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ABSTRACT

For aspinning projectile, theinitial stability conditionisc® = 1+ (4 K, /K ?) > 0. In the present
study, this condition has been modified for the malalignments arising due to pressure gradient
and damping moment for an FSAPDS projectile. The equations of motion are established for the
first phase of motion. A mathematical model for the first phase of motion has been developed.
The effect of perturbation on the trajectory and stability of motion are discussed. It is proved

that if K3 (aparameter appearing due to perturbation) < (-K 2 6® /4 ), the initial stability of
motion will breakdown.

Keywords: FSAPDS projectile, spinning projectile, equation of motion, mathematical model, projectile
trgjectory simulation

NOMENCLATURE (ChqtCuq) Pitch damping moment coefficient
O-XYZ Inertial coordinate system (Cy*Cy,) Pitch damping force coefficient.
| Moment of inertia about the X-axis u, v, w Velocity componentsin projectile frame
L, Moment of inertia about the Y-axis O,,0,,0, Angular velocity components of projectile
m Mass of the overall projectile r Position vector of the effective pressure
point and centre of mass of the projectile
C Mass centre of projectile
Q Angular velocity wrt inertial frame
X, Y, Z Range, altitude, and drift, respectively
5,,0, Angles made by projectile axis in
F. /M, Propellant gas force/Moment velocity frame
F,/M, Aerodynamic force/Moment n,M, Angles made by the propellant gas
direction in projectile frame
F./M, Gravity force/Moment
€,,€, Angles made by propellant gas direction
Crpa Magnus moment efficient in inertial frame

Revised 01 March 2005

753



DEF SCI J, VOL. 56, NO. 5, NOVEMBER 2006

P Pressure in gas flow

0 Air density

I Projectile characteristics length

p Axial spin

S Projectile reference area

\% Velocity of projectile

C. /Cy, Lift /Normal coefficient

C, /C, Drag /Axial coefficient

Crpu Magnus force coefficient

Co Spin damping moment

C, o Overturning moment coefficient

0 Angle of attack

0] Angle of side slip

Convention

X Vector cross product

Suffix

1 Denotes the projectile
coordinate systems

2 Denotes the velocity
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coordinate systems

1.

INTRODUCTION
Dynamical study of a fin-stabilised armour piercing

discarding sabot (FSAPDS) round is very important
till the sabots are separated and the thin penetrator
moves ahead. The sabots are separated from the
projectile under the action of aerodynamic forces.Y ang'

has

discussed the complete dynamic modelling of

a sabot discard process of an FSAPDS round.
With three turning points, he has divided the sabot
discard process in four phases and two transition
periods (Fig. 1). The motions points are defined as

0
1

At the muzzle end.

The first turning point is at the instant when
the fixed circle of sabots reaches the limit
stress state and its groove teeth break due to
the aerodynamic force.

The second turning point is at the instant when
circle groove teeth of a sabot component separate
from those of projectile body and their mechanical
interaction vanishes.

The third turning point is at the instant when
the intersect point between the projectile and
the shock wave at the head of a sabot moves
to the projectile base and the projectile gets
free from the influence of sabot.

The turning points are defined for each sabot,

separately. The first turning point for the three

FIRST SECOND
MUZZLE TURNING TURNING
POINT POINT

THIRD FREE-FLIGHT
TURNING TRAJECTORY
POINT

FIRST SECOND THIRD

= ) —
PERIOD PERIOD PERIOD PERIOD
(FIRST TRANSITION PERIOD) (SECOND TRANSITION PERIOD)

FOURTH -

Figure 1. Turning points, four phases and transition periods of sabot discarding process.
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sabots is at the same time and the same position
relative to the projectile body. The second turning
point is at the same position relative to the projectile
body but is at different time, whereas the third
turning point is at different time and different relative
positions, which can be studied with the help of
transition periods separately. The different phases
of the motion are given below:

Phase | : Motion between points of 0 to 1
Phase Il : Motion between points of 1 to 2
Phase 111 : Motion between points of 2 to 3

Phase 1V : Motion after point 3 onwards.

First transition period is motion during the second
turning point of the first sabot component to second
turning point of the third sabot component. Second
transition period is motion during the third turning
point of the first sabot component to third turning
point of the third sabot component motion condition
at the end of the previous phase is the initial
condition for the next phase, but the initial conditions
for different sabots are distinct.

In this paper, the trajectory and stability of
motion during phase | of the motion has been
discussed. Propellant gases released from the muzzle-
end develop a flow field around the projectile. At
the muzzle, it commences with the formation of a
strong blast and a jet which continues till the gun
tube becomes empty. The flow field around the
projectile continues till ambient conditions are reached.
The projectile moves forward in this flow field.
The propellant gases expand supersonically, due
to which the pressure drops rapidly. Due to asymmetric
flow of gases, the pressure is misaligned. The

pressure acts at a point on the projectile having
position vector (7p). from the centre of gravity of

the body. Though damping force is small and can
be ignored, damping moment may affect the stability
of the projectile. These two aspects of the FSAPDS
projectile have been considered. In the first part,
the trajectory of the projectile is modelled and
simulated. In the second part, the stability criterion
of motion has been discussed.

2. COORDINATE SYSTEMS

Y Y X,
Y2 .93__‘ i ;.,f‘-.
H. ,'. S - X
Yl.-e < J,r" T2
P L 1‘,.' o
-\-._\' 91 |I.__I _/.I -
‘-\__“_‘1- ‘l\ II-" .-FJ
s X
'{%‘Z}r C
-
z 7N,
“of
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VAY
././ Z, Z,
,--"‘
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Figure 2. Coordinate system.

The motion has been studied with the help of
three coordinate systems defined in Fig. 2.

(a) Inertial Coordinate System (O-XY2Z)

O  Origin at the muzzle-end along the barrel
axis

OX Along the barrel direction

OY Vertical axis normal to the OX

OZ Completes the right-handed system.
(b) Projectile Coordinate System (C-XY.Z))

C  Origin at the centre of mass of the projectile

CX, Along the axis of rotation of the projectile

CY, Normal to the CX_ in the plane of reflection
symmetry of the projectile

Cz, Completes the right-handed system.
(c) Velocity Coordinate System (C-X,Y,Z))

C  Origin at the centre of mass of the projectile

CX, Along the instantaneous velocity direction

CY, Normal to the CX, in the plane of motion

Cz, Completes the right-handed system.
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2.1 Transformation Matrices

e Transformation from the Inertial Coordinate System to Velocity System

(iy, 1r ko ) = AX (1 2) A% (0,) A (0,)(7, ], K)

[ cosB, coshp, sinO, —cosO,sind, | i

N~

oo
[

sing, 0 cos¢, J

>

~)

| SinB, cos¢p, —cosb, —sinO,sing, |
e Transformation from the Projectile Coordinate System to Velocity System
(T2 T2 kz) = A7 (3,1) A" (8,)(1, . k)

[ cosd, cosd, sind, —cosd;sind, || i;

=|-sing cosd, cosd sSind; Sind, | |

sing, 0 cosd, |k,

e Transformation from the Inertial Coordinate System to Projectile System

ji|= A% (Vl)AZ (el)AY (d4)] ]

Cos ¢ ,€0S 0, sino, —sin ¢, cos6, Ik

=| —COSy €OS ¢ SN O, +SiNy,Sin¢, COSy,C0SO, COSy,SiN¢,SINO, +SiNy,COSH; | j

| Sin y oS ¢Sin 6, +cosy,sin¢, —siny,cos0; —siny,;sin¢,sin6, +cosy, cos¢, | k
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2.2 Angular Velocity

e Angular Velocity of the Projectile (ﬁl)
51 =¢.1JT+49.1|2+71iA

which can be obtained from
cos¢, O —-sing,| O 0

0 1 0 (i)l = (i)l
sng, O coso, | O 0

cosd, sng, OO0 |4sing,
—sin@, cosé, = | ¢, cos,
0 0 16, 0,

o
S
=
|

d’lSin 0;+7v,

0 cosy,; siny,|| ¢,cos6,

|0 —siny; cosy, | 0,

d)lgnel"'Yl

=| ¢,c0s6,cosy, +0siny,

— ¢, cosO, siny, + 0, cosy,

5'1: ((i)lsi no, + Yl)fl + ((I)l Ccos, cosy,
+0s ny,) J.Al + (_d)l cosd, siny; + é1 cosy, )k (1)

=) +0,); + oK

e Angular Velocity of the Velocity Coordinate

System (Q,)

52:92i2+¢.2]

[cosg, 0 —sing,[[0] [0
0 1 0 ¢2 = ¢52
|sing, O cosg, | O] | O
[ cos#, sing, O[0] [4,sin6,
—sing, cosd, O|¢,|=|4,cosb,
|0 0 1]6,] 0,
(1 0 0]d,sin,| | ¢,sn0,
10 -1 0] 6, — ¢, coso,
- Oy =, sin0,b, + 60, ], — b, cosO,kK, (2

3. FORCES AND MOMENTS FOR THE
MOTION

3.1 Forces

Propellant Gas Force: The forces developed by
the propellant gases will be acting on the projectile
for some time till the effective force becomes
zero. This force acts along the gas flow direction
which may be different from the barrel direction
as well as from the projectile direction.

F =PAl, (3)

where fg is a unit vector along the gas direction.

3.1.1 Modelling of Pressure

The pressure affecting the projectile motion
varies continuously. The pressure at the muzzle-
end is muzzle pressure, which further decreases
as the projectile moves in the propellant gas flow
field till it reduces to atmospheric pressure. Generally,
the pressure reduces to atmospheric pressure at
a distance of 10-15 calibers.

It is assumed that the decrease in the pressure
is continuous and linear. The pressure at any point
at a distance X away from the muzzle is given by

P =P, ( 1- X/l), where P, is the muzzle
pressure.
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Figure 3. Trajectory of FSAPDS projectilein thefirst phase.

This change in the pressure P is calculated
and plotted in Fig. 3.

e Aerodynamic Force

Here the aerodynamic forces due to drag, lift,
magnus and pitch damping forces are considered
and are given below?:

F,=F, +F +F, +F;
F, =—-(1/2)pSV?C,i, (Drag force) (4)

Fl = (1/2)pSC, [V X (i, X V)]
= (1/2)p SC, V2 [i, X (I X V)]
(Lift force) (5)

Fu =2 pSV3(pl/V)C,, (i, X i)
(Magnus force) (6)

Fr=(/2)pSVI (Cy, +Cy,)(di;/dt)
(Pitch damping force) (7

By the transformation

Cp, =C, cosJ, cosd, +Cy sSind,;
and

C., =-Cyssing, cosd, +Cy coso;

The magnus force coefficient C  is usually
asmall negative quantity. It always actsin adirection
perpendicular to the plane of yaw. Pitch damping
force acts in the plane of transverse angular velocity,
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which is not necessarily the same as the yaw
plane. The pitch damping force contains two parts,
first part proportional to transverse angular velocity
(pitching velocity) and the second part proportional
to the rate of change of total angle of attack.

B = (U/2)p SVH{-Col+Cy, [ X (11X 13)]
+(pl /V)Cy,, (12 X 1)
+ (11V) (Cy, +Cy, ) (diy/dt)}

(8)

e Gravity Force

F=-mgj 9

In the separation process, the mechanical force
and shock wave force also act on the sabots.
These forces are present in 2™ and 3 phases.
Hence in the first phase of motion, these forces
and moments are ignored.

3.2 Moments

e Propellant Gas Moment

Due to malalignment, the pressure is acting at
a point on the projectile having position vector
(r'p ) from the centre of gravity of the body. This
pressure force generates a moment.

M =T, xF, T, =rl, (10)

p
P|= A? (Th)AY(nz) 11 and
p Ky

=

where

N> =

A ~

i, =COSM;COSN i, —SIN NCOSM, ], +SINM,K;

Due to the above aerodynamic forces, the
corrosponding moments’ are:

e Aerodynamic Moment

(a) Spin damping moment
=(1/2)pSu®IC, (pl/u)i;
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(b) Overturning moment
= (U/2pSUICy (I, X Ty)
(c) Magnus moment
= (1/2)p S | Cyyp,, (PHUW[ ([ X ( T, X )]
(d) Pitch damping moment
= (1/2)p Sul ?Cyq (iy X diy /dt) (11)
e Malalinment (Off Set) Gravity Moment

fyis the position vector of off set from the centre of gravity of the body.

=T, XF;.

<

(12)

In this phase of motion, T, is along the axis of the body, hence ﬁgz 0.

4. EQUATIONS OF MOTION

The equations of motion by Newton's second law, because of moving frame, are given as

sOxV=YF

ol

YW (13)

+

2|2 9?%

N
=m—
a
_H
ot

5. TRAJECTORY SIMULATION

In the first phase of motion, the trajectory of the projectile as a whole body can be obtained by
resolving the equation in velocity coordinate system. The pressure applies force on the base of the

projectile which affects its trajectory. The moment equations are resolved in projectile coordinate system.
The scalar equations are:

V =( PA m) (cos g cos g, COSB, COS¢, —SiNg, COSe, SiNB, —Sine, C0sH, Sing, )

+ W 2MPS¥ | Gy + (| V)(Cpq + Cpo )[SING, (—4y Siny, cosb; + 6, cosy,)

+00s88,5n 3 ,($,c0sy,c080, +0,siny,)]— g sino, (14)
b ,={ PA(COS g COSE SN, +SiN € ,C0S¢,) + (1/ 2)pSV [ -C,, sind, cosd,

— (Pl NV Gy SINS, + (V) (Chyq +C N[COSS; (—y SNy, cOSO; + 0, cosy,)

—sin3,5in 8 $,c0SY,c0s0, +0,5iny,)] }/[ - MV cosh, ] (15)

6, PAcos & £OS &8N 0,008 ¢, +SiN £,C0S€,0S0, SN &,SN 0,5 N d,)
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5.1

5.1.1 Data
P = 405 MPa Ixx = 4.000 kg/m? p = 1.225 kg/m?
| =0.486 m m = 6.400 kg p = 145 rpm
C, =7.020 Cupe = 0 Cugw = 0
(Cyq * Cygw) = -570.600 Cy =0 V = 1450 m/s
8, = @, = 1.500 5,=0,-6, 0, = 1.500
nl:nzzglzgzzylzo X:y:z:O
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+ (U 2pSVP[C, sing, — (pl /V)Cyy, SiNG, COS,

— (I/V)(Gyq + Gy ) €OSS, (¢, cOsY, €os@, +6, siny;)] + mgcos 0, } /[-mV]
The velocity in inertial frame is:
x=V cos0, cos ¢,
y=Vsin0, cos ¢,
z=-Vsn ¢,
Moment equations are:
| (& 09( ,cos y,c0s 0, +6,5n 7))
= (lyy =1 )($,8N 0, +7.)(—h,Siny,cos6, + 6, cosy,)]
+1 PA(sim, cosy Coss, — COSy Cosn, Sing, )+ (1/2)p S\/ZI[—CMa1 cosd, sind,
+ Guop (P V)SING + (1 V)(Cpyq + Crigi )@y COSY, €OSO; +0, Siny,)]
[ 18 69(—bsin y,cos 0, +6,c0S7,)
= (I = w)(9,8N0, +7,)(,co8y,c080, + 6, siny,)]
+r,PA(—cosn, cosn ,Sing, cose, + SiNM, COSN, COSe;  COSE, )
+ (U/2p SV 1[-Cy,, Sind; + Cyyp (Pl /V) COSB, SING,

+ (I V)Cq + Cug ) (¢, Siny, cosby + 6, cosy,)]

Simulation Results

(16)

(17)
(18)
(19)

(20)

(21)

Equations (14) — (21) give the mathematical model for trajectory of the projectile in phase |I. The
trajectory for phase | over the time period 0.00 s to 0.001 s has been simulated for the following data
with fixed step size, h = 0.0001.

lyy

NQ

Ma

560 kg/m?

1.250
0
2.500
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5.1.2 Results
t \'A D, D, X y z
(s) (m/s) (deg) (deg) (m) (m) (m)
.0000 14500 0 0.0999854 0.00000 0 0
.0001 1449.8 0.000992807 0.098788 0.14499 0.0002515 -1.256E-06
.0002 1449.6 0.00198550 0.0975907 0.28996 0.0005000 -5.025E-06
.0003 1449.4 0.002977963 0.0963934 0.43490 0.0007454 -1.13E-05
.0004 1449.1 0.003970255 0.0951903 0.57983 0.0009877 -2.009E-05
.0005 1448.9 0.004962374 0.093993 0.72473 0.0012270 -3.139E-05
.0006 1448.7 0.005954551 0.0927899 0.86961 0.0014632 -4.519E-05
.0007 1448.5 0.006946213 0.0915869 1.01450 0.0016963 -6.15E-05
.0008 1448.3 0.007937874 0.0903838 1.15930 0.0019263 -8.032E-05
.0009 1448.1 0.008928962 0.0891808 1.30410 0.0021533 -0.0001016
.0010 1447.9 0.009920051 0.0879720 1.44890 0.0023772 -0.0001255
@, _dot @, _dot D D, P
(deg) (deg) (deg) (deg) (MPa)
0.038395226 - 0.3874526 1.1998472 1.49980904 405.000
0.037623552 - 0.3881286 1.1997899 1.49980904 367.400
0.036851878 - 0.3888046 1.1997899 1.49980904 329.800
0.036079631 - 0.3894806 1.1997327 1.49980904 292.210
0.035306811 - 0.3901566 1.1996754 1.49980904 254.620
0.034533991 - 0.3908326 1.1996754 1.49980904 217.040
0.033760598 - 0.3915086 1.1996181 1.49980904 179.460
0.032986633 - 0.3921789 1.1995608 1.49980904 141.890
0.032212667 - 0.3928549 1.1995608 1.49980904 104.320
0.031438129 - 0.3935309 1.1995035 1.49980904 66.765
0.030663017 - 0.3942069 1.1994462 1.49986633 46.112

In this short interval of time, it is observed that

e The projectile travels a distance of 1.4489 m

e Velocity decreases approx. by 2.1 m/s

e Pressure reduces from 405 Mpa to 46.112 Mpa (Fig. 4 ).

e The altitude remains the same

e The projectile drifts slightly towards left (3.1 cm) (Fig. 5)

e Angle of attack, 6, decreases but 0, remains constant

e Angles of side slip, ®, and ®, remain constant
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Figure 4. Pressure against distance.
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0

-0.00002
-0.00004
-0.00006

-0.00008
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-0.00010

-0.00012

-0.00014

RANGE X (m)

Figure 5. Range X against drift Z.

e The trgjectory remains unchanged due to the by spin in the first phase, as fins are not active.

pressure The stability can be discussed with the six DOF

) ) ] equations expressed in the projectile frame. The

e The drift slightly decreases due to damping  gegign of the projectile is stable. In the first phase,

moment but range is unaltered the pressure gradient and its malalignment may

disturb the stability of the projectile. The modified

stability criterion due to perturbations caused by

pressure gradient and damping moment has been
analysed.

e There is no change in 6,, ® and @, due to
pressure and damping moment but 6, cntinuously
decreases due to damping moment (Fig. 6).

6. STABILITY OF MOTION The vector equations in projectile frame with
The FSAPDS projectile is generally stabilised these perturbations are:

762



ACHARYA & NAIK: PERTURBATION OF INITIAL STABILITY OF AN FSAPDS PROJECTILE
0.120
0.100 0\\
"o \
0.096

0.094

0.092

0.090

0.088 \ —

0.086

ANGLE OF ATTACK 6, (deg)

0 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012
TIME (s)

Figure 6. Angle of attack 0, against time.
m ( ou/ot +0)2W-0)3V):I; +m(8v/8t+m3u-oalw)]1 +m(aw/at+@lv-m3u)l21
={PA(cos &,c0s €, ) —(1/ 2)pSUCy, - mgsin 8,}i, +{-PAsing, cose,

+(1/2) pu®[-C , (Vlu) +(pl/u)C,, (W) +1(w4/u) Cy, +Cy,)]- mg cosd, } i

+{PASIM, — (U2)p SF [~ G, (W) + (/)G , (V1) +1 (0,/1) (C, + Cun) #2
do d ; d ‘
| xxd_oi]i Ll L §2+m § @10l yo g jo+[I W%erllyy%'wz‘ hanlky

=[r ,PA(-Sin n,c08 1 SN £, +SiN 1 Sin €,C0s ¢,) +(1/2) pSu? Clp(pI/u)]fl
+{; PA(cosq cosn, sing —sinm, sing cose,)+(1/2)p W’[C,, (W/u)
+(pl/lu)C,, pa(v/u) +CMq [(oJu)]} ]1 +{r, PA(—cosn; cosn,Sine,cose,

+ sinn sinm, cosg; cose, )+ [-Gy,  (VIu)+ (pl/u)C,, . (Wlu) + CMq[ [(o4/u) ]}I21 (23)

7. NONDIMENSIONALISATION

The motion can be studied in the cross plane of the body?® for its stability. Let the nondimensional
velocities in complex form can be defined as

_V+iw c02+ico3)|

&= and M=
u
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where

B=1l,/l, ;e=@2mSlp ; K’ =1,/m?

o’ =1+ (4K, /K2) [Cranz stability parameter]

The aerodynamic forces F(F,, F,, F,)and moments 5(GX, G,,G,) in body frame can now be
expressed in the complex plane as

F=F, +iF, G =G, +iG,

Changing the independent variable from time to nondimensional axial distance, one has:

- d u d
X=x/1, —_— = ——
dt [ dX
and ignoring the term (wo, —vo,) [as it is very small compared to ] the equations in the complex

plane reduce to

&+1[(gl /d )+ (FXSI/LF m)+ i |E—-in= (gyI/u2)+(FI /uzm) (24)
n+(g 11§ )+ (B 1/d m)—i(BC - )In=(GI?)/(u?l ) (25)
where

®, =,/ /uand ' denotes differentiation wrt X.

From the above equations of ballistic equation, a second-order differential equation in & can be
derived by eliminating nto study the motion in the cross plane. The equation is of the form

E'H-K I +IK L) E+H(K,l +iK,)E = Kg + 1K, (26)

Here, K, (i=1,2,34) refers to damping, spin, positional and magnus parameters, respectively.

These parameters are functions of the density of air, aerodynamic coefficients, spin, frame velocity
and nondimensional gravity groups for linear force systems.

K=2G —(2g /¢ )- (2/¢ )PAcose, cose, + &K (Cyy + Cryg)

K,=-B'¢+ 20, — (eCyp,

K ,=—eK 2C,, +eCCp-C.)+(g)/u?) -5, (g, /u?)e(2C, -C_,)
+BLO —@ & Gpo — BCG Gy + (2d/ 7 )PACOse, cose,[(29,1 /U?)

~£(26 — Co - eK® Qg + Giga =K (Gugt + Gugo) (81 /U*) ~(Cp —CL,)]
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K = Ble(G — €,)- BL(QI/F)-q[e(2G - G,)—(2g/u") —£°CrCyy,

—€ G o —8)K% (G +Giga )] (2/F )PACOSE €O, [B'G — 26, + Gre Cyy, ]
K=-EG —gl/f - (2/0)PAcose, cose, +&K % (Cyq +Cug)]

+[g 116 + (2/6 )PAsing ]+ (B - )(2 /U )PAsing, —eK? 1, PAB, /(u’m)

+[g 116 + (2/6 )PAsing ]+ (B - )(2 /U )PAsing, —eK? 1, PAB, /(u’m)
K =(@ -BC)-|g, 1/ + (2 /17 PAsIn g cose, |- ek ?,r,PAB, /(u’m)

— (218 )PAsirg, [g | /G —€ G, + (2 /U )PAcosg, cose, — €K 2 (Cyqt + Crgo)] (27)
where

B, =sinn, cosg, cosg, — COSMN, COSMN, SiNE,)

B =(—cosm cosn, Sing CoSg, +SiNt, COSM, COSg, COSE,)

To study the effect of pressure, its malalignment and damping moment on the stability of the
projectile, the parameters are expressed as

where K/ srepresent the terms due to aerodynamic, drag, lift, and gravity and K consists of the terms
arising due to perturbation (due to pressure effect and damping moment)

Ky'=—(2 12 PAcose; cose, + K 2 (Cyg + Cunge)

K3 =—CeCyp,

K'=-0 &Gpo— BCG Gpo + (2/1F )PACOSE, cosE,[(2g,1/U%)-£(2C, —Cy,)
—eK® (Gg +Cuqo)] — 8K (Cug +Cunga )9l /U%) —£(Cp ~ C, )]

Ky =-@ [-€ G Gpo ~ € Gpo —)K ™ (CuigrCuign)]

— (2 /¢ )PAcosg, cose, [BG— 20, + e Cyy, )
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K'= (2/4 )PAcosg coss, —eK? | (Cyq + Cyge ) + (2 /U%)PASIN g,
+(B¢-q )(2 /U )PAsing, —eK 2 1 PAB, /(u’m)
K'=(2/d ) PAsing coss, )@ — BC)-eK? 1 PAB /(u’m)
— (218 )PAsing, [g I/d -G + (2 /1 )PAcose; cose, — K2 (Cyqe + Crige)] (29)

8. STABILITY CRITERIA

The projectile is made stable by applying spin or by attaching fins to the projectile. For fin-stabilised
projectile, K; > 0 and for fin-stabilised bodies, K;< 0. For FSAPDS round, K; can be positive or
negative.

A spinning projectile is made stable by static stability parameter

12, »?
S :# ; 1< S5 <35 for the stable bodies. (30)
YY ~¥Ma

During motion due to perturbation and aerodynamic forcessmoments, the projectile can become
unstable. This stability is called as dynamic stability. The dynamic stability can be studied with the
stability condition for the motion of projectile as given by Naik*is:

KK 5+ KKK, — K52 — K42 >0 (31)
K/ K/ 2 K/Z Kr K/ 2

| —_3__1 +_1+_2_ —4 >0 (32)
K 2 4 4 KJ

so Egn (31) reduces to

KrZ K'K, Kr 2

RASTRIAY-LAT SN LAY I BN

4 4 K} (33)

The modified stability parameter

(2K4/Kp - K;

SZ“W reduces this condition to §S-2)>0 (34)
1 2

which means S lies between 0 to 2.

Equation (31) can be also be expressed as

KK o 2
— K4_T + K] (K2 +4K3)—4K3 >0 (35)
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It is satisfied provided K,?+4K,">0, which is the same as gyroscopic stability given by Cranz
stability parameter sasO<o<1. (36)

To study the effect due to perturbation, let Liapunov’s approach be followed.

P-method ® has been applied to develop the Liapunov function.

The motion is given by Egn (26)

L= X"+ (=K | + K, )X+ (Kgl +K,J)X'=0 (37)

Define a generating function as

N=2X+P (38)
the inner product <L N>+<N,L>=0 (39)

The Egn (36) leads to a suitable Liapunov function V and its derivative v

t t
V=2(Xt%)(X+P—2X)+ Xt(2K3+2Q—¥)X (40)

and

1

V={X [~(P+ P4 4K )] 2= X (K} + K J)P+ 2K ,J + 2Q'[-(P+ PY + 4K )} 2

1 1

[(P+ P + 4K )) 2X — (=(P+ P' + 4K ) ) (K | + K,J)P+2K,J +2Q} X]

X (K] +K Q)P +2K J +2Q} { (P +P' +4K )} {(K | +K,J)P

+2K J +2Q} +{(K4 +K )P+ P (K4l +K,J)'}]X (41)
Q can be selected as Q=-K; + P;P (42)
since P'-P>0, V is always positive.
A choice of P=-K;I +K,J gives the condition for Vv <Qas
K, K4+ KKK, —K*—K,?>0 (43)
which is similar to Eqn (31).
Following the same steps, the modify stability parameter is defined as
S, -1+ (2K, 1K) - K,
JKZ+K,? (44)
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where the condition for stability is
Su(Sy -2)>0
that is 0<S,, <2 (45)

Separating thetermsof K, and K the condition
becomes:

L 2KAKE+ KK - 2(K P + KKK

Sy =S
KK+ Ky
_ KIK(2K Y, = KIKG) + KK + 2K KKK -5
KK+ K5
(46)

The other condition from Cranz stability parameters
becomes:

K, +4K, >0.
Substituting for K,and K,, one gets:

K2 >(-K, %%/ 4). (47)

Equations (46) and (47) give the conditions
for stability of FSAPDS round in the first phase
due to malalignment.

For the given data, the value of stability parameter
gets modified from S=1.859147 to §,=1.891418
due to perturbation. The value of this parameter
still lies between 0 to 2 and therefore, does not
vary stability.

9. CONCLUSIONS

e For an FSAPDS projectile, a mathematical model
has been developed in 6-DOFS. The trajectory
has been simulated. It is observed that the
addition of pressure and damping moment in
the simulation does not affect the trajectory,
in the first phase of motion.

e Stability of an FSAPDS projectile in the first
phase is affected by the gas pressure as well

768

as damping moment. A modified stability parameter
has been developed using the Liapunov function
with the help of generating matrix (P) and
parametric matrix (Q). The stability in the cross

plane can be achieved for Ky> (—K26%/4).

For a particular data, it was verified that the
stability will not be disturbed due to pressure
and damping moment, as their contributions
are very small.

® The two conditions

| 2 07
SS:W ; 1<SS <35 X
YY™ Ma
3:1+([2K‘2‘/K1)2_t<22 © 0<S<2
K +Kj;

are sufficient for the designer to decide minimum
spin.
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