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PREFACE
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SECTION 1
INTRODUCTION

The accuracy and dispersion of free flight vehicles has
been a problem in aerodynamics and ballistics for many years.
Until the present time, the primary investigations into causes
and effects of jump (the angle vetween the line of boresight
and the line connecting the point of launch with the instan-
taneous position on the trajectory) and dispersion have been
directed toward projectiles and, in particular, artillery
rounds., A full preogram to investigate jump and dispersion
chavacteristics of low trajectory finned bodies has been lack-
ing and therefore is the subject of this report. The purpose
of this analysis is to develop a basic understanding of the
parameters causing the jump and dispersion of flechettes. The
flechette, being a gun launched finned body, requires a differ-
ent approach to the problem. The old concept employed in the
analysis of the dispersion of artillery rounds is that the
dispersion results from initial launch disturbances imparted
by the gun to the shell (References 1 and 2). This concept is
no longer valid for flechettes since the flechette is a fin
missile, sabot launched, and its dis:persion must be tied to
the disturbances it encounters whein clearing the muzzle blast
and sabot separation region. In addition, asymmetries are more
prevalent in finned bodies than projectiles and a finned body
is more apt to be influenced by the blast. These factors must
be taken into account by a theory involving finned bodies.

In order to develop this new approach, (1) a theoretical
expression for jump and dispersion had to be developed, (2)
the theory had to be validated, (3) free flight test firings
had to be undertaken and initial condition data extracted, and
(4) the test firing results had to be correlated with the vali-
dated theory. The Jump and Dispersion Theory was developed,
in general, for both fin and spin stabilized missiles in air.
The theory includes the effects of: initial conditions, magnus,
aerodynamic asymmetries, and gravity. In the past, theory
development for projectiles included only initial angle of
attack and initial angular rate (References 1 and 3)., Initial
transverse velocity was considered non-existent (Reference 4) or
negligible., Zaroodny (Reference 5) included a lincar momentum
term to account for any transverse motion of the projectile but
attributed it to the gun during recoil. Any transverse impulsec
imparted to the projectile by the blast was ignored. Other
authors including Sterne (Reference 2) attributed the jump only
to bore cleararce and therefore only included, effectively, the
initial angle of attack. Muagnus effects were always neglected

i ol AN e
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in previous studies cither due to lack of familiarity with the

¥ subject or lack of data. 1In general, all cross-forces, except

! lift, were neglected mainly for convenience sake. Zaroodny,

- however, cautioning against wholesale simplifying said "it

¢ would seem desirable that our formulas allow us to include

y these other forces as the experimental information on these

) forces becomes available.'" Aerodynamic asymmetries were

4 neglected for projectiles but included in Murphy's work (Refer-
ence 6). It was not until Nicolaides (References 7, 8,and 9)
that all four factors affecting dispersion; initial angle of
attack, initial angular rate, initial transverse position and
velocity, were put into one theory. The work presenteu here
expands the work of Nicolaides to include all parameters affect-
3 ing dispersion in detail. Three separate equations comprise

. the theory to include the complete ange of roll rates. Before,

/, only high roll rates were considered; with the study of finned
: bodies, the roll rate range extends down to zero roll and accu-
: rate theories had to be deduced fren known aerodynamic equaticns.

To validate the thesory, a six-degree-of-freedom trajectory
computer program numerically irtegrating the equations of
motion was utilized (References 10, 11, and 12). The valida-
f tion consisted of four phases. The procedure began with the
most basic theory equation and consecutively added terms tc
‘ validate the entire theory. Initial conditions, magnus, asym-
3 metries and gravity were successively validated with roll rate
s and velocity varied in each phase.

Before the advent of adequate photographic material, obtain-
ing test data was often difficult. At first, jump target data
was taken separately from yaw data. The thinking was that the
yaw data was part of the projectile's characteristics and not
affecting jump. As photographic methods improved, and theories |
developed. the data was correlated. The correlation of the
data was vften a problem. A fit of the motion to a least
squares method was difficult. Fowler, Kent, and Hitchcock
developed a method that would plot the magnitude of the yaw
separately from the orientation and then fit the curves sepa-
rately. A better method was developed by McShane-Charters-Turet-
sky that spproximated the yawing motion to a circle. For pro-
jectiles the method has been refinced and is an excellent method.
Howeve:r, for finned bodies with not always circular angular
motions, a different method of data analysis had to be devised.
Utilizing the free flight data taken by test engineers at
Frankford Arsenal on a number of flechettec, the least squares
method was cmployed to fit the data presented here. The nearly
planar oscillations of the [lechette in the first few feet 2
downrange were fit to a pure pitching motion (References 13 ¥
and 14) and the position downrange fit to a third ovder F

|
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polynomial. From these results, angle of attack, angular rate
and transverse pusition a&nd velocity were determined for the
first few feet downrange. Before, there was some controversy

as to whether or not the least squares fit could be extrapo-
lated back to the muzzle. Zaroodny contended that the x=0

f position had to be taken out of the blast region to allow the

t aerodynamic equations to be valid. On the other hand, Kent,
Hitchcock, Fowler and Sterne held to the fact that the free
flight region began the instant the projectile left the bore.

4 In the analysis of flechettes the position x=0 is taken some-

1 where downrange after the sabot separation sequence has occurred.
) This is seen to be 3 to 5 feet downrange and assumed clear of

2 any muzzle blast effects.

The striking shortcoming of previous works is the lack of
correlation between test data and valid theory. For the flech-
ette, correlation between the theory and test data was under-
taken as well as correlation between test results and first
_ maximum yaw data. Currently, the first maximum yaw theory 4
3 (Reference 15) is held by some to be an accurate method of
. predicting dispersion. This theory disallows any influence of
3 initial angular rate, transverse position, or velocity on dis- i
3 persion. The dispersion analysis present ' here disproves 3
i this theory with actual test data. The de._ails of each of
3 these aspects of this program are developed in the following
1 sections.
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SECTION II

DISPERSION THEORY

Dispersion relationships for free flight vehicles are
embedded in the trajectory equation of any such aeroballistic
body. To evaluate the trajectory equation and thus the disper-
sion, the linear second-order differential equation of angular

motion is a logical starting point.

™ - - ipt -t ‘
w+N1w+N2w-N3e + N, | (1)

where Nl’ NZ' 'N'3, and ﬁ4 are constants. ,

(Z,+ 1PZ ] My [mu+2] [ipt‘ M]

pv 4 q X
N, = - + ~ . + (2)
i L"Zw m Iy Z, -m I;, g: .

-Mw+ ipMRv] [mu+zq] N [Zw-ripzm,] [ipIx N _I\:i-g-] )

N. =
2 I Iy Z:v-m Zw-m Iy Iy
Zg 3.1MM, i M; 3, Z |
[ P mu+
5 R Y o)
w Y y Y w _
M
4" %‘P‘g [ +.1p[x:l ©)
y Low™m

In this discussion of dispersion theory, it is assumed that,
1. total velocity, Uy is constant, equal to u in the
theory development.

2. all force and moment coefficients dependent on
angle of attack are considered to be linear with

angle of attack.

3. all force and moment coefficients independent of
angle of attack are considered to be constant.
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4., a linear relationship exists between x (distance
downrange) and time for the nondrag case.

roll rate, p, is considered to be cecnrstant.

6. products of force and moment derivatives are negli-
M gible, except those involving Zg and Ms

: € €
Utilizing these assumptions, and the uvinomial expansion of

(Zw'm) i

, 3, 4, and 5 become:

Z, +ipZ Mg+ uM, ipl
. Pv| . q - X v
Ny ™ [ m ] [ i ] T (22}
y y
Ny - u [Mw +IipMEv] . il;lx [Zw +m1pzpv] . 3
. Y y
s 12,7 uM; 3,
N o :; [1 lx_] e (4a)
Y y
- Pl
N ag [—I-"—] (5a)
4
The solution to Equation 1 is that of tricyclic motion; that is,
W= Kle‘i’lt + 1(203(192t + K3eipt + '134 (6)
where the comple:. coefficients are:

2. Yo 2($2,1) Wo+K3 (93 1-ip)

1,2 - (7)

®1,2 " 2,1

K

37 (¢, (-6 ®)
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K, = -4 )]
N
and : '
N [ o
1 1 2 .
‘:‘E The trajectory equation for free-flight motion:
S = (W -1ug) (11)
i -
; An expression for q 1s obtained from the equations of motion
3
f = nu+z [mu+ Zq * mu+Zq ¢ -lous
- (12)
] Z,+1pZ iz, & i
1 qg-iw[l _9..__] +iW [ ! P—] +[ ae‘Je‘P‘ - &
mul mu u
} ylelding a solution of the form: !
- . ¢ t ¢,t it . L .
= + ‘.
S=kpe +Ee + 3e. k% + kgt + Ky (13)
. L
S o
where the entire expression for the solution is: , ;
: ‘ - - t [ . ] .
2 - . - :
s R L (Zq+ “ZW) . (ZW”"va) |
L 2 m 2
3 ) ] b9 u Y mu )
(Zw+i0Zpy —  Zg.0
Y ol Al -1 3t i _[ f P Gear
m
-
(Z +uZy | — b K Z 4 ipZ .
L S A e 1pt +f "w vy i
Prngen () 4]
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. [ZHZ\ o . [Zut 2o\ (K1 Ko
+ t [s°_+(._Lm_ﬁ—) (K4-w°)-w(ﬂ + 5;)
' (14)

- +uZ\ /K, K Z +ipZ K, X
+18 9 w1 + 2) (X By —E + —-22-
(o] . mu ¢1 ¢)2 m ¢1 ¢2
Zq+ wZy, -3

The term | ——-—] is of an r~der of magnitude 10 and thus is

mu

neglected from all further discussion. This reduces 14 to:

- — t . ‘t N
2% e4’1 0 [Zw* P2 \Te ¢2t[ §  [Zy*1PZp)
1 2 mu 2 2 mu
| % %2

(15)

- tt —-—
Z. . +ipZ., . Z:8& . K4 [Zw+iPZ .
+[______p__w P K3+ & ‘]ffelptdtdt+[—z-4(——-——9—wnfv)+-g—12 ]tz
o0

-z +iPZ \ /K, K: Zo+ipZao\ (K1 K:
_[“w pv\ (21 02 = (4w pgv(l 2
H[S°( ™ ><¢1+¢2>]+[S° ( ™ ),;712+5{ |

By further inspection, terms with ¢12 and ¢>§ will be negligible since

they contain products of force and moment derivatives. Equation 15
becomnes:

tt -

» [Zw+iDZ5y o ZsBe i [K4[Zy+ipZ :
= |ZW. PV T pt owT FTpvi, 1gt .2
'S [ = Ng+— et dedt +L-2— - + 5|t

- (2., +iPZ K1 X3 ,
+t|§ ¥ MV [— + =) + & 16
[“’ ( m )(‘7’1 ¢2) > o
Equation 16 contains only the significant terms in dispersion theory.

This equation is valid for all values of roll rate.
7
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HIGH ROLL RATE THEORY

For roll rates greater than 100 rad/sec, Equation 16 reduces to

an approximate solution. Integration of the double integral gives:

elPtgegr = & - L ._1 (17
o"/;f 2 P (ip)? o

For high roll rates, the first and third terms go to zero, leaving only
the second term to affect dispersion. Applying this approximation to
] o

Equation 16 :

~ | Kgq [ <y 1Plny ig].2 ? P 1 K2, K3
S= [T (._____.s_.) + ..?] t4 + [SO -(____E.)((p &)__ —E’-)

iz 3,
+ bl '3 '
mp ]t + S (18)
where, by applying previous aerodynamic relationships:
(19)
uMsde . prsde ., |
Kl K? Ks W'Wo(¢t+¢2) T+ == (1- 1)
"8 W7 T o8 ~ —
172 (ip) 9,99
¢1+ (Pz nE= T Nl
$192= Ny
K, =-gpl | ! ' 20
b [(“ PRy (g Pzl
‘mu mu

« - N
‘s 1' PRy Bea bt
3.5 %t w3 iSO RNA VI s et A ror st it ™ covirtonl il 1l e sy, gt e e
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Substituting 19 and 20 into

r

18 and expanding the various terms:

C; +1( )Cz

2+ igt? ipix
—%E— * Tud (CMQ+ ply pd ¢ ZDB)H(CM pd _ Plx

ud 2u P3 2u mud Zaq

i pdC,
Z+%B

+ut-—-+‘——z—,~ ;
u muq(

+1iGCy 3: Q__ﬁ,d_g
¢

Plx  pd ply

Plx ] ; pd _ PXx
o mud Zu Czpﬂ)+l(ci\4p3 70 " mud Za

(21)

8mp

iply buyd® \ e L \ purd? -~
[% "o/\“r) CM,? (“é‘i»‘g, ) Cas¥d g )5m )|t %

Employing assumpticn

=1 x\2 Ix
=35 [“ o

s,

5. .)uvrd2
] (x)[-—ncz (%ﬁﬁ')

(22)

233
lv T iply _ — [pund
- m A O ao _I_}.’-.. CMQp‘ _..Sni.)..l_._..y )

- L\ purd” || =
—Czaft(l-fy 8m J + 5o
29‘.)

CZQ‘. + i( 2u C‘Z

where

plx

) Pk~ pd - d Pk oy
(CMO! *mud Zu Czpp)“ (CMpa g?.\ mud Cza)
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The m.1-relation offers a method to define the Jump Angle from
Equation 22.

Jump Angle = —xs_ (103) (23)
5 2
3] 2o -~ [ pund
J.A.= j‘('z)“o%[‘* A] + (10%) T“Czafe(ﬂs— mp)

'r_nyfﬁ' A[ ao(i%% - CM 6 (9—"‘-5%2— (24)

Equation 24 gives an approximation for the Jump Angle for high
roll rate cases with gravity, at any position x down range.

LOW ROLL RATE THEORY
For roll rates less than 100 rad/sec but having a parameter, pt,

gfeater than 1, Equation 16 can be reduced to another approximation.,

As befofe, integration of the double integral yields Equation 17

jd/‘ipt el ¢ 1
¢ ¥ P (ip)

For low roll rates all three terms are significant to dispersion.

Equation 16 now becomes:

(Z 3*‘711‘-)(1”)’3*‘7 =) g

~ 7, HPZNK)] Ko\ K3 iZ8e -
S - ]t
+[:’ ( i(“’x &) @ TR |7 o

The l_<.;3 arm, or rolling trim vector must be separately examined.

From Equation 8, 10

25)

B TP SNGIPS VRPN Jult Lt R R PRISVR, 1 VP

s 1 e

T — T T e . 5 .
AL A i 3 s T Sk A I, -2 .o i he AT L NS B s Rkt i pmiteth ke
oL b s Hu A L Lk, 2t bt MO it . . =, POV s o T,




- .
K3 = 3
(159, (1p-9,)
or —
—— _ N3
K3 =

(ip)“- ip(81+6,)+8 0,

Numerical inspection of the three denominator terms indi-

. cates that the first two terms can be neglected. Each term is
not only less than 1 percent of the third term but also they're
subtracted from one another to make their contribution even more

minimal. Thus Ky is approximated by,
q

mud

- — ipCz; &, ( )+i CMm Q
Kas-.B% by Ly e
. m

o TCENor 1 [0s(E) (53]

o T e o

for low roll rates, the second term in the numerator and the
first term in the denominator dominate all other teims and
become the only significant terms. Thus,

‘“ uiCpm —5:
X, = - S 2
| K3 TThg 0

he same approximation holds true for applicable terms in

Equation 25 , thus reducing the jump angle equation to:
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Combining terms and dropping the negligible second last term,

2 C - elmt
_|ig pu?rd =~ _["2q -1 i _e
( ) Bm [Cza." (“"cm CMafc pzx* pu 2.

S Cz,, 5,
+[ T - th'.td(CM >°°] + 5 |(10) (27)

Expanding eipc to cos p(ﬁx_) + isin p(.’.‘ﬁ.),

": 2pq2 [ -~ [ Z2a | R X
o { 2) 28—__ ch.s‘é‘ )CM& J[pz (COSP )
i \ T -s“ (28)
)
*F( ) ["rﬁyaar + 2 1(10°)
-

Equation 28 accurately approximates the jump angle for roll rates:

p < 100 rad/sec

pt2 1.0
VERY SLOW ®ROLL RATE THEOQRY

For very low roll rates; that is, p > 0 and pt < 1, Equa-
tion 28 is again applicable.

Cne approximation is used, however, and that is that cos
) . . .
<~§> and sin E%) are approximated by power series.

6
pX e, (0t (px)

CO = 1 L I B
s( u) 22 T 2407 72006 *

(29)
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SECTION III
VALIDATION OF THEORY

The theoretical expressions for Jump Angle; Equations 24,
28, and 30; show that the dispersion depends on the initial con-
ditions, aerodynamic coefficients, distance downrange, and mass
parameters, Dispersion for this theoretical analysis is defined
to be the deviation from the line of fire., By analyzing only
one flechette configuration to validate the theory, the produc-
ibility Ground Point, and taking all cases to be evaluated at
1000 feet downrange, then the expression for the Jump Angle can
?nly be affected by the initial conditions and aerodynamic coef-
‘icients.

To assure that the three equations for Jump Angle are valid
and to show the effects for various initial conditions and aerc-
dynamic coeff'cients, the expressions for the Jump Angle were
evaluated for a series of cases and compared to numerical inte-
gration of thc six-degree-of-freedom equations of motion, (6-D).
The series of cases is broken down into various phases of devel-
opment, Phase I considers various initial conditions but with
only the restoring and damping aerodynamic coefficients. This
phase validates the use of initial conditions alone. Phase II
utilizes a set of constant initial conditions, except for roll
rate, and constant restoring and damping coefficients, while
varying magnus coefficients to determine their influence. Phase
111 brings into consideration all the aerodynamic coefficients
to include the configurational asymmetry coefficients. Differ-
ent coefficients are used by varying the initial velocity and
roll rates are varied to evaluate high, low, and very low roll
theories. Phase IV considers the effects of gravity for various
initial velocities and roll rates. No configurational asymmet-
ries are used in order to isolate the gravitational influence.
Values for all coefficients arc found in the Appendix as well
as other data including mass parameters. Since computations
were done at 1000 feet Jownrange, the Jump Angle in mils is
equivalent to the deviation from the line of fire in feet for
all presented cases. The axis system used throughout this anal-
ysis is illustrated in the list of symbols.

PHASE 1

To validate the effects of initial conditions with restor-
ing and damping coefficients only, 36 cases were evaluated using
the high roll ratc theory, Equation 24. The cases are divided
into four sections isolating different initial conditions and
their effects.
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Cases 1-9

The first section shows the effects of roll rate and veloc-

. . - - -
ity with zero So, o, and .

Table 1 clearly 1ndicates that no deviation from the line

~~ -
of fire occurs 1f7? » O and @, are set to zero. Roll rate

and velocity changes have no effect on the Jump Angle for this
particular situation. This is a trivial solution, it being
obvious from inspection of Equation 24.

TABLE 1. THEORY VALIDATION, RESTORING AND
AND DAMPING MOMENTS, CASES 1-9

rt : Coefficients —
C Initial Conditions J. A (mils)
A Cz, Cyg
S C C :
E — Ma Zpﬁ CME 6-D Theory
SN p u. ICM +Ch [C C
0 0 (o] 0 (o) Mq Ma MPB NE
' }
1 101010 131416 0+0i 1 0+0i
21101010 |1885045000 0+ 0i | 0+ 0i
2101010 6283 0+ 0Oi 0+ 0Oi
4 (101010 |31416 0+ Oi 0+ 0i
SIH-010 10 ] 18830]3000 Al 0 0 ]|O0 + Oi 0+ Oi
61101010 (6283 0+ Oi 0 + 0i
71101010 3416 0+ 0i 0+ 0i
B O{0 {0 | 1885011000 0+ Ot 0+ 0i
991101010 6283 ¢ 4 0+0i ] O+ 0i
Cases 10-18

The second section glves the effects of initial trans-
lational velocity, So = y + 1z, with various roll rates and
velocities. To assure the solution is correct in three dimen-

sional space, the initial translation velocity is given in both

y and iz directions. Equation 24 reduces to:
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J.A. = S
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The correlation between the theory and the 6-D integration
for Cases 10-18 is excellent as shown in Table 2. The Jump
Angle is seen to be affected by velocity but not roll rate, as
would be expected from the reduced Jump Angle equation. Figure
1 illustrates the deviation from the line of five for initial

TABLE 2. THEORY VALIDATION, RESTORING AND

DAMPING MOMENTS, CASES 10-18

———t

—

- Coefficients -
C Initial Conditions J. A. (mils)
‘; Cza CyEg
E CMq CzpB CzE
- CME| 6-D Theory
So|% P, | Y CMq"'CM& CMPB CNE
¢ 4
100+ 20.002 +] 20. 000 +
101001 |© 31416 20. 0061 | 20.000 1
100 + 70,002 +] 20,000 +
1H001|° 18850 |5000 20. 0061 | 20. 000 i
100 H ) 20.002 +1 20.000 +
121 001|° 6283 20.0061 | 20. 000 i
12 {1100 + 33,346 +{ 33,333 +
131 001(° 31416 33.3681 | 33. 333 i
100 4 33.346 4] 33,333 +
1411,001|° 18850 | 3000 ‘?1 O 1 0133 3681|33.333 1
100 + 33.346 4] 33.333 +
1541004(° 6283 33.3681]33.333 1
100 + 100. 254 +]100.000 +
161110010 31416 100.765 i 100000 i
100+ 100. 254+ [100.000
17 001(° 18850 {1000 100. 7641 (100.000 1
100 + 100. 257 +100.000 +
18111001{0 6283 100. 765 1|100.000 1
B

16
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velocities of 5000 ft/sc: (Cases 10-12), 3000 ft/sec (Cases 13-

15) and 1000 ft/sec (Cases 16-18)., Since the theory and 6-D
are so close, they are plotted as one point, Figure 2 illu-
stretes the trajectory in both the x-y and x-z planes. The
deviation from the line of fire is lincavr with distance down-
range in both planes. This would be expected with no gravita-

tional force acting.

Y-FEET
-190 —?U Q §P 190
(]
.l
-
[ CASES 10,11,12
A CASES 13,14,15
olo CASES 16.17,18
]
= i
Ejo ~é§5“f
& Y
N o
A
o
S- o

Figure 1. Dispersion: Phase T Cases 10-18
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Cases 19-27

The third section gives the effects of initial angle of
-he

attack, o_, with various roll rates and velocities. Again a

complex initial condition is used to validate the theory in
three dimensional space. Equation 24 reduces to:

1000

— — C
J.A.= iao(?lx) Za
W o )
mud o

Table 3 shows the range of error between the 6-D computa-

tion and the theory to
and 0.038 to 0.N41 mils in the z-direction. Although the y-

direction deviations differ in sign, the error between them is
This

angle will give an approximate deviation of 0.04 feet from the
line of fire at 1000 feet downrange. With the J.A. being so
close to zero it can be expected that the signs may differ due
to computational errors. The results do show Jump Angle vari-
ance with both roll rate and velocity. The largest changes

occur as velocity goes to 1000 ft/sec.

Cases 28-36

;Rpe fourth section gives the effects of initial angular
rate o_, with varying roll rate and velocity. An angular rate

of 250 rad/sec is used in both directions of the complex plane
to test validity in three dimensional space. Equation reduces

to:

ER | vz
A, = - 0 a 1000
0 (;u ) C pl ) C
M -i X VA
[o ] —-H'mu (84

Table 4 indicates excellent agreement between the theory
and 6-D computations. Roll rate is found not to affect the
Jump Angle appreciably but velocity does, as would be expected
from the reduced Jump Angle equation. Figure 3 shows the dis-
persion pattern while Figure 4 illustrates the trajectories.
Cases 28, 29, and 30 are plotted as one point due to the small
difference between the. Cases 31, 32, 33, and 34, 35, and 36

are plotted similarly.
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TABLE 3.

THEORY VALIDATION, RESTORING AND
DAMPING MOMENTS, CASES 19-27

fficients — .
C Initial Conditions Coeti J. A, (mils)
A Cz4 Cyg
S 1 c o, |%ZE
B Ma | %Zpg | CME
Tl _ C 6-D | Theory
50 @ %! Po | % CquCMa CMPB NE
olw+il o |31416 1 U1 1 o 012+ -0.027
19 0.068i | +0.027i
Of{1+i] 0 {18850 | 5000 110,023+ | -0.017
20 | 0.0581 | +0.017i
Oi{l+i | O | 6283 0.034+ | -0.006
21 H 0.047i | +0.006i
g || O]1+i]0 31416 0.012+ | -0.026
2 0.067+ | +0.0261
of1+i {0 |18830 0.022+ | -0.016
23 3000 Al 0 011 0.056i | +0.016i
' 0)1+i |0 | 6283 0.033+ | -0.003
24 0.0161 | 0. 0051
oe ﬁo 1+i | 0 |31416 0.037+ | -0.073
<9 0.1111 | +0.073i
O0J1+i{0 |18850 -0.008+ ¢ -0.044
26 1000 0.082i | 40,0441
27 Gll+i {0 | 6283 0.021+] -0.015
1 0.053i | +0.015i
L b l * y ]
20
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TABLE 4. THECRY VALIDATION, RESTORING AND
DAMPING MOMENTS, CASES 28-36

4
i
1
I :

;

b

*#

.

%

t‘é

l-?

|

i

:

1

x

Coefficients _—

g Initial Conditions J-A. (mils)

S Cza Cye d
Tlala !l CME|| 6-D |Theor b
S,1al a P u Cvm +CMm.lIC y |4
o o} o o M i
y Y | CNg . | ;
! x
250+ -2.027 | -2.073 K
2811 010 fy50; 21410 -2.034i | -2.073 E
250+{ g0 | = -2,025 | -2.073
2911 01 0 {550, 18850 15000 -2.030i | -2.073i {g
250+ -2.027 | -2.073
3011 0| 0 550; | 6283 -2,0291 | -2,073i 1
2504|1117 21,961 | -1.970 '
S T -1.9671 | -1.970i |
2504] . qoen | 1,962 | -1.970
32110 | © los0i[*99°0 1 S000h AL 10 1 O W.1la66t | -1.9701 5
230+ 1 {-1.964 | -1.970 %
3311010 19501 628° -1.9641 | -1.970i b
12504, -5.238 | -5.340 §
31019 1950; {31416 25,2741 | -5.540i ]
2504), oozm | 1 5,243 | -3.340 x
1010 f9s5p;|18850 | 1000 -5 2641 | -5. 3401 E
2504 -5.254 | -5.510 K

01010 |350;| 6282 -5,2601 | -5.5401
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Phase I Cases 28-36
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PHASE 11

To validate the effect of Magnus Forces and Moments on the
dispersion of flechettes, 21 Cases were run varying the initial
roll rate and magnus coefficients. All other conditions were
held constant. The variance of magnus coefficients with Mach
number had to be chosen since no data was available. Arbitrar-
ily, the ratio of C, /CM was chosen to be the same as that

p8 pB
of C, /CM . The magnus coefficients used are presented as

o o
functions of Mach Number in the Appendix with only the values

at Mach 4.5 tabulated here for identification sake:

TABLE 5. MAGNUS COEFFICIENTS, AT MACH 4.5

+ 34.8 + 110.0
+ 31.6 + 100.0
+ 28.4 + 90.0

HEquation 24 row becomes:

= |5 W [z =k
AT T mw [QO i%(Ery-

pd
Cza+ i(zu CZPB

L]

4 pl d +1fC _ Plx o, Y| 1000
Citg* DX K Czpg) (MPB}Q% iraa OZ '

mud 2u

Initial conditions used in this secction are consistent with
those of other sections to provide a basis for comparison.
Three cases of zero magnus were run, one at each roll rate to
provide a standard to judge the influence of magnus.

24
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The effects of magnus coefficients on dispersion are mini-
mal as seen in Table 6. The variance between the zero magnus
cases and any other case is found not to be greater than 0.209
mils (or feet at 1000 feet of range). in order to obtain the
maximum magnus effects, the largest pcssible magnnus coefficients
were used. Hence, C, = 34.8 and Cy . * 110.0 are the largest

pR pB
possible coefficients since cases 40 and 9 become unstable.

Table 6 indicates the effects (for positive magnus coefficients).

1. increasing horizontal dispervion witli increasing p
2. decreasing vertical dispersion with increasing p

3. increasing horizontal dispersion with increasing
magnus

4, decreasing vertical disperzion with increasing
magnus

(for negative magnus coefficients)

5. decreasing horizontal Jdispersion with increasing p
6. increasing vertical dispersion with increasing p

7. decreasing horizontal dispersion with decrecasing
magnus

8. increasing vertical dispersion with decreasing
magnus

For example, Figuve 5 illustrates the effects of roll rate for
constant magnus coefficients of + 900 (1,2,5,6 above). TFigure
6 illustrates the effects of maghus for a constant sample roll
rate (3,4,7,8 above). Obviously, when only a 0,209 mil maxi-
mum deviation duec to magnus occurs when the situation is gecared
toward finding the largest effect due to magnus, smaller devia-
tions due to magnus would be found in actual situations. It
can be concluded that Magnus has no large effect on dispersion
although it could be significant if the total dispersion is

close to zero.

PHASE II1

To validate the effects of aerodynamic asymmetries on dis-
persion of flechettes, a large number of cases werc run varying
roll rate, velocity, and initial conditions while holding the
asymmetry coefficients constant. The asymmetries coefficients
were selected to allow 1 degree of non-rolling trim to exist

25
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TABLE 6. THEORY VALIDATION, MAGNUS, CASES 37-57
C Roll p ) P
A | Magnus\Rate ° ° °
't S | Forces & 31416 rad/sec 18850 rad/sec 6283 rad/sec
E | Moments
3 (6-D) (6-D) (6-D)
7 Czpg = 0-0 [117.994+ 18.003+ 18.013+
38 18,0421 Theory | 18.032i -Theory 18.022j 1eory
Cpm.. = 0.0 17.900+ 17.910+ 17.921+
3 PB 17.954i 17. 9441 17.933i
140 |C, = 34.8 18. 141+ 18.057+
i Zps 17.903i 17.979i
lom . =1100 Unstable 17.920+
2| PP 17.9314
43 CZ = 3.6 ||18.203+ 18.033+ /
44 pB° . |[17.8491 17.982i
CMm = 100.0 7.899 17.920+
45 P8 17.9541 17.9314
46 |Cz = 28.4 ||18.183+ 18. 114+ 18,050+ /’
PB 17.869i 17.925i 17.987i
47 |Cp = 90.0 17.899 7.909 17.920+
48 P8 17.954i - 17.9421 17.9314
49 |y --34.8 17877+ 17.969+
sof F 18. 170i 18.067i -~
CM.. =-110.0 || Unstable 7.090+ 17.920+
51 | ¥¢] 17.9424 17.931i
52{Cz =- 3L.6 17.807+ 17,973+
B 18.258i 18.063i
S31cpm =-100.0 17.899+ 17.920+
54 B 17.954i 17.931i
55 |Cy =- 28.4 ||17.826+ 17.977+
56 B 18.233i 18.059i
CMm_=- 90.0 17.899+ 17.820+
57 pg 17.954i 17.931i
20
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while the flechette was in flight. The asymmetry coefficients,
CYE’ Cser CMg and Cyp are presented in the Appendix as a func-

tion of mach number, The variance with mach number was chosen
arbitrarily: the ratio of asymmetry force to asymmetry moment
identical to the ratio of CZa to Cy, - The wide range of roll

too
Eoo- rates makes mandatory use of all three dispersion thecories,
The governing equations are presented as they apply.

P i e R P e T S M B, e e T

TRESE

Cases 58-90

- . o .
Lo The first set of cases utilizes zero initial disturbances

g while varying velocity and roll rate. For roll rates of 31416
: rad/sec down to 100 rad/sec the High Roll Rate Theory yields

the governing equation,

E T.'Z.= [ % (5)+ ez ‘< _ ;" A+ -}3—)] 1000

[ , For roll rates: p< 100 rad/sec and pt > 1.0, the Low Roll Rate Theory

g takes effect:

1 x .1 0 PX
+ -ﬁ- (T ) sin U)] 1000

Finally, the very Siow Roll Rate Theory applies for values of pt< 1.0:

TA pnd?‘x - CZ = 1 px2 1 g_x_4
1A= g |9, 8 - a‘w)c f](T’z‘ ‘J‘)*“’e‘ﬁ(u )

€

3
(B G () + o (&) om

Tables 7, 8, and 9 list Cases 58-90:
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' TABLE 7. THEORY VALIDATION. ASYMMETRIES,

i CASES 58-68
' : C . Coefficients —
A Initial Conditions . J.A. (mils)
B C C C
: lala | p | u Mca Cng Cii‘ 6-D | Theory |
* Crr + .
ol o] © o o} Mq Mgy Mpﬁ Cnel
F 1
0.018-| 0.018-
58} 0100 |[314'6 0.013i] 0.014i
“ 0.030-| 0.029-
sollolof{o {18850 0.027i| 0,025i
_ 0.060-{ 0.064-
| 6001010 | 6283 0.127i| 0.130i
o f | 0.997-] 1.013-
L 61f0}j0}| 0 | 500 0.992i| 1,009i
' T 1.620-] 1.688-
624500 300 1.721i| 1.683i
.574-] 4.675-
63 “o ol o | 1005000 Al Al | Al jj;m s ones
8.666-] 8.780-
64 ‘LO 0} 0 50 12.280i| 12. 489i
20.669-] 21. 150~
6sojojo 25 26.418i] 26.927i
-7.973 | -8.210
66 lofo] 0| 10 -62.197i] 63.210i
-29,857 |-30.372
67l 0to | O 5 -61.4591|-62. 3531
49,706 |-50.427
68 iLO 00 °l | -49.706i [ -50. 4271
\ y
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TABLE 8.

THEORY VALIDATION, ASYMMETRIES
CASES 69-79

C ﬂr N Coefficients
A Initial Conditions C _ J.A. (mils)
S Zy CYE
E CM,, CZPB CzE
S5 ]% |% | Po | Y% CM +CM 4 CMPB CNE}? 6-D | Theory
b A | -l -
6o 0 ofo [srat6| | 0.0041 | 0. 0011
704 0| 0] 0 {18850 8'853{ 8'8&3{
0.033~| 0.034-
'71 01 0|0 | 6283 0.028i| 0.029i
0.394-| 0,401-
72001010 | 500 0.398i| 0.396i
, 0.663-| 0.666-
7301 O 0( 300 0.639i 0.662i
| 1.841-] 1.994-
74 01 olo | 100 3000 Al AL} All 1.998i] 1.989i
3.780-] 3.411-
7500 010 S0 4,513i| 4.1064i
5.676-| 5.721-
764 0] 0] O 25 8.457i| 8.516i
9.203-| 9.217
7700 00 10 32.628i | 32.897i
-10.029-]-42.2731
7840|100 3 -41,985i |-42,273i |
ol ol ol o 0 -33.014 |-33. 194
l ‘ -33.014i|-33. 1941
31
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TABLE 9.

CASES 80-90

THEORY VALIDATION. ASYMMETRIES,

. Coefficients .
C Initial Conditions . T A. (mils)
A Za CyE
S CMa CZPB CzE
Elz|=|> , Cugl| 6-D | Theory
5,13 % Po | o |[OMq*OMa| Mg CII\\JAE
0 131416 i ‘ [ ‘ Unstable
0 118830 Unstable
0 | 6283 0.025- 0.023-
0.010i | 0.014i
0.241-| 0.238-
0| 500 0.229i| 0.229i
0.396-| 0.394-
0 .300 0.380i | 0.3851
ol 100 |1000 Al Al | Al Hggl Hg‘:l
0 50 2.346-] 2.349-
2.329i| 2.352i
2 4,684~ 4.699-
0 3 4.6721| 4.702i
10.224-| 10.177-
0 10 14.4471] 14,4761
5 5 24,402~ 24.316-
31.013i| 31.212i
0 0 -58.711 |-58.450
| |l-58.7111| -58.450i
y
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Evident from Tables 7, 8, and 9 is the fact that roll
rate has tremendous influence on the dispersion of flechettes E
with aerodynamic asymmetries. Figures 7, 8, and 9 illustrate & v
the dispersion pattern for these cases. The 6-D computations %}
and theory are in very good agreement considering the large R
deviations involved. It should be noted that the actual fle-
chette with its velocity approaching 5000 ft/sec is affected
very little by aerodynamic asymmetries. However, if the fle-
chette were only to roll very slowly, large dispersion ranges -
in excess of 60 mils could occur. Velocity also has a nctice- kA
able effect on dispersion. Figure 10 shows the three theory L
curves from Figures 7, 8, 9 in composite to illustrate veloc- iﬂf

|

!

et e

Anm

ARSI kel b i

ity effects. A sample trajectory, Case 79, is shown in Figure
11, illustrating the curved path of flight. This is typical
of trajectories involving aerodynamic asymmetries.

Cases 91-123

;

To show the relation between the effects on dispersion !Q_

for initial transverse velocity and aerodynamic asymmetries a i3
second set of cases were run. Roll ratelgpd velocity were

varied as in the first set of cases,dput SO was set at
(100 = 100i) ft/sec withd = 0 and a4 = 0. Tables 10, 11,

and 12 1list the results. For high roll rate cases, Equation
24 becomes:

o RRTPEE P Ti e R

I,-1 :
v - A - y X 1
J.A. \/{6«5E (———p + Czéée (— oud A+ *5) 1000
€ €

e So u:ndz -, Cza - r.l X
VA e | 92k oy, M || (oo D |
+-‘-(~’—‘-- L sin Y| 1000 ]
slu™ P u F ;
| __
|
|
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For very slow roll cases, Equation 30 becomes:

Y-FEET
20 0

-60 -40 - 24 4o

-60

-40

P=25

Z-FEET

-20

P=S0

P=100

P=300
P=500
P=3141€ RAD/SEC

—  THEQGRY
o 6-0

20

Figure 7. Dispersion: Phase II1I
Cases 58-068
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Figure 10. Dispersion: Phase 111
Theory, Cases 58-90
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Comparing Cases 91, 92, 93 in Table 10 with Cases 10, 11, 12 in
Table 2 and Cases 58, 59 60 in Table 7 it can be concluded that; except
for possible computatlonal error, Cases 91, 92, and 93 are the algebralc
sum of Cases 10, 11, 12 and 58, 59 60; that is, for example, Case 91
equals Case 10 plua Case 58. This fact is obviously true of the theory
equations and is here shown to be the case for the 6-D computations as
well. Similar comparisons can be made with corresponding cases in Tables
2, 8, 11, and 2, 9, 12. Thus, the effects of aerodynamic asymmetries and
those of initial transverse ve10c1ty are independent of one another.

Figures 12, 13 and 14 illustrate the Cases 91-123. The curves are of
the same form as Figures 7, 8, and 9 but differ with the addition of

Maximum effect of all parameters is desired. Cases 113, 114 and 115
chw the limit of parameter combinations by 113 and 114 going unstable.
Roll rate effects are again large and velocity effects are larger than in
Cases 58-90, Figure 15 shows this to be true and also shows the cases
involving U = 3000 ft/sec to be ones of smallest dispersion. Such was the
case in Figure 10. Figure 16 illustrates a sample trajectory, Case 101.

Cases 124-156

To establish the relationship betwcen the effects on dispersion {or
aerodynamic asymmetries and initial angle of attack, a third set of cases
were run. Again roll rate and velocity were varied as done previously but

-rh
a was set at (1+1) degrees with S =0 and a =0, Tables 13, 14, and 15 tabu-

late the results. For all high roll rate cases Equation 24 reduces to:

e ip;x mrd2 - Iy - Lx
J.A. 5 B+ CM (—)+ Z,5 ( mud A+ -B')] 1000

For low roll rate cases, Equation 28 reduces to:

— 2,42 Cz
- pu-nd = [~la -~|] 1 pX
J.A. =5 [Czbé‘_ 1(-——C a)CMé:SJl——z (1-cos -7

€
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For very low roll rates, Equation 30 reduces to:

o= 2880, % 1) cngt [ (- 2B - aio (39)

a

| 3
* l(’5‘% - 3'16 (%) * 25120 (%)j 1000

-~
Only for high roll rates does the a, term appear. 7;; should haye no
noticeable effect on dispersion for p < 100 rad/sec.

Comparing Cases 124, 125, 126 in Table 13 with Cases 19, 20, 21 in
Table 3 and Cases 58, 59, 60 in Table 7 it can be concluded that Cases
124, 125 and 126 are the algebraic sum of Cases 19, 20, 21 and 58, 59, 60;
that is, for example, Case 124 equals Case 19 plus Case 58. This is
obvious from the reduced theoretical equations for Cases 124-156, It is
shown here to be also true for the 6-D computations; allowing for some
computational error. Similar comparisons can be made with corresponding
cases in Tables 3, 8, 14 and 3, 9, 15. Thus the effects of aerodynamic
asymmetries and those of initial angle of attack are independent of one

another.

Figures 17, 18 and 19 illustrate Cases 124-156. The curyves are very
similar to those in Figures 7, 8 and 9 with the only difference being the
very small o_ contribution in Figures 17, 18 and 19. Cases 135, 146, and
147 result if instabilities, indicating that maxirum effect of the various
parameters has been accomplished. Effects of roll rate are essentially
the same as in Case 58-90 end effects of velocity, Figure 20, the same as
in Figure 10. Cases with U = 3000 ft/sec again have the smallest disper-
sion. Figure 21 shows a typical trajectory, Case 134.

Cases 157-189

To validate the relationship between the effects on dispersion for
aerodynamic asymmetries and those of initial angular rate, a fourth set
of cases were run. As before, roll rate and velocity were varied, but

- . g - -
a, set at (250 + 250i) rad/sec with S, = 0 and a = 0. Tables 16, 17, 18
give the results, FPor high roll rates, the governing cquation becomes:

2 Iy- I I -
74X =|purd A - X 1N Yy .=
J.A.= Em—[CMaFe(p)+ CZ% ('}%m‘ A+ p)] fud A% | 1000

40




For low roll rates, the governing equation:

242 Cz,
= _Jpu'rd -
A.= 8 X [Cz&ée -1 (CM)CM {E][ (1 ces .R_)

CZg\ -
o (g o 2w () B | o

mud (jhda

St
>

For very slow roll rate, the governing equation:

kR G R
’ 1(% ] 315(%53 * 3570 (%‘)5)] ] ‘?I’}“_d_(%i)?‘: 1000

Comparing Cases 157, 158, and 159 in Table 16 with Cases 28, 29, 30 in
Table 4 and Cases 58, 59, 60 in Table 7, it can be concluded that Cases
157, 158, and 159 are the algebraic sum of Cases 28, 29, 30 and 58, 59,

60; that is, for example, Case 157 equals Case 28 plus Case 58. This is
obvious from the reduced theoretical equations for Cases 157-189. Here
it is shown to be true for 6-D computations also. Any discrepancy can be
attributed to computational error. Similar comparisons can be made with
corresponding cases in Table 4, 8, and 17. Thus the effects of aerodyna-
mic asymmetries and those cf initial angular rate are independent of one

another,

41




b TABLE 10, THEORY VALIDATION, ASYMMETRIES, '-
CASES 91-101 ‘
"«:}; A Initial Conditions lc J.A. (mils) 5‘
} S gz" CZpg CYE !:?
- Bl — — Ma CZE 6-D |Theory ¥
g-s;. 515 3| v | v [OMq* OMagCugy [EVE | §
o[ TTT[T [ore BN R :
# 92 18850 2o 0721] 19.0791 f
e 3l | 6283 To 8731 197 0931 ;
ti;ii o4 500 19,003 35 00u

95 300 A 35 5a1] 15500

961100101 0 | 100{5000|l A1 Al | AL [|38-2954 240754 i

| 50 | EX Rt

s 2 107660 41 50 }

’ o e ;

100 5 11 2001|4355

0 e

1 \ t I
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TABLE 11.

THEORY VALIDATION, ASYMVETRIES,

CASES 102-112

A Initial Conditions Cz, CyE J A, (mils)
Z C CT% g gZE
§; - 3 o | v, Mg M&CMPB Cl:f 6-D | Theory
102 31416 | | ‘ AR B R
103 18850 33, 3041 | 357001
104 6283 333471 | 95, 3001
105 500 o aeat N
106 300 33,7091 | 32,9601
1070010 {0 | 100fs00ff AL | Al | ap 350884 25-327
108 50 2. 8501 2. 1601
109 25 234?..5(}229; 3322?:‘
110 10 48:3?2; 48:332;
111 5 Seoi2i | ov0n
o | I
43




: TABLE 12. 'THEORY VALIDATION, ASYMMETRIES,
; CASES 113-123
’y}l
C : Coefficients e
; iti N 7. A, (mil
g Initial Conditions Cza CYE J. A, (mils)
| C
E ' l CMq CZPB CZE
: e T Crr + C c ME || 6-D [Theory
15 19 {% | Po | % |OMgt Mg Mpg|CNE
‘ 113 31416 * ~ ‘ Unstable
; 114 16850 Unstable
: 100. 351 +|100. 023+
; 115 6283 100.8141] 99,986
' 100. 559+| 100.238+
| | 116 500 100,587i| 99.771i
? 100. 710+ 100. 394+
: 117 300 100.431i] 99.6151
s 1004 101. 4924 101. 174+
;‘ 1)) 10 1 0| 100 1000' Al AL | AL 1T ol tos gast
: 102. 668+ 102. 3494
b 119 50 98.495i| 97.648i
% 105..019+ 104.699-4
: 120 25 96, 164i] 93.2981
110.862+] 110.1774
125 10 86.275i] 83.524i
5 125.2164 124.5164
12 S 69.958i] 68, 788
41,4994 41.5504
123 0 41.4131] 41,5501
e Y
44
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TABLE 13. THEORY VALIDATION, ASYMMETRIES,
CASES 124-134

Coefficients .

C Initial Conditions J.A. (mils)
CyE
Cyz_ |CzE
CME
P3| CNE

T T £ e R D R PR T

>
Q
N
R

6-D Theory

e
O
S
S
O’O
OC
ke
R
+
@]
<R
Q
O
< o
pei]

Y i e M i 50 7 e o M A PR R S ke E

W) ] »

; 0.028+] 0.009-
3 2

- 124 31416 . 0321 L0150

.052+| 0.013-

.029i . 009i
.094-] 0.078-
.080i | 0.073i
.040-] 1.013-
.954i . 00061
.660"’ .688‘ 3
.680i | 1.6835i '
L628-] 4, 675- N
.868i| 4.975i B
.732-| 8.780-
.2791 112, 489i

125 18850

126 6283

127 S00

128 300

12910 |1+i O 100} 5000 Al Al Al

B} = = O=1 OO 00 |0
Lo N el o ool IoRol feo Y]

oo

130 50

p—
N

" 20.784-|21. 150- ;
¥ ) A
131 25 26. 4681(26. 9271 ]
| -7.954-/-8.210-
2 1

13 0 62. 3671(63. 210i '
5 S -29.912 [-30. 372 !.f
-61.629i|-62. 3531 i '

” -49, 828 |50.427 |
«fﬂ 0 -49, 840i|-50.427i ]

Y \ \ b ) ) .

50 ;
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TABLE 14.

THEOTY VALIDATION, ASYMMETRIES,
CASES 135-145

Cc Initial Conditions Coefficients j—; (mils)
A Cz, CYE
|z . " |CME
%] %|% | Po | Y% CMq+ Mg |CMm P8 | Cni 6-D | Theory
A
135 31416 Unstable
136 18850 0.035+| -0.003
T 0.046i | +0,008i
0.0066+{ 0.029-
137 6283 0.017i | 0.024i
0.432-{ 0.401-
138 500 0.357i | 0. 396i
0.701-] 0.6066-
139 300 0.6181i 0. 6621
1400 |1+1 100 |3000] Al Al | Al ig;g L9943
.958i | 1.989i
3.819-{ 3.411-
141 30 4.473i 4,164i
S.714-) 5.721-
142 25 8.416i 8.516i
143 1 9.247-| 9.217-
0 32,5861 | 32.897i
144 5 -9.985-1-10. 174
41,9481 |-42.273i
145 5 32,973 |-33.194
\ [ \ Y 1 32,981i {-33, 194i
51
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gi TABLE 15. THEORY VALIDATION, ASYMMETRIES,
| CASES 146-156
:(‘ %
i! c Inirial Conditior Coefficients —
a2 itial Conditions ;
a; A CZa Cyr J.A. (mils)
| S Mg CZp CzE
Bl o | CMq*CMg | CM_ | “ME| 6-D | Theory
* ) ) ! ) ] |
146 31416 Unstable
ﬁ | ———
1 0.046+| 0.008+
| 148 6283 0.039i| 0.001} |
0.275-] 0.237- X
149 500 0.1881| 0.228i |
4 0.432-] 0.393- ;
150 300 0.342i] 0.384i }
: 1.213-| 1.174- ]
151 o |1+ij0 | 100 {1000 Al AL | ALY st e
' 2.381-| 2.349- I
152 50 2.294i| 2.352i i
43.719-| 4.699- ¥
153 25 4,637i| 4.702i R
10.258-] 10.177- '
154 10 14.411i] '4.476i ~
I3
_ 24, 440~ 24.516- 5
155 S 30.976i| 31.212i !
- — ¥
156 -58. 669 -58.450 4
A TR O | V| ) [-s8.684i[-38.450i k
|
. 3
;
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i TABLE 16. THEORY VALIDATION, ASYMMETRIES, 1
CASES 157-167 |3

(‘!

' Coefficients — )
Initial Conditions J. A. (mils)

TR TR T

> Q

ey

i S
B - e - T
3 EfS, |ag|a | pg | uy [CM *OMg4|CM_ |CME| €D heory

SR

P8

.799 {-2.035
157 31416 -2,236i]-2.087i

- - -1.873 |-2.044
158 18850 -2.169i | -2. 0981

- -1.924 |-1.990
159 | 6283 -2.190i | -2. 1514

) . _ -1.049 [-1.060
Ep 160 500 H -3,000i | -3. 0821
i . Il -0.419 1-0.385 3
4 161 300 -3.716i | -3.756i !
250+ " 2.457-| 2.602- i
2s01| 1005000 % AL} AL L ALY 4 8361 | 7,048 R
6.576-| 6.707- ﬁ

163 50 14.075i | 14.562i ¥
18. 366-| 19.077- g
164 25 27.827i| 29.000i ‘
10 -9.690— -10.283

63.387 |-65.283i
-31.387 [-32.445
-62.7301 |-64. 426i
-51.094 |-32.300
-51.094i{-52. 500i
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P
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e A v At e
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165

166 S
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TABLE 17, THEORY VALIDATION, ASYMMETRIES,
CASES 168-178

3
e D RN Wy e
T M T Gt o T e ol b s o ol S e o L
Rl i R R e & I LS St -T2 S A S

=7 — —~——————
C . Coefficients —
A Initial Conditions J.A. (mils) \
s I I I{ﬁ
M Z, C =
E =] =— C +C§,1. . P8 |~ZE 6-D  |Theory ‘_’ii
CNE ,i
| 9
» Ll
.‘ 168 31416 } f Unstable l 3
; - -1.755 -1.937
; 169 18850 213 1578 E
. 1,866 | -T1.930
170 6283 -2.054i] -1.999i i
- -1.572 | -1.569 |
iZi . 300 -2.351i| -2.366i
-1.308 | -1.304
172 300 . 1 -2.5951 -2.632i
250+ -0.114 | -0.024
1731 0| 0520 100§3000 Al Al | AL B Tt D5 osgs iﬁ
. 1.873-| 1.441- E
174 50 6.399i] 6,134 i
3.755-{ 3.751- f
175 25 10.3931| 10. 4861 i
7.435-1 7.247- 3
176 10 34.5301| 34,8671 ]
-11,870 [-12. 144 :
177 S -44,034i [~ 44.243§ .
-35.054 |-35. 164 K
178 0 4}; -35.053i [-35. 1641 |
1 \ Y |
E
i
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TABLE 18. THEORY VALIDATION, ASYMMETRIES,
CASES 179-189

Initial Conditions Coetticients ]—Z . (mils)

C
CZa . YE
Cm, |Cz_,|CZE

u P :
o| Po o CMq'*CM& CMPBB CME|| 6-D | Theory

>0

R+l

O
Z
234

179 31416 Unstable

180 18850 Unstable

‘,. 181 6283 _ Unstable

! ' -5.015 | -5.302

f’ 182 >0 -5.503i| -3. 7691
-4.884 | -5. 144

183 300 -5.572i| -5.925i

2504 -4.208 | -4. 366
2501|200 11000 Al Al L ALE ") 35i] -6. 7051

' -3.056 | -3.191
185 50 -7.031i{ -7.892i

-0.741 { -0.841

186 21 -9.079i|-10. 242i f
10 5.244- 4.637-
18. 344i{ 20.016i

188 5 18.563- 18.976-~
. 33. 158i| 36.732i

-61.894 |-63.990
-61. 894i[-63.990i

18410 | O

187

189 0
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¥
% Figures 22, 23 and 24 illustrate Cases 157-189, The curves sre
i similar to those in Figures 7, 8 and 9 but are displaced by the do

contribution. Cases 168, 179, 180 and 181 indicate that maxirum effects

L of the various parameters have been achieved in other stable cases. The

i effects of roll rate and velo¢ity follow the same trends as those in Cases
: 58-90. Figure 25 shows the effects of velocity for Cases 157-189., Cases

¢ with U = 3000 ft/sec exhibit the smallest dispersicn. A sample trajectory,
b Case 189, is shown in Figure 26,

COMPARISON: HIZR, LOW, VERY SLOW ROLL RATE THEORTES

In Cases 58-185 the High. Low, and Very Slow Roll Rate Theories are
validated for various initial conditions and parameters. The theories
have been applied for certain ranges in roll rate ard roll rate times
time (pt). The range of pt, (pt < 1.0) arc governed by the inherent
requirements of power series expansion. However, the ranges of p are
arbitrary (to a certain extent) and are based on accuracy of the theories
themselves. Each theory approximates the solution very well for a certain
range of p and then begins to diverge and become inaccurate. The range of
p for which the very slow roll rate theory is accurate is fairly well cut
and dried; p < 0, pt < 1.0, For any pt < 1.0 we nmust now use the low roll
rate theory. The question now arises, how high a 1oll rate can this theorv
accommodate? At what value of p must we change to the high roll rate theory?
These questions arc answered by a plot of sample 6-D computations, Figure
27, and all three theories extended beyond the limits used in the previous
validation. The high roll rate theory is a straight line going off to
infinity as p goes to zero. Although the length of the curve in which it
is an effective theory is short graphically, the range of roll rates it
encompasses is tremendous. Figure 28 illustrates the effective limits of
each theory; that is, on the spectrum of possible roll rates it shows
where each theory is the most effective. The low roll rate theory handles
the largest graphical area but only roll rates less than 100 rad/sec and
greater than 5 rad/sec. The upper limit of 100 rad/sec was chosen since
here the low roll theory attaches itself to the 6-D results while the high
roll theory diverges. The lower limit of 5 rad/sec corresponds to pt < 1.0,
Figutes 27 and 28 depict Cases 58-08 where u, = 5000 ft/sec or t = 0.2 sec.

Therefore p = 5 rad/sec corresponds to pt = 1.0, The very low roll rate
theory has the smallest range but is essential in predicting dispersion as
the roll rate goes to zero. As pt > 1, the theorv diverges as would be
expected from a power series; Equation 29. The sharp turn occurs at p ¥ 20
rad/sec or pt ¥ 4 for Cases 58-68. Although Cases 58-68 were. illustrated
here, this analysis of the effective limits of the roll theories was found
to be similar for all other cases. For the u_ = 3000 {t/sec cases the low
rcll theory limits were 3.0<p<50 for u, = 1000 ft/sec cases: 1.0<p<25.0.

PHASE 1V

To validate the effects of gravity on dispersion, a final set of cuses
were run using the high roll rate theory, fiquation 24. Ordinarily, one
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would think that gravity would only introduce a constant term;
one that could be factored out. However integration of the
equations of motion produce a gravity term dependent upon roll
rate., Determination of its va{igity and consequence is what

- g )
is important here. So,ao, and o, were set to zero in order to

allow determination of the effects duec to roll rate and veloc-
ity. The reduced governing equation becomes:

ol 3 iI
J.A.z}é‘é(.%_) 1+ E% Al 1000
u

No aerodynawmic asymmetries were present and the ecffects of
—

ke
gravity were assumed independent of effects due to So,ao,uo;
a logical assumption. Table 19 lists the results.

Table 19 indicates that the c¢ffects due to gravity occur
largely in the vertical plane, as would be expected. The
transverse contribution is minimal but is affected by both
velocity and roll rate. The vertical contribution is only
affected by velocity. The unstable cases indicate maximum
use of magnus and thus maximum traverse effects on dispersion,
It can be concluded from this brief but through treatment that
gravity effects dispersion only in the vertical planc (for all
practical purposes) and that its contribution is constant with
velocity. The roll dependent term, 1p1§ A, has been shown to

mu
exist Dut become negligible for the flechette. This term
would possibly become importunt fov projectile dispersion and
other missile applications. Projectile motion with gravity is
typified by a cocking right or  he projectile in flight with a

positive CM but negative €, 1 v parameter A would become

It} T
negative and the entire roll dependent term, positive; that is
cocked to the right, dispersion to the right. For a finned

missile the opposite would occur due to the agreement in sign
between CM G,

1 1
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TABLE 19.

CASES 190-201

THEORY VALIDATION, GRAVITY

C : Coefficients —_
Initial Conditions J.A. (mils)
A “ CZq CYE
S Mg | C2Zps [CzE
E |l» — Cn +C 6-D | Th
> |- = M, tEM gl Car.. | CME eory
S| % | %| Po Yo “ 9 PR CNE
-0.001 | -0.001
190 31416 T +0. 6441 +0, 644i
-0.001 {-0.001
191 18850 15000 +0, 6441 {+0. 6441
-0.001 | *0.001
192 6283 +0. 6441 |+0. 644i
0.000 | 0.000
193 0 +0. 6441 |+0. 644
194 +1.7881+1. 7891
3 -0.001 | -0.002
95051 ol o188 3000 | AL Al | 0 ll+1.7891]+1.789;
€.000 | -0.001
196 6283 +1.788i({+1.789i
197 0 0.000 | ©.000
+1.788i|+1.789i
198 31416 Unstable
199 18850 000 Unsteble
‘ 1 0.001¢] 0.001+
200 6283 16. 100i | 16. 100i
0.000+| 0.000+
201JL 0 16. 100i| 16. 100i
BR
70




SECTION IV

FREE FLTGHT DATA ANALYSIS

In order to analyze actual test firings as to jump and
4 dispersion and correlate them with the validated theory, the
1 initial conditions of each test firing must be obtained and §
put into the proper form. To obtain raw experimental data, L
: o test firings were conducted by the U.S. Army, Frankford Arsenal.
w The configuration tested was the Producibility Ground Point
Flechette, Figure 29. The raw data required was both trans-
lational and angular; that is, data was needed to determine
it position as a function of time and angle of attack of the LA
b flechette as a function of time. To accomplish this, Frankford ;3
Arsenal devised the test apparatus shown in Figure 30. The gun j
barrel was mounted on a steel girder to elimiate "barrel whip"
due to recoil and boresighted on a target 50 meters down range. P
At positions, 1, 3, 5, 7, 9, and 11 feet downrange, dual high L
1] speed cameras were placed to photograph the flechette as it
k passed its station. One camera was placed to allow a top view J
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at each station and provide a means of obtaining swerve and

't yaw data. The other camera allowed a side view at each station
& to obtain heave and pitch data. At each station reference

marks oriented the flechette as to its exact position downrange.
This was to allow for any camera timing error and/or variation

in muzzle velocity.

From the battery of testing firings, eight separate rounds
were chosen at random to be analyzed. The eight rounds along
with velocity, roll rates and target positions are given in
Table 20.

Raw translational and angular data are shown in Figures 31

through 46. The figures illustrate the position and complex
angle of attack of the flechette for ecach station.
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TABLE 20.

FRANKFORD TEST FIRING DATA

P,

Target at '

S0 ft

Y (ft)

iZ (f)

4747

11,454

-0.038

4662

13,201

-0.010

4642

14,219

-0.004

OO} 3t O [ e

4662

15,000

0.099

14

4756

13,289

0.016

4753

17,354

-0.004

17

4677

16,613

-0.019

19

4679

11,913

0.059
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Once the raw data was obtained, it hdd to be converted
s -
into a form such that initial conditions S 1S40, and a_ could be
extracted from it. Tou eventually arrive at values for S and

the translational parameters, the raw position or translq—
t?onal data had to be approx1mated by equations., The raw data
was fitted to a polynomial equation of third degree by a lcast
squares method. The data in the y-direction was fit separately
from that in the z-direction to distinguish between the swerve
and heave contributicns. With the ecuations obtained, a simple
differentiation yielded equations for the ;ploC1t;ps in the y
and z directions. The initial conditions b and o are now

readily obtainable:

A [
So (ft) = yo + iz
So (ft/sec) = Vot izo

R ¥ -~ .
Obtaining o and a, from the raw angular data was more

difficult. The traditional way of analyzing any missile motion
with pitch, yaw, and roll is by a three-degree-of-freedom least
squares fit to the tricyclic motion, Equation 6. However, the
availability of only 6 data points made this technique impossi-
ble, so another, approximate method, had to be employed. The
solution was to approximate the pitching and yawing motion to
one-degree-of-freedom while holding the roll rate constant. In
order to do this, the B-a axis system had to be rotated to
coincide with the more dominant angular mode. Figure 47 illu-
strates a typical raw angular data plot. Since the angular
motion of the flechette tends to approximate an ellipse, the
R-a axes are rotated some angle y to coincide with the major
and minor axes of the ellipse¢, as shown, The angular data is
retabulated for this new axes system, B'-a'., To fit the data
to the one-degree-of-freedom equation:

a =K1e7"t cos (wt +6)

only the dominant mode can be considered. For example, in
Figure 47 the dominant mode occurs along the o' axis; therefore,
only a' coordinates are utilized in the least squares fit,
corresponding B' coordinates are ignored. Table 21 lists the
parameters obtained for the eight flechette rounds. Once an
equation for a' is obtained, it represents one dimensional
oscillatory motion along the o' axis. A 51mp1e differentiating

of the a' equation yields an cquation for a' The initial
91
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0? however, are complex whereas a' and o

are only one dimensional. Therefore, the rotation angle vy is
taken into account and the o' equation is projected back into
the B, o axes system:

. . i -:h
conditions ag and o

a=o0'cosy
a=a'cosy
B=a'siny
B=a'siny
Thus the complex initial conditions are approximated.
.&‘o=so+iuo

- é*'”
o = Q
(0] 010

Figures 48-63 illustrate the fitted data both translational and
angular for the eight rounds. The transitional data includes

the pertinent equations.
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TABLE 21.

AERODYNAMIC PARAMETERS FROM

LEAST SQUARES FIT

At
&::Kle [Acos(wt +6 )~ wsin(wt 4 & )]
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Rﬁmm
0 Kl A w [
u (degrees) | (rad/sec) | (rad/sec) | (rad)
4 5.01 -46G.48 1921, 3 -1,29
6 3, 64 68,24 2079.8 -1,21
7 -2,78 46,48 1871.4 -1,26
8 -4.02 -203.19 2267.6 -1,21
14 6.09 -126, 37 204219A -1,23
16 5.84 -174.7 2211.7 -1.18
17 -4,81 8.53 2314,5 -1.02
19 7.35 ~-121.62 1889.9 -1,22
At
a=l<le cos(wt + &)
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SECTION V
DISPERSTON ANALYSTS

FREE FLIGHT VERSUS THEORY

Once the initial conditions are determined as in the pre-
vious section, they are applied to the theory and compared to
the dispersion of each test fired round. To utilize the thcory,
the fitted data must be chosen for a given time; that is,
-L-‘.\..L_h

SO,SO,GO,&O must be selected for one given point in time-posi-

tion downrange. Since the question of what point in time

the initial conditions occur, 3 scts of initial conditions were
chosen to correspond with positions 1, 3, 5 feet downrange.
This span of position downrange may or may not be sufficient to
include the actual time corresponding to the initial conditions
for each round, The following analysis will determine each
round's effective time for its initial conditions.

For each set of initial conditions, theory and 6-D compu-
tations were done and compared to target data for the Frankford
test firings., The results are tabulated in Table 22 in mils
and plotted in Figures 64-71 in feet; deviation from the time
of fire at 50 feet downrange. The relationship between the
deviations in feet and mils at 50 feet downrange is:

J7&. (mils) = 3 (1000)
X

[

L]

or T.A. (mils) = (20) S (ft)

To accurately and concisely analyze the complex and large
amount of data in Table 22, the positions downrange in which
the initial conditions were sclccted must be simultaneously
analyzed with the dispersion results at 50 feet downrange. The
problem in choosing initial conditions is wherc they should be
taken; at what point downrange. Normally, one would think that
the initial conditions would occur immediately after leaving
the gun barrel. Howecver, the flechette being a finned body
needs a sabot configuration to guide it down the barrel, Figure
29. The sabot causes the initial condition location problem
since the sabot must separate from the flechette outside of the
gun barrel. The cxact time and place where this occurs is not
constant; varying from round to round. Not only does the sabot
separate from the flechette instantaneously different every
time, the sabot may not separate cleanly or the same way every
time., Interference with the fins after sabot separation can
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cause disturbanves to the flechette and alter the initial con-
ditions, In addition, asymmetric sabot separation can influ-
ence the initial conditions. Thercfore, the positions down-
range of 1, 3, 5, and 7 feet were photographed to show the
flight transition scquence. Figures 72-79 illustrate the
flight transition sequence for thc 8 flechette test rounds.

In every sequence the sabot begins to separate, in varying
degrees, 1 foot downrange. At 3 fcet downrange, the sabot is
nearly completely separated, but in some cases the sabot par-
ticles pose interference problems with the fins. By 5 and 7
feet downrange the sabot has complet«ly separated and the fle-
chette is in free flight. The correspondence between the
flight trarsition sequence and dispetrsion results can be seen
in each individual round. Figure 64 irdicates that the initial
conditions for round 4 occur somewhers between 1 and 3 feet
downrange judging by the dispersion ¢f the actual tested round.
Figure 72 verifices this fact in that the sabot has separated
from the flechette between 1 and 3 feet downrange. The y-coordi-
nate in the dispersion vector does not accurately agree with
the theory for this case. Illowever, besides computatio.al error
other physical factors can influence digpersion. Contributions
by fin asymmetrics and other cunfigurational asymmetries can be
important but are unable to be detected or accounted for.
Throughout this analysis this must be kept in mind to partially
account for any discrepancy between the actual test firing and
the theory und 0-D computation=. Figure 65 indicates the ini-
tial conditions for round 6 occur between 3 and 5 feet down-
range. Figure 73 verifies this choice showing separation
occurring around 3 feet but with sabot particles very close to
the fins causing possible interference and delaying the initial
conditions location. The initial conditions location for round
7 is difficult to accurately choose since the y-coordinate does
not accurately agree, Figure 66. It is safe to say that the
initial conditions occur sometime around 3 feet and Figure 74
verifies this choive, The z-coordinate for round 8 is not as
accurate uas would be desired, Figure 7, but the y-coordinate
indicates initial conditions occurring between 3 and 5 feet
downrange. Figure 75 agrees with this choice indicated inter-
ference with the fins at 3 fect delaying the initial conditions.
Initial conditions for round 14 are chosen between 3 and 5 feet
downrange, Figurc 68. Figurc 76 indicates possible fin inter-
ference tendiny to verify the choice. Figures 69 and 77 indi-
cate and verify the choice of initial conditions in the immedi-
ate vicinity of 3 feet downrange for round 16. Possible fin
interfercnce at 3 feet downrange, Figure 78, round 17, verifies
a choice ol initial conditions between 3 and 5 feet, Figure 70.
A similar situation occurs for round 19 in Figures 71 and 79.
It is often diflficult to choose initial condition positions
accurately due to slight discrepancies between theory and test
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the actual test firings, S

firings. However, the discrepancies are of the order 0.05 feet,
which shows up large in Figures 64-71 due to the scale chosen,
but is within the e¢rror expected from the validation of theory
section.

The influence of sabot separation can be readily seen by
inspection of Figures 72-73, 1 and 3 feet downrange. In every
case, the flechette and sabot are at nearly a zero angle of
attack at 1 foot, but has changed angle of attack noticeably by
3 feet downrange. This would indicate that fin interference or
asymmetric sabot separation is causing the noticeable effect.
It can be concluded that dispersion is dependent upon the ini-
tiu. conditions that the initial conditions are a function of
sabot scparation and that the theovy car predict what the ini-
tial conditions are and where they occur.

DISPERSION THEORY VERS'.S FIRST MAXIMUM YAW HYPOTHESIS

A popular theory to predict the dispersicn of flechette is
the First Maximum Yaw Hypothesis. This theory relates the dis-
persion magnitude ¢o the first maximum yaw magnitude by a nearly
linear*relationship. Other initial cq&ﬁitions such as angular

rate, &0, and translational velocity, So are said not to effect

dispersion. To disprove this theory and strengthen the posi-
tion of the Ebeory ascribing to dispersion due to initial condi-

. D . . .
tions So,ao,ao, the First Maximum Yaw theory was applied to

Frankford Arsenal data. Figure 80 shows a plot of disperson
magnitude versus first maximum yaw magnitude. Clearly no linear
relationship exists between dispersion and first maximum yaw.
In fact, the plotted dzta resembles a random shotgun blast.
Figures 81, 82, and 83 employ the theory to the first maximum
yaw hypothesis. Again the plot substantiates the findings of
Figure 80. The disproval of the first maximum yaw hypothesis
comes as no surprise since the dispersion theory contradicts it
and the 6-D computations, which integrate the actual equations
of motion, validated the dispersion theory. Therefore, disper-
sion could never accurately be predicted by a theory involving
only first maximum yaw.

o e BT TSR 2 e Ml 252 AN st il ORGP gt o

it

— -—

The influence of initial conditions, So’ao’ and &o and

dispersion for the actual test firings are expected to be
different from that in the validation of theory section because
of the Jdifferent ranges in the initial conditions. For example,

éo only in the validatioq4§ection was (100 + 100i) ft/sec. 1In

o only ranged as high as 20.0 ft/sec.
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Of course, the large value was only to validate the theory.

—_ _ _
However, SO is a very important contributor to dispersion. In
the reduced equation 24, empleyed to calculate the theory column

in Table 22,

e -
— S I _ ipl
. =1 9 o . _ e X
J. A.(mils)=1000 =~ *3 mudA Q- &, Iy
for round 4, 1 foot downrange,
5
1000 _...uo = (1.1007 + 1,91341) mils

where as,
d .
J.A. = (1,329 - 1.302i) mils
. s . - :
Since this is typical of the 8 rounds testcd, S, has a profound
effect on dispersinn for these rounds.

Similarly, for this particular case,
e

So v . \
1000 < = (0.,0100 + 0.00041) mils

- IpL A
1000 @ X_ = (-0.01437 + 0.00214i) mils
0 mud

- LA
-1000 o, Y = (-0.206075 - 1.3836721) mils

—_
Obviously, SO and E; are by far the greatest contributors to

dispersion for this case. Inspection of all the other 31 cases
in Table 22 agrees with this general pattern. 5  can be nearly

eliminated, of course, by accurate sctup of the test equi?ment
so that the gun barrel is set exactly at coordinates (0,0
Any'S; then would occur from displacement due to the blast.

Figure 84 illustrates the dependence of the Jump Angle, and hence

dispersion, upon angular rate and angle of attack,
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Although So

Y
and o contribute the most to the Jump Angle,
, . - - . C e

the combination of bo and ®, can have a noticeable influence.
From the test firings, S, was found to have a negligible effect

on dispersion. Therefore, it is necglected in Figure 84 to
simplify the plq&. It is evident from Figure 84 that warious

—
combinations of o, aqg & y{sgd zero dispersion, It is possible
that large values of @ and &0 can combine to yield zero disner-
sion; an impossibility with the first maximum yaw hypothesis.
L7 oy and a, are able to balance to give zero dispersion, then
this idea cun be expanded to include the entire cquation,

The governing equation used throughout this dispersion
analysis section is:

= 0 ,29. Y T
J.A. = 1000 + T &, - a, _—L/—

Setting JTK. to zero, the idea behind Figure 84 is expunded to

include §., S
include S, S_.

S I s ipl, \
-—9— u—()- - -—z——- A —_A —-—-‘-—.
X + u mud A C”o’ % ly )

rearranging
—_ u -

m |5, (L) 4 5 |-
So(x + 5o

A dimensional analysis of the equations finds that both sides

have units of momentum. Going one step farther it can be said
that to obtain zero dispersion: initial transverse momentunms

initial momentums that causes dispersion., The size of initial
conditions can be huge, Figure 84, but if thecy can combine to

balance, zero dispersion results. The way the initial condi-

tions combine, detecrmine the magnitude of the imbalance or
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zé dispersion. It should be noted that this dispersion discussed
is round to round dispersion and that the inconsistency of the

momentum imbalance from round to round causes a dispersion
pattern (a set of rounds). The next section will highlight
this principle in the evaluation of physical factors affecting

dispersion.
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L SECTION V1
g PHYSTCAL EVALUATION OF DISPERSION

Initial momentum imbalance has been shown to cause disper-

i sion. Initial conditions determine the magnitude of the imbal-

o ance. What causes these initial conditions to occur is the

3 subject of this final section. 1Initial conditions occur some-

E where between 0 and 5 feet downrange to different degrees of

] magnitude due to various conditions. These conditions are: E

3 8

Ei 1. Fin or body asymmetry Mg
; 2, In-bore mal-alignment :§

. Asymmetric blast

. Asymmetric sabot scparation

5. Sabot-fin interference

6. Fin or body damage

Fin or body asymmetries can cause dispersion magnitudes to range
as much or greater than those in the Validation of Theory section
for aerodynamic asymmetries. These asymmetries can be overcanted
or bent fins, damaged nose cone, or even bhody deformities., Fig-
ure 85 which shows in-bore mal-alignment also shows a slightly
bent body, concave downward. In-bore mal-alignment can be
attributed to warpirg and/or the entirc flechette at some angle

of attack. Clearly, if this flechette were f{ired, the in-bore I
angle of attack would produce an E% outside the gun barrel even ‘

before sabot separation., With the flechette at some ﬁPgle of :_
— —
attack, the blast can causc a large do and an S, and SO. The !%
» . e . . . . 3 I3 ,
blast itself is a chief catalyst in causing the initial condi- ,§
tions. An asymmetric blast can indeed impart influence on the :i

initial conditions, but a symmetric blast can also. Given an
initial angle of attack due to some disturbances the symmetric
-—h—'L b
blast can cause signiflcant'ﬁo,&o,so and S, Figure 86 shows
a typical blast region with the flechette outlined in the pic-
ture. The momentum principle discussed in the previous section
goes hand-in-hand with this blast regiunr. It is here that the
transverse and angular-momentum is imparted to the tlechette.
Figure 87 illustrates a typical flechette in the blast region.
Coming out of the barrel at some angle of attack, the blast
catches the flechette and induces some angular ratec. At the
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same, time, the flechette is translated laterally giving an S

and S,. If these contributions cancel each other out; that is,
if initial transverse momentum equals initial angular momentum
then the dispersion is zero. 1If they do not cancel, dispersion
results. The sketch is highly simplified in that the blast
itself is all-engulfing as in Figure 86. Of course, the transi-
tion sequence of sabot separation, fin interference, and possi-
ble fin damage must not be forgotten. The transition sequence
occurs in the blast region, however, and is not considered
separate from the blast. When separation occurs, the sabot
particles are apt to interfere with the fin section and cause
possible damage. Once the sabot has separated and cleared the

fins, the blast has had its greatest effect and the initial con-

di*ioang can be determinea. After the flechette has moved down-
range, it assumes a supersonic free flight, Figure 88,
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Typical Flechette Blast Region

Figure 86.
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Supersonic Free Flight, Ground Point Flechette

Figure 88.
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SECTION VIE

CONCLUSIONS

A complete Jump and Dispersion Theory has been developed
for free flight vehicles. Three governing equations have been
determined to accommodate high, low, and very low roll rates.
The theories were found to be accurate with six-degree-of-free-
dom numerical computations of the equations of motion and there-
fore reliably predict the jump and dispersion of flechettes.

The theory validation included 201 case runs in four phases,
The first phase validated the theory with respect to restoring
and damping moments. The effect of these moments on dispersion
was found to depend on the initial conditions. The second phase
validated the theory with respect to Magnus forces and moments.
The effect of Magnus was found to be very small and not of any
consequence unless the total dispersion of any given round was
of the same order of magnitude as the Magnus effect. Phase
three validates the theory with respect to aerodynamic asymmet-
rics and roll rate. All three theories were validated in this
phase and found quite accurate considering the large dispersions
encountercd. Aerodynamic asymmetries causing a trim angle of

1 degree had little effect on the dispersion of flechettes.
Slower rolling bodies were shown to have, in general, increas-
ingly larger dispersion values as roll rate decreased, It can
be concluded that for free flight vehicles prone to aerodyna-
mic asymmetries and fin damage, a high roll ivate is essential
to lower dispersion and increase accuracy. The fourth phase
validates the theory with respect to gravity. The theory
indicates a lateral contribution to dispersion from gravity in
addition to the obvious vertical contribution. For the fle-
chette, the lateral contribution was found to be minimal and
was neglected in this analysis.

Free flight data was obtained from Frankford Arsenal to
correlate with the theory. Angular and translational data was
fitted and put into initial condition {orm., The initial condi-
tion data was applied to the theory and compared to target data
for the rounds tested. The theory was found to agree favorably
in magnitude with the test {irings. As a result, the method
used to analyze the data can be considered a valid method.
Photographs of the test firings were taken to inciude the flight
transition sequence in the blast region. The pictures further
verify the analysis method of the initial conditions by allow-
ing agreement between the chosen initial conditions and the
position downrange where they were selected.

The evaluation of the free flight dispersion against the
theory also disproves the First Maximum Yaw hypothesis. A plot
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of jump angle versus first maximum yaw of actual test data
produced a shotgun blast pattern with no relationship evident
between dispersion and first maximum yaw. In addition, a plot
of jump angle versus angular rate for various initial angles
of attack indicates an infinite amount of combinations of
initial conditions to yield a given jump angle. Thus, zero
dispersion has an infinite set of possible initial conditions.
It was found for zero dispersion that a unique physical condi-
tion holds: to obtain zero dispersion, initial transverse
momentum = initial angular momentum. These momenta are
imparted to the flechette in the blast region where the body
and especially the fins are subject to disturbances. Momentum
imbalance is the reason dispersion occurs. The initial condi-
tions only determine the magnitude of imbalarce or dispersion.
This dispersion is round to round dispersion. Inconsistency
in the imbalance results in a dispersion pattern. The initial
conditions were found not to occur until after the sabot sepa-
o ration and the blast has had its greatest effect. The factors
| causing the existence of initial conditions were found to be

‘ not only the blast and sabot separation sequence, but also fin
and body asymmetries and bore mal-alignment. In order to
decrease dispersion, these physical facto-+s causing initial
conditions must be kept at a minimum. The most important
aspect would be to protect the fins from asymmetries, damage,
and interference from the separating sabot. These initial

3 conditions can never realistically be eliminated but if kept
minimal, dispersion is reduced.
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APPENDIX

This appendix contains mass parameters and stability
coefficients for the Ground Point Flechette. Table A-1 lists
values for mass, dismeter, axial and transverse moments of
inertia. Figures A-1 through A-8 present stability coeffi-

cients used in this analysis versus Mach number. Cz R CM )

a o

C + Cy,. were provided by Frankford Arsenal. C , C ,
M M b4 M

q a pB pB

CYE’ CZE’ CME’ CNE were nominal values of the coefficients

following the same trends of CZ and Cy for Mach number.
o o
CM and Cy CM were verified in the University of Notre Dame
) q &
supersonic wind tunnel (Reference 16).

TABLE A-1
FLECHETTE PARAMETERS

mass = 0.000046 slugs

diameter = 0.006 feet

I, = 0.000000000217 slugs-ft?
I, = 0.000000036421 slugs-ft®
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