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Now define the following linear operations:
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Then equations (C-7), (C-8), and (C-9) can be rewritten as:
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Now take Laplace transforms of Lox(t). le(t). sz(t)

L AL [X(£)]1} = -C [SK(S) =X(0) -KX(S)]

L AL [X(6)]1} = n [$°K(s) -sx(0) - 4% (o))
+ (C+C_ ) [SX(S) -X(0)] + (K+K_) X(S)
K AL, (X(6)]) = m [$°X(s) -sx(o) - 4x(0),

+ 2C [SX(S) -X(0)] + 2KX(S)

Assume X(0) = X(0) = 0

Jﬂ{Lo[x(t)l} = -C [5 + %] X(8) = aotS}f(S),

2 —
«?:{Ll[x(t)]} = [mS + (C+C_) S + (K+K_)]X(s) = aI(S)x(s)
L {L_ [X(t)]1} = [mS* + 2¢s + 2K] X(s) = @ ($)X(s)
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Now take the Laplace transforms of Equation (Cc-10)

GI(S} x:(s) + ao(s) xz(s) + ox’(s) + oxh(SJ S

a (8) X (8) +a (8) X (5) + a (8)X (8)+ 0X (5) + -

0 x1(s) + ao(S) xz(S) + az(s)is(s) + ao(s)fu(s} L0

0 XI(S) + 0 xz(s) + 0 XS(S) + O.XH(S) + aD(S}

X

n-1

4 0X_(5) = g (8)

+ oxn(s) = 0

40X (S8) =0
n

(s) + ux(ijn(S)-gz(S)

Consider gl(S) and gz(s) as known. Such an assumption implies that

XFP and XMG are given.

o e 0L 0 0 W
1 (4]
a o o O 0
o 2 [s]
0 a, @, Ok sooeie 0
o0 0 0 O uoul
-— -

»|

b

(s)
2

SRS
3

x_(8)

)
1

=

—

' 31(5)

0

0

'32(5}

—

Solve for X (S) using Cramer's rule. The denominator of the resulting
1

expression for i;(s) is:
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where U = —* ; 9 y = -2 ;




In Reference 11, it is shown that the determinate of a MXM triple-

banded matrix is:

o 2 o
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0 0 0 (R = A1) 0 A A
o 2

where U and V are the roots of X2 -A X ~A§ =0
2

By this fact, the surprisingly simple result for det [0] was made
possible.

The numerator of the Cramer's rule solution for X (S) is:
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llMuir, Thomas, A Treatise on the Theory of Determinants, Dover Publica-
tion, pp 564.




One finds a similar expression for the last coil. If these are

rewritten in the Ki—notation, the result is:

n+l n-1 . 2
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i (S) i ( 1) _ 82 ao 81 ( 1 n-2 o n_3)
1
2 S 2 4
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- + o K L Ty
X (S) = -1 &, % g, ( 1 n-2 o n—3)
n
2 2 "
l:}'.1 Kn_z 2&10'-0 Kn_s + G.O Kn--4

The great difficulty is in taking the inverse transforms. If one
can find the inverse transform of X (S), one can then easily evaluate
the spring force acting on the firing pin if the motion of the firing
pin is given. Many methods for finding inverse transforms were used.

The following expression is shown in Referencel?.

e T ey rent Aty S )
k=0 k!

k
where C;itm: § El_?jl » S -
k i=0 (j) 31 (2) kwo, 1,2,
= - 2(k-1)2 g2 . . .
L (e) = ef a¥_ (£* 7% = (-1)¥ [x* -e2xil o ELeR xTE ]

dt

The KK(t) are Laguerre polynominals.

The above method did not appear to converge. Because of time con-
sideration, the transfer function approach was temporarily abandoned,
and a direct solution of the equation was sought. However, the finding
of a transfer function for such a mechanical system is of such impor-
tance to weapon modeling that efforts should be resumed; perhaps Fourier

transforms could also be tried.

12gorn, G.A. and Korn, T.M., Mathematical Handbook for Scientists and
Engineers; definitions, theorems, and formulas for reference and
review, McGraw-Hill, New York, N.Y. (1961), pg 226.
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In solving the equations directly, the approach was to assume

that the right side of the equation for the ith coil,

X+ 2k, + = + + C(X, .+ X
M, + 20k, + 2KX, = R(X,_+ X ) + C& % )

1 i-1 i+l
is constant within any given time increment of integration. It can,
of course, vary from increment-to-increment. With the right side
thus held constant temporarily, homogeneous and particular solutions
are easily obtained for the ith coil, and one can evaluate its posi-
tion and velocity at the end of each time interval so that these
become initial conditions for the next time increment. The method
was found to give more accurate results than the fourth-order Runge-
Kutta algorithm in less than one-half the computation time. Compari-
sons were made between these two methods, and the exact solutions for
two and three masses.

A derivation of the method now will be presented. Assume, for
simplicity, that c_ = c and K = K, and rewrite the equations as

follows:

X + +2CX = +CX +K - + CX., = <
MX 4+ 2KX 420K = KX+ CK+ ROy xFPo) CRgp = b (c-11)
gxi + 2KX, + 2CX, = K(XH1 + xi_l) + C(x1+1 + X, 4) =hy (c-12)
1 200, 20K = KX 4 KO R )+ Ot R ) mh (c-19)

Integrate these equations from t=t1 to t=t1 + At. During this
interval, assume that the right side of each equation does not change.

The homogeneous equations are of the form

Mﬁh-pa ih-+3_xh =0,
where

o = 2C, B = 2K,

Assume homogeneous solutions of the form X = ert.



Substitution of the assumed solution into the homogeneous equation
yields the following:
mr?2 +ar + 8 =0

=0+ 'aZ -4 8

2m
Three cases exist that are analogous to the underdamped, overdamped,

and critically-damped cases for a single mass-spring-dashpot system.
CASE I

uala mB < 0 or 2K _ (%)2 >0 This case corresponds to underdamping.
% m
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e

Now, find a particular solution to:

MK, +a X, +BX I=-1-1j-=c:cmst£mt--hj (t=0) ,

4 3 3
h
i
"Pj .
Thus, the complete solution to equations (C-11), (C-12), (C-13) is:
[+ )
- —t h {t"D)
2m /8 a Y B _ a2 o Ll
}(j -e l:clj cos’ — - (E)z t + Cz.‘! sinjii= Gy t} + B (C-14)
Clj and Czj are determined from the initial conditions
X. (t =P Cc-15
j( 1) j ( )
and
f{. t)=1V,, (c-16
:I( 1) h )
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For simplicity, equation (C-14) will be applied individually over

each time increment. Thus, t will be equated to zero; and Pj and Vj
1

will be equated to the respective values at the end of the pPrevious

time increment. A separate accounting is made of the true value of

t as the solution progresses.

Application of the initial condition (C-15) yields:
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Application of (C-16) yields:
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Cc-10

(c-17)

(C-18)

(C-19)



From (C-14), (C-18), and (C-19)
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K m
(—)2
h, (t=t )
T

Pj and Vj are position and velocity of the jth mass as calculated at the

end of the previous time interval.
Since the value of }'{j at the end of each time interval is needed

as an initial condition for the next increment, f{_ will now be calculated:
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Pj and Vj are position and velocity calculated at the end of the previous

time interval.

CASE II
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Application of (C-27) and (C-28) yields
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o
vj Ty st
h
c Pj = —Bj' 1
L=
a = o
/D - 2m = )= 2m-
1 1 Cc-13

-/D¢t

(-¢c YD

2]




c -
1] o a
G—fm"' ;/"15a'+E
hy o
vj+(yj—3)(/_n+-2-ﬁ) s
c = - C-2
13 2 /D
o
./”ﬁ—E vj
h h
1 B, -l D G Dy
Chl= L = (Cc-30)
2 2 /D ' 2/D
Substitute (C-29) and (C-30) into (C-26)
£ o YDt
5 Vj-l-(Pj 8)(/_n+2m)e
X, = e (C-31)
2V/D
h
(/"ﬁ' —;—m>(P ---1)-v
Wy R 3 e-/_D't h
i
2 /D



= ¥
vt (ee hj("'t1)) (‘ & - 2K, %)‘(E)z- 2K ¢
xj(t-tl+ At) = e ™ -
Yiweo2 oK
: © e
(C-32)
h
TR e | reem,
% 3 n hj(tatl)
e +
vV ¢.Z 2K
2 (E-) = e _J 2K

Pj and Vj'are position and velocity calculated at the end of the

previous time interval.

Now, calculate ij'
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h
= SR
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B, =V, +A, 2-=av, + % ¢p =)
3 i j 2m 3 2m 3j B

___At h - -
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P_. and Vj are positions and velocities calculated at the end of the

previous time interval.

The choice of which pair of equations ((C-21) (C-25) or (c-32)
(C-33) or (C-34) (C-35) ) should be used for calculating the motions
of the masses is determined by the value of 2K G—J

Using the latest available calculated parameter values, one
evaluates hj at each time interval. All equations for Xj(j =253
are evaluated sequentially for one time interval before the next time
interval is examined.

NOTE: The above solutions can be generalized to a system with all
different masses, spring constants, and dampers if the following

substitutions are made:

B = Ki + Ki+l’ gr=ic it Ci4p> B = m,

C-17




Spring surging and coil clashing can also be analyzed from a con-
tinuum rather than a finite element. A derivation of the appropriate
equations appears in Referencel3. This work was done under contract
to the Army Weapons Command, and a computer program is available. This
approach appears to be more economical than the finite-element approach
unless a transfer function can be found. The search for such a function
is continuing.

A simpler treatment of inertial effects is to assume that an ideal
spring is acting on a mass equal to %—the mass of the spring. Because
the underlying assumptions are not immediately apparent, a derivation is
shown below:

Assume that the velocity of any point on the spring varies linearly

with spring mass between that point and the fixed end; that is,

V = ...L_. V =
Mopring ™

Thus, the velocity is zero at the fixed end (m=0) and is equal to vend

at the forced end (m = M ). Now, calculate the total kinetic

SPRING
energy (KE) of all mass points along the spring.

MpRING Mspr1NG 2
1 J bl S J m v2 . dm
KE = — Vedm = -
2 s 2o MsprING gos)
5 - MspriNG 2
Ty T 1] L¥epprng | Vend
midL el l, 7|3
SPRING

1 :
Thus, a mass equal to E'MSPRING that is forced against a massless spring
with velocity Vend will have the same kinetic energy as the spring with
the distributed mass that is forced with the same velocity. The key
assumption is linearity of velocity along the spring. As the spring is

forced with greater velocity, this assumption becomes less accurate.

13Phillips, J.W. and Costello, G.A., Large Deflections of Impacted Helical
Springs, Journal of the Acoustical Society of America, VOL 51, No. 3
(Part 2), pg 967 (1972)
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APPENDIX D

EXTENSION OF DETERMINISTIC MODELS TO PROBABILISTIC REGIME

The M16Al1 Rifle model described in this report is deterministic.
That is, one is given certain single-valued input data, and the model
provides single-valued output information. Such a model describes
only one particular weapon under one particular set of firing condi-
tions, and with one particular round of ammunition. However, input’
data in reality have a range of values. Not all weapon parts will
have the same weights and dimensions because of certain manufacturing
tolerances. Not all rounds of ammunition will produce the same
pressure-time curve. Not all mounts will have the same stiffness.

Not all crosswinds will have the same velocity. Not all shooters

will hold the weapon the same way. Not all weapons will have the

same amount of lubricant and contaminant. Not all weapons are fired
at the same ambient temperature. Such a list is virtually endless;
however, the problem is not as hopeless as it may seem. Most of these
quantities have reasonably well-defined bounds, that is, wind velocity
does not vary from plus infinity to minus infinity. A reasonable
estimate of mean value and standard deviation is possible. One can
then construct a reasonable probability distribution function. The
more experimental data that are available, the more accurate this
curve is likely to be. Similarly for the other input data, one can
approximate probability distribution functions; of course, some will
be more difficult than others. The next problem is the determination
of how to process this information. The computer should accept

this stochastic input information, operate with it, and provide stochas-
tic output.

Two possible methods are discussed by which a model could be
designed to carry out this process. The first is the Monte Carlo
technique and the second is a generalization of the method of partial
derivatives. An alternative to statistics is also presented. This

is a perturbation technique.
D-1




The Monte Carlo approach requires that one run the deterministic
model for many input values. These values are chosen to reflect the
probability distribution of the appropriate quantity. The method of
partial derivatives attempts to approximate the output means and
standard deviation given the input function. The perturbation tech-
nique is simply a way to examine the derivative of various quantities,
with respect to the others, to determine how sensitive the first vari-
able is to changes in the second. One can then use this knowledge
of the range of values for the second variable to determine the
significance of the derivative. The Monte Carlo method has a serious
disadvantage in that it requires a large number of computer runs. For
a complex model, this shortcoming causes the computer costs to become
excessive.

The method of partial derivatives requires only one computer run
and would save computer costs, but this method is more difficult to
set up. The technique does not provide the probability density function;
it provides a measure of the variability in output that could be expected.
The perturbation technique provides even less information directly.

The three techniques will be discussed in some technical detail in
the following paragraphs.

D.1 Introductory Example

First, an introductory problem will be presented to illustrate some

main ideas of this discussion about probabilistic models: The problem

is atypical in its lack of complexity. Let "m" be a mass sliding on an

inclined plane, as shown below:

. X



Ff is a friction force equal to umg cos 6, where u is the coefficient

of sliding friction. The equation of motion for the mass is

mx = mg sin 6 -umg cos 6, 6 # 0
I.C. x(0) = x(0) =0

The solution is

2
x(t) = [g sin 6 -ug cos 9]12’:- , x(t) = [g sin 6 -pg cos 6]t
or
x(t) = A + B u, x(t) =A1+Bl u
where
: 2 t2
A= [gsin 6] , B = -[g cos 8]~
2 2
Al = [g sin 8]t, B1 = -[g cos 0]t

Suppose that one selects the inclined plane and the sliding mass from

a stockpile of these objects where the coefficient of friction has a
normal distribution. Certainly, the surfaces will have some differences
in finish and lubrication, and not all the coefficients can be expected
to be the same. Suppose that the distribution has a mean of .3 and a
standard deviation of .05. Then, from probability theory, x(t) and i(t)

have a normal distribution with means of x = A + B E- = A +,3B,

=A +B uy =A + .3B
1 1 1 1

and with standard deviations of

L

= 2 L
Ux = [B2 (.05)2 1%

and
g+ = [BZ (.05)2 1% , respectively,
S ;

At any given time, t,» one can determine the probability that x(ts)

or i(ts) will lie within certain limits.




For example, let us find the values of x(.5) that lie within two standard
deviations of the mean of x(.5). :
Let
0 = 45°, g = 32.2 ft/sec?, t, = .5 sec
Then
A= 2.8461 ft, B = -2.8461 ft

and

Il
Il

% (.5)

g
X

2.8461 —(.3) (2.8461)
[(2.8461)2 (.05)2T¢

1.9923
.1423

I
]

P(1.9923 -2 ¢ < x(.5) <1.9923 +2 o) = .95

P(1.7077 <  x(.5) £ 2.2769) = .95

The previous results are dependent upon the fact that the differential
equation can be solved analytically, and that the distribution is normal
and completely determined. If p had a log-normal distribution, it would
be difficult to find the probability distribution for x(t). With a com-
plex model, analytical solutions become virtually impossible.
D.2 Monte Carlo

To attack problems associated with complex models, other techniques
are required. The first to be discussed will be the Monte Carlo technique.
It will be applied to the simple problem of a mass sliding on an inclined
plane. First, a preliminary discussion of the technique will be made.

Let U1, MHos «os un be a sequence of random variables that are constant

in time. Let F; (u1), F2 (u )...Fn (un) be the corresponding cumulative
2

probability distributions. These may be known in terms of elementary func-
tions or from test data. For each random variable Hys random numbers Ei
where 0 i.Ei < 1 are generated from a uniform distribution. The numbers
gi are equated to F(ui) for some My Then many values for u, are computed

from My = Fll(gi) as shown in the following diagram:




The differential equations are then solved many times with the use
of the My values. The output values are then distributed in some fashion
not necessarily similar to the input values.

Recall that the inclined plane problem is described by:

x = g sin 0 -ug cos 6, x(0) = %X(0) = 0, 6 = 45°, and g = 32.2 ft/sec?
where |y is normally distributed with a mean of .3 and a standard deviation
of .05.

= u _03

Let Z = 05

F(x) be the cumulative probability distribution function of the standard

Then "Z'" has a standard normal distribution. Let

normal. 7
F (Z) = J f(s) ds. Generate random_si and compute Z = F_l(gi).
Then u = .05 Z + .3. Table 11 contains the values obtained.
By taking a sufficiently large sample, one can find approximate
probabilities that x(t) at a given time will lie within certain limits.

For example,

P(29 < x(2) < 31) = ftrials (29 < x(2) <31) igali

total # trials 15

13

or
fitrials (1.7077 < x(.5) < 2.2769) 14

P(1.7077 < x(.5) < 2.2769) = 2o =793
total # trials

From the previously derived exact solution, P(1.7077 ==x(35) <.2.2769):=":95

It is possible to place confidence limits on the estimate that the
probability is .93 that x(.5) lies between 1.7077 and 2.2769. Such infor-
mation is tabulated. From pg. 147 in Referencelq, a 95% confidence inter-
val about .93 is (.67, 1). This interval could be reduced if a larger
sample were used.

An estimate of the sample size required for a 1 -o confidence inter-
val (P -E, P + E) for the probability "P" is P(1-P) [zl_ %‘]2 (Z 3

: 2

1

n=
E2
indicates that "Z" is a function of 1 - %—.)

1“Haugen, E., Probabilistic Approaches to Design, John Wiley & Soms,
Inc., New York (1968)
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TABLE 11 SAMPLE MONTE CARLO CALCULATIONS

3 z " x(.5) x(2)

31 .816 .90 .345 1.864 29.82
2. .763 .72 .336 1.889 30.22
a3k .061 -1.54 .323 1.927 30.83
4. .988 2.28 L4125 1.672 26.75
55 174 -.94 .253 2.126 30.02
6. .709 .55 .3275 1.914 30.62
7 .889 1.22 .361 1.819 29.10
8. .772 .75 .3375 1.885 30.16
9, .893 1.24 .362 1.816 29.05
10. .232 73 .3365 1.888 30.21
11, .091 1.33 .3665 1.803 28.85
12. .133 1.11 .3555 1.834 29.34
13, .197 .85 . 3425 1.871 29,94
14. 469 .10 .305 1.978 31.65
15, .061 -1.55 .2225 2,213 “ 35.10

For the case (1.7077 <x(.5) < 2.2769), E= .05, o = .05, P = .93

and
.93(1 -.93)(1.96)2
n = = 100
(.05)2

Thus, a sample size of 100 would be needed to get a 95% confidence inter-
val of (.88, .98).
D.3 Partial Derivatives

Now, consider the method of partial derivatives. This method provides

estimates for the means and standard deviations of the output given the
means and standard deviations of the input data. It does not provide a
probability density function for the output. The technique is applied to
algebraic equations in Haugen's book.quere, the technique is extended to
ordinary differential equations.
Consider the differential equation x(t) = F(x, a, t) (D-1)
n;mn

where x(0) = X - The variable "a" is random and has a mean "a'" and a

standard deviation "o'".

1%4augen, E., Probabilistic Approaches to Design, John Wiley & Sons,
Inc., New York (1968)
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t
The solution of the equation is x(t) = J F(x, a, 1) d Tt + x . (D-2)
o
0
Thus, the variable x(t) is also random.

Given that xl, Xz R xn are random variables with means ;', x
1 2

and standard deviations Sx = Sx S aea Sx , define z=VY (xl, xz, S }cn).

1 7 n

Approximations to the mean and standard deviation of 'z" are:

Ez‘{’(;,x,...x) (D-3)

n
= 9ZNE o Tl
S, = ¥ - S 3 (D-4)
Z [j=l (B'xj) xj ]

NOTE: In the approximation of the mean, higher-order terms in a Taylor
series expansion of "z'" about Ei are neglected. Some could be included
for greater accuracy. The partial derivatives in the approximation to
the standard deviation are evaluated at the mean values of the xi's.
These approximations are quite good if the variances are not too large.
The remaining development of the method of partial derivatives will be
based on these approximations.

Now apply (D-3) to (D-2)

[ £
x(t,a)=J F(x, a, T)dT+xo

(4]
This equation means that the mean of x(t, a) can be approximated by the

solution of the differential equation where "a" has been substituted for

m_n

a -
Now
( 2 Lzl
Sx(t, a) = [(‘Q‘);:‘ a)) Ss]
From (D-2)
9 x(t, a I N £ 9 F(x, a, 1 I LoaideT
9 a a=a 9 a a=a
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o s »e £ 3F(x, a, 1) I dt o
e a(ty a) G 5 a

Consider the example

I

%(t) atier °C
x(0) 0

The variable "a" has a mean "a" and a standard deviation o .

]

t o ¢ ;
x (t, a) = J F(x, a, 1) d T + X, = J Ao dwa 0=a (1 —e_tJ
o o

aF(x'} a, t) J =1
9 a a=a
4 t
3x(t, a) | Nl 9F(x, a, 1) I i E = o
g R 34 e~ & drte= e dt=1-e
o o
~ | 3x(t, a) -t
Sx(t. a)us | ¢ a o5 lioiitlee)

For this example, the exact result can be obtained.

x (t, a) =a (1 _e_t)

X (t,a) =a (1 -e"5)

éx(t, a) =0 (1 -e%

Thus, the approximate and exact results are equal.
This scheme will now be generalized to a system of first-order differ-
ential equations. Since one or more higher-order differential equations

can be transformed to a system of first-order equations, this is a power-

ful generalization.

The system of equations is described by:

x(t) = F(x, a, t)
x(0) = g(a)
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where

Eae [ x, 8, 0]
2 x (t) F
x(t) - 2- F(x, a, t) = Z(x’.a, t)
x (€) F (x, a, t)
] i =
- o = - -
r 3'1 81 (a) al
a g (a) a
a = < gla) = | 2 o e
ey am .J _gn(a) - e ;m et
then ¢
x(t, a) = J- F(x, a, 1) d T + g(a)
o]
m— t —_— —
x(t, a) = J F(x, a, ) d T + g(a)
1 1/2
ax(t,a)) 3x(t,a) 2 =52
a)
3 a
m
; (D-5)
ax(t,a> > x (t, a)‘* 2
a
= m
m
13 4

The square root of the column vector is the column vector formed from the

square root of each term.

I - S

Partial derivatives are evaluated at

al, a s
e n
t
5o ttaia) [t aPa e | _ 2gGa) ; _
B‘(aj =i a=a Jo 3 aj | =a LR 3 aj a=a (D-6)
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The following is a simple example for which exact results can also

be obtained. Consider a free-falling mass. x = -g
x(0) = al

x(0) = a

2

Assume a has a mean of zero and a standard deviation of Ua 5
1

Assume a has a mean of zero and a standard deviation of cé -

2
Make the following transformation: X =i
1
X =X
2
“ % (0) = a
1 1
x (0) = a
2 2

3 a
] N
Jtax
axl 2 0
——— o dt t
2 5 2 1 1
3 x t
g
o dt
d a -
Baz 2



Insert these expressions into (D-5).

St adi=s
X

Now, find the exact results for S and compare with the approxi-

X(ts a-)
mate expression above.

X = =g

x(0)

a x(0) = a
L 2

x(t)

2 2| %
= a ag
x [a t2+ a ]
2 1

1 2
-=gtc+at+a
2 2 1

7]
|

oe
~
ind
~—
]

-g t +a
& 2

Thus, the approximate and exact results for the standard deviations
are equal. It can also be shown that the approximate and exact mean

values are equal.

Using this approximate method, one could get a good idea of the
nature of the output without resorting to the time-consuming Monte
Carlo technique. By calculating approximate output means and standard
deviations, one can '"bracket" the solution by graphing the results

as follows:
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X+ 2dx

X(t) %
X&_ Zlix

Using the method of partial derivatives, one can avoid transforma-
tion to a system of first-order equations and can find partial deriva-
tives directly. For example, consider a projectile that leaves a
barrel with a random muzzle velocity having a mean Ve and a standard

deviation 250 Assume that the angle of elevation 6 is a random
o

variable with mean 6 and standard deviation 09. Assume that the only

force on the projectile is that of gravity.

Then

I

0, y(0)

my = -g v (0) vo sin ©

0, x(0)

i
o

x(0)

I
]

mx vo cos B

Do not transform the system to first-order, but directly take partial

derivatives of the equations with respect to the random variables.

Note that

3

-
m
<
»
mn
b

=]
ar
=
=]
=1



S AE mx. .
o o
Yy (0) = 0 * (0) =0
o o
Yy (0) = sin 8 %y (0) = cos ©
o o
.‘l ; = ... i =
vo ] vo o
Yy =at+ 8 Xy =at+8
o o :
Yy = (sin 8) t Xy = (cos 8) t
o o
Yy = sin 8 *y = cos 8
o o
m}rG =0 m;;e =0
0) =0 =
¥g (0) x4 (0) = 0
y.(0) = v cos 8 ¥ =
6 o xe(O) v sin 6
I‘o ye =0 ... *e =
S (cos 6) ¢ Ko = -(VD sin 8) t
Ye = Vo cos B ;:a = _.vo sin 2]
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Equation (D-4) is

. = a2 23 20 ) 21%
Sx(t} [0"0 cos? 6 + % (vo sin 8) 4]% ¢t
S [o 2 cos2 9+ g2 (; sin E) 2]!§
x(t) = b2 ;] o
s = [0 2sin2 8+ 02 (¥ 8) 21
v (t) [ v sin® @ oa (vo cos 6) <] t
. ~ 2 2 n v T ay 2
Sy(t) [C“'r sin® 6 + 9% (vo cos 8) ];i

The following is an illustration of the types of conclusions that
can be drawn from the results of this method.

Suppose

Then

Sx(t) SRS St

o
Se =
x(t) = %
)
S z ov
y(t) oﬁvot

S = gy
y(t) = %Y

Thus, when the average elevation is zero, o, has virtually no effect on

8
S or S- i i ¢

) %(t) if ce is small

One can, by maximizing Sx(t)’ find the average elevation at which x(t)
has a maximum variation. Thus, one must find 6 that maximizes

= 2 25 2 2
eSS et B e e

Substitute 8in? 8 = 1 -cos2 §

S = Lo w2 2
ey i {'D %" v,?) cos 6+ g voz] be



If
6 =0,
then

S is a maximum.
x(t) &

D.4 Perturbation

The following perturbation method is an alternative to the statis-—

tical approach. This method is not as powerful, but it can yield much
useful information.
Consider the equation x = £f(x, t, a), where "a" is a random vari-

able, and x(0) = X .
The solution of this equation is

t ;
x(t) ﬁJ fi(x, t, a) dt + X
o

The fundamental objective of this method is to evaluate the effect on
x(t) caused by a small change in "a".
The change in x(t) can be written Ax(t) = Egggl-&a, if only the first

two terms in a Taylor series expansion of "x" about "a" are used.

From (D-1)

t
ax(t) . J 3E(x, ty 8) g
da da

(o]

As a simple illustration, consider the following:

- -at
x(t) = e 2
x(0) = 0
Af(x, %, a) -t e"at
da
t -at =
Se(e) B ar Bt g Lie S oY)
Ja a al




NOTE: 1If the equation cannot be solved analytically, gnf- can still be
9 £(x, t, a) over time with zero

found numerically by integrating 3¢t

initial conditions. The basic approach can be extended to systems of
differential equations.

Now, consider the case of a free-falling mass and find the effects
of slight variations in initial velocity and displacement on velocity

and displacement at some time "t'".

mx = -g
x(0) = x

o
x(0) = X

Take partial derivatives of each equation with respect to X and io

and solve the resulting equations.

mc, =0 me: =0
%o %o
x (0) =1 x» (0) =0
X X
o o
X (0) =0 s 0 =1
) o
x =oat 4 B X+ =aoat + B
bls x
o o
x () =1 X = t
*o o
. - -;; = ]
xx(t)-o X
o
Ax(t) = X, (t) ﬂxo + xs (t) Axo Ax(t) = X (t) ﬂxo + X (t) 6x0
(o] o o o
“Ax(t) = axo + t &xo Ax(t) = Axo
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A graph can often be helpful in determining which variables should

be altered to achieve a desired change in displacement or velocity.

/

x;n *x.

Thus, one can see that a small change in initial displacement changes
the displacement at each point in time by an equal amount. Velocity can

be seen to be unaffected by a small change in displacement.

Thus, a change in initial velocity affects the displacement by an amount
that increases with time. A change in initial velocity is simply added

to the velocity at any other time.
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APPENDIX E
""BROAD SPECTRUM OF AMMUNITION" STUDY

The "Broad Spectrum of Ammunition" Study initiated under the
Weapons Laboratory (WECOM) is designed to investigate an important, but
relatively unexplored area of weapon-ammunition interaction. Emphasis
is on the determination of how various ammunition parameters affect
weapon operation and how these parameters are distributed in normal
ammunition production. The term "broad spectrum" refers to the wide
range in parameter values that occurs in production. Potentially,
many useful results exist from such an investigation. For example,
by understanding how gas behavior is affected by nonuniformity of pro-
pellant grain shape and, in turn, how gas behavior affects mechanism
performance and reliability, one could then either stiffen or relax
manufacturing tolerances on uniformity of grain shape. Also, having
a more complete understanding of the weapon-ammunition interface, one
could better design weapons so that they are relatively insensitive to

15

ammunition tolerances difficult to maintain. Reference provides

additional background.

The general approach of this study is to answer the following
three basic questions: (1) What measurable weapon characteristics
should be used as indicators of weapon performance? (2) How do ammu-
nition tolerances affect these performance indicators? (3) In normal
production, what are the distributions of ammunition tolerance that are
important to weapon performance? Mathematical models of weapons can be
highly useful in the study of the first two questions. Statistical
analyses of acceptance test data on breech and port pressures have been

performed in support of the third question. See Reference 2

15pAmmunition Selection for Verification Testing of the 5.56mm, XM207,
Belt-Fed Machine Gun", Technical Report 70-103, Rock Island, Illinois
(Aug 1969)

16”Investigation of the Interaction of Weapon-Ammunition Subsystems",
Technical Report SWERR-TR-72-30, AD 742723, Rock Island, Illinois
(May 1972)
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This task is very difficult, but it is also important. The problem
it addresses cannot be solved in a straight-forward manner. Although a
long-term effort is required, interim results should prove highly useful.

This work interfaces with the probabilistic modeling described in

Appendix D.
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APPENDIX F
METHODS OF TREATING IMPACT

The impact between moving bodies in a weapon mechanism is very diffi-
cult to model accurately. Knowledge in this field is important for stress,
wear, and fatigue analysis. In reality, time-dependent elastoplastic
effects are involved. The nature of the impact depends on the motions of
the masses just prior to impact, the mechanical properties of the material,
the area of contact, the angle of contact, the boundary conditions on the
colliding bodies, the physical dimensions of the masses, etc. However, in
the interest of reasonable computation time for an already complex weapon
model and in view of the lack of current theory to handle accurately impact
situations, large approximations are made.

Often, a coefficient of restitution is used. This coefficient is an
indication of the kinetic energy that is lost by the colliding bodies.
However, with this method, one knows neither the duration of contact nor
the forces involved. A better approximation would be to assume that, at
the time of impact, a stiff spring and dashpot hypothetically appear between
the two colliding masses. Coulomb, rather than viscous damping, could be
assumed, but the question of which should be used is somewhat academic since
the collision process is far too complex to be accurately modeled by either
one. .

Two major difficulties exist in the spring approach. The first diffi-
culty is that it is difficult to properly choose the most appropriate
spring and damping values. To some extent, the spring constant can be
based on Young's modulus if one assumes that the constant is approximately
AE/L. However, then a question arises as to the choice of length L.
Possibly, one could let L vary and be equal to the instantaneous distance
that the stress wave has traveled in the body. Another way to arrive at
spring and damping constants is to correlate them with a coefficient of
restitution. These coefficients are easy to measure and are often tabu-
lated. Mr. Robert Coberly, Research Directorate, Weapons Laboratory,
WECOM, has derived a relationship that will permit one to choose spring
and dashpot values if the coefficient of restitution is known. The spring
will then account for the force history of impact; this feat cannot be

accomplished with the use of a coefficient of restitution without the spring.
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The second difficulty with the spring concept is that, when a digital
computer is used to solve the equations, an extremely small time incre-
ment is needed when a stiff spring is present. Otherwise, the momenta
of the colliding bodies will, in the space of a single time-increment,
carry these bodies so deeply into each other that the displacements
represent extremely high force levels when multiplied by a large spring
constant.

Another method of treating impact is to consider that the colliding
bodies are hypothetically broken into a series of point masses, springs,

and dashpots as follows:

L ; i
MWW AW AWM

This mechanical system is studied in Appendix C. However, the analysis
is still too time-consuming on a computer to be practical in a large
weapon model. What is needed is a transfer function that will give a
direct relation between input displacement and output force. Such a
model could account for another facet of impact not considered by the
previously described methods. That facet is the propagation and re-
flection of stress waves. Parts of a colliding body, not close to the
impact point, do not receive information that contact has been made
until a finite length of time has elapsed. How the stress wave is re-—
flected depends on the boundary conditions. This approach by which

the body is divided into a number of segments is called a lumped-mass
or finite-element approach. Simplification of this approach may be
possible by replacement of the many masses and springs with a single
mass-spring system where the spring constant is a function of time.
This constant would be K = Mi/x, where the position X of the single
mass would be equal to the position history of the first mass in the
large finite-element model. This ratio has been found to remain con-
stant even if the initial conditions are changed. Thus, for a particu-

lar problem, one might establish K(t) and expect it to hold regardless
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of the impact velocities.

A continuum approach might also be considered. This can also be
used to account for the propagation and reflection of stress waves.
An example of how it might be used follows:

Navier's equation is:

84 _ .y

3 x i

GV2 U, + (A +0)
1 1

Assume
w=v=20

U=U(x, &)
‘Substitute into Navier's equation to obtain

g N 32 U
3 x? #ak;28 o t?

tt P Xk A = dilitation

rs
Lame's constant

(=]

u

[¢]
(S

=
]

tt xX ,
Shear modulus

]
L]

tt XX

Uu(o, t) =

I
Hh
L)
T
—r

1]
o

u(L, t)
U(x, 0) = 0

Ut(x. 0) = h(x)

Let
U=v+ gx) £f(t)
v(0,t) + g(0) £(t) = £(t)
v(L, t) + g(L) £(t) =0
Require
v(0, t) = (L, t) = 0
g(0) =1
g(L) = 0
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Vo itglo) £ (e) =c? v Fig'? o) £(t)

Vee T c? i g'' (x) £(t) - gx) £'" (t)
Let

g(x)=1 —%

Voo c? v e (f - 1) £'' (t)

v(0, t) = 0

v(L, t) =0

v(x, 0) = =(1 - 5 £(0)

u[},

]
o

Since £(0)

v, (x, 0) = h(x) - g(x) £(0)

Let
. nTx
v=_1 wn(t:) sin s

I.C. => £ w_(0) sin 22X =0
n L

w (0) =0
n

Write equation as

2 nrx
-c = § t in —
vtt vxx Qn( Jpgin Lt

where

L
2 X s nnx
Qn(t) =T J (f - 1) £''(¢) sin 7= dx.

Q

By substitution,
R

; 2.2
L w'' sin HLES et c? BT w sin LR Q sin
n L 12 ® L n

202
(K 2 n=tie =
w'(t) +c = w (£) = Q (t)
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]

v, (x, 0) + g(x) £'(0) = h(x)

]

ve(x, 0) = h(x) -£'(0) - P

vt(x, 0) L B sin —

where

2 |L ' X nrx
Sn =i Jo [h(x) —£'(0)(1 - L) sin L ] dx.

- 1 nmx
vt(x, 0) z 0! (0) sin e

S ow! (0) =8
n n

cznzlnz

1.2

w;'(t) + w (t) = Gn(t)

wn(O)

]
o

w;(o)

]
™

One can solve for w .
n

Then,

veZuw (t) sin 22X
n L

U=v+(1-§) £(t)

nwx X
= — - —
U=731 mn(t) sin I + (1 L) £(t)

Thus,
for a given input displacement £(t) at x=0, one knows U(x, t)

Thus,

one can find € = Gl

9 x




The generalized Hook's Law reduces to

0=2Ge +Ae=(2G+ 1) ¢

o= (2 G+ 1) %—E

What is needed is

~gA=KU+cU=Kf (t) , neglecting damping

=0 A
K (6
o U
- A Y e
Rt IS ESA

£(t)

o0

Z G+ A 1
Ko o \:% I nwn(t:)—ff(t) A (X=L)

£(t) n=1
where N
w! ! (£) +“LL w (£) = Q (©)
w (0) =
n

w '(0) = B
n. n )
Qn(t} =T
al
Bn =

P
1}

Id
Lame's constant

G = Shear modulus

L

L
J (h(x) -£'(Q) 1 - %) sin
(o]

f(t) = displacement hiétory at x=0

h(x)

Probably Ut(O’ 0) = £'(0)
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Ué(x >0,0) =0

L
I (% -1) £''(t) sin 23X gx

nmx

L

Ut(x, 0) = rate of change of U along body at t=0,



Let

f(t) =at
(£) = = X & -1)(0) sin &) dx =0
Qn T 5 L L
E'(0) at x=0
h@x) =g a¢ x > 0
2 i X nmx
B = «-J -£'(0) (1 - =) sin — dx
nsains L L
2 a L x nmx
Bl miz e Jo (l—f)sin--L— dx
L L
2 a [ nmx X nnx
=i Sl J sin = dx—I I..Sin T dx
o o
2
2 a L arx L _ 1 Lz omx _ L nmx
By om €08 7T | I 5 i L - X cos =
nem
.
L ghan L B S 1R D
L Epg= il nm L nm
. _2a L -2a
L ntm nm
B = —= S v
n onm

E
=]
~
(=]
~—
]
o

nm

=

~

[=)

~
|
1

w = A cosyt+ B sin 'Yn't

w (0) =0=> A=0
n n

1
w' =B cos t
A 5 Y Yn

)t = = o 2_3
un(0> Bn Yn om
B
Y‘ﬂ




2 K,_A2_G_u 5 _2iBL. g CNX _ £
f(t) el cnm T L

26 + A 5 2 a cnt £(t
s = ——— Sl 1 AL
K A (t [ L ( = sin —-—L t) L ]

f(t) = at
g cnt
K = A(2G 4 1) [+'I:+E B et e
n=1
I 1 % 2 cnm
K=+A(ZG+.X)[E+E- E Esin-—L t]
n=1
I L
K = +AE =+= [ — &in ot ¢ Spring Constant
LL £ . ween L
n=1
This K can be shown to be c = 3 .E.

Lo m c 2L.
K = AE ['L + o a - = t)] » 0. % =n periodically repeated.
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APPENDIX G
COUPLING OF COMPLEX MODELS

Many occasions arise when it would be desirable to couple complex
mathematical models. Often a very large effort is needed to successfully
combine the computer programs. Sometimes it is better "to start from
scratch" than to attempt to make the programs compatible that have been
written by two different people. This problem arises in weapon dynamic
studies where an important consideration is the interaction between a
mount-vehicle system and a weapon system. For example, if someone has
a model of a certain weapon mechanism, much information could be gained
by coupling it with someone else's model of a certain helicopter. The
basic problem is an extremely important one and has applications far
beyond weapons. However, the problem is also very difficult. The
coupled system behaves as a completely new system and often bears little
relation to the independent behavior of either system. A review of the
literature reveals very little information concerning this problem.

One approach is to simplify one or both of the complex models. In
effect, one models the model. It is possible to simplify the model to
the point where it is a single analytic expression relating the force
exerted by the mount to the position, velocity, and acceleration of the
weapon. (See Reference3) However, considerable deterioration in accur-
acy can easily occur. Another approach is outlined below. It is much more
successful in its ability to preserve the true natures of the interacting
systems. However, it is more difficult to apply; but for many problems,
the application of the method is simpler than simultaneous solution of

all equations in both models.

3Ehle, P.E., "Mathematical Model of the Stoner 5.56mm Medium Machine Gun,
XM207," WECOM Technical Report 70-114, AD 862081L, Research and Engin-
eering Directorate, Rock Island, Il1l. (Oct 1969)
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Let ;; locate the position of the point on the vehicle that is

connected to the gun. Let ;E locate the position of the point on the
gun that is connected to the vehicle. Assume that some unknown inter-
action force exists at this common point that causes the vehicle and
gun to move together there. Assume that this force can be represented

by a Fourier sine or cosine series in (0, to).

That is,
! K nmt
?(t) = T An sin —"'t
n=1 o
where

= t —

A-g— OF(t)sinEdt

n t t
o o [o]

and tO is the maximum time for which the solution is desired. The assump-

tion that the masses move together at the coupling point is equivalent to

—_—

— — —_—
the constraint equation X, = X, =0, where o accounts for any difference

in the origins of the two coordinate systems. The procedure is as follows:

1. Make an initial guess for the Ah values. Denote these by E; .
(0)
2. Run the vehicle and gun programs independently with a forcing
function equal to the Fourier series established with K; values.
e o5 (0)
The result will be x (t) and x (t). However, these functions
Y(0) ®(0)
will almost certainly not satisfy the constraint equation.
3. Expand x_ and x_, in a Taylor series about'K
v G n
(0)
o e Rl R
= O |sa+ I v 2 :
v V(O) n=1 3}: n Aol —a?-z—gg-)_ (dAnJ +
e ] R
TR K ra?{G 1 K —32;0 i
Xop=bxe = (0) r s e ii(0)) (ﬁi‘)z*_...
L A n =
(0) n=1 BAn n=1 34 2 n
2oy o) |




4. Substitute the results of (3.) into the constraint equation.

Neglect second and higher order terms.

ax, 3%,
- S - K G v W
X (t) “Xg (t) —a = ¢ = (e — @) A A
V(0) (0) n=l | %A 94 2
©@ ™0
3%,
5. From the gun model determine ﬂ:JQL ; and from the vehicle
9A
n
B (L )
model determine —<% ., If the governing equations are
3A

n

0)
linear, the partial derivatives can be found directly. Other-

wise, they can be estimated by the running of each model and the

noting of changes in *¢ and X as the A are varied.
(0) V(0) n
6. Write the equation in (4.) for each of k points in time scattered
throughout (0, t ). One knows the values of X SR .
0 v G
) (0)

3 3%, o,
o, -Trigl and f;iﬁl . Thus, one has k algebraic equations

A 3A

" (0) " (0)
and k unknowns A An.

7. Solve for A E; and write K; = K; + A K;.
1) (0)
8. Repeat the above process, and use K; as the initial guess in
the Fourier series. @)
9. Repeat the entire process until‘;v - ;& is as close as
1) 1)

—_
possible or as close as desired to a.

There are two basic problems that may be encountered when one applies

this method. First, for a very irregular interaction force over a long

time interval, a large k value may be needed. Also, for some problems, a

large number of iterations may be necessary.

The method was applied to simple spring mass systems with nonlinear

spring constants. It was also applied to a complex weapon model (XM207)

G-3




in conjunction with a simple mount model. In all cases, convergence
to the known interaction force was very rapid. Four iterations gave

very good results. The method will not work equally well for all

problems.
The approach described represents a "first cut" at the problem.

Much work remains to satisfactorily solve it.
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APPENDIX H
SIMPLIFIED EXTERIOR BALLISTICS ANALYSIS

A simplified exterior ballistics analysis was made for the deter-
mination of accuracy trends as various weapon parameters were varied.
A sophisticated analysis is considered unnecessary for this purpose.
The projectile is given only two degrees of freedom, and the drag force
is assumed to be zero. Gravity is the only force that acts on the pro-
jectile. The axis of the barrel does not pass through the pivot point,

which is assumed to be the center of gravity.

z <4—MUZZLE

//
= 9e _“._

(e B e ; 'Y

NOTE: a = Minimum distance from pivot point to bore axis

Figure 45 Geometry for Exterior Ballistics Analysis

Coordinates of Muzzle:

z= "L2 + a2 sin (8 + ¢)

Y = L2 + o2 cos (e + ¢)




Components

v

Y,

v

Z

of Muzzle Velocity:

V cos © V = muzzle velocity

V sin ©

Total velocity components of projectile at muzzle:

% + V cos O

]
G)-

i + V sin ©

The equation governing vertical motion is:

.

z

-8
-gt + c
1

-Lgt?2+ct+ec
1 2

At = Etiis g s gty

i - 1 i
i e | 2 +
zi 3 gti clti + c2
- = i +
zi gti c1
cl = zi + gti

=gz, +! -t. (z, +
c2 2yt gti A (zi gti)

= 2 7.+
L gt + [zi gti] £+ [zi + 4 gt

The equation governing horizontal motion is:

= ket -+ k
T1 1 2
yi=k1
kz SV *yit H-2

e 1.2 + 02 gin (0+ ¢) + V cos ©

Y-2 2 2
L2 + ¢ cos (O+ ¢) + Vsin ©

-t, (z, +
G, +ee))]

(5-1)



=Ot+ —I

Yl [y, -v,¢,]

Now determine t when y = R = range to target
R =

+ _l
itp T Ly oy, gl

H e

— 1t ats] + =
t — [R i yiti]
i

Next determine z when t = tr by substitution of (H-3) into (H-1)

l . 2 . l -
= -3 g — [R-y, + 4 + =R -
S el | Yy yitil [zi yt;1 IR vy £yl

+ + -t (z, +
[z, ¥ ety ot/ i+ et D)

Assume initial time ti =0,

Then
e = -ke R-y]l +3, % [R5+
R P Yy o Sy
Yy Vi
where

z, = V sin (0 + ¢)

i L2 + a2

L]
0 "2 + 02 cos (0+ ¢) + V sin ©

]

i
Ve s "L2 + 02 cos (0 + ¢)
§i =-0"12 + 42 sin (O0+ ¢) + V cos ©
et oy A L)
¢ sin L

Zp is the vertical coordinate of the impact point at range R.

Nominal Values are:

a = .065 ft

L = 1.645 ft

R = 450 ft

V = 3180 ft/sec

e=0

© is obtained from the analysis of rifle rotation.
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APPENDIX I
GAS DYNAMICS

Accurate representations of gas forces are of great importance to
mathematical models of automatic gas-operated weapons. At the present
time, experimental pressure-time curves provide probably the most accur-
ate simulation of these forces. However, to retain this accuracy, one
must make new measurements each time changes are made in weapon param-
eters. Also, because of round-to-round variations, the use of any
single curve is not realistic. Theoretical descriptions would allow
one to account for the influence on gas force caused by changes in
weapon parameters, but much work remains before really accurate pre-
dictions can be made.

In the M16Al1 model, experimental pressure curves are used. However,
there are many uncertainties associated with these measurements. Pressure
gauges made by different manufacturers tend to disagree with one another.
Also, it is very difficult to get measurements at exact points where
they are needed. In addition, the presence of the gauge tends to per-
turb the normal fluid flow. Nevertheless, experimental measurements
are probably more reliable than theoretical predictions.

There exist many computer programs that treat interior ballistics.
Very few consider propellants with deterrent coatings. An unpublished
one that does was constructed by T. Trafton at BRL. All of these
analyses introduce gross approximations, but for many purposes, the
results are satisfactory. One of the most successful analyses of flow

- This analysis is

in the M16Al gas tube is described in Reference
fairly detailed and complex, and it provides an excellent tool for
individual study of the gas tube. However, in the modeling of the
dynamics of an entire weapon, a delicate balance must be struck between
complexity and the limitations of computer storage and running time.

This problem is compounded if the Monte Carlo technique, which requires

dspurk, J.H., "The Gas Flow in Gas-Operated Weapons," Ballistic Research
Laboratories Report No. 1475, Aberdeen Proving Ground, Md. (Feb 1970)
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many computer runs, is used. What is needed in this instance is a
relatively simple model that can accept wide modifications in flow
geometry and thermal properties and provide approximate answers. With
such a gas flow analysis included in the weapon model, one could, for
example, look at trends in unlocking force as changes are made in the
location of the gas port, the thermal properties of the tube, or
changes in the tube geometry. Such an analysis has been developed

in theory in Reference’. However, the present computer program exhi-
bits an instability for high rates of change of pressure typical of

a weapon, and this problem is currently under investigation.

7Eh1e, P.E. and Rahe, A.E., "Development of a Finite Element Approach
for Approximate Analysis of Unsteady Compressible Fluid Flow," WECOM
Technical Report SWERR-TR-72-36, AD 746234, Rock Island, I1l1 (Jun 72)




APPENDIX J
CONVERSION OF PHYSICAL UNITS

TABLE 12 CONVERSION OF PHYSICAL UNITS

Area: 1 m? = 10.764 £t2 = 1,550 in2

' . = Sl
Force: = 1 newton = 1 kg-m/sec .22482 Ib o ce
" Length: lm=3.281 ft = 39,37 in
Mass: 1 kg= 2,205 1b
mass

Pressure: 1 newton/m? = 1 kg/(m-sec2) = ,14511 x 10 3 fsi
Velocity: 1 m/sec = 3.281 ft/sec = 39.37 in/sec .

Cyclic rate:

. Time for Onme Shot (milliseconds) Shots Per Minute
60 : 1,000
61 984
62 ' 968
63 952
64 . 938
65 923
66 © 909
67 896
68 © 882 -
69 870
70 . 857
71 o 845
72 833
73 ; 822
74 : 811
75 800
76 789
77 : 779
78 1 769
79 759
80 750
81 . 741
82 732
83 723
84 714
85 . 706
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APPENDIX K

COMPUTER PROGRAM FOR M16A1 RIFLE AND SAMPLE OUTPUT

K-1 The following page is blank:
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For each component mass, equations of motion are written.
These allow a total of eleven degrees of freedom plus a
nearly unlimited number of degrees of freedom for the drive
spring. To provide accuracy data, one rotational degree of
freedom is allowed for weapon pitch motion. Expressions are
derived for the many diverse forces acting on the masses.
The resulting equations are solved on an IBM 360/65 digital
computer. A sensitivity analysis is conducted, and the
results are compared with those from a similar model of the
XM19 Rifle. The greatest differences between the M16Al and
the XM19 sensitivities were found to be the effect of the
ignition delay and the drive spring on cycle time and the
mounting conditions on accuracy.

The methods developed during model construction are appli-
cable to the modeling of many other weapons. Part II of
this two-report series is an application of these techni-
ques to the XM19 Rifle.
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For each component mass, equations of motion are written.
These allow a total of eleven degrees of freedom plus a
nearly unlimited number of degrees of freedom for the drive
spring. To provide accuracy data, one rotational degree of
freedom is allowed for weapon pitch motion. Expressions are
derived for the many diverse forces acting on the masses.
The resulting equations are solved on an IBM 360/65 digital
computer. A sensitivity analysis is conducted, and the
results are compared with those from a similar model of the
XM19 Rifle. The greatest differences between the M16Al and
the XM19 sensitivities were found to be the effect of the
ignition delay and the drive spring on cycle time and the
mounting conditions on accuracy.

The methods developed during model construction are appli-
cable to the modeling of many other weapons. Part II of
this two-report series is an application of these techni-
ques to the XM19 Rifle.
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