillation

of the projectile is sensitive to the normal force coefficient C~ , the

moment coefficient and the yaw rate ~~.

The magnitude of the side velocity predicted by this closed form
- 

V

approximation is given by (Ref 1:65)

p 

V

V 

~~~~~ 

= 
.
~~~~~

— (.362) ft/sec/degree (27)

where the constant , 0.362 • is the result of equation 214 (displacemen t

term neglected) using a velocity of 750 ft/sec , an altitude of 5000 ft ,

and coefficients of a projectile similiar to that In this investigation

(coefficients used in this derivation are determined with re spect to - V

the total angle of attack Instead of pd/2V). These same initia l con- V 
V

dition s were used In a six degree of freedom simulation and the lateral

V displacement and yaw oscillations were plotted in Fig. 16. P~om these

I plots, a representative yaw rate and frequency of oscillation were V
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estimated as 0.3149 radians/sec and 5.314 radians/sec respectively. The 
V

closed form approximation (Eqn 27) then produces a value of V~ • 1.36

feet per second.

The plot of lateral disp lacement versus time Indicates the initial

lateral velocity , according to the simulation , is approximately 1.8 feet

per second. This is on the order of 25% difference between the six degree
V of freedom simulation results and the closed form expression . This dif- V

V ference can be attributed to the more extensive simplifying assumptions

used. to make the closed form expression possible .

_______________ __________ __________
Effect 2~ 

Spin Rate V

The effect of spin rate induced by various wedge angles is investi-

gated at differen t airspeeds and release perturbations (Table vu ). The I

V

spin rate , Induced by the wedge angle of fifteen degrees , produces the

most nominally linear lateral deviation throu ghout the entire trajectory . I

This pattern holds for both velocities investigated (Fig 17). - 
I

Table Vil also reveals tha t increasing the spin rate of the projec-. 
V

tile causes the trajectory to impact longer and wider • This apparen t V

V contradiction to the princi ple of conservation of energy was initiall y
V thought to be an error caused by using an integration step size that was V

too large. A step size of .002 second, however , is adequate for the 
V

spin rates encoun tered. V 
- 

V

Another possible explanation is that the projectile developed gyro- 
-

ecopic rigidity and was starting to fly at a net angle of attack rather -
than averaging to zero angle of attack In its oscillations. This con- V

cept is supported by the simulation readou t which shows the angle of at- --

tack of the projectile with a five degree wedge angle oscillates on the V
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order of t 0.1 degree In the latter half of the traj ectory. The fifteen

degree wedge readout , however , shows only about half the ma~~itude of

oscillation but the oscillations are predominantly positive in the last

half of the trajectory . In fact, the angle of attack does not go neg- V

V ative at all during the final ten second.s of fli ght. Also, Table VII

Indicates the total time of flight of the projectile spinning at the

faster rates is Increased very slightly (on the order of 0 • 02 second).

The downrange velocity just prior to impact is approximately 750 ft/sec

whicn produces an opportunity for the projectile to impact 1.5 feet long-

er in the extra 0.02 second. This is compatible with the data shown in (-

Table VII .

V Other Observations

Fig. 18 shows the aerodynamic coefficients, ~~~ C~~ & have no

discernable effect on the projectile velocity . The velocity progression

graphs remained the same regardless of whether or not these coeff icients S

were Included in the simulation . ~V

The wedge angle did. not change the velocity progression significantly .

Simulations modeling spin rates as 5, 10, or 15° wedge angle indicates the

velocity progression is not influenced by spin rate . This observation is

subject to the projectile spin rate remaining low enough to prec lude in- V

stability .

The higher dynamic pressure encountered during release at high air- V

speeds causes a significantly greater velocity change of the projectil e
V 

after release • The magnitude of the difference in the release and steady

state velocity of the projectile governs how the velocity will progress

throughout the trajectory . The projectile shows significant velocity

change throughout the trajectory when released from a low speed condition

---- V V V . V~~~~~~~~~~~VS~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V 5 V V 
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The projectile shows much less acceleration when released from a high

dynamic pressure condition .

Figure 19 investigates projectile acceleration from release to im-

pact. The slope of the velocity vs time curve shows that maximum decel-

eration is proportional to the drag force encountered at release and , as

a result , velocity loss is greater at high release velocities. The time

V required for trans ition from deceleration to acceleration also increases

with higher release velocities. The same plots apply for each of the

projectile fin wedge angles Investigated. Also, there are no signifi-

cant changes in the graphs for an initial angle of attack of O~~= 0 ver-

sus o(j~ — 10.

Pig. 20 shows the lateral displacement progression of a projectile

subjected to two different release perturbations ( oç= .100 and = - .5

S 
at two differen t release velocities. The slope of a pair of the

CUrves is nearly identical at any given time but the magnitude of the la-

teral displacement attained in the same given time can be significantly

different at the lower airspeed .

Fig. 21 shows that the rate of altitude loss does not change signi-

V ficant]..y with initial release airspeeds . For the 10 ,000 ft drop , time of

flight through a standard atmosphere is increased on the order of one

second compared to the time of flight through a vacuum.

The effec t of release velocity and altitude is shown as a composite

in Pig. 22. The set of trajectories initiated at 10,000 ft is essent i&l-

ly a duplication of Pig. 11 and is included with the 20,000 ft set to

give an Indication of the effect of air density on the lateral deflect ion .
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V. Conclusion s
N

The Magnus forc e , ?tagnus moment , and side force coeffic ients , for a
V projectile of the type modeled in the simulation s, and for normal release

V 

conditions , exer t only a very small influence on the impac.t point. The I

cross range disp lacemen t attri butable to these coefficients , for a tra- I
jectory initiated at 10,000 feet , are on the order of only a few feet. I

The influenc e on the downrange component of the trajectory is also very -

small. These coefficients - could be influential under conditions of high

V angle of attac k and high spin rates which , for normal releases , are not V

present simultaneously . When the projectile oscillation and the corres- 
V

V ponding angle of attac k is maximum following release , the spin rate has

not yet deve loped . As the projectile pro gresses along the trajectory ,

the spin rate builds up but the oscillations dampen to a very small value.

Also, the oscillation s alternate abou t the velocity vector of the center
V

. 
of gravity of the projectile so the Nagnus force direction , being depen- -

dent on the direction of the angle of attack , also alternates and tends

to average to zero effect.

The lateral displacement of the trajectory is , in general , Increa s-. V

ed with increas ing spin rate • Insufficient spin rate can be a stability

factor as can excessive spin rate • Low values of angular momentum can al- 
-

low the projectile to develop catastrophic yaw . High spin rates Induce 
-

~ ‘roscopic resistance to change in projectile oriontation , allowing a -

positive angle of attack to build up as the trajectory progresses. A net 
I 

-

lif t is then developed which increases the time of flight of the projec-

tile end , consequently , the cross range and downrange impact point.

A projectile released at zero angle of attack with no In itial per- 
V

—~~~~~~~~~~~~~~~~~ 
_ _
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V turbations produces the least lateral displacement of the trajectory. If I

the projectile is released with an initial negative angle of attack, the

lateral progression is increased only slightly. If the projectile is re- V

leased with a rate rotational motion , as could be induced by the ejector

mechanism or an initial positive angle of attack , the lateral progression -

is significantly increased . This increase is directly proportional to

the amplitude of the projectile oscillations. The difference in lateral

progression between the rate induced and displacement induced oscillation

is less at higher airspeeds . Also, as oscillations increase the cross

range impact point of the traj ectory , there is, in general, a correspond-
V ing decrease in the downrange impac t point. These results suggest the

following conclusions: 
V

1. Magnus force , as such , exerts no significant influence on the

traj ectory of a projectile such as the !4k-82 bomb. For most 
S

release airspeeds and altitudes, compensation for this specific

effect in a weapons delivery system would not be cost effective.

2. The proj ectile should be designed to spin as slow as possible

consistent with stability considerations .
V 3. Release mechanisms should be designed so no significant moment V

is applied . If assisted separation of the projectile from the

delivery aircraft is desired , a slight negative angle of attack

should be used instead of a moment. V

H
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V 
Appendiz A 

V

L.3 typical Wind Thn nel Data

The aerodynamic coefficients for a specific projectile model are

normally obtained from wind tunnel tabulated data . Table A-I shows the

spin-up data of a projectile model at a specific Mach and angle of at-

tack. The data measurements were made as the projectile was progres-

sively accelerated from a zero roll rate to the steady state spin rate

V (p~~~ ). Table A-Il shows the spin-down data taken as the proj ectile was

progressively decelerated from a high spin rate down to P~~~~ ~ Both of

these figures were obtained from reference 11, part 31.

~
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Appendix B

Computer Program Data Inputs

Coefficient Arrays

A sIngle 000005 card. precedes all of the coeff icient matrix input

decks • This card designates the total number of aerodynamic coefficien t

arrays used In the program and must match the actual number of arrays

that have been Input. The last digit of the array designator integer

must be in column 12. For example, if ten coefficients are used , the

lead card j~g 
V

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

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
m u  iou r~ IjeTOlis c:~~3 o 4 T n ’ ~ iii o~~Tc CÔ ioTiViO-sI *1~ U OOQio OIls oooiiIIOI~
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Fig. B-Ia. Computer Input Card

Each Individual coefficient array is then preceded by a card that speci-

V fies the desired coefficient symbol , the location of the array within the

V 

input deck in accordance with Table B-I , and the number of angle of at-

tack columns and Mach number rows that will make up the array • A 20x20

matrix is the maximum size of the Input array 
V 

V

The first tour spaces on the card shown in Fig. B-lb are available 
V

for the desired coefficient symbol. The last digit of the rema ining

three Integers must lie on space 7, 9, and. 11.

‘ I 
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I V

-
, 

-

- r Designated symbol for the coefficient
\ Requirec~ location of the coefficient array 

V

1~urnber of columno in t be array

- 

V
. 

Number of rows in tne array

/~1X 1 98
a I 4  I S I _; V______V __ _ _ V  ___ __ V_ ~~~~~_V~_~_V

- 
- ii ~~~~~~~~~~~~~~) l s $ I I  t~I I l l  1 1 1 1 1  I I  1 1 1 1 1 1 5 1  I~I 1 1 1 1 1 1 1 1  1 1 1 1 1 ) 1  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1 1 1 1 , 1 1

I

’

- - 5 ) 3 5 3 3 , 5 ,

Fig. B-lb. Computer Input Card.

The specific values of the input array are entered by rows.

For example , the nine angle of attack elements that make up the heading - 
V

row of the C~ array (Appendix c) is entered as z

- 

“.~ ~~~V2~~ “!1~~~~.~~1~It~~~~~VV L~VVtV~~~~~V~~~~~~~~~t VI V I  ~~~~~~~~~~~~~~~ .- .~i . . — 

1~~ tm .m-~rn~i-i~ ~ITIr.r. ! ;r .T I Z1~T.1 ~~~~~~ ~~ 
. -- - ~~V~~J -) ~~--=:~~~ ~~~~~~....

-$- —- -_-——
~ 
.._:

0.0 ~.Q 5 .3 10.0 15. 0 �0.0 ~~ .‘) 2?.~ V

~~~~~~~~~~~~~~~~~~~~~~~~~~ . , V ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~r~~~~-r~~~-•i _-
~~
‘
~~~ IS  ~

~ ~~~~~ - ‘LZ ~ EII-~~tT . T--F -
~~~~~~~ i-F11 r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
• • 1 l 1 5 S $ . Z I f l , M I t  ? .:!.4$l .I i? 5~ I W a i a i I l _ 1 _ 4 V 4 0 1 V _ $ %$flfl t .11.3 .31 . . I l .8$f l IQ I .V ? • f l

1 5 1 1 1 1 1 5 1  1 1  Il l  1 1 1 1 1  11$ 1 1 1 ) 1 5 1 1  I I  1 ) 1 1 ) 1 1 5  I~I 1 1 1 , 1 1 1 4  I~l 1 1 1 ) 1 1 1 5  III 1 1 5 1 ) 1 1 1 1 1 1  1 1 1 1 1 1 1 1  ‘I ~ 
V

~ 
) 1 1 Z) 2 1 1 2 5 !1 2 2 2 1  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~

! ~ 
,S , I, )S I, , , 3 1 3 3 3 3 3 V 1 1 2 3 , I U s n z 3 ) 3 1 1 2 5 2 3 3 3 3 3 1 2 3 3 f l 2 n 2 1 3 2 2 . 3 f l 2 3 l 3 1 1 2  

- - a
• t j I

444444444 44 4 4 4 4 4 I 4 4 1 4 4 4 1 1 4 4 1 4 4  4444444 4 (44444444(4~~44(5 4 ( 5 4 4 4 5 4 4  ( 4 4  6 4 ( 4  4 4 ( 4  4 ( 4 1 1 4
s • I I I I

V ~ 55$$)fl5$$tfl(3••• 
V — ~~~~~~~~~ 

Fig. B-ic . Computer Input Card

and , in successive rows , values of the array elements are entered ; such

as the zero angle of attack rows -
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* ~~~~~~~~~~~~~ IE~L1 ~Ii[t1 ~~~~~~~~ ~~ — H
~ IiiI4flOC ,)05G1m00bb09~~

1 l4*6314C15C4 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~.I

; ~~~~~~~~~~~~~~~~~~~~ 1 1 1 1 1 1 ) 1 1 1 l i i  1 1 1 1 1 1 1 1 1 , I I I I  I;I 1 1 1 1 5 ) 4 1  5~l 1 1 1 1 5 1  S l l ~5 I l l I l l I l l

- 

V 

33113333 “3 2 2 1 7 1  ~)2 1~7 1 4 1 7 0 2 4 2  l~3 23 I23  11 I O~ Si I2 21  1771  721112?U l12 I0172 11

~

1 1 :1227313

V ~ I 3 3 1 I 2 $ * 1 3 I 2 I 3 3 I3 7 3 3 ~
131331331 2

I
h31 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ 1 4 4 4 4 4 4 4 4 4 ! 4 4 4 4 4  4 1 1 a  a 4 ~~4 5~~~~ ~~~~

‘Fig. B-id. Computer input Card.

The specific values of each element may be punched anywhere within

successive ten-block segments of the card . 
$

V The remaining values of each element In the coeffic ient array are
— 

I 
similarly entered until the matrix is complete (See Appendix G).

Each individual aerodynamic coefficient array used in the program

is input in a similar manner • The sequence of these completed. arrays

must be in the order Indicated in Table B-I. Only the desired aerodyna-

mI.c coefficients need. be input; zero entries are not required. The pro- V

~~am will accept a maximum of thirty coeffic ient arrays .

Initial Conditions

The initial condition input deck is preceded with the desired ti-

tle card . This title will appear as the heading of the computer output .

V fli ti~i5_~~~~~ 3c~1~~~ ____________________________________ J VII I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V

I I

~ 
V

• , I I . I I I . S 1 , V I ,  •~~ - . . I 4131• , I f l..fl,- R n..g ..3fl~~ I 3 1 ? j f l. W S . 3 3 1 f l k 3~~~a 11 V, pt I l • V% I I• ! . f l s 4

~ t s s s 5  , J ~~~~ I I I  1 : 1 1 1 1 1 1 1 1 1 6 1 1 1 1 1 1 ) 1 1 1 4 1 1 1 1 1 5 9 1 1 1 1 1 1 5 1 5 ) 5 5 1 6 1 1 1 5 5 1 1 1 1 1 1 1 1 1 1  III 1 1 1 1 1 1 1 1 5
I i I I 1

2 IS IOUI I) 1312 ~J l 1 l 7 3h 2 7 7 1 3 3 3 1 5 3 i 1 l 7 3 3 2 1 1 7 7 ! 3 7 ) 1 3 3 1 l I 3 13 ) 1 l 3 7 1 l 7 7~1 1 1 7 l 3 4 3 1 7 I 3 1 1 3 l 4  0 U 2

3 3 ) 3 3 3 3 3 3 1
— • 1  I I ‘ -

~ I’s ’’’ 
1 4 4 4 4

1
4 4 1 6 4 4 4 4  

~~~~~~~~~~~ 

•,I~ , 44 ~4 4 4 4 4 4 4 4 4 I ~4 4 i 4  4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 1

~1033 ,, 1451517457147411 ~,111543..L . I - 

Fig. B—le. Computer Input Card
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The next card (Fig B-if) Identifies which of the option parameters

V available in the program are to be used. These parameters are (Ref 5s23) s

NORC s ~~avity designator

NORC=l denotes constant gravity used .
NORC=O denotes variable gravity will be input.

IPRN , Output time Increment control

IPRN x At = output incremen t that will be printed . At is
the A(20) value (1~ble B-211). V

NALL ~ I for this program.

IPUN i Punch option for angle of attack (oc) and sideslip (~~)
data

IPUN=l implements the option .
IPUN=O option is not used .

NBODYs Reference frame outpu t designator
V 

/ NBODY=l outpu t prints and/or punches O~ & in body axes .

NBODY=0 output prints and/or punches oc. & aeroballistic
axes . V

ISCALE: Coefficient scaling option .

ISCALE=i implements option 
~V I

~1I - 
ISCALE=O option is not used

ITBSTs Thrust option

ITRST=i Implements thrust equation into program (Sec Ref 5:
11, 12)

ITRST=O for unpowered projectile V

The last digit of these Integers must fall on every tenth space •

( V V
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V 

r~N ALL ~JBODY ITRST

IPRN 

~~ 

I
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~~~
l i i  3410 111111311141  a a a s a a v a, :~. a s . . 3 1 3 4 . 3 1 .~34o.3I ,34 .1.34w~I1.43 1..Is .a1 lr ! .uuwc33131 t sas I~ -, 11 11 13 11

is l * s s i , ; 1i i , , i  ;,i~ III I I 1 I 1 l I 11
l
I I l l l l l 1 I  2~I I l l S  l s l I l l I l I I I l l I I : l l l ; ; I I I I lI l : l ;  1 1 1 1 2 1

£ 3 i 3 2 i 2 z 2 2 2 1 2 2 2  i 2 2 2 2 Z 2 2 Z 2 2 , , 7 7 I 7 3 4 3 4 7
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7 f 3
~~
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Fig. B-If. Computer Input Card

The next three cards specify the desired initial conditions and pro-

Jectile mass parameters In the sequen ce outlined by Table B-211. All

values are entered anywhere with in successive ten-space segments . V

- 

I t0 p0 r0 6
- 0.0 - 1~ 0O0. 0 0.0 - 0.0 Th .O 0.0 0.0

/ 
I I I  I I I  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I 1 I~I 11.11 I .r’l’I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
oo ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I S I S IN  -

~‘ A(ll)~ l u0 w0 ~~
90. 0 0 .0 — 

1.0 600. ~~~~~~~ 0. 1.81 46~4 I
. , s . , p , ’  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ n I:L:1I31I1.,Za.1 I * .~~ 31 *i~ : I V ~~~~~~~~~~~~~~~~ .. I  *1 ,11

,11111111151, I IV 1I1E~i1i~ 1Vh 1~~~~~~~ IJ~flEj T fE~J~ 

-

_______ ________

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

V 

g m d tE ~~min
V 32.174 lG .31~~r~~~~~9956 T~i 60. 0 0.0 

—V

J IIII[~~f~~ 6 3 4 0  1111 l.j~~~lI 34 I, I.~~~~j 211ll V~ ..~. 4-..ru ,PS aI I 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ ~~~ ~~~ Ia ii ~n SI
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Fig. B-Ig . Compu ter Inpu t Card8
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The units of the initial conditions are s

t
0

, At, tE Sec
Xos Y o• Zo* d l lmin Ft -

p ,  q0, r0 Bad/Sec V

V 

-
, o,.,~

, Degrees
V u , v , w Ft/Sec

1,1 Lb-Ft—Sec
g

X 
Ft/Sec2 •

The Initial vaines of e and o( (which Is input implicitly) as well as

& w0 are determined according to the following scheme s

- ‘C —
~~~

—-
~

---—-

~

-—-— -

— 

. . -

V

I 
-

x 
z

Fig. B-2. fli ght Path/Perturbation Angle Input

where 
-

V velocity vector of the center of gravity of the projectile .
e — total angle between the body fixed and inertial frame .
7 flight path angle = angle between the inertial frame and velo-

city vector V .
o~~ initial pertubation angle from the initial flIght path angle .
V
0 

V sin 0< = projection of the velocity vector on the body Z axis .
U
0 = V cosc(0 = projection of the velocity vector on the body X axis.
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FOr a projectile In a 300 Initial dive angle at 800 ft/sec sub-

$ ~—J jected to a 5~ initial perturbation upon release , with no out-of-plane

components, the following values would be inputs

V 0 = ‘.35.0, 0 = 90.0 , ~‘= 0.0 -

U
0 = 800 cos 100 

= 787.8k6 
V

v~~= 0.0 
*

w0 = -800 sIn 100 
= -138.918

Notes 0 90~ to allign the inertial frame with the body fixed.

frame (See Fig I).

V 

Scale F~ctors

The remaining four cards are for scale factors (app licable only if

ISCALE was previously designated. as 1). The scale factor changes the

corresponding coefficient of Table B—I by the multiple of the scaling

factor. -

El I 

The only scaling factor used In this study was Cj  (St.,). Cj (6w)

is the coefficient for roll due to fin wedge angle. To scale the 15 V

degree wedge angle values of the coefficient array to. say , 10 degrees;

the value .6666 is the appropriate scaling fac tor to enter in the ninth

I
. 

block of the scaling cards (Fig B-3).

The integer I • 0 is the required entry when no scaling of the corre-

sponding coefficient array is desired . 
V
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TABLE B-I

Aerodynamic Coeff icient Array I
( 

- 

(Adapted from Ref 
~) 

I

V 
-

- - 

- 
C(i,J, K) Aerodynamic coefficient array 

- 

- 
- 

V

V where: I Mach numbe r array

- — 

- 

- J. Angle of attack array - 
V

- 
1< 

- 
Location of aerodynamic coefficient 

V

- C(I,J, 1) C,~ . 
- 

C(l ,J, 2) 
- 

C~,0 
- 

—

C(I,J, 3) Cy.~ - 

- 

- 

C(I,J, 4) C~,8 
V

- 

V 

C(I,J, 5) C~~ 
- C(I,J, 6) - Cr0- -

C(I,J, 7) 
- 

V C(I,J , 8) V

4~j  
- - C(I J, 9) C ,~, (&w) 

-
- 

-

- C(I,J , 10) 
-

- 

- C(I,J, 11) - 
V C(I,J, 12) - 

-

- 
-

V 

- C(I,J. 13) ~~~ 
- 

V V C(I,J, 14) Cm7
CO,Jis l5) 

- 

Cm8 C(I,J, 16) 
- 

V

V 

• C(I,J, 17) C~~. C(I,J, i8) - 8 ,. 
V

- - C(lj, 19) c~~- • 
- 

V C(l,J 20) 
V 
C1.~

‘ V 

- - 

C(I,J 21) -C~ 
- 

C(I J , 22) - - V 
*

V 
- C(1,J, 23) C2~ 

- 

- 

C(I,J,24) Cj~~~

- 

- C(I,J 25) 
- 

- 
CtfO~1. C(I,j, 26) C2ta

C(I,J,27) Cmg0 
- - 

C(I,J,28) 
- 

Cmq7 I

- 

c(I,J,29) mq8 
-

- C(I,J,30) c~ . I

__ 

6~ 
_ _ _ _ _ _
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I )  I
TABLE B-.II V

Computer Input Array -

(Adapted from Ref 5) —

A(1) t0 
- - A(12) U0 

V

.A(2) x0 A(13) V10 .  - 

V

V 
A(3) y0 A(14) . 

- 
V

- 

-A(4) z~ 
- 

-~~ A(15) 
~~~~~ 

- 

-

A(5) p0~ 
- . A(16) ~~

A(6) q0 
- A(17) g

A(7) r0 
V - .A(18) m V - 

-

A(8) 0 . 

- 
V 

A(19) d

- A(9) ~‘ A(20) z~t. 
V

A(1O) ~ A(21) tE V

A(1i) 1.0 - A(22) Ymj n

V4~

_ _  
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Appendix C

Computer Output Example - 

- 

V

-

~ The computer output parameters are shown in Table C-I.

TIME is measured from re lease. - - -

* 
RABGE , ~~T, ~ correspoI~ to x~ y, Z of the Inertial reference

frame . V

V = total velocity of the projectile with resp ect to the air 
V

mass.

-
~ p = sp i n r&te. 

-

Ai.pi~~ = s/CXI+ ~~~~ (where — _ denotes vector).
V fl = mach number .

PHI = roll angle.

V ALPHA = angle of attack.

V ‘~ BETA - yaw angle. 
-

The next set of parameters are useful for stabilit y analysis app li- ~
V

ca.tions. The outputs are based. on linearized equations for the -tr icyclic

response of a projectile to an initial disturbance (Ref 12 , 8 or ii)’

L-N = = damping factor for nutation mode .

L’.P = = damping factor for precession mode.

V-N = (J 1~i. nutation frequenc y.

V-P ~(J p precession frequenc y.

S — s  .stability factor .

ThU - - dynamic weight fac tor . 
V

K_T a Et a trim arm .
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f
Appendix E 

V 

-

Coriolis

)~om the kinematical expression for motion in terms of moving ref-

erence frames (Ref 71111):

x j 1.e-
÷ cj ~~re + .Jt x (J x r e )

where the superscripts denote the applicable frame of reference.

V 
The term 2 x ~ is the coriolis acceleration and , for the ap-

V plication of a projectile moving with a velocity (v) over the earth ro- 
I

tating at rate (fL) , the coriolis expression becomes

2 J l x V  (2)~

Def ine the body frame (XYZ ) moving globally with respect to a north-
) 

- east-do~~ reference ~~~me (~~~~~)~ 
-

Fig. E— 1. Local Level Reference F~ame 
~

V

(

I
’

\. where ~V is the heading with respect to north and L denotes latitude. —
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The transformation between the body frame and north frame is

r coc ’P S/N V’
C’ I — SIN ‘P COS V 0 - 

(3)E

L ~ o ij

The ear th rate component as seen by the body frame is then

~I N W  o~~ rfLcosL
cos v’ o i l  -oN L ~ 0 J L-~t~ c/N .L.

- - (k)E
(1CO~ L CO �(U~~

-
~ V 

~ - ..i2O~) S L  S/ N V ’  
V

L~ ..t7..c1N L 
V -

so that the cor iolis expression becomes

2 1
~~ fl~c V 2 ..tZ CL C ’P 

- 

- %LCLSct ’  -12..cL (5)~L V N VE ‘ 4 J

where VN. VE, VD are the N , E , D velocity components . The scalar com-

ponents of coriolis acceleration then , are

(2J2xV)~. -2’4J2 C.L Sç~’
(2..fl%V)~ = -2V9 f l C L -C w (6)E

V 
(1J.’cv)~ 2~4J). CL C1V’ +

8k U

V _T TTJIIETI -- ~~— - V - - -~~~~~~ --- - - - - - --
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Appendix F

Six ~~gree of F~ eedom Computer Program

S

Pqo qi~ sixoor 7’.174 QP?.f ~ TN ~ .5•’it ~ 09/lU?? t? .09.C0

P~o~~*N sIx~or OUT ,OUTPU, , °~~;~ INPUT 3
fXT~~~PIIL 1~~OC~ A
CMt. C~ RO
CML I~ !T6

• S CM L S!XOEG (A~~O~~Pl4)
• STOP

£N3

. 1

BEST AVAILABLE copy liz .
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3*3* ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

15 0*1* ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
I.t7O~ ?~ f 1,  .3’16~.~~~ t ,  ~~~~~~~~~~~~~~~~~~~~~~~~~

• 3*3* ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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100’. f4~!1(.s).(~~~,wj(1).(MGP.H3 qp I) 1131.01231.

~0 I’ t(M~P— 903O0 .).Gr.0.l 53 1~ 1006 w;101232
7.1w 115100293

13 1070 WILOI?9’.
1006 IF ((WP—18JC00. ).G1.O.) 50 t~~ 1000 1131.01235

I.? 1131.01736
65 So TO 1007 115101257

1000 0.3 113151233
1007 T.T (A(II—9(I) *T*’l((’4~°—C (t))/3(!))) W3L0i293

1070 IF lb ’2 (Ml)1011,1370,1311 115151300
50 1011 V~ M 1.,W1CM) (~l P—.4~~(9), 1131.01301

P.~ 5 (M)/TtMP~~W2(w) 813101332
I.~ 1i(M)/T(P1P”(1..42(M)) 119101331
SO TI 1030 1131.0130’.

• 1020 If 115101305
95 p .P9(M) •y ~~pqP 11010 1306

11310180’
1030 IF (I P-~O’16I.G3.5.5 r,o ~O I’ll! 113101505
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• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ W~10t3Io60 3’TU~H 1191.01311
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5a0. W51.Ctltt.

1032 VS’S. 1101.01515
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