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A new method for calculating the ballistics of recoilless guns during the period of burning
of the propellant has been obtained. Ballistics have also been calculated by exact numerical
integration in a fow cases and these results have been compared with those obtained by the
method described in this paper. It has been found that the results obtained by these two
methods agree satisfactorily.

[ ]

The internal ballistics of recoilless guns was first discussed by Corner 12 who sug-
gested a semi-empirical method—-based on a good number of accurate numerical integra-
tions—for the calculation of ballistics. Later Thiruvenkatachar & Venkatesan® suggested
a method in which the ballistic variables were assumed to be expansible in powers of the
leakage parameter ¥. They calculated the ballistics retaining only upto the first power of
¥. Jaint extended their work by calculating the ballistics retaining upto the second power
of ¥-and pointed out that for accurate calculation contribution of the ¥2-term should
be taken into consideration in case of leaking guns while for recoilless guns solution even
upto  ¥2-term was not reliable. Jaint did not discuss how these solutions compared with
exact numerical integration. Because of this we have obtained the ballistics by exact
nunterical integration in a few arbitrary cases. Next we have developed an approximate
solution of the ballistic equations valid during the period of burning of propellants in the
specific form of tube. Since for the period of burning our main interest is to calculate the
burnt-values of the ballistic variables and since the difference between our approximate
solution and exact numerical solution is greatest—discussed later—for the burnt values,”

we have obtained these values by our approximate solution, by Jain’s solution and by exact

numerical integration. It has been found that for the calculation of the burnt-values of the

ballistic variables, our approximate solution agrees very satisfactorily with the exact
numerical solution at least for practical values of M. But the solution suggested by Jaint in
this respect differs considerably from the exact numerical solution. Furthermore calculation
by our method requires evaluation of certain powers of different numbers in a particular
interval and so it is expected to-be quite easy and quick. Calculation of burnt-values
involves practically no labour. :

BASIC EQUATIONS AND APPROXIMATESOLUTION

With notations used by Jain? and Corner? the basic equations giving the interna
. ballistics of recoilless and leaking guns using tubular propellants and with linear rate .of
burning can be written as follows :
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Tet us denote the values of Z at short-start and nozzle-start by Z, # 0 and Zy # 0 res-
pectively. The equation (2) holds good from the instant of short-start, (4) from the instant of
nozzle-start and (5) when the shot is in motion and the nozzleis in operation. To be specific
lot us assume that the nozzle-start occurs before shot-start. In the intervening period from
nozzle-start to shot-srart the gun behaves like a rocket and during this period the internal
ballistics is obtained by integrating (14), (), (4) and (15) [obtained from (1) to (6) by put-
ging € =1, 9= 0, W = oo, since the shot is at rest]. ‘
{=N1T ' (14)
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With the initial conditions at » =0, 7" =1, Z = N = { = Zy # 0.
These four equations are valid till the shot-start. Since Z, will, in general, differ slightly
from Zy these four equations are integrated numerically by say Runge-Kutta’s method
with the above initial conditions to obtain the values of IV , Z, N and { (= NT')at
shot-start. Let us denote these by the suffix zero. After shot-start (1) to (5) are to be inte-
grated with the initial conditions: ’
{=tF,Z=22N=N2T=I,¢(=1,n1= 0, at 7 = 0 (say).

We now develop an approximate éolution of the equations. Since the factor 1 + —-122%\1

deviates little from its mean value during the pe’ri(;d of -bufning it is permissible to replace
this by its mean value o which is close to unity as observed by Corner?. So (1) and (2)
can be rewritten in the forms : -

(6= 20w (16)
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From (2) and (3) we get
o M
dZ ~— o '
which on integration (subject to the condition: 9 = 0, Z =.Z,) gives
' M
| n= o (2—2) @8
Eliminating = from (3) and (4) one has ' '
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Again, eliminating 7 from (3) and (5), remembering that % =7 , we obtain after
asing (18): L
d(NT) M@—1)(Z—2Z) R :
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(20) can he rewritten in the form [by (19)] -
ar : 3 —1)M(EZ—2Z)
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~ with the help of (19) which along with -(21) will determine N and T’ as a function of Z
We now give an apbroximate solution for N and T’ from (19) and (21). In (19) let us
replace T’ by I",, the value of T" at short-start. On integrating the resulting equation;
subject to the initial ‘condition N =N, Z =%, ; we obtain :

N =", | @)
where ) : e
Ny =N, + K, (Z— Z) (23).
3 : L
K, =1—¥(T)) ©(24)

In (21) let us replace N by N; and then change the independent variable Z by the variable
N, as given by (23) and thus get i

ar i (7 =) M.

| KON17N;=1—T'—?’(7,~1)_(T)— K o (Ny—N)
Let us now change the dependent variable 1" by T given by the relation ‘

T =1—1T ‘ . (2).

and retain only upto the first power of T in the binomial expansion of (1 — T)

3
corresponding to the term (Z) and obtain the following linear differential equation :
, aT, a '
where dN, + N, Ty=0+ N, - (26>
o = 1+%§("“1) L (1)
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Equation (26) when integrated subject to the initial condition
T1=T10=1———T'0 at N1=No (‘at Z = Z,
N,=N,, T' = T yeilds - '
bN, ¢ ‘ bN, ¢ Ny \¢ v
Tl—a+1+7+[T1~a+lh7z_](N1) (30)

We may regard (22) and (23) together and (25), (30) and (23) together to give first approx e
mation value of N and T’ respectively asa function of Z. Now we proceed to find a second
approximation value of N. Let us combine (19), (23) and (25) and retain only upto the first
power of T in the binomial expansion of (1 — T,)—* corresponding to (1')~% and thus

get

dN 1— ¥ ¥
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Replacing T, by its value given by (30) and integrating with the initial conditions N =
Ny, Ny = Ny (v at Z = Zy N, = N;) we obtain, :

1 — ¥ ¥ b
N = N0+ T (NI—NO)—— 2K0[2(a+ 1) (N12_‘N02)+ 72 (Nl"——' NO)
N, BN, ¢ N, \o-1
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(31) gives a second approximation value of N. We cannot, however, similarly find a second
approximation for T". Therefore (30) and (31) give an approximate solution for N and I".
Now with this solution we find solution for other ballistic variables. Remembering that

1+ K2611’VN_ . o we have from (1) and (2)
d M2+ NT
7 E% = :(3 G 2 ¢ (32)
With help of (18) and (23) equation (32) can be rewritten in the form
dé 3 M N, — N, iN
§ = KPfo(2+90 NT 1
which on intergration ; subject to the initial condition £ = 1, Ny= N (Z = Z,) ; gives
3 M
log ¢ = 55— X1 (33)
Kyo (2 + o)
where .
Ny N
I = f N — Ny d N, (34)
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Now we will find an approximate value of the above integral, Since 7’ will be close to
unity, Ky ~ 1 -— ¥ so that from (31) we can write

N=N—n (35)
where
. b4 b (N2 — N2 c
n = 2 KO [ 2 (a + 1) + o (Nl - NO)
Ny -bN, c [ [ Ny oL
+ 1—-a(T1°— d+1""7) i(Wf) -—1}] (36)
Therefore '

4 Ny
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Ny—mn)(1—1Ty A
0
where we have neglected squares and higher power of T, and #/N; Let us replace #/N, by
its mean value. How this mean value is chosen will be discussed later in connection with
determination of burnt values. Denoting the mean value by bar we have

N,

[ ()] [

[}
Let us denote the above integral by I, and evaluate it after replacing T, by its value
given by (30). Thus we obtain,

1= 1+ () ]xx o

where

N b (N2— N2 ¢
I, = (Ny — Ng) — N, log N: + ;(la,—i- 1)0) + _a_(Nl—NO)

Ny bN, ¢ (_&)a_l bNy (N, — Ny)
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¢ N, N, N, bN, e\ ( Ny
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Equations (33), (37), (35) and (23) together determine £ as a function of Z. With the

determination of N, T', £ we get the remaining ballistic variable ¢ from (1). This
completes the calculation for obtaining an approximate solution,

CALCULATION OF BURNT—VALUES

Our main interest is to obtain the burnt-values of the ballistic variables during the
period of burning. These can obviously be obtained from the approximate solution analysed
above. However, we give below a simpler procedure for the calculation of burnt-values;
Table V gives the burnt-values for the following: - '

bN, c Ny \¢
= (m—gt - 5) (%)
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N, bN, ¢ N, \o—l
Az:l——a(T“”“wl ‘7){(2\’1) — 1! }

PR ALV
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N 0 . bN 0 c N 0 a
4, =7(T;o— ar1 T) (T,) —1
Tt'is now evident that the burnt-values of these may even be neglected without introduc-
ing significant error. Thus from (23), (30), (31), (33) and (35)—(38) we have the following

equations for the burnt-values (denoted by suffix B):

and

¥ [ bN? v
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In deducing (42), the mean. value (an— ) has been taken as % ( Nﬁ) . Equations (39)
; . ‘ 1/8

to (46) give the burnt-values.

- ) NUMERICAL INTEGRATION

In four cases, namely, (@M =1,¥=05 b M=2¥=05 () M=4,¥=0-5
d)M =2,% =0-1,values of N and T’ were obtained by numerical integration according
to“ghe method of Runge-Kutta in Steps of Z = 0-05 and these values are produced in the
following Tables in Steps of Z = 0-1. In all these casesy ==1:25, y = 1:3,0 = 1-1, Zy
=003, Z, = 0:05. So in all these cases nozzle-start occurs before the shot-start. From
Zy to Z, equations resulting from (4) and (15) With,. the elimination of d= by (3) were in-
tegrated in one step. Then equations (19) and (20) were integrated.
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TABLE 1 TABLE 2
M=14¢="+5 M=24¢= -5

Z T N Z T N
-03 . 1 <03 <03 1 .03
<05 + 946211 - 039839 - 05 - 946211 . 039839
.10 -900802 - 063739 -1 - 896210 .. 063713
+20 - 868480 -1105611 -2 - 847804 .110107
+30 - 847441 -156519 -3 - 809218 .165163
.40 - 828409 +201893 -4 - 772252 .198929
«50 - 809957 + 246649 -5 735633 - 241341
- 60 - 791706 -200776 .6 - 699014 . 282301
«70 - 7735624 - 334255 -7 - 662261 < 321689
- 80 +755353 + 377067 -8 - 625304 -3£9369
- 90 +737165 +419185 -9 - 588095 - 395169

1:00 718943 - 460587 1-0 + 550594 - 428897
TasLE 3 TABLE 4
M=49¢="'5 M=2¢="1
Z i N Z T N

-03 1 -03 +03 1 .03

<05 946211 - 039839 -05 - 989863 : 047995 .

-1 + 887023 ) - 063667 -1 - 975057 - 092949

.2 + 806331 +109260 +2 - 946258 < 182747

+3 +732262 + 152243 -3 - 917624 . 972387

4 - 658659 - -192265 -4 - 889019 - 361865

5 - 584440 -228821 -5 - 860416 -451173

-6 - 509152 -261169 -6 - 831806 - 540301

-7 - 432415 - 288247 -7 -803185 . 620241

-8 - 353746 - 308417 -8 + 774551 717981

9 + 272395 - 318903 -9 745901 +806511
1.0 + 186968 +314215 1-0 717285 . 894819

Combining (18) and (32) one has on integration

sM J‘l (Z—Z, )iZ

o(2+0) NT®
-05

log ép =

Since &= 1, when Z = +0b

¢ was calculated by evaluating the integral by Simpson’s rule in the four cases. These
values we produce later.

COMPARISON OF VARIOUS SOLUTIONS

Our approximate solution was obtained firstly approximating 7" by its initial value
T, (value at shot-start in the cases considered) which is always close to unity and secondly

+%
approximating (1—7'; ) linearly. These approximations can give valuable results only if
7" diverges little from unity. Now from physical point of view we can easily see that
divergence of 7” from unity and consequently error in the approximate solution will be
increasing with the increase of M and ¥ andalso with progress of burning. There fore
if for a pair of values M, and %, of M and ¥, the burnt-values obtained by our approxi-
mate solution show an error e as compared with the values obtained by exact numerical
integration, error in these two solutions will be less than e for the whole period of burning
and for any other pair M and ¥ such that M < M, and ¥ < ¥, . Consequently we have
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collected below the burnt-values of ballistic variables given by two solutions and also values
given by Jains® P2 — solution and Thiruvenkatachar and Venkatesan’s3¥ — solution. In
the following Table prefixes E, A4, ¥, ¥2 will denote respectively exact numerical,
approximate analytical, ¥ and ¥? solution. e

TABLE -5

BURNT-VALUES

M ¢ EN AN ET' AT' I BT K& A% A, 4, 4, 4,

1 +5 -460 -455 -719 722 | 5:936 5923 —0-0002 —0-0018  0-000L  0-0011
2 -5 -428 437 551 -561 -573 -651 68-23 61.59 —0.0002 —0:0016  0-0003  0-0010
4 5 -314 -400 -187 -239 953 4-19 —0-0001 —0-0011  0-0005  0-0007
2 -1 894 896 717 -717 -718 721 6-440 7-280 —0-000038 —0-000L 0-C0002  0-00005

Since in practical application of recoiless guns M will never exceed 2 from the table it is
clear that we can get useful information by our approximate solution in such cases of re-
coilless guns. And for leaking guns the approximate solution analysed above is as good as
exact solution even when M excceds 2 except in calculating burnt-value of £,
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