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INTRODUCTION

The initial objectives of this study were quite simple,
namely, to analytically determine whether a liquid-filled
projectile having a partial fill similar to the XM736, eight-
inch binary projectile would be an adequate ballistic match
to a comparable solid projectile, the M509. This study is
an effort to respond to a portion of a study request of the
XM736 projectile initiated by the U.S. Army Materiel Command.
During our investigation the objectives and techniques were
expanded. To a great extent the study assumed a methodolo-
gical orientation, with the methods illustrated by simple
examples.

In an effort to keep the report unclassified some spe-
cificity and fidelity to actual developmental configurations
had to be sacrificed. For example, the effect of change in
liquid position on inertial properties was examined via a
hypothetical, simplified, liquid-filled, projectile con-
figuration. Hopefully, this idealization does not preclude
application to real systems. All numerical examples given
here were chosen from the eight-inch family of ammunition.
However, the methods used are considered to be applicable to
other spin-stabilized, liquid-filled projectiles.

Insofar as the initial study objectives are concerned,
one can conclude that the XM736 projectile is a reasonable
ballistic match to the M509. Difference in mean point of
impact can be corrected by small adjustments in aiming. The
XM736 is judged to be ballistically stable but will likely
have a somewhat larger ballistic dispersion than either the
M509 or M106 projectiles.

These conclusions certainly can be challenged on tbe
grounds that the methods and/or data inputs are inapplicable



to the XM736 projectile. Admittedly, the phenomena occuring .
during spinup and mixing of the chemical resgents in that
system are not treated adequately in this study. In fact,
limitations of the study are recognized and stated explicitly
in the caveats below.

Although lacking physical rigor at several points,
this report is offered in the hope that some of the methods
and insights may be of interest and that some of the physical
shortcomings may provoke further inquiry. The author suggests
that a careful, finite-element approach to the analysis of
mixing and spinup, considering pertinent physical phenomena,
may be a useful avenue of approach.

Caveats

The following, numbered caveats are provided to iden-
tify restrictions in the scope and depth of the study:
1. Treatment of phenomena occuring during mixing of .
chemical reagents (for binary systems) is highly idealized.
a. Constant free volume within the shell cavity was
assumed although it is known that prior to mixing
the 1liquid ingredients in the XM736 occupy a smaller
volume than that assumed, and that after mixing and
reacting chemically, essentially the entire cavity
is occupied by reaction products.
b. The value of kinematic viscosity was treated parame-
trically at two (constant) levels -- 10 and 1 centistoke.
It is estimated from laboratory tests that the viscosity .
of the cold reactants is greater than ten centistokes
whereas the hot reaction products have a viscosity of
less than one centistoke . L
2. Only certain kinds of liquid resonances were treated.
It is known that pressure waves propagating in a liquid

—X—




confined within a cavity have certain characteristic- or
eigen-frequencies. Although not treated in this report, a
discussion of these resonant frequencies is found in AMCP-
706-165, Liquid-Filled Projectile Design. The discussion of
liquid resonances in this report is limited to the whole-
body or sloshing motion of the liquid. Obviously, this
discussion applies only to partially~filled shells.

3. An academic or idealized mathematical treatment of 1liquid
spinup is contained herein. This development strictly applies
only when liquid flow is laminar and, then, only for cavitiles
which are quite long relative to their diameter. The dif-
fusion of angular momentum within the liquid due to turbulence,
generated either by a chemical reaction or by vorticity cells
induced by the boundary conditions at the ends of the liquid
cylinder, were not considered in this study. For most
liquid~filled projectiles, the rapid achievement of homo-
genous angular velocity is due mainly to the turbulent con-
dition of the liquid during spinup which, effectively, creates
a large apparent viscosity.

llext page is blank.
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CHAPTER 1
CHANGE IN INERTIAL CHARACTERISTICS OF
A LIQUID-FILLED PROJECTILE DURING FLIGHT

Inertial Characteristics in Two Limiting Configurations

Consider the following idealized model of a liquid-
filled projectile during launch. Because of the large axial
acceleration and small average angulsar velocity of the liquid,
the 1liquid will be forced to the rear of the shell cavity so
that its free surface will approximate a flat circular dia-
phragm. See Example 1 below. This liquid configuration, A,
is shown below in Figure 1l.1.

—> X boundaries of cavity
D e shell

T I I; ; ?
= Tt oo 3 ) l_ o
T T I T

19.6 |
22 .

) airection of launch

5
Figure 1.1. Configuratien A

The solid shell body 1is approximated as a cylindrical
sleeve 32 in. long, with a 1 in. wall thickness. Massless
boundaries confine the liquid to a cylindrical cavity 22 in.
long, having a 6 in. dismeter. The liquid fills only 90% of
the avallable volume. During launch the height of the column
of liquid is 19.6 in. in the axial or X-direction. The average
density of the solid shell body is assumed to be 0.2558 1b/in>,
i.e., specific gravity 7.09. The density of the liquid is
assumed to be 0.0361 1b/in3, i.e., specific gravity 1. See
ref. [1]¥ for standerd formulas and material values.

3 Square~-bracketed numbers refer to the bibliographic citations.
(1] Eshbach, C. Handbook of Engineering Fundamentals, c. 1952.




Other pertinent parameter values are shown in Table 1.1.

TABLE 1.1. INERTIAL CHARACTERISTICS OF

A HYPOTHETICAL LIQUID-FILLED PROJECTILE IN CONFIGURATION A
Characteristic Value Dimension
volume of solid 703.7 in3
weight of solid 180 1b
volume of liquid 55h.2 1n3
weight of liquid 20 1b
total weight of projectile 200 1b
center of gravity of liquid, x, 9.8 in
center of gravity of solid, x, 16 in
center of gravity of projectile 15.38 in
axial moment of inertia of >

projectile 0.50506 slug ft
axial moment of liquid 0.019426 slug £t
exial moment of solid 0.4856) slug ft°
pitch moment of inertia of pro- >

jectile about its cg 3.8554 slug ft
pitch moment of liquid sbout x,  0.14791 slug £t
pitch moment of solid about x 3.55813 slug 2

2

-2-




After exit from the cannon, the projectile will ex-
perience negligible axial acceleration, relative to its
centripetal acceleration. Therefore, the free surface of
the liquid will be a cylinder centered on the spin axis.
This configuration, B, is shown imn Figure 1.2.

> X ‘/—~forward boundary of cavity

i 1.981L I

- _?EL— Qz v _J 6 "B ————%’
W\ . l
Y9497 |

22 |
32

Pigure 1.2. Configuration B

<

[:> direction of launch

In Configuration B, the volumes and weights of solid
and liquid are, of course, the same as in Configuration A.
However, other inertial properties have changed from those
shown in Table 1.1 to the values shown below:

center of gravity (cg) of liquid = 11.0 in
center of gravity (cg) of projectile = 15.5 in .

Thus, the projectile cg has moved forward by 0.12 in. 1In the
M10é projectile, which has the same mass and caliber as this
hypothetical projectile, the round-to-round standard devia-
tion of cg position about the mean is 0.064 in., due to
menufacturing tolerances [2]. Consequently, one may conclude
that cg shifts due to liquid configuration changes in this

(2] Final Report of the HY-BRA Weapons System, Feb. 1970.

B



hypothetical projectile are less than two times the standard
deviation associated with round-to-round cg shifts in com-
parable solid projectiles. Also

axial moment of inertia of liquid

(Configuration B) = 0.02154 slug ft°

axial moment of inertia of projectile
(Configuration B) = 0.50718 slug £t .

Further, comparisons of the tabular data show that the
axial moment of inertia for Configuration B is 0.00212 slug
ft2 greater than for Configuration A. To put this difference
in perspective, consider that the estimated round-to-round
standard deviation in spin inertia for the M106 projectile,
due to manufacturing variability, is 0.00252 slug £t° [2].
Thus, the change in spin inertia resulting from liquid con-
figuration changes is less than one standard deviation of
that of the comparable solid projectile. Using the deflec-
tion sensitivity to spin inertia given in Reference [2] for
the M106 projectile, one expects a change in deflection of
0.26 mils due to change in inertial properties associated
with the change in configuration.

Further,

pitch moment of inertia of liquid

(Configuration B) about X, = 0.18488 slug rt

2

pitch moment of inertia of projectile

(Configuration B) sbout its cg = 3.8401 slug ft°

[2] 1Ibid.



Note that even though the pitch inertia of the liquid
dout its cg is greater in Configuration B than in Configu-
ration A, the pitch moment of inertia of the whole projectile
is smaller for Configuration B. This is due to the shift
in cg of the liquid which brings it closer to the cg of
the whole projectile. The difference in pitch inertia
between the configurations is 0.0152 slug rt2,

The estimated {2] round-to-round standard deviation of
pitch inertia in the M106 projectile due to typical manu-
facturing tolerances is 0.0252 slug £t°, Thus, liquid
configuration change in the hypotheticel projectile pro-
duces a change in pitch inertia only 0.6 of one standard
deviation in pitch inertia of the M106.

One must conclude that the changes in inertial charac-
teristics accompanying liquid configurational change in the
hypothetical liquid-filled projectile would not be suffi-
cient to produce significant changes in exterior ballistiecs,
given only adequate ballistic stability of the liquid-filled
projectile.

[2] 1Ibid.



Estimate of Shape of the Free Surface of the Liquid
in a Liquid-Filled Projectile During Acceleration

Consider Figure 1.3 below in which a cross section of
the liquid-filled cavity of a projectile 1s depicted. Ac-
celeration of the projectile is assumed in the positive

X-direction.

™
£ 7707007777777

J
— <« -

g3
e}
SRR N \\
=

RO
=
H
]

]

3]

"
Z<<1

g
Tl

x
> X

i xo\w free

surface

R
®
Figure 1.3. Liquid Free Surface During Acceleration

The free surface is defined by the function y(x).
The differential element at (x,y), dv, experiences forces
in the Y- and X-directions due to spin and setback, re-
spectively. Neglecting gravity, which is small compared
to the accelerations of interest, and assuming solid-body
rotation, the forces on dv may be written as

F:-axpdv
F_zpdv y (1s1)

with »
dv 2 2 v y dy dx

-6



The angular velocity, »w, is given in terms of the
velocity of projectile vp, caliber, D, and twist, T, as

2TV

G & —— (1.2)
D P

The vector sum of these forces on dv must be normal to
the free liquid surface at equilibrium, since the liquid
will not support shear stresses. Therefore, the slope of

the free surface at (x,y) is given by

-F

d -1 X -1
HLe-(tand) "t = = = ky o, (1.3)
v
with
-2

k = ax 6]

Equation (1.3) may be integrated to yield

y° = 2k (x - xo)
or

i —

y=[2k (x - xo)la - (1.4)

and
=
X:Xo+ k . (1'5)

where the value of X, is determined by the volume of the
cavity and volume of liquid. Sinb;'the'folumé, V; of iiquid
is assumed constant,

V-n(y2 ~73) %

71
JF 2y x(y) dy, (1.6)
o



with

¥, = min{ym. y(xm) (2 k (xm - xo)Jg} :

Then, from (1.5)

Yy
v b ¢ $ 3
A R (B e
2 2 L
v JInp* 1 N
2T " 2 = (xm - xo) 5 "Fx=9 -

For yl < ym,

y% - &FE (vc = ¥)

Example 1.

(1.7)

(1.8)

(1.9)

Take the following conditions at peak projectile ac-

celeration:

l1iquid volume, V = 553.8 in> (0.3205 £t3)
cavity volume, V_ u 622 in’ (0.36 £t°)
projectile velocity, vp = 200 ft/s

gun tube twist, T = 20 cal/rev

caliver, D = 8 in (2/3 ft)

= .50 10° f£t/s

projectile acceleration, 8,

Xy = 22 in (1.833 rt)
ym =3 in (0.25 ft) .




2V
w = ——L = 94.2,8 rad/sec (15 hz)
DT

23

—f = 50.70 £t ,

~
n
€

7 = 2000 (E - x,) -

Assuming

x(y) - x, =7 10~2 in

X, = 19.587 in.

14



Y

A

///.' ///i.//// .
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Figure 1.4. Liquid Fres® Surface During Acceleration

Figure 1.4 represents the position of the liquid sur-
face where the unoccupied volume of the cavity is large.
In this case the free (unoccupied) volume is

Vo = V

£ Vs 4 ‘ (1.10)

cavity - 'liq

From Figure 1l.l4,

r X
2 1 2
Vf = Tt(xm = xl) T * j Xy dxy O & X < X (1.11)

X
O

Using 2.4, 1.11),

L R, = xl) y; 2 o k(x1 - xo)2 . (1.12) ‘
But, from (1.5),
2
Im
- = 1.1
Son= T < TR ° Gt o

o



Then (1.12, 1.13) yleld an expression for x,.

p i v
Xy = X * Emk -4 (1.14)

2
T
ym

~ Given the cavity dimensions and liquid volume, Equation
(1.14) can be solved for x1 and with this value x can be

obtained from (1.13).

Example 2
Suppose that conditions at the muzzle of a gun are as

follows:,

projectile acceleration,a = 8.086 104 £t/s
projectile velocity,vp = 2000 ft/s

twist,T = 20 cal/rev

caliber, D = 2/3 ft (8 in)

cavity free Volume,Vf = 0.03935 ft3

i 8399 'Y

cavity length,xm

cavity radius,y_ = 0.25 ft
Using (1.2),

© = 942.48 rad sec”! (150 hz) .
From (1.3),

K 0.00003 £¢

]l



and

y* = 0.18206 (x - x) (£8)%
Then (1.1L) yields
x, = 1.80457 £t = 21.655 in ,

1

and from (1.13),

Xo = l.).].6128 £t = 17.535 in ]
so that

Xy - X o= e HH

1

The radial acceleration at ¥ in this example is ay.

8 (¥y) = ¥y w® = .25(942.48)%

L 2
ay(ym) 22.2 107 f/s

1n

0.69 lOu g .

el



CHAPTER 1II
ANGULAR ACCELERATION OF THE LIQUID IN A
LIQUID-FILLED PROJECTILE DURING FLIGHT
Liquid "Spinup" in Configuration A

We treat the position of the liquid within the shell
as in Configuration A (Figure 1.1). Let the tangential or
circumferential velocity of the liquid at radius r and time
t be denoted by v. We neglect axial velocity components.

Consider the annular volume element shown in Figure 2.1.

D

2\

A\
.

Figure 2.1. Volume Element Under Angular Acceleration

At position (r,x) in the liquid, the shear stress
acting on the surface dA_ (below r) is

- or(r,x)

where
dA_::2’III‘d.X

At o radial position r + dr the shear stress acting on

the surface dA+ is

or(r+dr,x) :

2=



where

actin

where

on dA

is

dA+ = 2 1 (r+dr) dx

Similarly at the left of the element the shear stress
g on the differential area dAo is

- ox(r,x)

dA = 2 T r dr
o)

And at axial position x + dx, the shear stress sascting

is
o)

ox(r,x+dx)

The axial moment of inertia of the differential element

I=27p r3 dx dr . (2.1)

The sum of all torques acting on the element is

My = [o,(r,x+dx) - o (r,x)] dA_r

+ [or(r+dr,x) dA+ = or(r,x) dA_] r . (2.2)

Defining the angular velocity of the liquid at (r,x) at

time

t as w(r,x,t), Newton's law gives

é = M,/T , (2.3)

o,



where the functional dependence on r,x and time t has been

suppressed notationally.

Then

@ = (pr)7 [o,(r,x+dx) - o (r,x)] / dx
Y (pr'z)-l [or(r+dr,x)(r+dr) - or(r,x) r] / dr

Or in the limit as dx and dr spproach zero,

30 d3(ro_)
ol -1 X 2y~-1 r
»w = (pr) = (pr=) e

But the dynamic viscosity n is defined such that

e

O:T]I‘aX

a
ar

Then with 7 taken independent of x,r

- = azw 2y =1 a 2 AW
g =(pw)] = n.2 =t + (pr=) -y & ——ar)
g 3% w -2 AW 2 3w
w=u-a-;z-+)1r [21"8?‘*'1' ""2‘81,]

where L/ is the kinematic viscosity.

-15~

(2.4)

(2.5)

(25E3

(2.6b)



If the axial varisbility in o can be neglected, the

simplified result in one spacial dimension is

2

C -1 3w 3w
w = Yy [2 r S; + g;g] . (2-7)

The tangential velocity v in the liquid at radius r is

v==>row , (2.8)
with v & function of r and time t,

v = wir,t) . (2.97
Wwith (2.7, 2.8)

. 2

W=V Q—g

ar

or

Wy =V W, = Or 5 (2.10)

where the subscripts indicate partial differentiation with
respect to that variable. DNote that for stationary condi-

tions, i.e., zero Wes W is & constant ¢ and w(r) = ¢ r.

Notation can be simplified by defining a dimensionless

radius £ and dimensionless time <.

Let

g:r/rl v
and

T = bt Y /r"?‘L (sl

~16-



with

T Y constants.

Then Equation (2.10) b

3u _3u
a'l'-agz s OV
5 i G

where

u(g,t) = wir,t) .

The boundary conditions for

with

Thus

u(g,0) =0 , 0=z <
u(0,t) =0 , T >0
u(l,t) = ¢(7)

o(t) = £(t) , t>0
£(t) = £,(8) + £,(t)
£i(t) =at , t20
£(t) =0 , &=t
£ (t) = - alt - &)

ecomes

<1

(2.12) are
1

t > tl A

=17-

(2.12)

(2.13)

(2.14)

(2.15)

{2l

(2.17)



Py(t) =21 , 720
¢2(T) =0 , TsT
o5(1) = = «lw - 1) , T>71 , (2.18) .
with <
Iy .
P
Taking the Laplace transform of (2.12)
s u (g, s) - ulg, 0) = ugg(g, s)
or from (2.1L)
su (g, s) = ugg(g, s) . (2.20)
Also, from (2.15, 2.16),
W0, 8) w0
and
v (l, 8} w ¢ (s8) , 22
or
: e e - -T.8
olla] ok 8 e us e g (2.22) s

Since u*(g, s) is not a function of time, the partial
derivatives in Equation (2.20) are actually total deriva-
tives of u* with respect to £.

=

e



Thus,

d2 ul\

d &=

>

n
O

o un

(2280

whose solution with initial conditions given by (2.21) is

w(z,s) = o (s) sinh V/s'e (2.24)
sinh VF“

Using a series expansion of

sinh /s' £ / sinh /s’

-- see p. 139, Churchill [3] -- and applying the convolution
theorem

u(z,7) 5—;[ fg )

el = (2n + 1 = &g)* 7/ (4 A®) e-Kz dA
-‘f olr = (27 + 1 4 2)® /2 (L &%)
to(n,z)
o @
with
Zl(n,i) i, 2n+ 1 - £
2T
(225
Zz(n,é) 5 2n+ 14+ % .

2/t

(3] Churchill, R.V. Operational Mathematics, 2nd Ed.,
McGraw-Hill, New York, c¢. 1950.
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For the special case of #(t) a constant ¢

alg, ™) =0, ] [err( 2RALE)
o

- ort( 2 n2+%1? ==)] . (2.26) -

Substitution of (2.22) into (2.25) appears to be too .
complex to pursue. A numerical approach starting with
Equation (2.10) and boundary conditions given by (2.1,
2.15, 2.16) was judged more profitable.

For low viscosity liquids and rapid rise of driving
angular velocity to a nearly constant level, the result in
(2.26) may be a reasonable description. This expression
was evaluated for unity i and plotted in Figure 2.2.
Generally it was possible to truncate the series at four
terms or less to achieve 0.1% accuracy.

The tangential velocity of the liquid in Configuration A
is also shown as a function of 1t for several radial positions
in Figure 2.3.

Because angular acceleration of the liquid varies with
position, it is useful to define an effective angular velocity
as that value which would give the liquid angular momentum if
distributed uniformly thruout the liquid.

Thus, for the nondimensionsal case,

. -
- fo g [ulg,7) £77] az )
Oy = T

[ g e

(o]
- 1 v
wy{T) = 2 /‘ u(z,t) d& . (2.27)
(o]

A plot of GA versus T is shown in Figure 2.4.
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Figure 2.3 shows that a nondimensional time <t of 0.1 is

required to achieve 50% or more of the asymptotic velocity
for £ > 0.5. To apply these results to a specific example,
suppose that

Y = 10 centistokes (0.1 stoke)
= 7.62 em {3 Am) =
Then if "spinup" is arbitrarily defined as the time at which
the angular kinetic energy reaches 70% of its asymptotic

value*, a time corresponding to t = 0.125 is required.

This time

0.125 (7.62)% 10

t = 72.6 sec .

Since this time exceeds the maximum time of flight, one
would not expect spinup to occur in a liquid-filled pro-
jectile of this type hav1ng the above viscosity and re-

maining in Configuration A.

Further during the inbore period, taken as 1l milli-
seconds, essentially no rotation of the liquid occurs since
-5

this time corresponds to v of 2.4 10 for the above example.

In order for the liquid to remain in a stable Configura-

tion B after launch, the minimum radial acceleration must

% Approximately 75% of asymptotic angular momentum.

sttAs indicated in the Introduction, the conditions for this be-
havior do not obtain in the XM736 projectile, where experimen-
tal data indicate that spinup is complete within one to five
seconds.

=2~




be at least one g. Thus, the limiting angular velocity of
liquid for Configuration B is 19.74 rad/sec; and for a case
spin of 942.5 rad/sec, implies a limiting value of GA of
approximately 0.02. From Figure 2.l one notes that this

value of EA is obtained at

T = 0,012 ,
which, for this example, corresponds to a time
il

2
t:"CI‘lu

& = D012 (T.62]° 16

cr
I

¥ 7 sec .
Beyond the time at which Configuration B is attained,
the spin dynamics of the liquid must be obtained from the

solution of the following boundary-value problem.

Angular Acceleration of the Liquid in Configuration B

As previously developed, the governing differential
equation is

-1

Wy =Y [wxx +2r " e, + wrr] 3
Letting

ulg,2 1) = alr,X,t) ,
with

-25-




A = x/rl y Ay o= xm/rl . end
T_tu/ri, (2.28)
L e R F o<z <1 (2.29)
T T I T EE Tt ey s 5o S8 '
0 <\ < Kl
>0

The initial and boundary conditions in this case are

a(E,A,0) = y(EA) , & <z =]

ug(go,K,T) =g ™ 0 <\ < Xl

u(l,r,t) = ¢l{z) 0 €A Sh

ulE ,0,5) = @lT)

u(g,r,1) = el1) , T >0 . (2,30)

Note T equal to zero corresponds to the time at which Con-
figuration B is realized.

We particularize the functions y(£) and ¢(t) as follows:

At a free surface the shear stress in the liquid must
vanish.

-26-



v(E.A) = wyqp | (2.31)
¢(t) =1 . (Case 1) , or,
o(t) = (1.2 + cr)-o'2808 (Case 2) ,
with
alim and ¢ constants . (2.32)

The limiting or minimum angular velocity for Configuration

B is alim' The form of ¢(t) for Case 2 is motivated by the
despin characteristics of a typical eight-inch projectile.

A generalization of this formula is developed in the Appendix.

In the case considered
g, = 0:33

CTET 0.02

¢ = 0.0288 r? VAt G2 sa

r. = 7.62 cm

2~ = 0.1 and 0.01 stoke

It is convenient to obtain a2 numerical solution to this

problem thru spacial discretization.

The interval in & (go,l) is divided into n-1 equal seg-
ments of length

85 = (1-z.) / (n-1) . (2.34)

=2



AN

Similarly, the interval in A (O,Al)is divided into m-1 equal
segments of length ‘

M = Ay / (m=1) . (2.35)

We define the value of u at the nodal points of this
segmented space as follows

l i l S m 9
with
gj = go & (j-l) A’s
Division of the space is illustrated in Figure 2.5.
A u u u u u_
o= o S O it % T g Unm
<; <> <>. < <>u <>
. 4 u :
Py ul’l N 112,1 f\u3’l AA D Js1 A n-1,1 u
P @ & 3 5% ® “n,i
N 4; N é>. N N
u u u 4 5l
g1 2,1 i i js1 n-1,1
S~y S Al VW WAl . U g
g 2 |

Figure 2.5. Nodal Points for Finite-Difference Method
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The second centrel-difference approximation is used

to approximate u and u,, as follows:

EE
w, (2.,00) 2 (a2)7° (u S T )
AL R DY j41,1 j, i j-1,i’
o _2
ua(Ephg) = M) 7 (uy g =20y g vy 5)
1< j<n
1 <i<m . L2 3T

A central-difference approximation is also used for u, .

u : = U, .
w (g ny) & et lzlad (2.38)

2 n &

l1<j<n

l<i<m

With these approximations, Equation (2.29) is approxi-

mated as
& vy = (A0 L(L-ag/z) uy g g - 2y
+ (1+A§/gj) uj+1,i] +
(1)~ Py g ~ @0y 5+ Us gl
1l < j<n
1 <i<m . (2.39)

=00=



At the boundaries of the discrete space, from (2.31, 2.32)

d o -1.2808
= By = 0. = - 0.2808 ¢ (1.2 + ¢ 1) N
d _ < <
at Yym = % o L SJSD,
and, .
d_ uw . =9 EEET (2.40)
dt n,i - g ° : :
For Case l,c is set to zero.
d o [(z/8))% + 1]
0 = (AZ) (u -u, )
dt 1,1 5 2t s
+ (AK)-2 [u - 2 u 4 ]
1,i-1 ) P 1,i+1 4
1<1i<m . (2.41)

The first term on the r.h.s. of (2.41) derives from the
fact that the net torque due to radial gradients acting on
the mass element within the annular segment (r1 £ r< r2)
produces an angular accelerstion

] )_1 (rp oz + ry ol)

w, = (pr?
1 . 2 A »
and, for
(002 = (L)l) S
Oz 2 1M Pg ——m———— ,

AT

=30<



‘ ((02 = (.01)

AT
[1 s+ (1‘2/1‘1)2]

(,:)1 VvV (Ar)—z

(2 = wq)
. . B 1

This expression is equivalent to the first term of the r.h.s.
A of (2.41).

The initial conditions for Cases 1 and 2 (2.31, 2.33) are:

- = £ j <
uj’1 = uj,m =1, .944, 1 b n
Uy g = 1, .94, 1 €31 € m
Wi ® =0.02 , 1< 3j<n

l<i<m . (2.42)

Note that the initial projectile spin is normalized to unity.
The actual liquid spin may be obtained from the relation

(D(T) = ’Do u(‘;,)\,’t) P (2'L|-3)

where ® is the projectile spin at launch. At the time Con-
figuration B is achieved, the normalized spin is taken as
0.94y. This time is approximately 7 seconds after launch
in the examples treated here.

. Because of the relatively weak longitudinal
gradients in the angular velocity relative to the radial
gradients, the longitudinal (A) dependence was neglected in
v the numerical results presented here.%

With no dependence on the index i, Equation (2.39)
can be simplified as

‘ # Check runs considering \A-dependence show essentially equi-
valent results.

-3l



d -
'a‘?uj == (Ag) = [(l-AE/gj) uj_l - 2 U.j

+ (1+A5/gj) Upal o A& J=8 (2.44)

j+1

And, from (2.40, 2.41)

d un

A = 0 (Case 1)

a ., [(£2/87)% + 1]

dT = (AE) & (uz = ul) . (2')4'5)

2

Using values of

o R 1 ’
B = G334
AE = 0.067 ,

and a finite time step AT = 10'“, (2.4ly, 2.45) were inte-
grated using a fourth-order Runge-Kutta procedure. The
numerical results are illustrated in Figure 2.6.

The equivalent angular velocity of the liquid can also
be obtained for Configuration B. This is obtained numerically
as follows:
n-1
) (£ + Eqpq)luy +ug )

!
- ’ (2:46)

Wy =
n-1
22 gj *+ gj+1

el

This result is plotted in Figure 2.7.
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Based upon the run down of spin over time for an M509
projectile type, a second numerical example was examined
(Case 2). The spin versus time for a modified M509 pro-
jectile is shown in Figure 2.8. The boundary conditions
at £ for Case 2 -- Equation (2.40) -- closely match the
spin characteristics of the M509. Consequently, this
example is a reasonable simulation of the spin dynamics of
the liquid in the XM736 projectile. As indicated in Equation
(2.33), two values of liquid viscosity were used for Case 2 --
1l and 10 centistokes. Because of the strong dependence of
viscosity upon temperature, this viscosity range 1is necessary
to encompass the expected range of liquid temperature. In
this example a launch spin ©g of 923 rad/sec is assumed.
Numerical results are shown in Figure 2.9.

At thils point 1t 1s necessary to repeat the caveat that
the above analysis of the dynemics of liquid spinup applies,
strictly, only to liquid-filled projectliles having long,
narrow cavities and quite viscous fills so that laminar flow
obtains. In the XM736, these conditions do not hold (even at
10 centistokes). However, due to the brevity of the launch
period, negligible liquid spinup is expected in the XM736 so
that the angular momentum of the projectile is about 4% less
than that of a comparable solid projectile having the same
total mass and exterior configuration. Thus, in terms of
solid-projectile behavior, the effective axial moment of
inertia of the XM736 is approximately 4% less than its solid
counterpart. Pitch inertia is negliglbly affected by liquid
rotation in this system, as previously shown.
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Exterior Ballistic Differential Effects

An attempt to assess the exterior ballistic effects of
the indicated change in rotational inertia relative to a
"pallistically matched" so0lid projectile was made in the
following menner. A set of runs was made with a modified
point-mass program [4] in which the inertial characteristics
of a projectile having characteristics similar to the M106
projectile, and termed the standard eight-inch projectile,
were changed incrementally as shown below in Table 2.1.
Shifts in range and deflection relative to those of the
standard projectile are noted. Projectile characteristics
are shown in Table 2.l.

The combined effect of movement of the center of gravity
toward the nose by 0.12 inch and reduction in the asxial
moment of inertia by 4% is to change the deflection by
about 1.36 millirasdians. This magnitude is less than one
deflection probable error for the M106 system [2,5].

Change in range is negligible. Similar ballistic sensiti-
vities for the M106 and M509 projectiles are shown in
Tables 2.2, 2.3A, and 2.3B.

[2] Op. Cit.

(4] Lieske, R.F., and Reiter, M.L. Equations of Motion for
a Modified Point Mass Trajectory, BRL Report No. 131k,
Ballistics Research Labs, Aberdeen, Md., March 1966.

[S] Firing Tables for Cennon, 8-Inch Howitzer, M2, M2Al
and M};7 Firing Projectile, HE, M106, FT 8-J«3, Hdqts
Dept of Army, October 1960.
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TABLE 2.1. BALLISTIC SENSITIVITY OF A STANDARD PROJECTILE
IN M2 8-INCH HOWITZER AT MAXIMUM RANGE TO CHANGES
IN CG POSITION AND AXTIAL MOMENT OF INERTIA

Loec. CG Axial MI Range A Range Defl. A Defl.
(cal) (slug £t°)(m) (m) (m) (m)

2.5 0.5 16,943 0 665 0
2.485 0.5 16,943 0 672 7
2.5 . 0.48 16,945 2 634 - 31
2.485 0.48 16,945 2 642 - 23

TABLE 2.2. BALLISTIC SENSITIVITY OF THE M106 PROJECTILE
IN M2 HOWITZER TO A JOINT CHANGE IN CG POSITION AND
AXTAL MOMENT OF INERTIA

QE 45°
Vo Loc. CG Axial MI Range Defl. A Defl.
(£/s) (cal) (kg m®*)  (m) (m) (m)
1380 2.840 0.553 11751 210 0
(25) 2.825 0.530 11752 201 - 9
1950 2.810 0.553 16795 417 0
¢Z7) 2.825 0.530 16796 400 - 17

=39



TABLE 2.3A. BALLISTIC SENSITIVITY OF THE M509 PROJECTILE
IN M2 AND M110E2 HOWITZERS TO A JOINT CHANGE IN CG
POSITION AND AXIAL MOMENT OF INERTIA

QE 45°
Vo Loc. CG Axial MI Range Defl. A Defl.
(£/s) (cal) (kg m*)  (m) (m) (m)
M2 Howitzer
1906 3.592 0.570 17059 298 0
(25) B 51T 0.547 1Y059 285 - 13
M110EZ2 Howitzer
1040 3.592 0.570 8547 136 0
(z3) 2571 0.5U7 8548 130 - 6
1960 3.592 0.570 17622 398 0
(Z7] 3.577 0.547 17622 382 - 16
24,0 3.592 0.570 22853 621 0
(29) 3.57% 0.547 22853 595 - 26
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TABLE 2.3B. BALLISTIC SENSITIVITY OF THE M509 PROJECTILE
IN THE M110E2 HOWITZER TO A JOINT CHANGE IN CG
POSITION AND AXIAL MOMENT OF INERTIA

QE Vo/Zone Mod%f. Range Defl. A Defl. Correction
(deg) (f/s) No."~ (m) (m) (m) (mils)
12 1040/23 O 3822 11 0 0

1 3822 11 0 Ol
2l 0 6627 L2 0 0

1 6627 n1 = & 0.3
L5 0 8547 136 0 0

1 85,8 130 - 6 B
12 1960/27 O 9399 55 0 0

A, 9399 53 - 2 Gtz
24 0 13967 158 0 0

‘ i 13966 152 - 6 0.4

L5 0 17622 398 0 0

1 17622 382 - 16 1210
12 2440/29 0 12869 8l 0 0

1) 12869 81 - Q7
2l 0 18369 2UCT 0 0

1 18368 237 - 10 0.5
L5 0 22853 621 0 0

| 22853 595 - 26 g2

% For modification number n:

n Loc. of CG Axial MI
(cal re nose) (kg m®)
34582 0.570

1 3577 0.547

-



TABLE 2.4A. CHARACTERISTICS OF THE STANDARD PROJECTILE

caliber

mass

cg position

axial moment of inertia
pitch moment of inertia
center of pressure
projectile length
muzzle velocity

initial spin

203.2 mm

200 1b

2.5 cal aft of nose

0.5 slug ft? (0.6779 kg m*)

4.0 slug ft° (5.4234 km m®)

1.73 cal at Mach 1.77

4.3 cal (34.4 in)

1950 f/s at zone 7 in M2 howitzer
735 rad soc1

TABLE 2.4B. DRAG COEFFICIENT FOR THE STANDARD PROJECTILE

Mach No. Cp (form) Ch (skin) Cp (total)
010 0. 126 0.056 0.182
S 1) 0.126 0.049 0.175
0.9 0.190 0.048 0.238
1.0 0.302 0.0L7 0. 349
i [ 0.307 0.046 0.353
) 0.300 0.0Lb 0.346
1.5 0.262 0.045 0.307
2.0 0.210 0.043 0.253
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TABLE 2.5A. CHARACTERISTICS OF THE M106 PROJECTILE
FIRED FROM THE M2A2 CANNON

caliber 203.2 mm
mass 200 1b

cg position re nose 2.840 cal
projectile length 4L.375 cal

axial moment of inertia 0.553 kg m”

pitch moment of inertia UL.270 kg m”

muzzle velocity 1950 f/s at zone 7
1380 /s at zone 5
initial spin 735 red/s at zone 7

520 rad/s at zone 5

TABLE 2.5B. DRAG COEFFICIENT X FOR THE M106 PROJECTILE

Mach No. Cp

0.00 0.125
0.75 0.125
0.85 0.129
0.90 0.140
0.95 0.152
1.00 0.351
1.05 0.1400
i, 1@ 0.14.00
1.50 0.356
2.00 0.305
2.50 0.280

% BRL estimate [ 6]

[6] Dubin, J.A., et al. Ballistic Similitude: 8 Inch Ammu-
nition, (SECRET), Technical Report 4165, PlcatInny
Arsenal, Dover, N.J., June, 1973.
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TABLE 2.6A. CHARACTERISTICS OF THE M509 ICM PROJECTILE
USED WITH THE M2A2 AND THE XM201 CANNONS

caliber 203.2 mm
mass 205.9 1b
cg position re nose 3.592 cal
projectile length 5.67 cal

axial moment of inertia 0.570 kg m"
pitch moment of inertia U.7676 kg m®

muzzle velocity (max) 1906 f/s in M2A2
2240 f/s in XM201
initial spin 718.5 rad/s in M2A2

1150 rad/s in XM201

TABLE 2.6B. DRAG COEFFICIENT" FOR THE M509 PROJECTILE

Mach No. CD

0.00 03130
0.75 0.130
0.85 0.140
0.90 0.155
1.00 0.300
1.05 0.360
1.10 0.360
1.50 0.317
2.00 0.274
2.50 0.239

BRL estimate [6]
[6] Dubin, J.A., et al. Op. Cit.
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CHAPTER III
VIBRATION OF THE LIQUID IN A
SPINNING LIQUID~FILLED PROJECTILE

Introduction

In an effort to assess the consequences of vibration
of the liquid surface while in Configuraetion B on the flight
stability of the projectile, a simple methodology is pro-
posed. First, one must examine the admissible shapes which
the liquid surface can assume. For a set of vibrational
modes of interest one can then estimate the associated
natural vibrational frequencies for the liquid, treated as
a conservative system. To be analytically tractable this
treatment will assume the liquid to be rotating at a constant
angular velocity w. Actually, of course, the liquid does
not have a constant y everywhere during spinup and, further,
at any point in the liquid ¢ depends upon time. Therefore,
the degree of credibility of results derived from the
above assumption will depend upon the relative magnitude
of liquid acceleration due to spinup and the centrifugal
acceleration due to spin. If the latter is much larger
than the former, it is plausible to treat liquid vibra-
tion pseudostatically.

The ultimate goal of the present analysis is to com-
pare the natural vibrational frequencies of the liquid with
the frequencies of precession and nutation of the entire
projectile. If any of the vibrational frequencies were
found to remain close to the precessional or nutational
frequency of the projectile during flight, a resonant con-
dition could occur in which the system vibrational modes excited
each other at their common frequency. Conceivably this
could cause projectile flight instability if the liquid
vibration was severe enough. At the very least a '"mode
lack" of this sort would increase projectile dispersion.

=45-



To motivate further developments, one should note that
the precessional and nutational frequencies of concern are
rather low, lying in the band from O to 20 hertz, approxi-
mately. For stable projectiles such as the M106 or the
M509, the precessional frequency is typically about 1 to 3
hertz thruout flight. The Appendix includes derivations of
the equations for precessional frequency and nutational fre-
quency of a spin-stabilized projectile.

By contrast to the very low precessional frequency,
nutational or yawing frequency is of greater concern rela-
tive to projectile stability*in liquid-filled projectiles
since this frequency is such that a liquid vibrational
frequency will cross it during spinup. To illustrate the
band of nutational frequencies, Figure 3.1 displays the nu-
tational frequency versus time, for several firing zones,
during the flight of the M509 projectile from the XM201
cannon. Figure 3.2 shows a similar result for the M106
projectile from the M2A2 cannon.

# A stable projectile is one in which pitching or yawing
motions are ultimately reduced in amplitude during flight
without the projectile being completely overturned. 1In
practice a condition of neutral, dynamic stability, such
that amplitudes remain constant, is difficult to obtain.
If the system starts to progressively increase its yaw,
it does so quickly and ultimately overturns.

i
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Vibrational Modes

We proceed with the analysis outlined above by cone
sidering perturbations to the liquid surface of Configuration
B. In Figure 3.3 below, the equilibrium position of the free
surface of the liquid at its inner radius is designated Vo
The perturbation or deflection of this surface 1s 5 where

8§ = f(x) . (3.1)

Thus the position of the surface, y, is given by
(3.2)

Yo yl( x)
_ —+§———————4> x
-xm 0 xm i W
- z

L
|

Figure 3.3. Surface of the Vibrating Liquid

The 1liquid volume v is given by
X,/ 2
y* ax + 7 y2 . 38 (3.3)

Ve -1
vex /2

.



e W BT = 3] (3.4)

Then with a constant liquid volume given by (3.4) and with
5 small, i.e.,

5 << yoy

/2
fﬁ“ £f(x) dx ¥ 0 . (3.5)

-xm/2

Equation (3.5) places a constraint on the form of f(x).

Now expand f(x) in a Fourier series, i.e.,

f(x) = Sﬁ a, cos 2-155—5 + 51 bn sin Q_ET;LJE . (3.6)

Nxl n=1

Furthermore since we are interested in vibrational modes
which might amplify yaw and destabilize the projectile, con-
sider only odd components of f(x) for the present. 1In this
special case

£(x) .Z b sin £LDX (3.7)
n=1

Applying the constraint given by (3.5),
x /2 o
~[ & dz:E: b_ sin 2_1_2_£,= o .
-X /2 n L
m n=1

After exchanging the order of operations

-50-



L x /2
b M sin ELRE . 0
Ez n-jh_th/z S

n=1

or
- T n
az b cos-—ﬂ—i‘izo , { 3.8
nal

for all integer n. For this expression to hold for an arbi-
trary set bn’ the argument of the cosine must be an odd
integer multiple of w/2.

Tn2Xx
m

—~2-(2x-15% ,

1l sk
b

Therefore,

2 n xm
L 2 ——— (3.9)
2k -1

and with (3.7)

-]

f(x) -_-Z b, sin T (2 kx; 1) x : (3.10)
k=1

Since we are principally interested in low frequency
vibrations, we restrict the following development to the

T X “Xn *m
f(x) = b sin —= B — X K (3.11)
xm 2 2

=57=



The Fourier amplitude b will serve as the single degree of
freedom characterizing the vibrations of the liquid surface.

Energy Considerations

At this point a brief excursion in the development is
necessary to discuss the pressure in, and energy of, the
rotating liquid.

The rotational kinetic energy of the liquid is

x /2 y
=nvp [ ® ax j‘ mn3 0% ar (3.12)
-xm/2 y

Trot

where liquid density i1s p and where the angular velocity o
may depend upon both x and r. At dynamic equilibrium

. T E P w? x, (1 - o (3.13)

The potential energy of the liquid in an equilibrium
configuration is due only to the compression of the liquid
under centrifugal force. The compression of the differen-
tial volume element dv,

dv = 217 r dr dx |, (3.14)

=52="



is due to the pressure needed to support the liquid below
r, i.e., at a radius smaller then r. In a liquid roteting
as a solid body with constant angular velocity W,

Bepwr (3.15)

which upon integration yields

2

O 2 2)

(r* - y4

p(r) = » Tp ST E Ty & (3.16)

If k¥ 1s the volumetric compressibility of the liquid, i.e.,

3 v

mm——

k -
- a p 9

<dj=

then the compressional potential energy assoclated with the
differential volume dv is

av, = % p? dv . (3170

10 L

Typically k is 107"~ cm® dyne = for liquids.

The total compressional potential energy

k 2
v, =‘f $p° av .
v

And, (3.14, 3.17) yileld

x_/2 y
V = k m dx‘/\ Mmp2pdr . (3.18)
c

~xm/2 y
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(3.16). Using this result
m m p*

Vc = k xm\f (r

or " ¢
v 2

Ve = I Yo PT K Xy Tm (1 -
with

Q= 5,V -

For a liquid in dynamic equilibrium, p(r) is given by

= Jie)

qe®)>

2

r dr

(3.19)

To appreciate the significence of the value of 1liquid

pressure, the rotational kinetic energy, and the compressive

potential energy, we present the following numerical example.

Example

Using vsalues used in previous examples,

and

-1

942 rad sec

=3

1l gmem

= 55.88 em (22 in)

7.62 em (3 in)

2.516 cm (0.991 in)
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10 o

k =« 1077 em® dyne”

qQ = 0.3302

From (3.16), the pressure at radial position ¥y is given

by
2 2
We P ¥

2

P(y,) (1 - a%)

= (9“-2)2;7062)i (1 - 0.33023)

p(y,) = 2.295 10" dyne cm™®

22.65 atm

332.95 psi

And from (3.19),

Ve

3 (h2)° (10°10) (55.88) (7.62)° (1 - 0.3302%)3

7.973 107 dyne cm or 7.973 joules

<$
u"

Finally, from (3.13)
Toop * k (942)7 (55.88) (7.62)% (1 - 0.3302%)

11

T = 1.2974 107~ dyne cm

rot

T = 12,974 joules or 9,569 ft 1b,

rot
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The potential energy of the liquid at equilibrium is only
0.061% of the rotationsal kinetic energy under this condition.
Therefore one would not expect the exchange of energy between
kinetic and compressional potential forms to contribute sig-
nificantly to liquid vibrations. Compressional potential
energy is assumed negligible in subsequent calculations.

Estimate of a Fundamental Vibrational Frequency

At this point we return to the principal arguments
associated with the derivation of an expression for the vi-
brational frequency of the liquid surface. To develop this
expression, an estimate of the vibrational kinetic energy
of the liquid will be required.

An estimate of the kinetic energy associated with a
longitudinal vibrational mode of the liquid can be made
simply by making these assumptions:

(1) The liquid surface during vibration remains axi-
symmetric; i.e., circumferential modes are not excited.

(2) The functional form describing the liquid surface
changes with time only thru time-dependence of the coeffi-
cients in a Fourier transform of the function, i.e., only
thru the Fourier amplitudes.

(3) The column length for flow of a liquid element at
position x (relative to the center of the disturbance) is
proportional to x.

By the first and second assumptions the first odd vi-
brational mode --

T X
¥ = b sin _——

m

has time derivative
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i = b sin EEE . (3.20)

At the surface element

2w ¥ dax ,

the path or column length of a control volume within which
this surface element vibrates is

X
cx , 0<zx<« 3? . (3.21)

by the third assumption, where ¢ is a constant. This con-
stant can be evaluated by requiring that the volume integral
of all elemental control volumes produces the volume of the
liquid vg. That is

xm/2
v, =\[; 2 V¥, ¢ X dx
or
b v,
C = varan (3.22)
T Yo *m
But
v, = B y; X, (3.23)

where X, is the length of the liquid cylinder in Configuration A.

Then

b x_ y2
C = 2 2 - . (3'2)-")
xm yO

~57-



In previous examples

19.6 in

tal
"

X = 22 in

0.991 in

g
(o]
"

ym=31n

so that
c = 1l.471 .

The kinetic energy of vibration of an elemental volume is

S m

TePy, xdx v , 0<x % -

The total vibrational kinetic energy is obtained by volume
integration of this expression with § given by (3.20).

. x /2
Teip =7 € P T, bR j\ ™ x sin® 1;5 dx (3.25)
o m
2 .
Togp = —thl o oy 22 B2 (3.26)
16
or
o2
Toip = Kg P
with =
(r® + 2
K - c p y . (3027)
t 16 o ™m
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Thus the vibrational kinetic energy is simply proportional to
the square of the time derivative of the Fourier amplitude.

An expression for the vibrational potential energy
associated with this mode is developed as follows. Let
p(r,yo) be the pressure in the liquid at radial position r
when the liquid is in Configuration B. An expression for
p(r,yo) is given in (3.16). Then, providing the displacement
5 of the surface from T is small, the work performed to
effect a change in liquid configuration from the equilibrium
position ¥ to a terminal position y is

x /2 b
W= m o ax 2wy [p(y. +6, . ~5) ds]
f;.o ‘[z-o o ) o
with
5 = 2 8in "—xi * (3-28)
m
W= % P wh ¥5 X, b° (3.29)

But the vibrational potential energy is equal to the
work done to change the configuration. Thus

2
vvib = Kv b

with
v
Ky =3P 05 75 Xy S

For b equal to 1 cm and the other parameters having the
values given in the previous example, Vvib equals U49.3 joules
or only 0.384 of the rotational kinetic energy.
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Having obtained expressions for the potential and
kinetic energy of vibration of the liquid in terms of the
Fourier amplitude b and its first derivative, one can obtain
the equation of motion of the liquid surface by direct appli-
cation of Lagrange's equation for a conservative system.

d Toyp 3 Veip

d
- + =0 (3~31)
at 3 b 3 b

This result does, of course, neglect the effects of dissipa-
tive forces.

But from (3.27)

3 Tvib

3 b

= 2 Kt b

and from (3.30)

3 Vv
———%ig = 2 Kv b

L4

Therefore,

KV
b+K;b=0 g (3.32)

The undamped angular frequency associated with this
vibrational mode by inspection of (3.32) is

iy = (Ky/K,)? (3.33)

-60~




Zib [ ° T % Té (3.34)
“o T l(* 4+ 4) e x
Since the natural vibratory frequency‘vvib is Qvib/zn’
Y y1b = [ e ];2 6y - (3.35)
¥ (v + 4) ¢ X, Q

With the parameter values used in previous examples,

Y = 00991 in

X = 22 in

C = l.h.?l 9

Vyip = 006645 o . (3.36)

The value of ®,q in this expression is interpreted as the
effective angular velocity of the liquid, 1.e., that uniform
angular velocity which produces the observed angular momentum
when ¢ is not uniform thruout. At the muzzle spin for zone 7
of the M2 howitzer

Wy = 735 rad sec™t

and
Vgip = 48.8 hz .

For zone 7 in the M110E2 howitzer

-



w, = 923 rad sec™1

and

Using (3.36) and the time-dependent, effective angular
velocity for the XM736 projectile shown in Figure 2.9, the
value of the runctionﬂvvib(t) for this svstem has been com-
puted. This result is displayed in Figure 3.4. Also shown
here for comparison is the nutationsl frequency at zone 7
for the XM736 projectile.

It is noted that the spinup of a liquid with constant
kinematic viscosity of 10 centistokes occurs rapidly enough
to cause the vibrational frequency to quickly cross over
the nutational frequency. In this case liquid-vibration-
induced projectile instability is unlikely. With a liquid
having lower viscosity while in Configuration B, the cross-
over of frequencies is not so abrupt and may at least pro-
duce additional dispersion. Considering the magnitude of
the perturbing effect of liquid vibration, complete pro-
Jectile instability is unlikely.
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In view of the approximations required to perform
this type of analysis, stronger conclusions are not
warranted.* An experimental program to better define the
values of the pertinent parameters characterizing the liquid
certainly is suggested. Additionally, a program to define
the ballistic dispersion of projectiles with low-viscosity
liquid fil1s is indicated.

#Note [3.1]:

A more elaborate analysis such as a finite-element
description of the liquid, embedded in a six-degree-of-
freedom flight simulation appears to be a profitable
direction to take analytically; however, this method will
likely blur some of the insights afforded by the simpler
procedure used here.

Some of the restrictive assumptions used in our
analysis could be removed. As an example we note that
our analysis in Chapter III neglects certain forces arising
because of the non-Newtonian character of the coordinate
system. A coordinate system which rotates with the pro-
Jectile is assumed here. Since this is a non-Newtonian
frame, & modified form of Euler's equations must be used.
This formulation introduces the usual centrifugal and
Coriolis forces as well as an "angular acceleration"
force which arises from the angular acceleration of the
projectile. The latter force is in the same direction as
the Coriolis force and is proportional to the angular
acceleration of the projectile.

For a liquid element of mass m in this rotating co-
ordinate system, the apparent acceleration vector & in
the moving frame due to an external force F is given by
the equation

e



Note [3.1] (continued)

By o B/m-T - 20XDp c0XD -exlezr) o
where
T, is the origin of the moving frame relative to a

Newtonian frame

B is the position of the mass element in the moving
frame

éma is the apparent velocity of the mass element in
the moving frame

w is the angular velocity of the moving frame in a
Newtonian frame

é is the angular acceleration of the moving frame

(projectile)

The term - » x (@ x gm) is the centrifugal acceleration
which has been treated. The term - 2 o x r . is the Coriolis
acceleration. In & right-handed frame with the x-axis along
the spin axis of the projectile, this term reduces to

20 (yk-2}

with J and k unit vectors in the y- and z-directions. If
the transverse components of velocity are small, this term
is negligible and, in fact, was neglected. The term

- é xr, is the angular acceleration component of accelera-
tion and reduces to

This term has also been neglected due to the small value of @.

Next page is blank.,
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APPENDIX
DERIVATIONS AND COMPUTER PROGRAMS

Estimate of Precessional and Nutational Frequencies
of a Spin-Stabilized Projectile

For a gyroscopically stable spinning system with angu-
lar velocity w and axial moment of inertia IA’ the pre-
cessional angular velocity ¢ obtained when the gyro feels
a torque T is given by

T
R = I . (Al)

If the torque is produced by serodynamic forces where the
center of pressure is - Xsm calibers in front of the cg, then

T =z = xsm D CN AQ= - Xsm DC <« AqQq . (A2a)

N-(

where, notationally and by definition,
D = caliber
Cy = normal force coefficient
C = normal force derivative coefficient
<« = projectile angle of attack
A = reference area
A x 11':' D? (A2Db)

qQ = dynamic pressure

2
qQq = 2'2—V_ » (A2c)
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Since the overturning-moment coefficient

Cy = = Xgo Cy = (xcg-xcp) Cy (A3)

equation (A2a) may be written
T = (%4 DAqg
T = CM « DAq . (AL)

oL

The natural precessional frequency at constant « is

Yo 2R T, o ° (A5)

Yaw Frequency

The solution of the linearized equations for the yawing
motion of a projectile is given by McShane et al on p. 6Ll

of {7)]. The solution involves superposition of two sinusoids

having different frequencies. The two frequencies are

I, w
91,2 = zﬁrg'(ltd) (rad/s)

or

V1,2 = 5= 21,2 (hz) (803
with

oz (1-s"1)% (A7)

Iz w?
8 = - 3
8 IB KM D’ q
o«

(7] MeShane, E., Kelly, J. and Reno, F. Exterier Ballisties,
University of Denver Press, c. 1953.
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or 2 2
IA W

8 = : 3 . (A8)
T IB CM* D- g

The fregquencies vi’z have been called the "nutational"
and "precessional" frequency, respectively. However, it
should be noted that ﬂl is not the reciprocal of the time
between yaw maxima. Because of the superposition of the
high- and low-frequency components of motion, the frequency
with which maximum yaw occurs is the difference frequency:

(A9)

This is called the yaw or nutational frequency in this report.
An alternative derivation for‘.vy starts with an expression
for the wavelength of yaw A, in calibers. Then,

YV, = px  (h2) (A10)

with projectile velocity V and caliber D.

An expression for A is obtained from p. 651 of [7].
Using our notation

A = m———B (A11)

Then, (Al10) and (All) yield

o Ia° (A12)
% s P74

This frequency has been computed as a function of time for
several combinations of projectiles and cannons. Results
for the M509 projectile in the XM20l1l cannon are shown in
Figure 3.1. Comparable results for the M106 projectile in
the M2A2 cannon are shown in Figure 3.2.

[7] McShane, E., Kelly, J. and Reno, F. Op. Cit.
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Derivation of an Equation

for Spin Decay in Projectiles

Glossary of Terms
N = projectile spin (rad/sec)
N, = initial spin (rad/sec)
V =z projectile velocity (m/sec)
Vo = muzzle velocity (m/sec)
t = time since launch (sec)
6 = air density (kg/m)
D = projectile caliber (m)
M = projectile mass (kg)
IA = projectile axial moment of inertia
KA = spin damping moment coefficient
KD = zero-1lift drag coefficient
k = velocity decay parameter (m~1)
X = rangewise coordinate (m)

p D
--—I-A—KANV

(A13)

For flat trajectories at low QE, we assume negligible

gravitational effects.

V'

2
v

Kn P D

M

D 2

=Til=

(A1)



with

Then,

with

Nz -« VN with
p I%L KA
A = -—jf—--
A

v + kt
o
a(in N) = - —3-2%
\' + kt
o
N L
in N z - %-ln (Vo1 + kt)
N
o
1n % - - % In (1 + k Vo t)

Ir.-.(1+1.:vot)B

-75=

(A15)

(A16)

(A17)

(A18)

(A19)

(A20)

(A21)

(A22)

(A23)

(A2h)

(A25)



No

"1+ x v £)P

or N

Integration of (Al7) produces

-kx
V:Voe

And with (Al16),

t g kY (VYo V;l)

or

=1l ;o=1l _kx -1
t = k (Vo e " - vo )

kx

(em" - 1) / (k Vo)

Substitution of (A29) into (A26) yields

e'B lex

N = No
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An Example

For long trajectories the variation of drag coefficient
and spin-damping moment coefficient with Mach number renders
the above results quite approximate. However, in some in-
stences this approximation may be adequate. 1In this example
analytic results for spin damping versus time are compared
with those produced by a computer simulation in which varis-

tion with Mach number is considered.

Take the M106, 8 inch HE projectile as fired from the
M2 howitzer. The maximum range trajectory will be considered.
In this case an average altitude ASL is about 10,000 ft.
At this altitude air density is about 0.74 sea level stan-
dard. Thus

P = 0.7h p_ = 0.9065 kg m=>
o = 1.225 kg m™>

(o)

Other parameter values are

N(O) = N, = 735 rad sec™1

R

v soll.hk m sec™d

o

e

0.30 (effective) or

0.1178 (effective)

=t
12

= 0,006 rad-1 (effective)

=
|

(W)
]

0-203 m

=
]

90.72 kg

il s



I, = 0.678 kg m®

A
Then
k= Ky p D° y~t
K = 1,.8506 107> m~t .
and .
4= p Dt K, I;"
4 = 1.3622 1070 m}
B = «/k
3 = 0.2808
V_ k= 0.02883 sec™t
From (A26)

= -8
N=N_(1+ kV_ t)

0.2808

N = 735 (1 + 0.02883 t)~ (A31)

The result in (A31) is plotted in the following graph
with selected variables from a simulated trajectory. For
some purposes the agreement shown between the analytical es-

timate and the more exact simulation may be satisfactory.
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Estimate of Stability of Spin-Stabilized Projectiles
Having Oscillating Inertial Properties

The objective of this section is to display and illus-
trate by examples a numerical technique for evaluating the
stability of spin-stabilized projectiles which are subject
to oscillations in the position of the center of gravity
(Xcg) and simultaneous oscillations in the transverse moment
of inertia (Iy). To preserve the greatest generality of
approach, the equations of motion describing projectile
pitch-yaw dynamics are solved numerically* in the time do-
main with cg position and transverse inertia given by the
following functions:

= X + chg sin[ 2nt 0yo+z/t) + «]

Xcg cgo

Iy = Iyo + cly sin{ 2nt (yo+y €1 & (a32)

with X , I, 8I_, «, )%, Y constants for t = 0.

cgo’ chg yo y

The solution 1s carried far enough in time to determine
whether the nutational amplitude is decreasing. While ad-
mittedly a brute-force approach such as this lacks the
elegance of a frequency-domain approach to stability, there
is no need to linearize or to assume the amplitudes éxcg
and 5Iy are small or that the inertial properties oscillate
at a constant driving frequency. Further, some insight is
gained regarding the behavior of the projectile as the
driving frequency matches the nutational frequency of the
projectile.

# Using a fourth-order Runge-Kutta procedure with time
step 0.002 sec.
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Using principally the notation of AMCP 706-165, reference
(8], the following auxiliapyx variables in the equations of
motion are defined.
pa A d

Hw —4 [Cy ‘ZCD‘k;Z(CM

’ +CM:<)]

q

pP_ A d 2 2 -1

a -
M:—?—-ﬁ—ky CM‘;a AquM‘(Iy

kK. amd“1I . (A33)

In this notation:
A = reference area of the projectile
d = caliber of the projectile

m = mass of the projectile

[8] Engineering Design Handbook: Liquid-Filled Projectile
Design, AMCP 706-165, April 19069.
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I. =z longitudinal moment of inertia

I_. = transverse moment of inertia

k_ = longitudinal radius of gyration in calibers

1)
]

<
(1]

transverse radius of gyration in calibers

velocity of the projectile

w = sSpin of the projectile

p. = air

g = the

C. = the

the

the

+ C

"N

C = the

density

component of gravity normal to v
zero-1ift drag coefficient

normal force derivative coefficient
overturning moment derivative coefficient
= the pitch damping moment coefficient

Magnus moment derivative coefficient .

Using a right-handed coordinate system as in [8] with
the x-axis coinciding with the form axis of the projectile,
positive toward the nose, the pitching angular motion in a
vertical plane (about the horizontal transverse axis) will
be denoted by ¥4 and the yaw about the mutually orthogonal
axis will be denoted by y. With this notation, the equa-
tions of motion are:

[8] op. Cit.



b =

¥ =

Adopting

equations

x

with
X

i

The
in units

a'2 MJ - a2

PTy-a HJS-a " Py+acae
a2 P To s a@Mysalroaatay . (A3
the systematic notation
J
L4
3
v o (A35)

(A3Y4) become
Ax+ Db (A36)

[x1 x, Xq xu]'
[0 O b3'0] .

elememts of the A matrix, {a
of sec™?

ij}’ are given below

Bio =
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83) = e ® M = A qd CM* I;I
835 = = a2 p T
. dzkiAqI;I (B = O 2 BE= Oy 1
L P’(
833 = - a~lw
=-Agqvinmt? Loy - 20p - k-2 (ch+cMa)]
ag) = - Sl R I I;l ®
841 = - 832
&uz = 8.31
W3 = " &3y
S ® “23
b3 x 8°C » I I;I g, vl (A37)
Examples

Using the equations (A36) and (A37), two projectiles
have been treated as numerical examples. Reference [8] pro-
vides data on the solid, WP loaded, 152 mm XM410 projectile.
Under conditions in which a portion of the white phosphorous
£111 has liquified, both the effective transverse moment of
inertia and center of gravity can be expected to oscillate
in flight. Whereas the amplitude of these oscillations may
be slight, a persistent resonance of the oscillations with
the nutational frequency of the projectile can cause the



nutational amplitude to continuously increase. At a launch
Mach number of 1.5, the nominal frequency of yaw maxima for
this system is 17.5 hz. Accordingly several numerical ex-
periments were performed in which ¥/ (in (A32)) was set to
17.5 and 2 was set to 0.0. During these experiments 5xcg
and 5I_ were varied systematically to determine the region
of stability. The absolute stability criterion of diminish-
ing yaw amplitude was used here. Preliminary experiments
indicated that stability 1s adversely affected when 5xc
end GIy are in phase. Thus, all experiments were run

g

under the worst-case phase, namely for <« in (A32) set to
zero.

A second example was selected for comparitive purposes.
The numerical values of this example are best estimates of
the parameters of the XM736 liquid-filled projectile at a
launch Mach number of unity. Axial moment of inertia re-
flects only that of the metal parts, indicating that the
angul ar momentum of the liquid at launch is treated as
negligible. The amplitudes of the inertial increments were
selected, somewhat arbitrarily, by taking values proportional
to the differences observed in the properties of Configura-
tions A and B of Chapter 1. The values of the parameters
used in both examples are displayed in Table Al. Proce-
dures for examining .the stability region for the second
example were identical to those employed for the first.
Stability was examined at a forcing frequency equal to the
nominal nutational frequency of 7.77 hz. Additionally,
runs were made in which the frequency was swept linearly
from 6.0 hz, at the rate of 0.25 hz/sec, to 8.5 hz at 10 sec.
These runs cleariy showed that, for certain values of 5xc
and 6Iy, the projectile will remain quite stable under a
condition of moving forcing frequency, whereas the projectile

g
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will become unstable when forced at a constant, nutational
frequency. The stablility region for both examples is dis-
played in Figure A2. Under the assumed conditions, the
projectiles for both examples are stable.
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TABLE Al.
GYROSCOPIC STABILITY ANALYSIS

PARAMETER VALUES FOR

parameter symbol value dimension
XM410 XM736

caliber d 0.5 0.6667 't
proj. mass m 16 33 6.31 slug
long. inertia 18 0.0446  0.4036 slug ft*
trans. inertia Iy 0.1548 3.5164 slug ft?
emplitude of 51 0.0006 0.0183 slug ft~°
incr. in trans. J
inertia
mzzle velocity v_ 1675.5 1117 £t s™1
proj. spin W 526.4 573.4 rad s~1
air density o, 2.3769 10~ slug £t
drag coef. CD 0.50 0.30
normal force Cy 2.90 2.10 rad”!

o«
piteh damping Cy +Cy -5.00 -4.60 (rad sec'l)'l

q « =
magnus moment C 0.30 -0.10 rad 1

o«
center of press. ch 1.40 1.108 cal
proj. center of X, 1.85 3.472 cal
gravity g
amplitude of GXc 0.0L 0.020 cal
iner. in c.g. g
gravitational g 0.0 0.0 £t 872
component L
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Computer Program for Numerical Solution
of One-Dimensional Equations for Spinup of Liquid

The source programs shown on the following pages were
written in the FORTRAN IV language for the IBM 360-65 com-
puter. Comments in the listings introduce each main pro-

gram and subprogram describing its function and delineating
the principal operations and variables.

Following each program is a sample of the output pro-
duced by the program.

Next page is blank.
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Catton

Cattas
Ino

Sno
Co®an

2n0

[
Cuostan

Ca®aa

Cattan

Castas

19

Cattan
20

Cattan

Catten

30

tMGEORGE ! 9 KP=299L 1L S=560+ T1ME=360yPAGES=500
DYNAMICS GF SPIN UP OF LIQUID=FILLED PROJECTILE

DIMENSIUN T1TLE(20)sU(22) 9 WP (BB) X (I])

COMMON AMADLAINsX9DXsCleC2rTO

KEAD T1TLE AND INVPUT PARAMS

HEAD (59100) TITLEsDTsTOYTCOMyDX9XOoWL IMyNyNPRINT

FORMAT (2044/6F10404212)

WRITE (69500) N»TCON

FORMAT (1HO43HN =9I392X96HTCON =9F10.2)

PRINT COLUMN HEAUINGS

WRITE (99200) TITLEsDT»DXsX0eWLIM,

FORMAT (IHI420A4/L1HOTILHTIME STEP =9EI15,5914H SPACE STEP =,£15,5
1 2X4HX0D =9F15,592X6HNLIM =9EIS,S/THO»IXsIH! 96X4HU(2) 96X4HU(3)»
2 6X4HU(4) 6 X4HUL(S) 96 X4HUIB) 96 X4HU(T) 96 X4HU(B) »6X4HU (D) »

3 SX5HU(I0) oSXSHU(LIT) s5XsSHOMEGAY10OH LIQ SPIN)

COMPUTE CONSTANTS
NMi=N=1

X(I)=xn

SuUM=x0/2.
AMBDAST o /X% %2

DO 2 J=ZeN
X(J)=DX*FLNAT(J=1) +X0
SUM=SUM+ X ()

CONTIMNUIE
SUM=gUM X (%) /2.
B=1,/75UM
C2=0,02884TCONM

Cl==C2#0.2808

INIT1ALLZE STATE VECTOR
U(l)y=wLIM

DO 4 J=2snNu]

U(J)=wl IM

CONT1NUE

UIN) =i,V

INITIALIZE RUNGE=KUTTA SURRQUTINE
SOLVF, OIFF EQNS FOR DFER1VATLIVE 1CS
T=0,0

CALL DIFEQ(TolUy4)

KOUNT=Y

START OF SOLUTION LOOP
CONTINUE

MOVE STATE FROM T TQ T+D7
CALL KUTTA(T+DTsUswPs11929yDIFEN)

COMPUITE EFFECTIVE ANGULAR VELOCITY
SUM=0,0

DO 30 J=I,NHl

SUMSSUM+ (U (J) sU(Je 1)) #(X(J)+X(Js]1)) /4,
COMNTINUE

OMEGA=R%*Sun

FSPIN=923,#0MEGA

TP=TCON®T+TO

IF(TPGTe66s) CALL EXIT

KOUNT=KOUNT+1
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49
50
&1
]2
53
54
(3]
c6
e7
58
<9
40
61

1F(KOUNTeCNLNORTINT)

IF(T.GT. 1
Gy To 20

«V) CaLl EXIT

GO TY ap

40 WRITE (Oes300)TPe(U(I)e]=29e11)4OMEGAYFSPIN

3n0 FORMAT (IH

913F1045)

IF(T,GTel,0) CALL EXIT

Gn T0 19
END

SURROUTINE DIFEQ(TIME UsKUTTA)

Ca®as DIFFERENTIAL FAQUATIONS FDR ANGULAK VEL.

DIMENSIUN U(22)eX(1L)
COMMON AMENDAsrie X1DX9CleC2sTO
UIN+1)=AMBDA#* (U(2)=U (1)) *((X(2)/X(L))nu2e],)/2,

NML=N=]
Wo=1.

VO 10 1=2sMM]
wMl=(l,=DX/X (1))
WPl=),+0X/X(1)
U(I+N) AMEDA# (U(I=])#wM1=2,4) (1) #WOsU(Iw1)*WP])

10 CONTINVE
U( #N)=UL0
RETURN
END

SUBRDUTINE KUTTA(T,DTsVeWsNEQsNORDPLVDIFFEQ)
DIMENSION V(NEQyNDRDP1)+W(NEQyNORDPL+4)

DT2=pT#0.5
DT6=pT/6e0

DO 1 I=)eNEQ

DO 1 J=1sNDRDP]
W(legr1)®V(ley)
DD 2 K=1ls3
L=Ke]

GD TO (39394),4K
DTw=pT2

GD To S

DTw=pT

TW=T+DTW

DO 6 I=1+NEQ

DD 6 J=2yNORDP1
JizJal

WPaW (I4Jlol)eW(IoJsK)®DTW

V(Ivyl)=wpP
W(lseJloel)=WP

CALL DIFFEQ(TWsVeK)

DD 2 l=]19NEQ

W(IsMORDPLloL )=V (IsNORDP])

DO 7 J=29NORDP1
Jl=J=1
DO 7 I=)eNEQ

VIIegl)=W(ToJdlol) ¢DTE® (W(LoJsl)e2,0%(W(IoJs2)eW(IsJs3))eW(IgJrd))

T=TW

CALL DIFFEQ(ToVe4)

RETURN
END
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00000100
00000200
00000300
00000400
00000500
00000600
00000700
00000800
00000900
00001000
00001100
00001200
00001300
00001400
00001500
00001600
00001700
00001800
00001900
00002000
00002100
00002200
00002300
00002400
00002500
00002600
00002700
00002800
00002900
00003000
00003100
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Computer Program for Modified
Point-Mass Exterior Ballistics

The program used to determine the ballistic differential
effects of changes in inertial parameters is a general-purpose,
exterior ballistics program capable of simulating the flight
of gun-boosted rockets as well as purely ballistic systems.

The program employs two alternative ways of treating the
aerodynamic forces normal to the body. The first option simply
assumes trailing behavior, that is, that yaw is always zero.
This option is inadequate for the purpose of this study. The
second option computes an equilibrium yaw, or "yaw of repose,"
necessary to precess the velocity vector in the vertical plane
at the proper rate. Using the yaw of repose, normal body
forces are computed and resolved into components in an
inertial frame of reference. These are added to the drag,
gravitational, and Coriolis forces to complete a point-mass
description. This procedure gives satisfactory agreement
with experiment, providing accurate aerodynamic data exist
and that the projectile displays adequate stability. This
option is exercised by setting switch IOPTY equal to unity.

Next page is blank.
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“NEW MASTER At SR IEBUPOTE LUG PAGE 000T
3SI=02750448 r
c 00000100
€C 7 EXTERIOR BACLISTICS UF BOOSTED ROCKETS T 7 00000200
c A THREE=OEGREE~OF=FREEOOM MOOEL APPLICABLE WHERE 00000300
(<D TRAILING OR FOLLOWING BEHAVIDR TAN BE ASSUMED T T 00000400
c : . 00000500
o BO000500
REAL RS(401)»TS(401)eVS(401)9CURT(11)9CIVT(1]) 00000700
- ‘DIMENSION TYTLE (207 4UTIZT s wPTaBT s XMTBL (IT) »COTBL (1YY sCOTBLTIYY —  00000BOD
19TMACH(11) o TKA(11) 9 TKOYAW(11) 9 TKL(11) 9 TKM(11) 9 TKF(11) 00000900
2 TKT(11) o TKH (11T s TRSTITT» TCPTTL) = 00001000
INTEGER #2 CHAR(1)/vev/ 00001100
T T T DATA RE78.ITBES7 s OMEGA7 D T2 ISE=E7 = i 001
c ASSIGN CONSTANTS NEEOEO BY OIFFERENTIAL EQUATIONS TO COMMON 00001300
= S N T 00007400
COMMON EMOJEMBySPIsFCyBRATEYOELTsTO9»TBy ISWsVy THETAsFFCTRyCALSQ 00001500
T Y VW VCWYALT»Re IEND»CRATHYREYNLDy RESISsCAL»DLONG» TOPTY YAWs ANDOM,  0D00IB00
2 BMOMyPSIsWTAREAs ISEP»NABLEY IGLIOE 00001700
00001800
COMMON/COFCOM/XCGB9SMARGIEMy THIO9PRNU 9 ALTRIMyCNATRMyGLIOESEPSTHE 00001900
- ~ T vSTAFAC, YAWNU s TRA» TROYAWs TRLy TKHy TKF s TKT s TKH» TKS» TCPy TMACHyNARTBLO0002000
COMMON/WINCOM/RWCo XWC 00002100
_____ COMMUN/DRGCOM/7 — — XMTBL»CDTBLCOTBLSNTBL . - 00002200
COMMON/SNOCOM/CAQENS 00002300
(o} : 00002400
C*ess TABLES OF AEROOYNAMIC COEFFICIENTS IS PARAM, SET INPUT SET =1, 00002500
‘C*#¥%» TF PARAMETERS NTBL AND NARYBL ARE BOTH ZERO, ENOOGENOUS - 00002600
C*sea FUNCTIONAL FITS TO THE AEROOYNAMIC TABLES(WITH THE T387 FORM) 00002700
T TCwe¥® WILL BE USED, SEE SUBROUTINE ACOEFS, 00002800
C*es#a IF ONLY NARTBL IS ZEROy» THE ZERO=LIFT ORAG TABLE IS REQUIREO 00002900
T CY¥¥% WITHOUT REQUIRING TABLES FOR THE OTHER RERU CUEFFICIENTS. UUU03I00T
C*see IF CERTAIN AERO COEFFICIENTS ARE DEFINEO (KNOWN), THESE - 00003100
T Cwses TAN BE READ WITH THE OTHERS LEFT BLANK,  THE PROGRAM WILL 00003200
Ces#s USE THE TABULATEO COEFFICIENTS ANO DEFAULT TO THE ENDOGENOUS 00003300
T Cww%% FUNCTIONS FOR THOSE ENTERED AS ZERD. T DO00034000
c 0=PROJECTILE CALIBERs MILLIMETERS PARAMETER INPUT 1 00003500
€ EMOEINITIAL PR T vy LBM
c EMB=BURNT MASS» LBM INPUT 3 00003700
T FTaNOMINAL THRUST LEVEL, L8F "7 TINPUY & 00003BOO0
( SPI=SPECIFIC IMPULSE OF ROCKET PROPELLANTs LBF/LBM/SEC INPUT S 00003900

T BRATEsPROPELLANT BURNING RATEy, LBMZSEC —
c OELT=THRUST RISE TIME» SEC
T T TUsIGNITION TIME FUR ROCRET W

UTOR "ENDU!

C IN SUBROUTINE 'BURN! THE THRUST OECAY TIME IS ASSUMEO
7T EQUAL TO THE THRUST RISE TIME. A TYPICAL VALUE = 0.1 SEC.
c TBsEFFECTIVE BURNING INTERVALs SEC

C ~ ISWx A SWITCH SIGNALING CTUMMENCEMENT UF BURNING ~— ~ ENDOU,
c IENO=A SWITCH SIGNALING ENO OF BURNING
T TVEPROJECTILE VELOTITYs M/SEC B N
c VO=MUZZLE VELOCITY oF THE PROJECTILE, FT/SEC.
A "THETA=ATTITUDE OF PROJECTILE, OEG~—

ENDU,. VARI
~ ENDU,

ENOOGENOUS VARIABLE00004500
“VARTABLEDOUUA600"

ENDOGENOUS VARTABLEUOUUA0UT
INPUT 6 00004100

00004300

*
ENOO. VARIABLE0O0004700

INPUT 7 00004900
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(2]

.

t

nn‘nnnn!nn'nnn

CALSQ=CALIBER SQUAREOy Mue2 ENOO. VARIABLE00005100

T T VWsVELOCITY OF HEAUWIND, M/SEC (READ IN IN FT/SEC) ~ENDU., VARIABLE(00005200

i

VWFaVELOCITY OF HEAOWINU IN FT/SEC ) - R X
HO=INITIAL ALTITUDE, FT,. T T INPUT 9 00005400
HTERM=TERMINAL ALTITUOEs FT, INPUT 1000005500
FFCTR=FORM FACTOR ReLATIVE 10O PROGRAMMEO DRAG FUNCTION,  INPUT 1100005600
SEE_FUNCTION *ORAG' FOR THE SPECIFIC ORAG FUNCTION USEO. 00005700
QEO=INYTTAL WUADRANT ELEVATION, DEG. INPUY 1200005800
OQE=QUADRANT ELEVATION INCREMENTs OEGe INPUT 1300005900
STEP=TIME STEP IN NUMERICAL INTEGRATION PROCEOURE, SEC.,  INPUT 1400006000
TM=TIME AT WHICH BURNING OF ROCKET MOTOR SHOULO COMMENCE. INPUT 1500006100
NQE=NUMBER OF INCREMENTS OfF QUADRANT ELEVATION " INPUY 1600006200
NPRINT=NUMBER OF TIME STEPS EXECUTEO BETWEEN PRINTS INPUT 1700006300

INPUT 8 00005300

T CONTINUE T 700008400

Wnnnnn;nnnnndnnnnnqnnnnn
1 1

|
:

i
i

|O OIOOO
I

|
Jnonnnn

"CLONG=PROJECTILE LENGHT IN CaALISERS,

ALT=TRUE ALTITUOE ABOVE SEA LEVELy M ENOO+ VARIABLE00006500
R=RAOIUS FROM CENTER OF EARTH TO PROJUECTILE + M " ENDO.. VARIABLE00006600
RE=NOMINAL RAOIUS OF THE EARTH AT THE EQUATUPy ¥ CONSTANT00006700
OMEGA=ANGULAR VELOCITY OF THE EARTH» RAD/SEC T CONSTANT00006800
IOPTYs A SWITCH INOICATING CHOICE OF YAW OPTION, INPUT 1800006900
TOPTY= 1 PROOUCES COMPUTATION OF YaW OF REBOSE FOR SPINNING PROJEC00007000
IOPTY= 0 SIGNIFIES A TRAILING PROJECTILE WITHOUT SPIN, FOR 00007100
THIS OPTION THE FOLLOWING INPUTS ARE UNNECESSARY, 700007200
SPINO=INITIAL SPINs RAO/SEC INPUT 1900007300
XCG=POSITION OF CENTER OF GRAVITY AFT OF NOSEs CALIBERS ~ INPUY 2000007400
XCP=POSITION OF CENTER OF PRESSURE AFT OF NOSE, CAL ENOO. VARIABLE00007500
TINPUT 2100007600
AMOM=LONGITUOINAL MOMENT OF INERTIA OF THE PROJECTILEs KG®#Me#2 00007700
- INPUT 2200007800
BMOM=TRANSVERSE MOMENT OF INERTIA OF THE PROJECTILEs KG#M®##2 00007900
INPUT 2300008000
VCW=VELOCITY OF CROSSWINO FROM RIGHT LOOKING OOWNRANGE(REAO IN FT/00008100

TTTTT T TINPUT 2400008200
WTAREA=WETTEO AREA RATIO USEQ IN COMPUTING SKIN 00008300
FRICTION ORAG INPUT 2500008400
ISEP=A SWITCH INOICATING CHOICE OF SEPARATE 00008500

COMPUTATION OF SKIN FRICTION DRAG. INPUT 2600008600
= ] IF FRICTION ORAG IS COMPUTEO SEPARATELY ANO ADOEO TO FORM ORAG0000B700

"= 0 IF FRICTION ORAG IS INCLUDEO IN DRAG FUNCTION, 000086800

SMARG=PROJECTILE STATIC MARGINy CAL.
PSI=ANGULAR ORIENTATION OF YAW VECTOR
SRNGESLANT RANGE TO PROJECTILE POSITIONs M

ENOO., VARIABLE00008900
ENDO. VARIABLE00005000
ENOO. VARIABLE00009100

VHXFaVELOCITY OF LAUNCHER IN RANGEWISE DIRECTION., (FT/SEC) 00009200
VHYF=VELOCITY OF LAUNCHER IN VERTICAL OIRECTION, (FT/SEC) 00009300
T CcONTINUE T T T 00009%00
RWC IS HEAOWINO COEF, ] 00009500
XWGC IS CROSSWINO COEF. 00009600
PSI MAY BE COMPUTEO BY REMOVING C? S FROM COMMENT CAROS 00009700
IN SUBROUTINE FLIGHT,. - 2 00009800
CAOENS IS THE CORRECTION FACTOR FOR AIR OENSITY RELATIVE TO STaNOA00009900

T 700010000
EXTERNAL FLIGHT 00010100

EQUIVALENCE (U(1)oX} o (U(2) oY) o(U(3)92Z) 9 (U(4)sSPIN) ) 00010200
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NEW MASTER o

.

1 (U(5)eX0) e (U(6)sY0) 9 (U(T)920)9»(U(B)SPINO),

TEBUPOTE 1LOG PAGE 0003

00010300
T2 U Y » XDD T » (U 10T YDDY v (UT11T 9+ ZODY ¢ TUTTZT »SDDT 000TU0300
[« READ IN RUN DESCRIPTIONy CONSTANTS IN FLIGHT EQUATIONS ANO 00010500
¢ INITIAL CONOIT1ONS. ) B S ' S 00010600
c 00010700
- READ (5+256+END=30) TITLEWNTBLsNARTBL - T T T 060010800
256 FORMAT (20A4/212) 00010900
T T IF{NTBLLEQL.0Y B0 YO Z55 00011000
REAO (59250) (XMTBL(I)#1=1,NTBL) 00011100
READ (59250) (CDTBL(1)YsI=1yNTBL) T T T T 00011200
READ (59250} (CDTBL(I)vItlvNTBL) 00011300
250 FORMAT(8F10,0) i - o T I 113 9 £ /] A
WRITE (69252) TITLE 00011500
7252 FORMATTIHI»20A%71H0s ITH™ — MACA NO»1UH COEF DRAG»T0H ODRAG INCR)
00 253 I=1WNTBL 00011700
WRITE (69254) XMTBLIIVH»COTRLIL) »COTBLIIY T T 00011800
253 CONTINUE R 00011900
— IF(NARTBL.EQ.0) 60 TO 485 i - o T 06012000
REAO (59250) (TMACH(I)»I=]1,NARTBL) 00012100
o TTTREAD (59250)  (TKATI) »I=1»NARTBLY haies T 00012200
REAO (59250) (TKDYAH(I)’I’I!NARTBL) 00012300
- “READ (59250) (TRL(I)»I=1oNARTBL) N W “ 00012400
READ (59250) (TKM(I)sI=1sNARTBL) - 00012500
o TREAD (59250) (TCPUI)+I=19NARTBL) - 00012600
REAO (59250) (TKF(1)9+I=)9NARTBL) 00012700
T TREAD (5,250 {TRT(TY»I=T»NARTALY e 00012800
READ (59250) (TKH(I)sI=]oNARTBL) 00012900
T READ " (5+250) (TKS(I) +TI=1sNARTBLY 00013000
254 FORMAT(1H 93F1044) 00013100
’ WRITE 169272} T - T 00013200
272 FORMAT (1HO910H MACH NO»BX92HKAISX2SHKDYAW 00013300
T 77T BX 9 2HKL»BXy Z2HKHMy 10R CPy TEADY 00013400
00 257 I=1sNARTBL 00013500
WRITE (69270) TMACHIIV s TRA(TI) o TROYAWTIV o TKLTT) 9 TKM(I)Y o TCPTTIY 00013500
270 FORMAT(1H |6F10o5) 00013700
257 CORNTINUE o = 00013800
255 CONTINUE 00013900
TTCWERS PROVISTONAL TONSTANT GUIDE ARGLE JAN 75 00014000
C*ease SWITCH IGLIOE MUST BE SET TO 1 FOR CONST. GLIDE ANGLE TRAJECTORY. 00014100
T READ (5,264&4) IGLIDE,ALTRIM,CNATRM ,GLIDE,EPSTHE T 00014200
264 FORMAT (Il!9X’6F10.0) 00014300
T U OFUIGLIDEL.NE I GODYTOOYTTT T T e = — 00UI&400
WRITE (6+268) ' 00014500
T 268 FORMAT{INOISH TRIM ANGLE, Ry6Xs9HCNATTRIMYy —— — OOUI&&00
1 16H GLIDE ANGLEs Ry1SH TOLERENCEs R) 00014700
Sl WRITE (6y266) ALTRIMsCNATRM,GLIDE»EPSTHE — T UO00I&B00
266 FORMAT (1H 94F15,5) 00014900
~C®&%% PRDVISTIDNAL CONSTANT GETUE ANGLE JAN 7%~ T UOouUIsonu
1 READ (592+ENO=30) TITLE+QOsEMOIEMBsFCoSPLlsOELT9»VOsVWFsHOPHTERM 00015100
T T I FFCTRYQGEDYDQEsSTEP, TMyNQEZNPRINT» TOPTY Jo0015200
2 FORMAT (20A4/BF10,0/7F10,0¢313) 00015300
“T¥S&& SWITCH NABLE IS SET FROM 0 TO 1 AT TIME TENABL U00TS&%00
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258 READ (59260) CAOENS,VCWsTENABLsTHID 00015500
T 280 FDRMAT(4FI0,0) 00015600
WRITE (69262) TENABLsTHIDsCADENS B ) ) 00015700
262 FORMAT (1HOs14HENABLE TIME = sF10.4,5X» D 0001
1 21HTHRUST DRAG FACTDR = sF10,495X.18HAIR DENS FACTDR = 4F10.4) 00015900
IF(IOPTY.NE.1) 6O TO 25 00018000
READ 269SPIND»XCGsCLONG» AMOMyBMOMyWTAREAs ISEP 00016100
o TREAD 269 VAXF yVHYF sRWCo XWT ™ 7 00016200
26 FDRMAT(6F10,0512) . i B - - 00016300
60 TO 27 T o T 00016400
25 SPIND=0,0 00016500
“XC6=0. - - T " T T T 60016600
CLONG=0, 00016700
AMOM=0, 00016800
BMDM=0, - 00016900
— WTAREA=O, ) N B o 00017000
ISEP=0 00017100
- VHXF=0,0 B o . T ~ 00017200
VHYF=0,0 00017300
T RWC=0,0 T T 00017400
XWC=0,0 00017500
SMARG=0,0 - - - T 700017600
STAFAC=20,0 00017700
- YAWNU=0,0 B T 3 T 00017800
PRNU=0, 0 00017900
T PSYI=0,00 - J0018000
OMY=0,0 00018100
=€ START QUAD=ELEV LODP B = 00018200
27 QE=QE0-0QE 00018300
SD0=0.0 B B T 00018400
CAL=0®] ,E~3 00018500
T T PO I IGEsYWNRE T T T T T - 000IBED0
QE=QE+DQE 00018700
THETA=QE/57,.,29578 T 00018800
TO=1,E10 00018900
EM=EMO N 00015000
C IEND IS A SWITCH SIGNALLING END OF BURNING 00019100
N TYEND=O T T T S - ‘““ 00019200
G ASSIGN TIME INCREMENT FOR INTEGRATIDN. 00019300
T ' ' - - T 00019400
DT=STEP 00019500
o NABLE IS A SWITCH SIBNALING CDNTROLS DEPLDYEO FDR GUIDED FLIGHT, 00019600
NABLE=( 00019700
TC T PRINT ANO LABEL RUN OESTRIPTIONs CONSTANTS, aND N 00015800
c INITIAL CONOITIONS 00019900
PRINT QyTITLEsFFCTRyVDIEMUsEMBIDsQEsOToFCoISPI s VHFsHDOIHTERMyVCW 00020000
1+RWCoXNWC 00020100
9 FORMAT(1H120A4/1H010XSHFFCTR13X2ZHVOL3X2HMO13X2HMB14X1HD/ 00020200
1 1H 5F15.6/1H0s 00020300

TT276X9HAUAD ELEVBXTHTM STEPIXEHTHRUSTSX1THSP IMPULSE9XSHV-WIND/™ 00020400

3 1H SF15.6/1HO4X11HINIT ALTsFT4X11HTERM ALT.FTlSH VEL XWIND|FT/Sv
4 12X93HRWCs12X9IHXNWCs/1H S5F15,6)

00020500
00020600
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~ "NEW MASTER -

B £ = = R e

PRINT 919sVHXFsVHYF
T 91 “FORMATU{/78H VHXF & 3FI2,2920H FT/7SEC

IEBUPDTE LOG PAGE 0005

00020700

TVAYF = TI?‘Z’TH_FT/SE'C'IUMW—

RYZ 00020900
T PRINT 92,,0ELTTN B N o 00021000
92 FORMAT(1H 19HTHRUST RISE TIME = +F12,495H SEC+8H TM = +F12.4s 00021100
1"5H SECY a - 00021200
c ) 00021300
T - T - 00021400
c YOSINITIAL ALTITUDE, M 00021500
) HOsALTITUOE READ IN IN FT ~ o - 700021600
G YTERM=TERMINAL ALTITUDE, M 00021700
o HTERM=TERMINAL ALTITUDE READ IN IN FT TTTT T T p0021B0D
IF (IOPTY,NE,1) GO To 29 00021900
i PRINT 2B, xce‘crcnv*xnvu:uﬁbﬂ“—"—“" el 50022000
28 FORMAT (1H0s11HLOC OF CG 3sE104492Xs3HCALs14H PROJ LENGTH =4E10,4¢ 00022100
TTTTTTT] 2Xe3HCALISH AXTAL MTOF T msE11.592X9THKG M®e2, T 700022200
2 15H TRANS M OF I ByE11.502XsTHKG M®#2) 00022300
29 YF({SPI.EQ.0.0) GO TO 60 s S 00022400
BRATE=FC/SPI 00022500
— YF{ERATE,EQ, 0,00 GO TO &0 T T T T 000225600
TB= (EMO=~EMB) /BRATE 00022700
TTTPRINT %0, YB T T T T ; e 00022800
40 FORMAT(1H0y22HEFFECTIVE BURN TIME = sF10,444H SEC) 00022900
T80 Y0 6Y 00023000
60 TB=0, 00023100
—— —gRATESY. TS A
c 00023300
"€ COMPUTE AUXTLLIARY CONSTANTS AND REDIMENSION INPUTS “D0D23F0D
61 CALSQ=0®#2#] ,E=6 ‘ 00023500
~ T T DLONGsD%#],0E=3%CLONG — 00023600
VELO=0,3048*V0 00023700
—CT " SUPVEL IS THE SUPREMIUM OF PROJECTILE VELOCITY., — ~ ~—  — —~ UO0023IBU0
SUPVEL=VELO 00023900
T SUPALT 1S SUPREMIUM OF PROJECTILE ALTITUOE, 0002640000
SUPALT=0,0 00024100
TUWSU,L,3048%VWF T o V0024200
VCW=0,3048%VCW 00024300
T Y0aUL30&B¥HD T T T T T T = - 0024500
“YTERM=0,3048%HTERM : 00024500
T RTERNSRESYTERM ~ ~— = - T 00024600
G INITIALIZE TIMEs X» X=DOT» Y AND Y-OOT, 00024700
e o
T=0, 00024900
—— __..x.._o. e e e e+ e e 2 o e e e e e e e = ——
Y=YO 00025100
Y £ 1 1Y - o 00025200
SPINSSPINO 00025300
T T VHXE  3048%VRXF ) 00025400
VHY= ,3048%VHYF 00025500
e “XD=VELO®COS(TRETAT#VRX ™~~~ —— "~ TO025800
YOSVELO#SIN(THETA) ¢VHY 00025700
— THETA=S7,29578%ATAN(YD/XD) B B R 1] 14Y-4-1:11 1/ A
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V=SQRT (XD##2+YD##2) ) 00025900

~ 20sb, 00026000
SPIND=0.0 B e - 00026100 4
XDD=0,0 00026200

. YDD=0,0 I - - - - 00026300
ZDD=0,0 T 00026400
YAW=040 G ) _ 00026500 .
T AbLTeYO T T T - 00026400
SRNG=0,0 ) r 00026700 .
ISWsIBURN(TsALT9THETASV) E e 00026800
IF(ISW.,EQ.1) GO TO 70 00026900
GO TO 71 - S T o 00027000
70 TO=0.0 o 00027100
T otsSTEPZ74. T T 00027200
c B 00027300
c " INITIALIZE RUNGE=KUTTA SUBROUTINE — E o 00027400
71 CALL RUNGEl(UsWPy492+FLIGHT) 00027500
¢ SOLVE FLIGHT EQUATIONS FOR INITIAL CONDITIONS. .~ 00027600
e S . 00027700
CALL FLIGHT(TsUr4) 00027800
cis - - 00027900
c INITIALIZE COUNTER FOR DETERMINING NUMBER OF POINTS TO BE PLOTTED 00028000
c AT _END OF TRAJECTORY SsoLufgon, 00028100
¢ o 00028200
NPLOT=0 _ 2 00028300
¢ o e : 00028400
c ] o : 00028500
- INITIALIZE COUNTER FOR COUNTING LINES PER PAGE. 00028600
c - - - - ’ - 00028700
T TTULINE=O oS T T i - 00028800
¢ : 00028900
IPRINT==NPRINT 00029000
YAWDEG=YAW®ST,2 00029100
¢ 60 TO PRINT OUT INITIAL CONDITIONS, — = T 60029200
c 00029300
T 60 TO 4 T T - 00029400
€ 00029500
T~ START OF SOLUTION LOOP, SAVE CAST VALUES OF FLIGHT VAR .
(4 . . 00029700

5 XP=X o E e SR 00025800
RP=R 00029900

"~ ZIP=sl - T I 1k 11 1] R
XDP=XD 00030100

i YDP=YD e v 00030200
VP=V 00030300
" THETAP=THETA T o - T T o0030400
CMACHP=SCMACH . 00030500

. RESISP=RESIS ~ ~ - N T T 1 1 111 I
YAWP=YAWDEG © 00030700
T SPINPeSPIN == B 00030800,
SMARGP=SMARG 00030900

" STAFAP=STAFAC ) o e ' R 11 ¥ 11—
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NEW MASTER i IEBUPDTE L0G PAGE 0007

PSIP=PSI 00031100
" 'SRNGP=SRNG =~ ~ et e e aest R e e e 1711 ) (7] [T
c 00031300
c " CALL RUNGE=KUTTA SUBROUTINE TO SOLVE FLIGHT EQUATIONS FROM 00031400
c T TO Te0T, 00031500
¢ ) N 00031600
CALL RUNGE2(T»0T) : 00031700
¢ 2 sk . e S S S o me e
c 00031900
[ 00032000
c SAVE POSITIONAL COOROINATES OF PROJECTILE FOR LATER PLOTTING OF 00032100
c TRAJECTORY, ' - S 00032200
c 00032300
i SAVE RANGE AND FLIGHT TIME IN ARRAYS FOR SUBSEQUENT T 00032400 -
c POLYNOMIAL FIT 00032500
(o 00032600
SRNGESQRT (X®#Xe (YaYD)##2+2%7) 00032700
" IF(T.LT.TENABL) GO TO 520 00032800
IF (NABLE.EQ,1) GO To 520 00032900
T PRINT 5307 - T o TTTT 00033000
530 FORMAT (1HO+18HENABLEMENT TIME = +F10,3) 00033100
NABLE=] ' 00033200
c BRRR R BR BB R RB BB R BN BN BRR BB BB RN BB BN RRBRDER BBV BB BB AD IR RO RN RN BB B800033300
c IF (NPLOT.EQ.400) GO TO 520 00033400
[+ IF (SRNG.GT,SRNGEM) GO TO 520 00033500
- T NPLOT=NPLOT+1 7~ o T - 700033600
C TS(NPLOT) =T 00033700
Tt RS (NPLOT) =SRNG 00033800
C VS (NPLOT)=V 00033900
T BRRRRBBRBRRRRRBRRRRBRNBR BB RABRRRRBRRBRRRRBRRRRBBRRRRRRNRRBRR B0 20000034000
520 CONTINUE 00034100
i e e ; e gpaR 00034200
YAWOEGaYAW®57,3 00034300
IF(VeGToSUPVEL) SUPVEL=V ; 00034400
IF(ALT.GT,SUPALT) SUPALT=ALT 00034500
BB IF(ISW,EQ.0) GO TO S50 ) - ) - 00034600
IF(IENO.EQ.1) GO TO 51 00034700
T T IF(TeGEJTOSTBODELY) GOYO &Y T T T T T o T T 00034800
60 TO 51 ' 00034900
49 DT=STEP o ) . o ! 00035000
IENO=] 00035100
- CALL BURN(T+XMASSyTHRUST) ~— N 00035200
PRINT 80s XMASSsTHRUSTsALTsVeT 00035300
T80 FORMATIIHOW9H MASS & 4yF10,491IH THRUST = FlUs4y 00035400

1 134 ALTITUOE = +F10.2+10H SPEEO = sF10,2010H TIME = +F10.3) 00035500

60 T0 51 ' ~00035600 -
50 ISWsIBURN(TsALTs»THETAWV) ¢ 00035700
IF(EMO,EQ.EMB) ISW=g ) ) 00035800
IF(ISW,EQ.0) GO TO 51 00035900
= § (o) ) it e = i TSRS e 0 S 600.0T
PRINT 20y TO 00036100

-t SINFER.

20 FORMAT(1HOsISHBURN STARTS AT +Fl0.494H SEC) 00036200

-103-



s
DTaSTEP/4, 00036300

T 51 IPRINT=IPRINT¢]  ~— 60036400
_ IF(IPRINT,EQ.0) GO TD S3 S e 00036500
60 TD 52 00036600
53 IPRINT==NPRINT 00036700
e 5 W ik i ) R T 00036836
c AOVANCE LINES COUNTER ANO CHECK IF TIME TO EJECT PAGE AND LABEL. 00036900
G I 00037000
& LINE=LINEe¢l e 00037100
DMY=YAWNU 00037200
C*s®s OMY IS A DUMMY VARIABLE USEO FDR OUTPUT DF CHOICE 00037300
T 77 U IF (LINEJLE.O) GO To 6 00037400
LINE==50 i L _ 00037500
PRINY TH»TITLE 00037600
7 FORMAT(1H120A4/1HO»9HTIMEsSECS s TXIHX s MEXSHALT 9Mo 7X 9 3HZ 9 M2X s 00037700
"1 BHXDDTeM/S2XBHYDDT 9M/S5XSHVIM/S1X8HMACH NO,2XTHORAGYLBY E 00037800
2 9H THETAsDs9H YAWs099H SPINsR/Ss9H STA FAC »8H OUMMY V) 00037900
6 PRINT BoToXoALT9Z9X0sYDsVeCMACHIRESISITHETA, YAWDEG»SPINySTAFAC,0MY00038000
8 FORMAT (1M 1F9.3.3ﬁ191 93F10s10F94292F94194F9,2) 00038100
TIF(T.6T.300,) 6D T0 30 00038200
(4 RULE FOR STOPPING SOLUTION = STOP wHEN PRDJECTILE HITS GROUNO., 00038300
(N ) e B 00038400
52 IF(«NOTo (ReLESRTERM,AND,THETALT.0,0)) GO TO 5 00038500
-t INTERPDLATE SOLUTION VARIABLES FOR RsRTERM T 00038600
c . 00038700
T T T YERYTERM T T > 00033800
TE=T=DT# (R=RTERM) / (R=RP) ," 00038900
- DEL=(T=TE)/DT . N } T 00039000
XE&X=DEL® (X=XP) % 00039100
o ZE=2=DEL$(Z=2P) T == = 5 - 00039200
XOE=X0=0EL*® (X0O=XOP) 00039300
T YOE=YO-DEC4(YD=YDPT - 00035400
VE=V=0EL® (V=VP) 00039500
- THETAE=THETA=0EL®* (THETA=THETAP) N - T T 00039600
CMACHE=CMACH=0EL® (CMACH=CMACHP) 00039700
T RESISE=RESIS=-DEL®{RESIS=RESISP) - ) e 0039800
YAWE=YAWOEG=DEL ® (YAWDEG=YAWP) 00039900
T SPINE=SPIN-DEL¥TSPIN=SPINP} 0040000
STAFAE=STAFAC=0EL* (STAFAC=STAFAP) 00040100
7 ~ SMARGE=SMARG=DEL® TSMARG=SMARGP) ~~ - I 117 3 1-{: ] A—
PSIE=PSI=DEL® (PSI=PSIP) 00040300
SRNGE=SRNG=DEL® (SRNG=SRNGP) ~— ~ — — T U0UsUA00
¢ XPLOT (NPLOT) =XE 00040500
[of YPLOT{1+NPCOTYaYE - . 00040800
c 00040700
A PRINT DUT SOLUTION VARIABLES FOR Y=YTERM, 06040800
(4 - 00040900
S " PRINT 8sTEeXE2YEsZE+XDE+YDEyVE»CMACRE RESTSE» THETAEZYAWE, 00041000
1 SPINE»STAFAEs SRNGE 00041100
i ~ . . 000&1200
SUPVEL=SUPVEL/0,3048 ) 00041300
“"RANGE=SQRT (RE#¥2+ZER®2) . T R 1] £ € 1
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NEW MASTER T ’ - IEBUPDTE LUG PAGE D009 B

RANGE=RANGE® (1 ,+ (RANGE/RE)##2/6,)/1852, 00041500

TTTCTT T TPRINT MAXTMUM VEUOCITYy RANGEs AND ALTITUDE, VOUATE0T
PRINT 90y SUPVELs RANGEsSUPALT 00041700
TTTT 700 FORMAT (1H0+20HMAX PROJ VELDCITY = yFl1S.494H F/75y ~00041800
1 3X912HMAX RANGE = 4F1lS.4911KH NAUT MILESs3X9el0HMAX ALT = 00041900
2 F15.,498H METERS) T T R 00042000
c ) 00042100
TTTCTTTTTTPLOY THETYRAJETTORY JUST TOMPUTED, 0 00042200
[of 00042300
“C 7 TLABEL PLOT WITH TITLEs QE AND VO,”  — 7 77 777 7T T 000424800
[of 00042500
c i S T = T T 00042600
PRINT 10«TITLEQE»VO 00042700
- T6 FORMAY (THO15X20A4/4H QE=F5,ToI0H DEGe VO=FE,[+4H F/S5T D00A2BOD
3 CONTINUE 00042900
€ ataennescincs ettt nRNdecietnatasNeneeseniRRNRN RdNeden00043000
[of CALL POLFIT(RS»TSeNPLOT»390¢CJURT9GyGoeTRUE»SDEV, 00043100
T 7 1 20HFLIGHT TIME VS mANGEY 7 ° T T T T 00043200
C CALL POLFIT(RSsVSyNPLOT93009CJIVToHyHINVyTRUE.»SOEV 00043300
c "o PO0HPROJ. VEL. V5. RANGE] - T T 00043400
[of RETURN FOR ANOTHER CASE, 00043500
TTT T aneacnsdaensdietiTRNGERLRARRNVR Rt RRNONeRRatasinsnRnRRdNBNGNSNeen (0043600
GO 70 1 00043700
T30 CALL EXITT T T - T TT T 00043800
ENO f 00043500
T T T SUBRUOUTIRE SUUNDUA»GeRHAULVISCOY — — —— ~ — = 7 77T 000&&000

COMMON EMO+EMBySPIsFCoBRATEYDELT»TO»TBsISWyVeTHETA9FFCTRCALSQy 00044100
7)1 VWeVCWeALT»ReTEND» CMACTHyREYNLDyRESTSsCAL9OLONGy IOPTY s YAWs AMOM, (00044200

2 BMOMyPSIoWTAREA ISEPsNABLE» IGLIDE 000644300
T COMMDN/SNDCOM7CADENS T N T T T 006400
EQUIVALENCE (YsALT) 00044500
C = T OU0REB00
Cc SUBROUTINE COMPUTES THE SPEEO OF SOUND IN M/SEC 00044700
T € VERSUS 'ALTITUDE IN METERSe ALS0O COMPUTED 1S THE T T T T D00s4ABO0
Cc ACCELERATION OUE TO GRAVITY IN M/SEC/SEC AND THE 00044900
TC AIR DENSITY IN KG/7M#*®3 AND THE ABSOLUTE VISCOSITY ST T T 00045000
Cc OF THE AIR IN KG/M/SEC, NOTE THAT REYNOLD'S NUMBER 00045100
—C  PER METER IS GIVEN BY A¥RAQ®EWMACH/VISCO, 00045200
Cc 00045300
————— GEG,B26® (6, 3TBE6/ (6, ITBEG*Y) V&2 S “O0DUASATU
0=6,3567T66E6+Y 00045500
IF{Y,LE.T1019,07) 60 TO 1 . =3 P 1 L 3111+ A
IF (YoLE.20063,12) 60 TO 2 00045700
TF(Y.LE 3ZI6T.,9) GO TO 3 " TOU&S800
IF(Y4LE+47350,09) GO TO 4 00045900
IF{Y.LE.52428,88) GO TO0 5 T T T 000&8000
IF(YJLE.61591.,03) G0 TO 6 00046100
T T UIFUYLLELTI9IE14Y GO TOTT T A
RHO®0 ¢ 4636%EXP (=0,1220TE=32Y) 00046300
T T TSTEMPERATURE "IN UEGREES KELVIN — U0UREATT
T=180,65 & 00046500
B A¥2U,053IFSQRT(TY - UUUAEEUT
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RHO=RHD®* CAOENS 00046700
T VISCO=0,00467% (T 110 (T7217, 781 ##1[,5 00046800 -
c THIS IS THE SUTHERLAND VISCDSITY Law, 00046900
T RETURN T 00047000
1 RHO=1,224999+Y#(=¢1176033E=3+4Y#(,433T19E=BeY#(~,T461659E=13 00047100
o 1 *Y®(,5537603E=18=,95T72T72VE=24%Y) 1)) 00047200
T=(1,831702E9~4,103083E4%Y)/0 00047300
- 60 TO 8 T T T TT00047400
2 RHOR149901420Y% (=,2940114E«3¢Y¥(,19939T4E~T+Y#(~,763T263E=12 _ 00047500
1 *Y®(,1615921E=16=,14T76T64E=21%Y)))) T 00047600
T=216,65 00047700
o 60 YO 8 - 0 - - T T T 00047800
3 RHO®1,815614Y%(=,235749E~34Y#(,130807E=T+Y®(-,3819651E=12 00047900
- Y eYS (L STIBTIZIE=TT=.3826654E=-22%Y1))) 00048000
T=(1,250058E9+6+553416E3%Y) /D 00048100
. GD TO0 8 ] ) e T 00048200
4 RHOE1,109444Y%(=,1140029E=3¢Y#(,4817401E=B+Y¥(=,1039241E=12 00048300
T ] eY#(,1138793E-)17-.5052135E=23%Y))) ) 00048400
. T=(8,839083E8¢41.7938E4%Y)/0 L L 00048500
TTTTTTTeb TO 8 e Sl 00048600
5 RHOZ.B9TAOTIE~14Y® (=oh1T7905E=54Y®(,35297SIE=10+Y#(,117T144E=14 00048700
o 1 eY#(=,2567072E~ 190.1649113E-ZA’Y)))) 700048800
T=270,65 00048900
"GO TO 8 00049000
6 RHO®,1029082E=~14Y#(,1081853E~5+4Y® (=,8523619E~104Y#(,2075003E~14 00049100
T ey {«,2184824E=19¢,860425E=25%Y)))) ’ 00045200
T=(2,381562E9=1,233888E4%Y) /D 00049300
- GO TD 8 o ' o B 00049400
7 RHOm0,4636%EXP (=0,1220TE=3aY) 00049500
N © T=(3.157088E9=2, £§3061££-Y)/o - 00049600
60 TO 8 00049700
TEND T o T T 00049800
SUBROUTINE FLIGHT (TIMEsUsKUTTA) 00049900
DIMENSION U(12) A T 00050000
DIMENSION TMACH(11) ¢TKA(11) 9 TKDYAW(11) oTKL(11) sTKM(11) e 00050100
1 TKF (1LY g TRT(11) o TRH(ITT o TKS(11) » TCP(TTY - 00050200

OATA RE/6+.378E6/9OMEGA/0,T72915E=4/4,PIOFOR/.7853981/,TW0G/19,58418/00050300

T € "7 RE=NUMINAL RADIUS OF THE EARTH AT THE EGQUATOR IN METERS’ 00050400

€ OMEGA=ANGULAR VELOCITY OF THE EARTH IN RADIANS/SEC 00050500

C. ) : i ' “00050600

c TABLE OF EQUIVALENCES 00050700

c U{l) = X ‘ T 00050800

c u(g) = v 00050900
¢ Tudyw T 00051000

¢} U(4) = SPIN 00051100

[ u(s) = XpoT D T 00051200

c U(6) = YOOT ‘ 00051300

[ u(T) = 2007 B ES o 00051400
. C u(g) = SPIND 00051500
T T Utey s xpBL T T T T 000515800

c U(lo) = YOBL 00051700

{cHE ‘Ull1) = ZDBL E 00051800
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c U(12) = DUMMY 00051900
7777 EXTERNAL CORAG T - T T 7T oL e = —ouos2000
COMMON EMOYEMB»SPI+FCoBRATE9DELT»TOsTBy ISWyVoTHETA9FFCTRyCALSQ, 00052100
1VWO s VXWsALT9R9 TEND9CMACHIREYNLO9RESISoCAL sDLONGTOPTY s YAWs AMOM, 00052200
2 BMOMyPSI9WTAREA9ISEPsNABLE IGLIDE 00052300
" COMMDN/COFCOM/XCG9SMARGYEMy THID9WPRNU s ALTRIM9CNATRM»GLIDE»EPSTHE 00052400
1 +STAFAC)YAWNUsTKA» TKOYAWSITKL»y TKMy TKF 9 TKT9 TKH TKS»TCPy TMACH9NARTBL00052500

T T TCOMMON/WINCOM/RWC v XWE 00052600
IF(ISW,EQ,0) GO TO 10 00052700
IF(TIME.GT,TO+TB+DELT) GO TO0 9 ' ' i 00052800
CALL BURN(TIMEsXMASS»THRUST) 00052900

- " EM=XMASS ’ R T 700083000
(S THRUST=INDUCEO DRAG 00053100

T T T FFC=FFCTR®TAID ) s 56053200
HE4,44B23*THRUST 00053300
TERMX=H®U(5) TR ) o ) T 00053400
TERMY=H®U (6) 00053500

12 VsasU (ST"ZoU(%)NZJI(ﬂ"Z"" ! - T 00053600
V=SQRT (VSQ) 00053700

T T UPsRESUTZY T T =5 30053800
XSQsU(l) w82 00053900
YSGzsUPw#eZ - = = ) ) G e 00054000
ZSQsU(3) a2 00054100

— R=SAGRT (XSD+YSQeZSUY — - T 00054200
€ 00054300
=6 ALCIER=RE " = = 0 o amwn e et ey i g0054%00
ALT=U(2) +X5Q/2./RE 00054500
T ODRCOSX=sU (1) /R N ) ' - ' T 00054600
DRCOSY=UP/R . 00054700

T 7 DRCDSZsU{3Y/R ~ i - ) i “D0054B00
CALL SOUNO(A»GsRHOVISCO) . 00054900

- 00055000
c THIS GENERATES SPEEQ OF SOUNO.GRAVITYoAIR OENSITYs AND VISCOSITY. 00055100
TTIF(VLEQ.D.0) 60 TO 13 ~ 00055200
TERMX=TERMX/V 00055300

TERMY=TERMY/V R = 00055400

C*eewaCOMPUTE VELOCITY OF WIND AS A FUNCTION OF ALTITUDE, 00055500
T T HARG=1,000%U (2Y J00S5600
(5 VW=VWOeRWC®VWC (HARG) _ 00055700

TC T TVCWaVXWeXWTSVWCIHARGY — Dl T 00055800
VW=VNO 00055900

T VCWaVXW g ST : B T T 00058000
VRELSQ= ({U(5)eVN)8R24U(6) 08024 (U(T)sVCW)RR2) 00056100

T T T VRELsSGRTIVRELSW@Y T T T 00056200
CMACH=VREL/A 00056300

i “COMPUTE REYNDOLDYS NUMBER AND SKIN FRICTION COEFFICIENT (SFCY, 00056400
FRICT=0,0 00056500

B IF(DLONGL,EQ,0.,0) GO TO 48 e e
REYNLD=DLONG®A®RHO®CMACH/VISCOD 00056700

TT T T ALR®ALOGLOUREYNLDY T T T TTT T T T 0056800
PWR=0,05%ALR ' 00056900

T SFU®0,455/ALR##2,5B/T1,¢0+2FCMACH®#2YYePWR T 0uusTU00
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IF(ISEP.EQ.0) GO TO 48 00057100
T FRICT=WTAREA®SFC — "~ 00057200
(5 DENOM=zMASS OF PROJECTILE IN KG, 00057300
48 DENDM=(Q,4536%EM o - o 00057400
DYNPRS=0,5*RHO®*VRELSQ 00057500
" IF(10PTY,EQ.1) 60 TO 20 = — B T T 00087600
YAW=20,0 00057700
CTTTTTTTTYAWSG=0,00 T T T T e T 00057800
XKDYAW=R0,0 00057900
XTERMS=0,0 = 00058000
YTERMS=0,0 00058100
ZTERMS=0,0 o "~ dod5B200
U(8)=0,0 00058300
T 21 CALL CORAGTCMACH,DRAB CADY 00058400
COFDRGRFFC*DRAG*XKDYAN#YANSQeFRICT+CAO ) 00058500
¢ " "TH1S GENERATES THE CODRRECTED COEFFICIENT OF DRAG - 00058600
c ) . . 00058700
ic DIFFERENTIAL EQUATIDNS 00058800
22 CONTINUE - . e 00058900
T T FORM=PIOFDR®CALSQ®OYNPRS T 00059000
DRG==COFDRG*FORM 00059100
d C } T 00059200
c RESIS IS AIR RESISTANCE IN POUNDS, 00059300
2 RES1S=DRG /4.44823 T 00059400
C*ese PRDVISIONAL CONSTANT GLIDE ANGLE JAN 75 00059500
TTTTYF(TGLIDE.NEL1Y GO YO BT 0 T T T T T — 00055800
THE=ATAN(U(6)/U(5)) 00059700
1F (NABLE.EQ.]1) GO TD 62 T 7 00059800
IF (THELE.GLIDE) NABLE=] 00059900
- HERR=ABS (THE=GLIDE! ~~ — ~ T 00080000
IF (HERR<LE+EPSTHE) NABLE=1 00060100
T 7 IF(NABLE.NE.1) GO To &0 - e 0060200
62 SAVE=0,5%ARSIN(DENOM*TWOG*COS (GLIDE)/FORM/CNATRM) 00060300
ALPH=AMIN]L (ALTRIMy»SAVE) i 00060400
SAVE=CNATRM®F ORM 00060500
T U(4)=SAVESSIN(ALPH) /DENOM - 00060600 )

C*ee#s U(4) IS.COMPUTEO AS NORMAL ACCELERATION (M/S®#2) INSTEAD OF SPIN, 00060700

YAW=ALPH 00060800
FLu0,S*SAVE®SIN(2.%ALPH) 00060900
T FOI=~SAVE®*(SIN(ALPH)) #e2 - 000661000
SINTH=U(6) /V 00061100
" COSTH=U(5)/V 00061200
TERMX=TERMX=FL®SINTHeFDI®CDSTH 00061300
TTYERMYRTERMY+FL#*COSTHOFOI®SINTH ~ — ~ 000614800
. 60 CONTINUE 00061500
C#eee PROVISIONAL CONSTANT GLIDE ANGLE JAN 75 cob0e6lé00
U(10)=(DRG*U(6)/VREL*TERMY) /DENOM=G*DRCOSY+0+53166E~B8%UP 00061700
1 *2.%0MEGA®U(7) +YTERMS o ) . B 00061800
U(9) = (DRG* (U(S)+VW)/VREL *TERMX)/DENOM=G®*DRCOSX+XTERMS 00061900
T O 11 Tm=2 , POMEGA®UTE Y =G¥0URTCOSZ+ZTERMS+DRG#TU(T) oV
U(12)=0.0 00062100
c AC IS THE ACCELERATION DF THE PRDJECTILE ALONG THE TRAJECTORY, 00062200
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c ACE(U(5)®U(9)+U(6)*U(10)+U(T)*U(11))7/V 00062300
TTIFTIOPTYLEQ, UV GO 10 1% T 0062400
U(8)==RHO®CALSQ®®2/AMOM®XKA®Y (4) #V : 00062500

T T4 IF(KUTTAGEQ,4) THETA®mARSIN(U{&)/V)®#57,3 — —— — "7~ T 00062800
RETURN | o 00062700

- 13709 =0, - e T T T T T 0otez2800
U{10)==6 : 00062900
THETA=30, 00063000
RETURN o o _ , 00063100

- 9 EMsEMB < SRR e T T T 60063200
60 TO 11 00063300

10 EM=EMO T S T % T T T 00063400
11 TERMX=0, 00063500
“TERMY=0, 00063600
~ FFC=FFCTR e ) - 00063700

T TR0 YO 127 N B T T T T T 00063800
20 CALL ACOEFS(CMACHoYANoXKAvXKDYAHoXKLoXKMoXKFoXKTo 00063900

T IXKHs XKSoXEPY T To0088000
VXRL=U(S) ¢VW : 00064100
T VIRLEU(TY SVEW 00064200
VRLSQ=VXRL®®24U(6) *82¢+VZRL##2 00064300
g T VRL=SQRT(VRLSQ) ™ e v e == 00064400
c TEST FOR DYNAMIC STABILITY, 00064500

————— T BOTTOM=8,0%BMONPDYNPRSSTAL#WIRXKM TTUTTTTTTT00064600 0
STAFACSE (U (4) ®AMOM) *#2/B0TTOM 00064700
T IFUSTAFAC.LE.I.UJ GO 1O 25 DO0ERBUT0
C*ese COMPUTE THE YAWING FREQUENCY 00064900

T T T YAWNU=AMOM/BMOM®SQRT{1,=1./STAFACY®U(®) /6,2832 T 00065000
C*e#e COMPUTE THE OVERTURNING MOMENT AND PRECESSIONAL FREQUENCY 00065100

T T UTNMOMa?Z, *XKM#CALT®3®DYNPRS T 00085200
PRNUSOTNMOM/AMOM/U (4) 76,2832 00065300
T TOMPUTE YAW OF REPUSE. — DUUE5400
ALPHAB=RHO®CAL#VRLSQ® (XKL*XKM#VRLSQ*CALSQ®*XKF#XKT#U (4) ##2) 00065500

IFTABS (ALPHAB) (LT I,E=20) G0 TO 25 ~ 00065600
ALPHAARAMOM®XKL®U (4) /CALSQ/ALPHAB 00065700

T T T ALPHAB=DENOM®*XKT#U(&)7ALPHAB B T V0065800
AMBsALPHAB=ALPHAA 00065900
T ALPHAXSAMB* (U (6T®U(IIT=VZRL®UTI0TT=ALPHAB¥*VZRL*G GUUE5000
ALPHAYSAMB® (VZRL®U(9) =VXRL*U(11)) 00066100

T ALPHAZ=AMB® (VXRL#UTTO)V=UT6Y®UIST Y ¢ALPRABSVXRL®G 00066200
YAWSQEALPHAX®®2 ¢ ALPHAY #8244 PHAZ##2 00066300

T U YAW=SQRTUYAWSQ) T T N ' 1 11X 1 1
IF(YAW,6T41,5708) GO To 25 00066500
T ARGs [VXRL®ALPHAZ~VZRL¥ALPRAXT#VRL V0066500
ARG1= (VXRL®ALPHAY=U(6) *ALPHAX) ®*VXRL=(U(6) ®*ALPHAZ~VZRL®ALPHAY)®*VZRL00066700
TF{ABSTARG]) ,LE.,T.UE=20) 66 YO 50 = B00&&800
PSI=57,3%ATAN(ARG/ARG1) 00066900

G0 TO 53 - ouvuevuuu
50 IF(ARG®ARG1) 51952952 00067100
81 PSI==90, = 00087200
GO0 TO 53 . 00067300
sz es® . V0UGTA0T
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53 CONTINUE - " 00067500

'

OOCOO00

—

¢

G
.

[

00067800
PSIsORIENTATION OF YAW, THIS IS THE ANGLE BETWEEN THE PLANE 00067700
T CONTAINING 80TH THE VELOCITY ANO YAW VECTORS AND A VERTICAL 00067800
PLANE CONTAINING THE VELOCITY VECTOR, IT IS MEASUREO 00067900
CLOCKWISE FROM THE VERTICAL PLANE, = 00068000
00068100
TEND OF COMPUTATION OF YAW, — ~— —— —~— ~— — 7~ 00088200
OKFNSCAL®XKF®U (4) 00068300
XKLVSQsXKL®#VRLSG o ) s N 7 T "oo00esa00
RDSQ=RHO®CALSQ/0ENOM 00068500
XTERMS-RDSOO(XKLVSOOALPHIX.DKFNOIAU’HAY’VZRL-ALPHAZ’U(6H‘F T 00068600
YTERMS=ROSQ® (XKLVSQ®ALPHAY «DKFN® (ALPHAZ®VXRL=ALPHAX®VZRL)) 00068700
ZTERMS=ROSQ® (XKLVSA®ALPHAZ+DKFN® TALPRAX®U (6 Y =ALPHAY®VXRLY) (00068800
XKDYAWS2 ,5464 T*XKDYAW 00068900
T aeassesasssbascadiasdissiace Fm E e i i E " 00069000
IF(YAW,LT.0,69) GO TO 21 00069100
PRINT S5yRHO+XTERMSyYTERMS ¢ ZTERMS o - T 00069200
S5 FORMAT(1H s1P4E10+5) 00069300
Y I I I rz1IIrr A - 00069400
GO0 TO 21 ) ) - 00069500
"25 PRINT 26+STAFAC T . ) 00069600
26 FORMAT (1MH0940HUNSTABLE PROJECTILE STABILITY FACTOR = 4F10,4) 00069700
ClLL EXIT e o o 00069800
00069900
"“’"“3ﬂbﬁGUfINE'EUPAGTEHICR?DRIG?CTUS 00070000
00070100
PROGRAM COMPUTES THE COEFFICIENT OF ORAG VERSUS MACH NUMBER ~ 00070200
AND THE THE COEFFICIENT INCREMENT DUE TO CANAROS, 00070300
. - ) D o ST T T T T 60070400
OIMENSION XMTBL(11)+COTSBL(11)+COTBL(11) 00070500
COMMON EMOEMB+SPTsFCyBRATEOELT s TO+ T8y ISW, Ve TRETA,FFCTR,CALST, 00070800

1 VWoVCWoALTyRIENO9CMACHIREYNLOYRESIS+CALIDLONGy IOPTY s YAWs AMOM,y 00070700

"2 BMOMyPSTsWTAREA»ISEPYNABLEIGLIDE T oo070800
COMMON/ORGCOM/ XMTeLvCDTeLoCOTBLvNTeL 00070900
"IF(NTBLLNE.O) 60 TO 5 T T T T TTTe0071000
IF (EMACH.LE.0.80) GO TO 1 00071100

T T T YF(EMACHLLEY.TD) GO TU 3 = Mo 0071200
IF (EMACH,LE.3.,0) GO TO & 00071300
EM3=EMACH=3,0 e = e T 00071400
DRAGS0,09¢+EM3® (=0,0240,0020EM3) 00071500
RETURN o - ’ . T TpouTiedn
1 ORAG®0,0589 _ 00071700
e ~ 2 ¥ - T . 60071800
3 C®104%(EMACH=0,8) o~ et 00071900
" ORAG®0,07736%C##3%EXP(=C)*0,0589 00072000
RETURN i 00072100
4 DRAG®0,2154T+EMACH® (=0,0513440,00317#EMACH) } o 00072200
5 00 6 JmloNTBL 00072300
TFEMACH LT XMYBL (YT 606 T0 6 00072400
6 CONTINUE 00072500
8 Jlsu~l i ) o . T 00072600
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FRACS (EMACH=XMTBL (JL) ) / (XMTBL (J) =XMTBL (JL)) 00072700
" CDTOTHL{JL) ¥TCOTBL(JT<TOTHL (JUT T FRAC UUUTZE00
CA0=0,0 00072900

T T TIFINABLE.NE, TV GO TO IO S R 00073000
CAQ=COTBL (L) * (COTBL (J) =COTBL (JL) ) #FRAC _ 00073100

T 10 CONTINUE ~ = N T 1 & & -1 1
ORAG=CO 00073300
CADSCAO , 06073400
RETURN 7 - L 00073500

T ENO i o ~ 00073600
SUBROUTINE ACOEFS (EMACH YAW s XKA»XKOYAN» XKL + KM XKF » XKT o XKH 1 XKS  XCPO0073700
o 1y T 66073800
DIMENSION TMACH(11) s TKA(11) » TKDYAW(11)»TKL (11) s TKM(11) s TKF (11), 00073900
T T TRYTIIT s TRA(IIT o TRSTILT # TCPITIT 00074000

, COMMON/COF COM/XCG9SMARG¢EM s THIO9PRNU 9+ ALTRIMyCNATRMoGLIOEIEPSTHE 00074100
TTTTTTT oSTAFACYYAWNU TKAs TROYAWs TKL s TKMe TKFFTRT s TKHy TKS s TCPy TNACHI NARTBL 00074200

¢ EMACH = MACH NUMBER 00074300
=HC T XKA = SPIN DAMPING MOMENT cOEFFICTENT T 00074400
¢ XKOYAW = YAW DRAG COEFFICIENT 00074500
= LIFY FORCE COEFFICIENT 00074600
¢ XKM = OVERTURNING MOMENT COEFFICIENT 00074700
€ TXKF = MAGNUS FORCE COEFFICIENT T T 00074800
c XKT = MAGNUS MOMENT COEFFICIENT 00074900
T XKW = DAWPING MOMENT COEFFYCIENT ~— — — — — — 30075000
c XKS = PITCHING FORCE COEFFICIENT - 00075100
P« CENTER OF PRESSURE AFT OF WOSE IN TALTBERS — 0
c 00075300
T7€ FOR DEPENDENCE OF ACOEFS UPON YAW SEE BRL MEMO. RPT. ND. 2023 00075400
c RELATIVE TO T387 TYPE PROJECTILE. 00075500
€ XKT==0,14+0,0576% (ENACH=T1+251%%2 e 112411 ) B
XKT=0,0 . 00075700
XKF=0,157 . DOUTS5800
SYAWSSIN (YAW) ##2 - 00075900
“TT 80 TO S0 ' N 11} £ 1 [ 1 —
51 CONTINUE : 00076100
DO 80 Jml NARTBL T TTTTTTTTTTTTTTU30078200
IF (EMACH.LT.TMACH(J)) GO TO 70 00076300
——60 CONTINUE TOUTERTD
70 JL=y=1 00076500
FRACS (ENACH=THMACHTJLY T 7 TTMACH TJY =TMACHTJLTT - 00078600
IF (TKA(J) +EQ40,0) 60 TO 52 . : 00076700
T XRASTRATJLY ¢ (TKA{JT < TRATJLY T#FRAT UU0TEBU0
52 IF (TKOYAW(J) (EQ.0,0) GO TO 53 00076900
0 KOVAWTH =TROYAWTJO) T¥FRAC  —  U0UTT000
53 IF(TKL(J).EQ.0,0) GO TO 54 : 00077100
T XKLsTRL(JUY ¢ (TRL{JV=TRLTJU) YSFRAT : TUUTTZ00
54 IF(TKM(J)+EQ,0.,0) GO TO 55 ' 00077300
T XRN=TKNM{JLV+ (TRMU{JT=TKM{JLYT*FRAT S TUOTTHOV
55 IF (TKF (J) 4EQ.0,0) GO TO 56 00077500
#TRFTILT ¢ (TRF{JT=TKF (JUT T#FRAC ; TUUTTETT
56 IF (TKT(J)+EQ.0,0) GO TO S7 00077700
T T XKTETRTTIUL) ¢ UTKT IV = TRTTILYY®FRAC " OOUTT8O0
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57 IF(TKH(J) .EQ.0.,0) GO TO 58 00077900
XRASTRH(JO) + {TRA{JIT=TKH{JCI T *FRAC 00078000
58 IF(TKS(J) 4EQ.0.,0) GO TO 59 00078100
T T XKS®TKS (UL) ¢ (TKS(JT=TKS (JL) ) *FRAC i 00078200
59 IF(TKM(J) 4EQ.040) 60 TO 62 ) _ - 00078300
YR TF(XKL.EQ.0.,0) CALL EXIT - & e T 00078400
SMARG==XKM/XKL 00078500
XCPaXCG+SMARG 00
__ RETURN S o 00078700
62 IF(TCP(J) ,EQ.,0,0) GO TO 63 00078600
XCP=TCP(JL) ¢ (TCP(J)=TCP (JL)) ®FRAC _ 00078900
" 763 SMARG=XCP=XC6 P T T 00079000
XKM==XKL®SMARG 00079100
RETURN 60079200
50 CONTINUE o e B 00079300
T IF(EMACH,LE.0.8) 60 10 10 00079400
IF (EMACHo,LE,0+9) 60 TO 20 . B o 00079500
T IF(EMACH.LE.1.,0) 60 Y0 30 00079600
IF (EMACHo,LE.1+1) 60 TO 35 00079700
IF (EMACH.LE.1.,30) GO YO 40 00079800
IF (EMACH,6T,1,5) GO TO 45 - IR ) 00079900
c VALID FOR EMACH GTR 0.8 AND LT 1.5 o 00080000
5 XKA=0,003840,0028EXP (=1,5% (EMACH=0,8)) 00080100
7€ T VALID FOR EMACH G6TR 0.9 0 0 T 00
6 EM9ZEMACH=0,9 - 00080300
THOLD= I ~EXP (=5, %ENS) 00080400
XKL=0,550740,4#HOLO N e ) 00080500
T XKL=XKL+6,6%SYAW S - 00080600
XCP=0,237+1,57®HOLD ) 00080700
C VALIO FOR EMACH GTR 1,0 I 00080800
7 XKSE=4,041,78%(EMACH=1,) 00080900
¢~ VALID FOR EMATH GTR .1 BOUBIT00
XKDOYAWR1,542,388EXP (=2,72% (EMACH=1,1)) i 00081100
T € VALID FOR EMACH 6TR 1.3 - T T 00081200
XKH=3,7 00081300
€ VALID FOR ALL EMaCH T T T T T T T T00081400
9 SMARG=XCP=XCG 00081500
XKN==XKL#SHARG 00081600
IF (NARTBL.NEoO) GO TO 51 00081700
T REYURN e T 00081800
10 XKA=0,0058 00081900
T T T XKDYAWs1,5 T B . e > 0
11 XKL=0¢62=0,077®EMACH 00082100
XKU=XK(+4,3085YAW 00082200
XCP=1o2=1,07®EMACH e - 00082300
12 XKSm=4,0 00082400
13 XKH=0,712,3%EMACH P 00082500
- 60 T0 9 T D T 00082600
20 EMB®EMACH=0, 00082700
=0¢0 ‘U“UBZTEXPT=T‘S'EM5) 00082800
XKDYAW=1,542,59SIN(6,283%EM8) 00082900
T B0TO 11 — o T U0UB3I000
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T NEW MASTER G A ~ TEBUPDTE LOG PAGE 0017 e

30 EMB=EMACH=0,8 00083100
— XKAEU,0038%0,002%¥EXP(=1,5YENBT 00083200
XKDYAWR] ,5¢2,5#SIN(6.283%EM8) 00083300
T T EM9sEMACR-0,9 < T/ T 00083400
HOLO=1 ,=EXP (=5,%EM9) 00083500
T T T XKL=0,850Te0,4%HOLO T 00083800
XKL=XKL+5,5#5YAW : 00083700
XCP=0,237+1,57%H0LD 00083800
GO TD 12 00083900
T35 EM8=EMACH=0,8 T T T 00084000
XKA=0,0038¢0,002%EXP (=1,5%EM8) 00084100
T XKOYAW=1,542,54SINT6,2B3%EM8) T 00084200
EM9=EMACH=0,9 00084300
- HOLD=1,=EXP(=5,¥EH9) 00084400
XKL20,5507¢0,4%HDOLO 00084500
CXKL=XKL*5,5%SYAW 7 T 00084600
XCP=0,237¢1,57%HOLD N 00084700
T T XKSsas, T8l T8SEMACH - T 00084800
GO 70 13 00084900
40 EM8=EMACH=0,8 00085000
XKA=0,0038¢0,002%EXP (=1,5%EM8) 00085100
T XKDYAWR] 542, 3B¥EXPT=2.T2* (EMACH=1, 10— - 00085200
EM9=EMACH=0,9 00085300
T HOLD=L ,=EXP{-5,%EMYY T T TTTTTT00085400
XKL=20,5507+0,4%H0LO 00085500
XKCaXKL+6,6¥5YAW D00B5500
XCP=0,237+41,57#HDLD 00085700
T T XKS==5,T78+1,T84EMACH R R 00085800
60 TO 13 00085900
T 45 XKA=0,0038+0,0024EXPT=1,5% (EMACH=0,8]) T 000B&0DD
GO TO 6 00086100
END . 00088200
D SUBROUTINE RUNGE1l(VeWeNEQINDRD+DIFEQ) 00086300
T DIMENSION V(IZ2YWWU&BY T T T T T 00086800
NVasNEQ®NORD 00086500 .
T T T N=sNVeNEQ@ T T T T T 00088600
RETURN 00086700
T VOUB&BUU
ENTRY RUNGE2(T+DT) 00086900
T DTZ2=0T%,5 N 1 1 1: ¥ £111] A
DT6=DT/6, 00087100
DO T 121eN il T i - 00087200
1 W(l)=vV(]) - ~ 00087300
DO 2 Usiedy TUUBT&00
NJMENEQeN® (J=1) 00087500
JOECKaN®y T T - U0UB7600
IF (J=3)3s4¢4 00087700
- otwsv26 ~~ — —— —~——/————————7uvvuwmys0uv
! 60 10 5 00087900
§ DTW=DT UUUBBUO0U
| 5 TWaTeOTW 00088100
T T DU & TalyNV B T o U0UBB200

-113-



K=1+JDECK g 7 00088300
[=T+NIM S 00088400
) W(K)mW{I) oW (L)®DTW 00088500
T6 VIDIsW(K) - o ‘“‘ 00086600
CALL DIFEQ(TWsVed) 00088700
SRR o) o =555 ) | IR = B T T T 00088800
K=I+¢JOECK ; 00088900
T T WIRY sV T T - 00085000
00 7 IslyNV 00089100
KlaleNEQ' 7 ' T T T oobse200
K2=K1eN . 00089300
T K3mK2eN e R e — T T LT Y] R
KéaK3eN 00089500
T V(I sW(T) eDTR¥ (W{KTY ¢ 2, ¥ (W(K2) +W{K3)T*¢W(K&)) 000896060
TaTw A , 00089700
TSSO DTREQ T e Yak), 0 - e T 00089800
RETURN _ - 00089900
T T END o e T T “00090000
FUNCTION VWC(Y) . 00090100
IFTY.GE.6700.)G0TO3 00090200
VNCES5,181644,9T2E=59Y¢1,3494E=70Y8y 00090300
T RETURN 00090400
3 VWCE10,05843,9624%C0S (142946E~3%(Y=9448.8)) - 00090500
T UIF(Y.6T.13700.) WRITEU6,17 T T 00090600
RETURN 00090700
TTTITT TFORMAY{28H ALTTTUDE ABUVE 13700 METERSY 00090800
ENO 00090900
- SUBROUTINE S8URN(TIME s XMASS,THRUSTY o T T T T o6091000
¢ SUBROUTINE COMPUTES PROJECTILE MASS IN POUNOS MASS ANO 00091100
7C “ ROCKET THRUST IN POUNDS FORCE T h00%1200
c TO=TIME AT WHICH BURNING COMMENCES 00091300
T TEMOsINITTAL MASS, LBM 00051400
c EMB=BURNT MASSy L8BM 00091500
¢ TIME=TIME AFTER LAUNCH oSEc 77 77— 7700091800
c SPIsSPECIFIC IMPULSEs LUF/LBM/SEC 00091700
€ FC=CONSTANT NOMINAL THRUST LEVELs LBF = T 00091800
c IBURN= INDICATOR OF COMMENCEMENT OF BURNING (IBURN=)) 00091900
“iC DELT=RISE TIME OF THRUST==ASSUMED EQUAL TO DECAY TIME » SEC.
c BRATE=FC/SPI=BURNING RATEs 'LBM/SEC 00092100
[ T8= (EMO-EMB) /BRATESEFFECTIVE BURNING TIMEs SEC — 00092200
(= 00092300
' COMMON EMO»EMBoSPTsFCoBRATEyDELT»TO»TB»ISWyVsTHETASFFCTRyCALST, T0092400
1 VWoVCWeALTy RoIENDoCMACHoREYNLOoRESISvCALoDLONGoIOPTY.YAH.AMOM. 00092500
- 2 BMOMyPSTWWTAREA,ISEPYNABLE s IGLYIDE 00032600
IF(TIMELLE.TO) 60 To 1 00092700
IF(TIME.LE.TO*OELT) GO TO 2 o o 700092800
T2aT0+T8 00092900
IF(TIMELLE.T2) 60 T0 3 e i ; T 00093000
IF(TIME.LT.T2¢0ELT) GO TO & 00093100
THRUST=(, 00093200
XMASS=EMB 00093300
~ RETURN s = o 00093400
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NEW MASTER - . IEBUPDTE LOG PAGE 1019

1 XMASS=EMO 00093500

e T THRUSERQR T T e T e e TU093E0V0
RETURN 00093700
T 2 XMASS=EMO=BRATE®(TIME=TO)*®#2/(2,%0ELT) e 00093800
THRUST= (TIME=TO) /DEL T*FC 00093900
~ "RETURN E Fa e 00094000
3 XMASS=EMO-BRATE® (TIME~TO0-DELT/2,) ' 00094100
T T T TTHRUSTEFE T T o 00054200
RETURN 00094300
4 XMASS=EMO-BRATE® ((TB=DELT/2,) +(TIME-T2)# (] ,-(TIME=T2)/DELT/72.7) 00064400
THRUST=FC# (1.~ (TIME=T2) /DELT) 00094500
RETURN o T T S e 00094600
END 00094700
TTT T TTTTTTRUNCTYON TBURNUITIMESALTHQE,VELDY ~ 7T 07 T T 00094800
c 00094900
B FUNCTION PRODUCES INDICATION OF COMMENCEMENT OF ) ~ 00095000
cl . BURNING==]BURN=1, 00095100
“C 1BURN=0 UNTIL BURN BEGINS - 00095200
(o USER CHOOSES TO FROM CURRENT TIME OR ALT (ALTITUDE) OR 00095300
i [ WE (LOCAC QUADRANT ELEVATIONY OR VELO (VeELOCITY) — 7 00095400
COMMON /SRCOM/TM 00095500
C T T DATA ALTMAX/30000479VMIN/U,O/ o ) N 00095600
IF(TIME«GE.TM) GO TO 3 00095700
IF (ALT,GE.ALTMAX) GO TO '3 00095800
IF (VELOJLLE,VMIN) GO TO 3 00095900
TTTTT T IF{RELBT 45,07 GO TO 2 2 1 L-X-Y 1 1
I1BURN=Q 00096100
“TRETURN e R e : 00096200
C 2 IF(QE.LT+46,0) GO TO 3 00096300
€ 4IBURN=O — T T T . 00096400
c RETURN 00096500
T3 1BURN=] T T T T T 00096800
RETURN 00096700
T END S ' , 00096800

IN NM DIRECTORY, TTR IS NOW ALTERED,
0000000
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AERD DATA (BRL CALC) FOR MS09 8 IN ICM PROJECTILE

"MaCH NO COEF DRAG DRAG INCR

040 0.1300
07500 U. 1300
048500 0.1400
09000 01550
10000 043000
T 1.05%000 0 0.3800
1.10007 03600
1.5000 0.3170
240000 042740
i 2.5000 0.2390
ENABLE TIMF = 100,0000

0.0
0.0
0.0
0.0
060
N g SIGEEE .
0.0
~5or
_o'o_
0.0

" THRUSY DRAG FATTOR =

1.0000
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Computer Program for the Gyroscopic Dynamics

of Projectiles Having Oscillating Inertial Properties
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