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INTRODUCTION

Hunt and Goldie (1951) have discussed the validity of the method of allowing
for bore resistance by increasing the equivalent mass moved, which implies the
assumption that bore resistance is proportional to pressure. They have pointed
out that a certain amount of evidence exists for the approximate constancy of bore
resistance after band engraving. The assumption of increasing the equivalent mass
moved to allow for bore resistance is, therefore, not a good approximation. A step
by step numerical solution of the Internal Ballistics equations of a gun taking
bore resistance into account has been suggested by Hunt and Goldie (1951). In
an earlier paper (under communication) Jain and Sodha have discussed the effect
of constant bore resistance on the Internal Ballistics of a gun. In Section I of this
paper the author has discussed the effect of constant bore resistance on the Internal
Ballistics of a gun using composite charges.

The phenomenon of heat transfer to gun barrel has been discussed by Hicks and
Thornhill (1951) and Corner (1950). At present heat transfer is allowed for in Internal
Ballistics of a gun by using a modified value of ¥ for the propellant. This method
involves the assumption that heat loss to the gun barrel at any instant is proportional
to the kinetic energy of the shot. In an earlier paper (under communication) Jain
and Sodha have discussed the Internal Ballistics of a gun, taking heat loss to the
gun barrel as proportional to shot travel, which is the most useful approximation
obtained from numerical results as pointed out by Hicks and Thornhill (1951). In
Section IT of this paper the author has discussed the effect of heat transfer on the
Internal Ballistics of a gun using composite charges when heat transfer has been taken
to be proportional to shot travel. The total heat loss to a gun may be estimated by
means of empirical formulae given by Hicks and Thornhill (1951). Thus we may
obtain the heat loss per unit length of shot travel.

SecTION 1

Basic EQuations
Assuming constant bore resistance, linear rate of burning, b; = 76—1- and by = 1 ,
1 2
the fundamental equations of Internal Ballistics of a gun using composite charges
arei—
F101Z1+F20222 o PA (z+l)+1
¥—1 2 N

sy aV
WVZ =AP-k) .. .. . .. @

WVe4 ARz .. .. .. (1)

VOL. 23, A, No. 2,



JAIN : BORE RESISTANCE AND HEAT TRANSFER ON INTERNAL BALLISTICS OF A GUN 131

where

Putting

D1%=—'ﬁlp ve . .o . .o (3@)
D2%=—32P .. .. . .. .. (3b)
Zy = (1=f))(14+06.1) .. .. .. (da)
Zy = (1—=fo)(14+0sf3) .. . .. .. (4b)

suffix 1 represents the first charge,
suffix 2 represents the second charge,
F is the force constant of the propellant,
C is the charge weight,
Z is the fraction of the charge burnt,
P is the mean pressure of propellant gases,
A is the bore area,
1 is the equivalent chamber length,
Y is the ratio of the specific heats of propellant gases at constant pressure
and at constant volume,
W =101 W+%+%
shot weight,
x is the shot travel,
V is the velocity of the shot at any instant,
K is the bore resistance per unit area,
b is the covolume of propellant gases,
8 is the density of the propellant,
D is the web size of the propellant,
6 is the form factor of the propellant,
f is the fraction of D remaining unburnt at any instant, and 8 is the rate
of burning coefficient.

, €1, O being the charge weights and W being the

£=1+47,
_ V4D,
= Fi0B8
_ VAD,
2= Fo0:8,°
L= PAl
1= FICI ’
g = PAl
2 F202 E)
A2D?
M=
F101B1W
A2D:
My = =i,
F20232W
KAl

b
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and
' _ K4l
P2 = F.Cy’
in equations (1), (2), (3a) and (3b) we have
FyC m,
o Lty = Co£+ - r=DAp-DE=D ()
2l'e
d
mgp = Mihi—p) (6a)
dns
M2 df 114-‘7(52-)04) Gb)
df1
M d]; - (Ta)
d
7723'% = -0 (7b)
SOLUTION

Combining (7a) and (7b), integrating and using the boundary condition that
initially f; = f1p and fp = fso we have

81D B1Ds
fi= BlszO'i'flo ;D;fzo . . (8

It is easy to see (Venkatesan and Patni, 1953) that if

() B1Defso = BoD1f1o then fy cannot become zero before fi, hence charge c;
must burn out earlier.
(il) B1Dgfoq < BoD1f10 then f; cannot become zero before fp, hence charge cg
must burn out earlier.
(ii) B1Dsfop = B2D1f1p both the charges will have to burn out simultaneously.

For the sake of definiteness we shall assume that the charge €y burns out first.
From (6b) and (7b) we have

=
=3

2 _ _ P2
e Mz( cz)

~—M P2)
2( 2
= "_'~ﬂ-2

since pg is small as compared to g,

2, b
’ d772
[ L d¢
1 4y Mg, 5

be=1," r,, = G (E,—1)

where

3

1
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Integrating the above equation and using the boundary condition that initially
Js = foo and 5 = 0, we have

7]2=ﬂ2(f20—f2) .. .. .. .. .. (9)
Combining (9) and (4b) we have
Zy= (1— +£)[‘+9. o—0 :’L] _
2 ( feo i, i405fq9 ZMZ - . (10)
with the help of (9), (4a) and (8) we get
. BiDs 72 ﬂlDz M2
Z4 = = 146 —
1 [ fm+BD ][ +01f10— ﬁle Mz] o1

From equations (10), (11), (65) and (5) we have

F,C, B1D2 772] BlDz M2
2l —fre = 146
onz[ flC+B2D1 i, [ +01 10— /3 b Mz]

oo

2

z
— 2 dne 2

=M, dt 7 D +pa[r(6—1)+1]

$+53r

or
d ,
A+ Bng—Cn “—Z’;; ;§-§+p ME=D+1] .. .. (12)
where

FyC |
A =T U=fol140 1)+ =01+ 2 f20)

= 7,0y | BoDs

_F.C, 8D 201 0y  v—1
T RO Dt i M 2M,

_FiCy (8D i 1
[ (14-201 f1o—067 5 F {14205 f20 Z]M

2 2

For the approximate solution of (12) we first proceed to solve

d
A+ Bnp—Cn = 22 dzzf

or
nedns 4. d€
d+B—Cnt €

Integrating (12a) and using the boundary condition that 7, =0 when £ =1 we
have

. (12a)

1 Mg 7 d'q
"= exp o+ — .. .. .. (13)
¢ P, L (A+Bno—Cn2)
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putting £ = £’ 4y’ in equation (12) we have

§+J) §+y)

(A+B772—C 2)

31, E ) RV +y =D+ =
Using equation (12a) and the fact that the disturbance in shot travel due to bore

resistance is small, i.e. ¥’ < < &', we have

dy' 1 n2y’ pz[Yt§’—l’+l] g'
dny M (A4 Bny—Cn2) (A+Bn2—0n2)2

or
; ,7 ’ ’
y = F2 exp - J _medmy P E =D e
My ™" My | A4 Bny—Cnl (A+Bny—Cry)*
1 2072
exp e 3 .o (14
I sz K +B"]2'—C'7)§ Ne {14)
£ as a function of 7g being given by (13)
or y = $1(n2)
f = f’ +q$1(‘l]2) .o .o .o .o (15)
The pressure at any instant when both the charges are burning is given by
{2 dng
Cz_.(M d§+p) .. .. .. (16)

WHEN THE FIRST CHARGE HAS BURNT OUT
From (6b) and (7b) we have
dng = — Madfo+ My 2 dfy

d
= Myify— My %
ne

or

N2
gl
M —fg)— —_— - d . o (17
g A 2( fro—S2) PZJO A+ Bng Cn§ N2 (17)

¢ as a function of 7, being given by (13).
Putting f; =0 or fu = fao— nggl f10, the shot velocity when the first charge
1De

has burnt out is given by

(18)

ﬁz'Dl

s Mo tE = —_ d

Tzt zﬁlszm P A-I-B'r’g—-C'qg 2
0
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From equation (15) the shot travel when the first charge has burnt out is given by

£y = oxp-L (" nadng 22 oxp ). 1 nadne
M. . A+Bn2——(}n§ M, A+Bn2—Cng
BsD,

B1D, ’ ’ ¥ )
Y(¢—1 1 d !
(§ )7]252 . eXp— —— N2072 5 dT)Z (19)
(A +Bn2(,'172) Ma | 4 + Brg—Ch, 5
o
¢’ as a function of 5, being given by (13).

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

Putting Z, = 1 in equation (5) and using (6b) and (10) we have

Fi(y T2 _p. 2| _ 2 d’72 n2(¥ :
m+[1—f‘zo+1—{ ][l‘i'ﬁzfm 92——] i, dE £+ 3, +P2[V(§"1)+1]

o .ng
or
’ ’ o 2 n d"];
A'+B'ny—C n2=ﬂ—2;z~d—g§+p2m5—l)+1] S (20)
where

o F10y
4'=F3, + (1 =fa0)(1 4 65f20)

1
B = :[1+‘9?f20]_'—(1—f20
M,
L el
=3t o,

4

For the approximate solution of (20) we first proceed to solve

d
A+ B'ne—C" 2= M2 7)? (4
+5'n U M2 d§ £
or
’ ﬂ?dnz ’ 2=M2(i€— (20a)
A +B 7)2—.0 M5 §

Integrating the above and using the boundary condition that 7, = ng when
&' = £y we have

Mo

” 1 Nedng

= £, exp—— —_— .. oo (21

“=4 P, L (4 +B'9,—C'n) &0
2b°

Putting £ = £"+y" in equation (20) we have

d(f’ §'+y )

+y ) (4" +B'ng=0C'r2 =%(f”+y')+P2[y(§"+y -I)+1]
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Using equation (20a) and the fact that the disturbance in shot travel due to bore
resistance is small, i.e. y* < < £", we have

dy" 1 e v _pelV(€"— 1)+ 1]met”

dny My (4'+B'my—C'nl) (4'+ By —C'n2) M,

or
.,72 " "
Y Pz exp 3 nedne XJ- { 726" V(€ = 1)+ 1]
Ms | (4" 4Bny—C3) (4’ +B'ny—Cn3)
[ nadn
292
X @XP — | 22 Udp, L (22
P MzJ A'+B'172—C'17§ } 7 (22)

£ as a function of 5, being given by (21)
or y" = ba(n2)
§=¢E"4+y" ="+ dane)

The pressure at any instant when the first charge has burnt out and the second
charge is burning is given by

ly = ("Zd”2+) S -7

(23)

M, d¢

BoTH THE CHARGES HAVE BURNT

From (6b) and (7b) we have
)
dng = — Mzdf2+M2'§"de2
d
= — Mydfp—M2p, o
Mg
or

D
(ﬂz—ﬂzb') ~ Mo(foo— g':—l)zlflo—fz)

K ”
—p J‘ ’ § d7]2
2 ’ "o O 2
gy (A +B N2 7]2)

§" as a function of », being given by (21).
Putting fy = 0 at all burnt the shot velocity at all burnt is given by

8D Myfao £

2 D1

Ngyr = ﬂzb'+Mz.fzo—Mszm—P2J (T3 Bm—Cd) dng .. (25)
Moy
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From equation (23) the shot travel at all burnt is given by

. exp_l_ J"?Qb 12dns +£;_ exp B3 nodne
Mo . (A'+B'772——O"q§) M, M2 (A'+B'772—C'n§)
20/
267 ’
78" V(¢ —1)+1] 1 J nadns
X ; " " €XP — —r T ., 3 d‘l]s . (26)
[ {(A 4By~ C'y3) M| 4 4+Bny~C2§

Y Moy

¢” as a function of 54 being given by (21).

AFTER ALL BURNT
Putting Z; = Z, = 1 in equation (5) and using (6b) we have

Flc_l.)_ﬂz@z =1 o
(1+ ) = G e g, el D41

or

M2 @n 1 V=1 aye2 Flol) V=2 o [y(E—1)+11¢ 2
‘L dgf +2M2’72§ _(1+FZC2§ pol7(6—=1)+1]¢

Integrating the above and using the usual boundary condition we have
2 ,y-1772, ¢ - i
772§ F101 ':Cy —§Z~ y y y-1 y_1

Tap, £y
or

2 Y-1__ g¥-1
: QMz[ g (1429 S —pz(fy—sZ.)+p2(fy“—fZ.‘1)]-- @

T = 1 o, o Fols) —r=1)

Secrion 11

Basic EQUATIONS

1
Agsuming a linear rate of burning, b, = —51—, by, = 50 and the heat transferred

to the gun barrel as proportional to shot travel, the bore equations of Internal
Ballistics of a gun using composite charges are:

F101Z1+F202Z2 - PA(x-I-l) 1rly2
R s~ L RO
W'V‘—g=AP R )

and equations (3a), (30), (4a) and (4b) of Section I, where G is the heat transferred
to the barrel by hot gases per unit of shot travel.

SoLuTION
With the usual transformations employed in Section I of this paper and

_Glr=1)
P="F0p
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in equations (28), (29) and (3a) and (3b) we have

FIOI . y—-1 2 ©
7,0, ZytZg = €z§+m Np+pé—1) .. (30)
dm
N 5. df —ﬂjlgl . (31&)
dns
Ly 2= M{, . (31b)
and equations (7a) and (7b) of Section I.

BoTH THE CHARGES ARE BURNING

It is easy to see with the help of Section I that when both the charges are burning
n2 = Ma(f20—/2) -

7
1 Jz Nadng

P 1 72
5+ eXp - | ———
My | A4Bn,—Cn: M2 PMZJA+B772—0773
. 2 2

£=exp

172 ’ ’
Ng(§' —1)¢ 1 ngine
XL {—_‘-’(‘4+an——017§) P—M2J~—~——-}dnz - (33)

A+ Bryy— O

£ as a function of 7y, being given by (13) and where the constant 4 remains un
changed and the constants B and C are given by

_ F1Cy | B1Ds ] 1 . 1
= 7,0, [B’D1 1420, f10—61) M-2+[1+202f20—'92]7
_ oy Dz 6, 6 v—1
TRy B0 M M2 2,

The pressure at any instant when both the charges are burning is given by

- 72 902
cz..Mz i .. .. .. .. (34)

WHEN THE FIRST CHARGE HAS BURNT OUT

Putting f; =0 or fy = fog— fm in equation (32) the shot velocity when
the first charge has burnt out is glven by

B2D
Wzb—Mzﬁz 1fm . .
From equation (33) the shot travel when the first charge has burnt out is given
by

1 (™ g Nad7g
f , = eXP — — ____.._.—___..
’ pMz o A+ Bng—Cn, 2 Mz p-Mz A+B772—0772

"72() Iy ’
-1 1 d
5 WEED) oy L min g
o (A+B172-—C772) 2 | A+ Bny—C,
5B
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£ as a function of 1, being given by (13) bearing in mind that the constants B and C
have changed.

THE FIRST CHARGE HAS BURNT OUT AND THE SECOND
CHARGE IS BURBRNING

It follows from Section I of the paper that the shot travel at any instant, when
the first charge has burnt out and the second charge is burning, is given by

72
1 Nedng P 1 n2dng
= £ XP =+ —_— 4 ——eXpPyy | —
g gb P MZ J.n A,+B’772—0’17:+M2 pMz A’ +B,772_'O’77§
25
T2 4 '] ;
X [ ,”'2(5, “1)57 55 X exp-—-——l — T "fdne — Ldyy .. (37)
J g, LA +Bm2=C) My | A'+Bmp—C'n,

&” as a function of 79 being given by (21) and where the constant 4’ remains un-
vhanged and B’ and C' are given by

By
B = 1+02f°u i, (1—f20)

. 02 y—1
“7@-‘*2;1{2

The pressure at any instant when the first charge has burnt out and the second
charge is burning is given by

="T2% L)

BoTH THE CHARGES HAVE BURNT
Putting fy = 0 in equation (32) the shot velocity at all burnt is given by
N2y = Z’sz-_)o S . e .o .o . . (39)

From equation (36) we see that the shot travel at all burnt is given by

£ = {y exXp 5 e (R exp = [ 72dn2
4 M. - ([1!+BI —C 2) ]}[2 ]‘Iz‘ :1’+B'1]~_)_—C”7]§
2w LP r
= 79§"(§"~—1) . 1 Nedng
S OXP — e | e g . .. (40)
oy (4" +Bn,—C'7)” iy | A'4B'yy—C'y
o5t

&" as a function of 7 being given by (21) and bearing in mind that the constants
B’ and ¢’ have changed.

AFTER ALL BURNT

Putting Z; = Z, = 1 in equation (30) and using equation (315) we have

FC, ng dng
(+FC) a1, dE §+2M +p(§ 1)

o M2 dne y- -1y Y-2 _ F101) Y=1_ e 1)y 2
' a, d ¢ 2M 3 ( 0,0 TPEY
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Integrating the above and using the boundary condition that 7y = 7721} when

£ = £ we have
’7;57—1 e, € B (1+F101) §r—1_§:~—1
2M2 - F202 )l——'l

Ngpes €pe
& —g, R
——p( b )+p ( ¥

Y y—1
2 Y-1_ g¥-1
2 _ 2Mo | Mo y-1 ( F101)§ ~&
or = — | —— &7, 1
e §"ll2Mz§*’ g,/ v
GET0 NN F A
—p 7 +p 71 . .. (41)

AN EXAMPLE

Consider a gun, shot and propellants combination such that

0, =20,=0
= 1.25
B1Dg = 82Dy (case of simultaneous burning taken for
F,=F, the sake of simplicity in calculations)
C= %
Mi=M=1
Jw=Jfo=1
p=-01
Thus
A=0
B=1-1
C=-125

Let the barrel length of the gun be six times the chamber length, so that & =17
at the muzzle. We proceed to calculate the muzzle velocity of the shot when

(@) Heat transfer is neglected (p = 0).
(b) Heat transfer is allowed for in the usual manner.
(c) Heat transfer is allowed for by author’s method.

(@) Neglecting heat transfer we have

¢y = 2:625

nb,,::l
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Putting &y = 2625, nyr = 1, { = 7 at the muzzle and p =0 in equation (41)
we have
=267
or 7g = 1-643 @)

(b) Heat transfer is allowed for in the usual manner by using a modified value
7 given by
y—1=(1+x(r-1)

where X is the ratio of the total heat loss to the muzzle energy. In this example

(7—1)(515;)
7=14(l4x)(r—1) = 1-2945
A=0
B=11
€ = -14725

Hence
& = 2:656
Putting &, = 2:656, np» = 1, £ =T at the muzzle ¥ =y = 1-2945and p =0 in
equation (41) we have
75 = 260571

or ne = 1-614 ©)

(c) Heat transfer is allowed for by the author’s method
Referring to the notation in this paper we have
=1
&y = 2:6254-03023
= 2-65523

Putting ¢, = 2:65523, 7+ =1, § =7 at muzzle and p = -01 in equation (41)
we have
75 = 2:6212 ©
or ng = 1619

This value is in reasonable agreement with that obtained by the usual method (b).
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ABSTRACT

In this communication the author has discussed (i) the effect of bore resistance and (ii) the effect
of heat transfer to gun barrel by hot gases, on the Internal Ballistics of & gun using composite
charges. The bore resistance is teken to be constant and the heat transferred to the gun barrel
at any instant is taken to be proportional to the shot travel. Both these facts have considerable

evidence to support them.
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