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1. INTRODUCTION

The main problem of internal ballistics is the calculation of maximum pressure
and muzzle velocity for given loading conditions. In most of the systems of
internal ballistics, the co-volume term is neglected, the effects produced by the
resistance during the engraving of the band is taken into account by the use of
‘shot-start’ pressure and the resistance which persists after the engraving of the
band is generally neglected.

Corner (1949) has given a method by which the ballistic effects of bore
resistance of any desired form can be obtained. His method is based upon the
choice of a standard bore resistance, the determination of its ballistic effects and
the construction of more realistic laws by superimposition of standard forms

suitably spaced along the travel. He assumes thatzn = 5 i.e. the co-volume of
the propellant gases is equivalent to the reciprocal of the denmsity of the solid
propellant. Recently the author (1956) extended Corner’s theory to the case of com-

posite charge. In this paper the author has found the effects of bore resistance on
the internal ballistics of guns by taking n 7 % .

If A be the area of cross-section of the bore, then as standard bore resistance
we take a force 4P, constant over a travel Az near the point z,, and zero at all
other shot positions, it is assumed that A is infinitesimal and Py Aw is finite. The
effects on ballistics to the first order in PyAz is calculated by subtracting an
energy AP,Ax from the kinetic energy of the projectile as it passes through the
point 2. For travels less than z, the solution is the normal solution of the ballistic
equations and for travels greater than z,, the ballistic equations are exactly the
same as before except for a perturbing term linear in PoAz. By taking a specific
example, Corner has shown that first order theory is adequate to represent the
effects of a concentrated bore resistance except when this is sufficient to stop the
shot for a period of time, so that the method cannot be employed near the start of
the motion. Another limitation of his method is that, if the kinetic energy of the
shot when it meets the resistance is less than APjAx, the method breaks down,
for it gives the projectile an imaginary velocity after crossing the resistance. In
practice, the projectile would come to rest and would restart after the pressure
had built up behind the shot, which would take a finite time. This is again a matter
of Ax/V, (time of action of resistance) not being infinitesimal.

2. TaE Basic EQuATIONS

With the usual notations the basic equations of the internal ballistics before
the occurrence of resistance are as follows:
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The energy equation is
Ty-T W + - 1
Z .o . .
(To—T) = t CR’ (1)

where 7 is the value of ¥ suitably increased to allow for heat loss to the barrel.
The equation of state of the gas is

P [U+Ax— 5 (2)
( 3w1)
the form function is
= (1—=f}1+6; .. .. . e (3)
the rate of burning equation is
df :
D~ = —BP; . @
the dynamical equation of the motion of the shot is
(W1+ )dV_AP )

where W, is the effective mass of the projectile accounting for its rotational inertia.

3. SOLUTION OF THE KQUATIONS

The basic equations (2) to (5) remain unaltered after the projectile passes the
point xy, while the energy equation (1) is replaced by

2
(To=T) = ' [(W1+C)Z+APOM]. (8

Also just before reaching the resistance the kinetic energy of the charge and

projectile is 3 (W1+ ) V" and immediately afterwards it is > (W1+ ) —APyAx.

IV, is the velocity of the shot immediately after the resistance then assuming

that the total kinetic energy is at all times 1(Wl+§) V2, where ¥ is the velocity,

2
we have
1 Cy.,» 1 C\ 1,2
Eliminating P from (4) and (5) and integrating, we have
V= V1+:4Df°"£)~. .. . .. .8
B <W1+§)

Therefore equation (6) becomes

CRTg=T) _ 1 (W1+9) [ Vi { AD(fo=f) }2 L 2ADVi(fo=])
£ 5 )| Vi )

R 8 (W1+§, 8 (W1+§)

+A4P,Ar.
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Making use of equation (7) this can be written as

ORZ;'_EI—T)z % (W1 +<§7) e AD(fo""g) 2 +2ADV1(f°O_f)- (9
s(m+))  s(mtg)

Combining equatlons ) and (9), we obtain

(2
e R ]

AP[x+4U1—b2)] (W1+g)

)

= (Ul— g) (Initial free space)

Al

(10)

+

Where

and

Up to this point the equations have been exact. Now keeping only first order terms
in equations (7), (8) and (10) we have

Vl:yo__.:ﬁ%?__,.. ¢ § 5
(W1+§)Vo
v ADA=f) APoprz . (19

Th{red) g
, _ 71 ¢ AD(1—f) Y2 24Py nx(fo—f)
e e | e ey

APx+1(1—bz)] (W1+§)

+ (13)
(W1+(*2:")
Equation (13) can be written as
5 — 5—1)AP -
(1=pa+7) = 752w T=Pelonsth=])
af APyAzx ]
*%[M(l—f) m—l‘:f:][ +i(1—-b2)]; .. (14)
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where

A2z (1+_g_)
M= 3W,

¢ \?
BECRT W, (1 +2T’1)

Equation (14) written in a different form is

A
Z+M[x+l(1—bz)]df ORI Ii‘_’;jx =7 [{x+ll—bz} Y—'l)fo—f]

where

Z=1_’_%1M+61f, . .. . .. (16)

But if there were no bore resistance, then

Z4+Mz+U1— bz]df—O .. .. .. (18)

Thus we can obtain a solution torrect to terms of order PyAx by using equation
(18) on the right of equation (15).

This gives
d, AP
ziuerin—ta) L = — b ] - o)

or

dn (M APyaz (1, MG=1)fo~])

itz ~ o e

M APy Az 1 MGE=1)fo—N -

_blz[z ORT1 "(')fo _f)gz e ] . (20)

Integrating this equation and taking the lower limit the point, suffix zero, at which
resistance occurred, we get the relation between the shot-travel and the parameter

[ as
M
_ 1+e) [_ by M(146)2 ] BIZ[5M(1+0)—20(M +6,)(1—f)]
[z+1(1—b2)] l(z 1 - Tseym+25,) (M +6,)(M +26;)

+

M
AP A% l(1+e)91 [{1+e— (F=)A=fo)},  Z0=fo)
CRT(1—70) | '\ Z 1+ 8 Zo(1—1)

MEp—1){146—06;(1—f,) }( 1)]

* 0.(1+0) Z," 7

zoz

| 0= ME-10—fo)} Z:“yM<1+9) =20 +01)1~fo) ) Zo
(1+0)2ZM/01 0 (M 46, )(M +-28,) 1—fo
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_ At PMO6) =260 +6,)(1—) log 2
(M 4 6,)(M +26,) 1 "_‘f
~f
26(14-6) (zb“?l_zﬁ“) L M40 7
W36, +267) \ %o aro)+20,) |, 117
_M(V—l){1+0—01(1—f0)}§( By (1-+6)(M —20+6,) —20M (1 —fy)
01(1+6) Z¥/61 MM +6,)
M
5, (14-8)(M —26+6,)—26M(1—f)
—~Z M(M;O) }] . .. . .oo(21)

If we neglect the bore resistance terms in this relation, we get the same equation
as obtained by Corner [(1950), equation (16), page 179]. Also if we neglect the co-
volume terms but retain the bore resistance terms, then we obtain Corner’s equation
(109), page 218.
If suffix ‘B’ refers to the all-burnt posmon then the change in [zg+4I(1 —b)]
due to the bore resistance is
M

AP A 14+6\0 [ {146 ~M(5—1)1— 1—1,)
8, H1=8)] = zR7 (T py 1(7;) [ Ty 0g 2218

ME=1){14+6—0:(1—fp)} (1 __1_]
+ B R (23 zB)

4o | LHO=HG=D( (=fo} Zﬁl+17M(1+9) —26(M +61)(1 —fo) log ;
(14-6)222/6s o (M + 6, )(M +26,) —fo

bt 7 M(1+0)—20 M +6) log Zs

~Z5 T Mxa)M+20) ~ M6, +20)

o M
M (1+6)* j z" .
=%

o) (et [ Me=) 0ro-00—f)
(M +6,)(M +26,) 8,(1+8)Z21/%

1
5, (14+6)(M—2046,)—20M(1—f) _ 0, (1+6)(M —26+6,)—201 .
x {Z 1 M +0) ~Z5 T M+0) } } 32

Maximum Pressure: From equation (13), we have
) [,

C CRT(1—fo)
A (1+ 3W1)

CRT, (1 +-2

Pla+11—b2)] =
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Algso from equations (13) and (20), we obtain

C
de % [M(l—f)-—- _M] ) .. (24)
df AP (1 C ) CRTo(1—fo)
+§W‘1

Now we introduce the dimensionless quantity

1 C
. (1=3) 7= (1437
= C - B

so that the equation (23) can be written as

Ct
CRT, (1+—~ )(l—f) _ ,
= 2Wy, F=DAPAx(fo—f)| o
Pleth) = e LRI R v R
A (1 + W
1
Now for maximum pressure % = (. Therefore differentiating equation (26) with
respect to f and putting %) = 0, we obtain the value of f at maximum pressure as
YM46—1 .
fm= w+ a term proportional to APyAx, .. .. (27

where ¥' = Y/(1+k).

Since we have to find only the first order effects of bore resistance on maximum
YM460-1
Y'M+20
Now for pressures up to 25 tons/sq. in., BT greater than 60 (tons/sq. in.) x(c.c./g),
7 less than 1-02 c.c./g, and 3 less than 1-67 g/c.c., the maximum value of & is 0-175.

It is convenient to introduce also a quantity

pressure, we will substitute f, = in equations (21) and (23).

. £ =¥ —(F+1). .. .. .. .. (28)
Then
_ 140 :
1=/~ = g3rv28, #9)
and
(L 40)(EM +8,)
Z,= e . . . (30)

Also as deduced by Corner we can write to & sufficient degree of accuracy,

M

'L—E’)E_(EM+91)(6M+401), N £1))
(z,_ =TT (EM 26,
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Substituting from (29), (30) and (31) in equation (21), we obtain

[T+ UL—b2,)](EM 426,)2 [ by M(146)2 ]
EM+0,) = UeM+46y) | 1= 3 o ar T 20,
BI(L+ )2 [7 M (EM +26,)—26(M +6)]
(M +6,)( M+ 26,)
APjAx [ {146—M(5—1) ‘-fo} f-M+0 )(1—fo)
+ORT(1=Fy) [ UeM +4"1)[ 10y Z,

_—1){1+9—01(1—fo)}{ EM 420, _i}]
61(14-6) (Y40)EM+6,) Z,

o | (0= MG=1)(1+fo) HeM +461) AT MO0 =20 +0)(—f,)
0 (M+01)(M +26,)

X log

l—fo
Mo
(40" FMEM+26)~20M+6,)

T (eM+46)  (M+6,)(M+26))

g (M +6y)

ﬂ+1
26(14-6) (Zz;;“_ (1+6)" (§M+201))+

LT, (M +36;) (eI +45;)
w
7M(1+6)° 2" %
0, (0 +20)) J =17

_ M=) {14-0—0( —fo)}(eM+491)g 8 (14-0)(M —260+-6,)—26M(1—f,)

£+1 (M+01)
6,(1+6)
M+1 )
(EM+20,)(1+0)7 (M —20+0,)(EM +28,)—20H : L (32
T (EM +0,)(e M +-40,) M(M+6,)

Also equation (23) at the position of maximum pressure gives

CRT, (1+~0—) (146)2

(1+3W1)

{ ()7—1)AP0A95(fo‘1+§—j}$%0—l)(§M+291)2:|
o R CRT oL —Jo) L+ O EM +67) cee 39

(€M +26)) [ +U1 —b2,)] _
(M +6,)
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Dividing equation (32) by equation (33) and expanding in terms of (7; - %) and

retaining only first power of ( - %\) we obtain

(eM +46,) _
(1+6)2

C [RT" (1+2W1) 1) %7M(eM+401)—7M(M+201)+20(M+01)}]

le 3, +("’ B (DL +6,)(M +26,) }
ra(1452)
3W,

4 APonz (eM +46;) [{1+9 M(y—1)(1 fo}log Z,
CRT\(1—fo) | (1+6)2 (1+6)2 (M+6,)1—f,)

M {1+o 6,(1 ——fo}( M+26, _L)]
6,(1+6) (M+6,)(1+8)  Zq

(7—)CRT, (1 +2%) (M +26,) {71 +26)fo+1—6—73 }
1

+ c
AP, (1+3-W“) (M +6,)(146)2
1
o(r-1)
@ <1+ )M"’l“
( ¥+17M(1+0) 20(M +-61)(1 —fo) —fo
At -
x-‘ZO (3 +0,)(M +261) g Zo
~+2
L0 MO 4260 260 46)

(eM+48)) (M +6,)(M +26,)

1'—[+1 M
26(1+6) ((1+0) (M+20) L") yMA+02
(M+6)(M+26,) \ (eM +46,) (M+6,)(M +26,)

FMAH—1

y M+ 26 Zel
X T:7df

0

M
L M G—1)eM +46;) {1+6—6:1—fo)} | 61 (M —26+6,)(1+0)—20M(1 —fo)
oz 0 M(M+6,)
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"
(M+20,) (146" (M —20+0,)(M+20,)—20M
(M +6,)(e3 1 46,) MM 6

My(eM +468,)AIP, (1 +§%) L
5 {(1+0)( —”—}M)—
ORT o(M +6,)2(1 +6)4 (1+W_1)

+
—M(y-l)(l—-fo)(M+2ol)}

+

My(7—1) {0,(1+6) +M(1 —fo) (M +26,)} o
(14-6)2(M +-6,)2 . .. . .. ..

Hence the change in maximum pressure due to a bore resistance 4Py Az occurring
at a certain point during the period of burning, in terms of the characteristics of
the solution without resistance, is obtained from

C
CRT°(1+2T71) ( 1) APopx | (eM+46y) [{1+0—M(7—1)(1—fo)}

P.] = CRT,(1— 140)2
Al(1+_3_%1) wl  CRTo(1—fo) | (1+40)% (1+4-6)
log(M+92)(1-—fo)
1]
_M(v—l){1+o—el(1—fo)}{ M +26, __1_}]
6,(1+9) (M+0,)1+8) Zy

(7—1)CRTq (1 +2—§,—1) (M +207) { (7M +26)fo+1~0—7 M }

AP, (1 +§§,—1) (M +6,)(1+0)

1
C("" E) (14+0—MG=1)1—fo)} (M +46:)

T L
(1+6)"
M
4 MO0 2004000 Fo) T
2 o (M +6,)(M +26,) 1—-fo
M
'0—'+2 _
(146" 7M(M+26,) 202 +6y) M (1+6)2
~ iy (e arzey st Grre orze)
FM4+0—1

M
$M+20 Z‘Tl
X 1=f df

(1]
5B
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=+1
26(1+9) (Z““ (14-6) +(M+26’1))§
)

o)A +oo) \° T (ear+4m,)
_ MG=D(ed +40) (14+0-6,0~/0)} Zel<1+o)<M —20+6,)—20M(1—f)
_+3 ('M+01)
6,(1+6)"
,+1
0" (M 426,) (M —2046,)(M +26,) —204
(M +0,)(eM+40,) MM +0))

57)
c
CETo(1+6)4(M +6,)? (1 +377

My(eM +46,)AIP, (1 +

+ ) {M(v—l)(l—fo)(M+2al)—

+1
—(1+6) (o- = M)}

_ Myr=1)16,(146)+M (1 —fo) (M +26,) }
(1+0)*(M +6,)*

oe (3D)

Here also we observe that if we neglect the co-value terms, i.e. put n = % , we get
the same expression as obtained by Corner.
The above holds only if

YM+6-—1

fo >W~ry’M+2() >0

YM46—1
then there is no change in the maximum pressure. On the other hand if

Y M +26—1
fo= 0> =05

then the maximum pressure occurs at all-burnt. In that case we have from (22)
and (23),

M
CRT°(1+2W) z(“") [1_ byM(1+0)? ]+
Zg (M +6,)(M +26,)

c
APy (1+ )
3W,
 BZ (7 M(1+6)—20(M +6,)]
' (M +6,) M +28,)
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il

L _APooz (1+0)9‘ 146-MG=1( o)} | Zs(1~f)
CET1—fo) | "\ Zs (T+0)2 RCE A

(F—DfoCRT s (1+ o)

C

+bl[“+0“M(')_"—1)(1—fo)}§ it M +0)—26(+6;) (1—fo), log

+

M(7—1) 1466y —fo)}( L)_
0,(1+6) Zy Zp

8.
Z 1
(146)223/% 0 (M +6;)(M +28,) "fo

Moy
G S M(140)—20(M +6;)
/A Z
e +20,) 8PP
" “fo M
M
26(1+96) (Ze*l“_ze;“)_ 7M(1+0) _zﬁdf
(M +0,)(M +26,) B (M+0,)(M+26,) ), 1—f
M
__31(”7’—1){1+0—91(1"f0)} Z@(1+0)(M—29+01) —26M(1—fo)
8,(14-6)Z2/% 0 M(M+6;)
:’E
_ i (LN M —20+-6,) — 260 e 120
B MM +6,)

Hence the change in maximum pressure in this case is given by

- C M
R (1+2W) (_1_‘) _APypx |, 1+0)1 N 4+0-ME=1)1—fo)f
T L. C ) P.] = CRT(1—f,) (ZB( (1+0)2
( Ry
><10g7[f —j"

_ c
+M(')7-—1) 1 14+6—0,(1 "fo}( 1) (F—1)foCRT, (1+W)
Zo

6,(140) T Zs) c )
APB( +3W]
o | LH0=MG-1)(1—fo)} 7“ PUL+6) =20 +0)(1~fo) %o
+ (1+0)2ZM/‘91 Zq (M +6,)(M +20,) “1—fo
o M
70 ot PM(+0)— =20 +0,), pM(1+6)2 h if
B (M +6,)(M+26,) T (M0 M+20y) | 1=
0
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20(146) ('f,‘—jﬂ g—jH) Mp=1){1+6-0.0—f)}
M +o)M+26,) \ 2 T2 N 8,(14+6)221%

M
x 3 g (L O(M —20+01)—20M(1—1o) _ 2 7, (1+6)( M —20+6,)—26M l 57
0 M(M+6,) MM 16,

Muzzle velocity : Since after all-burnt position the expansion of gases is adiabatic,
the pressure at any travel x greater than zp is

P=P3r77-’; .. .. .. ..o (3%
where

o _f§+l(1——b) "e,

= ngRT:g) o e .- - . (59!

Also the equation of the motion of the shot is

= AP . .. .. . Lo (4

(74 )‘”

Therefore from (38), (39) and (40), we obtain the velocity as

(41

Ve = 72_{_441-’3[31:3.}.5(1__5\,]@ :
B . :

where

Hence if suffix £ refers to the values at shot ejection, we have

(.4

_ 2 |1 -’0E+l(1—b)f1'7] )
%—-)_/_1 [1 {z3+l(1—b)§ B e Y

In equation (43), V3, Pplzp+I1(1—0)] and @ are all altered by the resistance.
From equation (23),

APglzs+U1—b)] _ CRToZy  (7—1)fpdPoaz
. C Cc
(rvg)  (mr) a—(mg)

Alzs+U(1-0)]
zp+I(1—0b)

2 2
Ve=Vo+

(43;

where

also

ADp = 2r; YArE = —2r" ¥ (46}
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and from equation (12),
24P Ax

a(vy) = - 5 : (47)
(W1+§)(1“fo)
Therefore we have
a(ry) = _2APoAx<2-fo+forz-f) wianer
(W1+§)(1"f0) (W1+§)(1—fo)[x3+l(1—b)]
M
g
146\ [{1460—MG—1)1A~fo) } . Zs(1—fo)
X l(ZB) [ (1+0)2 0 log BZO 0+

+

MH—1) | 14+0—6,(1—f»)} (l _ L)]
0,(1+0) Zy Zg

M
o PM(L+0)—20(M +6,)1=f0), %o
0 (M +8,)( I +20y) E1-1

pop | UAO—ME=11—f)}) ,
(1+6)2221161

5 M M
—7Z 1 1 1 _«od+8) L _ gk
B IOy 8%t grrae)ryeey 2o s

fo M
_ gMQep 2% U M=) 1140-60—f)}
(M +01)(M+26,) | 1—f 8,(1+6) 210

_L_f M
. { 70 AHOM —20+61)—~20M(1—fo) _ 6, (14-0)(H—20+,)—20M H (48)

0 M(M +6y) B M(M +64)
and finally
C‘) M
= 1— _
(W1+3 Ve(l—=fo) AVE o fi T Zpret =7 1-1-6')61
APyAz 070 [zs+U1=0)]| \ Zs

9 [{1+0—M(7—1)(1—fo)} log Z80=Fo) | Mp—1){1+0—6,1—f))} ( 1 1 )]
(1+0) €7, 6,(110) Zy " Zp

M
pp | OG-0 ~f0)} ) 0" pMA+6) 204 +0,)(1~fy),  Zo
(1462221 0 (M +0,)(M+20)) S,

~Z

M
0" PMA+0)—20(M+6)),  ,  26(146) (zﬁf“ ng“)
B (Mrepr+20y) CBUPT A (M +20,) o T
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fo M
__ yM(1+6)2 [ Z_oldf _M(’}"—l){1+0—91(1—fo)}x
(B +6,)(M +28) | 0 1-f 8(14-6)22/%

u a
x {Zgl (1+0)(M —20+6,)—20M(1—fo) _ ,h, (1+9)(M—20+91)—20M}} (49)

M(M+6y) B MM 4-0,)

This gives the change of muzzle velocity due to a bore resistance APy A« occurring
at the point (f,, Z;), in terms of the characteristics of the solution without resistance.
If the resistance occurs at all-burnt position, f, = 0, then

C
(W1+§) VeaVe
AP Az =

When the resistance occurs during the adiabatic exp;msion the kinetic energy of
the shot and the gases at the muzzle are reduced by the work done on the resistance,
without other effects on the ballistics (except on the time to travel the bore). Hence

-1.

(W1+§) VeaVs
AP()AZ =

if the resistance occurs after all-burnt.

-1

4., CALCULATIONS OF THE KEFFECT OF LoNg STRETCHES OF BORE RESISTANCE

If we wish to find the effects of bore resistance extending over a large part
of the travel and varying in any manner then such a resistance can be represented
as an integral over suitably chosen resistance of our standard type. Thus the
total change in maximum pressure due to the long stretch of bore resistance is
given by

AP, dx
APm - AZ Efdf
MPy[z+Ul—bz)] APL(1—f)
= AP 0 = o. .. .. .. . (50
'"J ZQ1~f) P2AP Az
The weighting factor, (—I—;—D—A—Pm in terms of f, is obtained from (35). Since
P,,.APO A:r

[z+1(1—bz)] is a function of f and P, is a function of , i.e. of f, so the integral
(50) can be easily evaluated by a numerical integration. Similarly, total change in
muzzle velocity due to the long stretch of bore resistance is given by

_ A VE dx
aVe= | % g%
C
_ A MPyz+1(1—b2)] (W‘+§) Pl At i .. (6])
— C Z(l—f) APyAx
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where the weighting factor

C
(W1+§) Vel—f)A Vs
APoAQ?

is given by (49).
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ABSTRACT

T
By neglecting the co-volurne terms (17 = g), Corner has found the ballistic effects of bore

resistance on the internal ballistics of a gun. In this communication the author has extended
Corner’s theory by taking account of the co-volume terms. The weighting factors are calculated
for each point along the path of the motion and thus the effect of bore resistance for any given
dependence on travel can be found rapidly by integration of the product of resistance and the
weighting factor.
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