ON INTERNAL BALLISTICS OF A TAPERED BORE GUN USING
' COMPOSITE CHARGES

by V. K. Jamn, Defence Science Laboratory, New Delhi
{Communicated by R. S. Varma, F.N.I.)
(Received February 22 ; read August 3, 1956)

INTRODUOCTION

Corner (1950) has set up the basic equations of Internal Ballistics of a tapered
bore gun by the method of R.D. 38 and has suggested a method for the numerical
integration of these equations. In an earlier paper (under communication) Jain
and Sodha have set up the equations of Internal Ballistics of a tapered bore
gun on the non-isothermal modal using non-dimensional variables and have suggested
a method for solving them. In this paper the author has suggested a step by step
numnerical solution-of basic equations of the Internal Ballistics of a tapered bore
gun using composite charges, considering the same power law of burning, and taking
into account the covolume, heat transfer and bore resistance. An analytical solu-
tion has also been presented assuming a linear rate of burning and neglecting
covolume, heat transfer and bore resistance. An example illustrating the method
has also been solved.

Basic EQUATIONS

The cross-section of the barrel of a tapered hore gun is a section of a converging
cone and its area A4 is given by :

2
A= Ao(l—-%)

where Ag is the cross-sectional area at the initial position of the shot (z = 0) and

t
iz=%l , o being the semi-vertical angle of the cone and rq the radius of the bore
0

.. at the initial position of the shot.
Assuming the same power law of burning for the two propellants, the basic
equations of Internal Ballistics of a tapered bore gun using composite charges are :

Zy=(A=f)A+60) .. .. .. .. (lo

Zy= (L—=f)(A40afs) .. .. . .. (1B

Dl% = —B,P* e (2
Dz% = —BP* .. .. .. ... (2)
WlT’%Z—=AP—-R N )
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and F10121+F202Z2 = P{J‘

Adx-—O’lZl(bl—1/81)—02Z2(bz—1/82) +Aol}
0

+%W'V2(7—1)+(‘}’—1){fde+fRdx} e @

where suffix 1 is referring to the first charge,
suffix 2 is referring to the second charge,

VA

D
f
8
P
o
B

is the fraction of the charge burnt at any instant,

is the web size of the propellant,

is the fraction of D remaining unburnt at any instant,
is the form factor of the propellant,

is the mean pressure of the propellant gases,

is the index of burning,

is the rate of burning coefficient

W =101 W+ % + 93—2, C; and Cg being the charge weight and W the

z
4
l
b
3
Y
F
H
and R
Putting

shot weight.

is the shot travel at any instant,

is the shot velocity at any instant,

is the equivalent chamber length,

is the volume of propellant gas,

is the density of the propellant,

is the ratio of the specific heats at constant pressure and at constant
volume,

is the force constant of the propellant,

is the heat transferred per unit length of shot travel,

is the force acting on the projectile at any instant due to friction and

swaging of flanges.

z
f=1+z’

By, = (bl—l/al)cl/“lol ’
B, = (bz—l/az)cz/Aol »

r, = Pdd
1= FICI >
2 = cmz )
_ VAD, (Fl(’l) o
TMZF b\ Aol '
_ VdoDy (Fgoz
727 FolaBe \ Aol ’
212 2{(1~
M - ‘-lODl FICI ( M)
My = ”"T"T—; :1 l bl
Fl(’ lﬂgu [0}
2 2(1-
e AED% [ Fo,\307
2 F2026§W’ JE Ol ’
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_ Rl
L=,
__ Rl
2= 7ol
snd b= 5
2~ 2
in equations (2a), (2b), (3a), (3b) and (4) we obtain
d
71 dig =~ (5a)
d
n2£=_gg N (311!
d
mogp = MGl —aE=1E=Mp .. . . (6o
d
nege = Mololl—alé=1P—Mopy .. .. .. (6)
F.C 2
e Ty gy = gz[f—“(f—l)z'i‘ z (5—1)3—31Z1—32Z2]
Fol, 3
2
7,
+(r=1) fz—j—i— +fp2d§+fhd§} G

STEP BY STEP NUMERICAL SOLUTION

Tt is easy to see (Venkatesan and Patni, 1953) that if
(1) B1Dsfs0 > BaD1f1o then fo cannot become zero before f;, hence charge
’1 must burn out first.
(2)  B1Dsfap < BaD1 f1p then fy cannot become zero before f,, hence charge
(', must burn out first.
(8) PByDsfop = BoD1 f10 then both the charges will have to be burnt out
simultaneously.

We shall be taking up the case when both the charges burn out at different
times and for the sake of definiteness we shall assume that f; burns out first,
From (5e) and (55) and using the boundary condition that initially f; = fio

and fy = fao
we have

— B0 s BiDs
fl—fzﬁ—;j)’i*'i'flo fzoB:Dj .. .. .. (8

The ballistic equations (1a), (1b), (5a), (6b), (6a), (6b) and (7) can be solved
numerically by a step by step process with the help of equation (8) and the most
convenient independent variable for the purpose is fo.

Let ’ denote values of variables at the beginning of a step and ” the values of
the end of a step. Let A denote the difference between end and beginning of a step
and let — denote the arithmetic mean in the step so that for example

Ang = "7;"‘77’2
fle = ’}("I;+"7’Z)
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From equations (5b) and (6b) we have
dng = =M L™ {1—a(é—1)}*—pol, “ifs

and in the small interval A f; this becomes
Amy= =ML M ImaE=) P~ ]Ae - o ©
Equation (6b) gives

(= 1287 U 1)
Myl{l—a(§—~1)12—Msp,

_ The process consists in estimating A, and so obtaining a tentative value of
¢, from

7 c AL
b=bt 5o
Tentative values of Az, and A¢ and therefore of 772 and §" are obtained
Y3

from equations (9) and (10) taking E=¢+ The wvalue of Z; is determined

2
directly from (16) since f; is known. The value of Z; is determined with the help
of (1a) and (8). Then from equation (7)

. Lot F——;(;vzzl—w—l)[nz/ 2Mz+f<pz+h>d£]
b= (e =N E ek —1)*3— B, 2, — BoZy"

and a value of {, is determined. Thence a more accurate value of Al = C_,"Cz is

(1

obtained. The process is repeated with this new value of Al; and f=¢4 —%—g
until the estimated and this new value of Ay agree.
A good estimate of A, is given by
FF_ISI ZY 4 Zy —yL NNy
Al = |22 7 Afs .- (12

which is obtained by differentiating (7) w.r.t. fo, neglecting By, Bs. pg and a. The
dots represent differentiation with respect to fs.

The above set of ballistic equations hold so long as both the charges are burning
when the first charge has burnt out, the equations of Internal Ballistics become

Zy = (1=f5)(1462f5)
de 1

) e 8

; 2
Fl(;l +Zy = Myls f—a(f—-l)2+q— (5“1)3—31—32Z2]
7o, 3

and

+(7—1)[n§/2Mz+fp2d§+fhd§] .. .. .. (Ta)
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The equations (9), (10), (11) and (12) still hold with the difference that wherever
Z, occurs replace it by 1.

AN ANALYTICAL SOLUTION
Assuming

(¢) a linear rate of burning
(’H;) bl = 1/81, bz = 1/82 or Bl = B2 = O
(¢77) Neglecting heat transfer and bore resistance. Equations (5a), (5b), (6a),
(6b) and (7) become

m%=—ll . .. .. .. .. (13a)
7726%="§2 .. .. .. .. .. (13b)
7’]1%? = ﬂflgl[l—(l(f 1)] - .. .e (14(1)
772% = Mylo[1—a(§—1)}? .. .. .. (14b)
-1
;: 21 Zy+Zy = §2[§ a(é— 1)2+ (f 1) ] ;Mz 7)2 (15)

From (14b) and (13b) we have

dne
=2 == — Mo[l—a(é—1)]2
df2 2[ ( ]
Since, for a small taper, [1—a (§—1)]2 &~ 1 we may replace it by its average
value before all burnt.
Hence

d772 3
-M .. . .. .. (16
dfz 2 ( )

where

¢
_ f " (1—a(¢—1)]2d¢ o1y
My = My~ =M, [l—a(fb—l)-l"' ’ aZ]

éb 3
[
1

where &, is value of the shot velocity at all burnt taking a = 0.
Integrating (15) and using the boundary condition that 7, = 0 when f; = 1 we
have

Ny = Mo(1—fy) . . . )]

From (17) (and 1b)
Zy = 22 |14-0,—0 iz-] e 1
2= [ +0; 237 (18)

2 2

With the help of (17), (1a) and (8) and the boundary condition that f; = 1 when
19 = 0 we have

:81D2 2
" BuD1 1,

(19)

(14002000

BZDI jjz
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Combining (19), (18), (15) and (1356) we have

FiC1 8109 g BD Mg
1+0 ___0 1 1 1 2 2 1 9 1 2 2
MZ[ 23, ]+on23sz +01~0up. D, o1,

d 2
;;2 d"; [1—2a(§—1)+a2(§—-1)2] [f—a(£—1)2+ %(5—1)"‘]

2
Y—1 7,
o @

Neglecting higher powers of a than a2 we have

dn a2
Ail—inz—Mzdf l:f £3 62 ﬂ 00'2/3 +Ll a-—l)—-—~f:|
where

146, , F10181Dg (146,)

4 = —
My FoCoBsDr M,

and
p=z F101/9TD2__9_1 r—1
M FCogiptar 2M

Integrating the above and using the boundary condition that ng = 0 when { =1

we have
BRI ———"
Faa—DE—1)— 5 1]
or
4 _ant
772=;[1—§ 2F(§)] L@
where

F(§) = Exp—pMs [252@ —1)+a(1—5afs) gl—a(l-—a)(f—l)—%f(@-—l)]
Also
=T2be L
2T M, dE [1=a(¢—-D}

(21) and (22) hold so long as both the charges are burning.

(22)

THE STAGE WHEN THE FIRST CHARGE HAS JUST BURNT OUT
Combining (13b) and (14b) we have
dng 1
M. T h—aE-1P

_ dng
M=t = f [l—a—1)P

A f [14-2a(¢~1)+3a2(£—1)2)dn,
0

or



114 V. K. JAIN: ON INTERNAL BALLISTICS OF A TAPERED
Since
A
e {1—¢-#} we have

T2

Mo(1—f5) =f0

when the first charge has burnt out f; = 0 so that

¢ ¢
(1—2a+3f12)dn2+2(a—3a2)14f g-o d£+3a2Af £-rridg
1 1

Ba1
=1~
fs BiD2
Substituting this value of f; the value of 75 when the first charge has burnt out is
given by
1-p
.

2-p
— MoB2Dy 4 2.2 —1 g oV —1 9¢
1 = (15t 30050, (1=2at3ag | 2030 =3 5, (23)

From (21) we have
1
gb,:__[A—unzu]‘;;@ R - 3
AF (&)

We may evaluate £ for a given value of ng by solving equation (24) by the method
of successive approximations. If £ , is the value of shot travel when the first
charge has burnt out to the nth order of accuracy we have

1
_ A—mm'] "o I 353
gb ,n+1 — I:AF(gb’,n) 2

This value of ¢, may be substituted in equation (23) to get a more accurate value

of Nop’-
Thus we may evaluate 7g and £y to any desired degree of accuracy.

THE FIRST CHARGE HAS BURNT OUT AND THE SECOND
CHARGE IS STILL BURNING

Putting Z; = 1 in equation (15) and using (145) and (18) we have

Fly | g ”12]
=1+ 0,~0s =
FZ(/2 Mz[ 2 2M2
—-1 3
M2 maly one 2_2][__2f_1]g2 26
-Mzdg[l 2a(e—1)+azg—12| |f—alg=—12+FE=) | 455w (26)
or
g2 1 a2 1 a2 az]
———— 4+ 4 la— = )—a(l—a)— = ¢&|d
oty —er Mz[&*&ﬁ*@(“ 3) all—a—g &
where
T F0,
2
d=1i0
e
[t Y—1
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or
T medny [ _ @ _ed=5af3) _932]5
f o 0F dnz_en%-—Mz log ¢ o8 7 a(l-a)f— ¥ "
1 72 79dNy a2 a? 1 1
b= — — e 1—5a/3)(5 —
e [ () (- L)
a/2 2 3
+a(1—a>(£—fbl>+g(gﬂ—fb,)] N 14
Also
¢ 72 L dng

2= M, 1—af=1)]2 d¢
= (c+dny—en2) [f—a(§~1)2+%3(§—1)3] L8

¢ as a function of 7, being given by (27).

BoTH THE CHARGES HAVE BURNT

Combining (136) and (140) we have

d'f]z 1
Mo G, =T T=a@=1P
D
Integrating the above and using the boundary condition that fp == I— PeDy Sop

BiD,

when ng = 95 we have

M2
Mo(for—13) = f [+ 2a(— 1)+ 3a2(£—1)2]dn,.
v N2
Since

we have

79
My(for—fs) = J (1—2a+3a?)dy;
Nap

e
+24(a— 302)J. P(nz)dns

N2y

N2
+3a2A4J {$(ns) } 2dn,

T2y’
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Putting f, = 0, velocity at all burnt is given by

L Mofe
128 = 1 =20+ 342)

A N2 Mg
- (1—-2a+3a2){2(“"302)J $(ng)dns +3a2j

72y 726"

+n2p

{95(772)}201772] e

From equation (27)
L [™ ey at 1
n2Y
+a(l—a)(é—E&n)+ (f gb)] - .. .. (27a)

From equations (27a) and (28) we can get the values of £+ and 7y to any desired
degree of accuracy by the method of successive approximation.

A¥TER ALL BURNT

Putting Z, = Z, = 1 in equation (15) and using (14b) we have

kL . ! a® e 1yol, M2 Y=
m+1 —m[f—a(f—l)2+ 3 (¢ 1)3] M2 £ T 21, 7% (30)
dX  y—1 -
or dE +T [1 a(§— 1)] [I*E(f—l) +3§(§—1)3] X
F]_O]_ 2 [ a = ]—1
_ (m+1)[l—a(§—1)] 1"2(5—1)2+ §(§ I3 o
3
_
where X = 371,
The solution of the above equation is
b F\0 V(&) —P(E,)
= |54 +1 ’ ] 3
ECI e = a

where

2 -1
'P(f)=EXP{(7—1)“1—a(§—l)%{l—g(f—l 3§<£ 1y } f“df]
1 a2 1 5a2 a2
= Exp(r—1) J [g+g§+g(a—7)—a<1—a)— gf] d¢

when powers of a higher than o2 are neglected.
Thus

() = tfy—lExp [(‘}’——l) {— % ( 5a? )~ a(l—a)f— _52}]
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the muzzle velocity is given by

FC
2 __ 2M2 nzbuqy(gb”) (_F’;O:_i_l) {lp(g) “"}I(gbn) }}
=g | o, T .

Ax EXAMPLE

Consider a gun, propellants and shot combination such that

01 = 02 =0
Fy=F,
Oy = Cy/10

By Dy = ByDy—Case of simultaneous burning of the two charges to facilitate
calculations.
r= 125
M 1= M 9 = 1

Let the barrel length of the gun be six times the chamber length so that £ = 7
at the muzzle velocity.
(a) when the gun is an orthodox one
{(b) when the gun is tapered bore gun corresponding to @ = "0l
(a) Orthodox Gun
The shot velocity and shot travel at all burnt are given by
7, =1
§, = 2:625
Putting & = 2:625, £ = 7, 7, = 1 and a = 0 in equation (32) we have
ng = 2:69711 or 7, = 1643
(b) Tapered Bore Qun with @ = 01 :—
Putting @ = -01 and £ = 2625 as a first approximation in equation (23) we get
7, 1 = ‘9865
To a first approximation the shot travel is given by equation (24) as
£ - 'A-px-9865] B
5,1 = | TAF(2625)
[1:118—-125 X 9865 |
| 1-118x1-001318 |
g [1118=125x-0565] N
817 | 1.118F(2-577)
1-118 —-125 x 9865 |
| T118% 1-0012065 |
g [1118— 125 '9865] -
517 | 1-118% 1001201

.
=£b,1

[
to
N

= 2-572
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Hence &, 1= 2572
Putting &, 1= 2572 in equation (23) we have
5, 2 = - 9866

The shot travel is given by equation (24) as

& 1-118— <125 % 9866
527 1" 1118 % 1-001201

Hence we need not proceed further

o = 9866
£ = 2:572

Putting 9, = ‘9866, £, = 2:572, @ = ‘01 and £ = 7 in equation (32) the muzzle
velocity is given by

-8
] = 2572 = £ 1

7% = 2-641
ormng = 1:625
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ABSTRACT

In this communication the author has suggested a step by step numerical solution of the
basic equations of Internal Ballistics of a tapered bore gun using composite charges, considering
the same power law of burning. An analytic solution has also been presented assuming o linear
rate of burning and neglecting covolume bore resistance and heat transfer.
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