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ABSTRACT

Ballistic effects of ‘bore resistance for guns have been
dealt with in this paper. The equations have been integ-
rated for the most general case by taking both the resistances
which occur during the band engraving and during the
motion of the shell in the gun barrel. Detailed solution has
been obtained when covolume terms are neglected.” '

Introduction

An important contribution to the problem. of bore resistance was made
by Corner %2 when he gave his ‘weighing factor’ method for calculating the
effects of bore resistance on shot travel, peak pressure and muzzle velocity.
He considered the case when 7=1/8 i.e. the covolume of the propellant gases is
equivalent to the regiprocal of densty of the solid propellant. Recently Tawak-
ley 3 extended the results by taking into account the covolume terms. Results
have also been obtained due to bore resistance by Kapurt for the general
form z = ¢(f). In all the cases ouly the resistance that occurs after the band
engraving has been taken into accouunt, and the resistance that occurs in the
initial stages is not considered.

In the present paper the author deals both with the resistance that occurs
during the engraving of the band and that which occurs after the engraving of
the band. The latter persists for larger part of the shot travel along the barrel
of the gun. The initial resistance is so important in ballistios that it is desirable
to investigate every promising representation of it, therefore it must be taken
into account. Here the author has integrated the most general equations
of interna ballistics taking both types of resistances into account and also
assuming 7£1/8 i.e. considering the covolume terms. A detailed solution has
been obtained for the ease when covolume terms are neglected. The effects of
bore resistance have been obtained for the following important quantities;

(a) Shot travel at all burnt;” -
(b) Pressure at all burnt;
(c) Velocity at all burnt;
(@) Maximum pressure;
and (e) Muzzle velocity.
* Now at Defence Laboratory, Jodhpur.
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Let A be the area of cross-section of the bore. The standard bore resistance
will be taken as a constant, AP, over a short travel Az near the point o
and zero at all other shot positions. It is assumed, that Aw is infinitesimal,
and P, Azis finite. The effects on ballistics to the first order in P, Aziscal-
culated by subtracting an energy 4P, Aw from the kinetic energy of the pro-
jectile, as it passes through the point The ballistic equations from the
point z, onwards are exactly the same as before exqept for a perturbing term
finearin P, Az. Approximations are the same as those of Corner 12 gnd Tawa-

kely3.
The Fundamental Equations

With the usual notations as that of Corner 2, the fundamental equations
of the internal ballistics before the occurrence of standard bore-resistance are
as follows:—

The energy equation is
=1 O Vz .
z(TO T) 2 ( W1+ 3 )OR H ‘. . . (1)
where 7 is the value of y suitably increased to allow for heat loss to the barrel.
The equation of state of the gas is

' : c
. Cz RT (1 + ———)
P [U+ A(IJ—-— _g.(_l_s_z,) — o2y ]= 0»2W1 “(2)
1+ ()

the form fuuction is

2=(1—f)1+8), .. .. . . )
the rate of burning equation is :
i _ 3 ;
D'—L‘i‘t—=—-ﬂP , Where o =1 .. .. .. (4)
and the dynamical equation of motion of the shot is ‘
C\ dv : ' '
(W1+'-2~-7t-——AP . . e .. (5)

where W, is the effective mass of the projectile accounting for its rotational
inertia. ,
Solution with Standard Bore Resistance

The energy equation (1) with bore resistance becomes,

2(To — 1) = %—R—l[ (W1+%) l:;—-{—APo Aw] . | (6)

and the equations (2) and (5) remain the same after the projectile passes the
point x, Just before meeting the resistance the kinetic energy of the charge

and projectile is-%— (W1 + —g— )Voz, and immediately af:terwards the kinetie

energy is ‘17-(W1 + —g— )Vo’—-—AP"Aw. The instantaneous drop of tixe velocit y
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of:the projectile is transmitted through the gas with a finite velocity, namely a,-
the velocity of sourd in the propellant gases and the time taken for the waves :

to settle down is of order 2 (U+4-Aw,)/ Aq, Which is comparable with the time

taken for the shot to résch the iriuzzle, If the velocity of. the projectile im-
mediately after the resistance is written as ¥;, then assuming this delayed redis-
tribution of energy as the immediate _process, 5o that the kmetw energy is at

all fimes (W1 + h) V2, where’ V is the Velomty, we get AN

E(W1+“)V1 __(Wl—l— ‘——)Vo APko )

Also eliminating P from (4) and (5) and lnfegratmg, we. get ﬁnally,
V=Pt A=)

e (7 +-) | G

Therefore the equatlon (6) may be. ertten as

C’szyTie—l— T) . (W O )

e AD(fo—— ? 2ADV1(f,,__f) e
[V + z B (W +— )} p (W +__) ]+ APOMtf

cine

Using equation (T7), we have

ORe(T, —T) _ ¢
=1 2(W1+ )

AD(f,—f) 2 | 2ADV1(fa—
[ { (W1+ By )} E (W1+ ) ] (9) c

Combining equations (2) an (9) we find
CRTOZ= T(W +-)X

AD(v—f) 2 ' 2ADV1(fo —f)
[+ o) o 1
_+AP[w+l1—bZ)](W1 —~) (10)

when Al =U -———(mfeml free space)

n
()
5
db=
and b Tl ,




142 BALLISTIC EFFECTS OF BOREARESISTANGE FOR GUNS

So far the equations have been exact, but now keepmg only ‘first order terms
in (7) (8) and (10), we have

o _(W1+ 3)V | - (11)
AD (fu— _APAe L)
e ) (el
ORTz = T (W1+ _3’)
_AD(f.—f) )2 24P.ps(f,—1) |
(509 e 5yen]
. AP [x+l(1——bz)](W1+ '(:;L) (13)

(=)

where f is the fraction of D, websme remaining at the instant shot begms to
start. : 3

Combining (3) and (13), we have,

(7—1) 4P, A (f, —f)
A —f) (1 + 0= - LM (P — CRT, (fs— fo)

AP Nz
— E;[M(f.—f)—m] [eia—ta] a8

by conveniently introducing the‘ ‘Central ~ba‘1hstlc parameter

A%D’( + 5 )
1
2
P2 ORT, (H”?Wf)
24+ Mo+ 10— 0] &= ORTA&/izf)(fs—f) ,
[[w+l(1—bz)]%—(€'—1)(fo—~f)] DI E)

A=) +8)__ &-1
when Z= M (fs .. 16
(fo—h (fo=1)- (16)
Equation (15) shows the first order effects of the resistance on the equatlon of
unreslsted motion,

Z+ Mz -+l (1—b)] i—o P ¢ ()

M =

~ leading to
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or'fz + 1 (1 —b2)] % L % DU (18)
This gwes
| AP,
Z+M[”+”1*"z” &=- CRT, fs“A‘;o)(fﬂ
z
[%+6-v0 —n] . a9

+[Z — (zf_?w(f.*f){z M(v—l)(f fr}](H)

=t~ ~ G Tt Mw_l)(f e

This is a linear differential equation, which could be ea.sﬂy mtegrated and whose
integrating factor js given by

STt e ey,

IF=¢ B . (21)
Hence, we get R

LF, = ezp { ¢ () + —55m7 QORTWG ¢ (f) 5 z (22)
where

M . bt ph, (f+p/2)—\/q+}/4 |
)=, o8 1+ —0) - Vair Pk U P T T, ]‘ K

#(f)= [ log (f+]’/2)—\/9+1’/4 M(y—1)
Va+ 1Y, (f‘|'1’/z)+\/9+2’2/42 6
(1 pp+fo+f)+2(f e+ 9))? (p+f°+fs)M( I(. —1)
4(q+ Py 1(f2+pf~q)
LME=D o+, +fs)+2<ffs+q>], J+ v, 20)
20,7 + ) f Frw—e ¢
1—6—(y—1) Mf, :
[ ;’1 A e (25)
y—1,.2
1= M : S
g = & .. . . .. (26)
", 5—1 | "
and 8 =0+ oM . 27)
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Therefore 1ntegrat1ng equatlon (20) and retamlng first order terms of AP,Aw,
we geb X .

[e+1(1—b)]=1(1— & (R =91, +ble )[X(f)—.?vé'(ﬂ)jz

AP, 2 ()4
b ey ff“” [za_bzs) S Dhyer)—wimn

R é‘(f)['v(f)*-—-i'r(fo)]] S

wnéreﬁr 1 -—94zef') A (g i’;‘x - o .. '(25)
and (- e+2of)e"’(f¢(f)df-—¢f DT (30)

As the Covolume term is very small and contrlbutes neghglble difference in the
shot travel, we consider the case in more details when b = o, as a particular
case of more practical importance.

We have ' " E&.\{ :
E Ll‘ ") — AP Vo s )— : ; ‘\}
#HL_ o)) +m_ﬁé%__ef"‘” *Dlytr)—wphs 1)

AP L
or log (1+—)—[d>(fs — 80 sy g ) — DT (@D

Solution with “unburnt” at muzzle is not of practical 1m}30rtance Hence we
consider the solution for “burnt” inside gun. Here we need the change in
log (g + l) where suffix B refers to conditions at “burnt”, due to bore resist-
ance which is given as, : -

AP A%

Aog @5 + 1) = grmr 5y, W) —H5)] 69
But, fg = 0, and therefore, we have :
AP Nz

Alog(wB"*'l): 2ORT (fs f)é’
1 ME—D P @ +fo R+ 2 (ofit @
{\/94‘?2/4 [ T ( : 4 (g + 7% i )]
,[(f +P/2)"“'\/Q+I’2/4] [P/2+\/9+P2/4
[(fo ‘I‘Z’/z)‘l'\/q—l‘pz/é] [/ — ) Vi+ L1
pp+fo+ M (G—1) 1 17
0, [f+pf—q+2]
[P(P+fo+fs)+2 fofs+9)]M(v——1)
© 20, (¢ + P

[fo & ;ff{iq + 1;/2 ] }r ) R

><]g

d
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Maximum Pressure: From equa,tion (18), we have
CRT, (1 4+ 2W )

A(l-}- 3W)
1

1)4P,
[(fa——f)Z+ (y— ot (f,Aw(fo f)]

Algo from equation (13) and (20), we have

© CRT, {1+
7 =" ap g1+ ;le)) o= adgzm] o

Plz+l (1—b)] =

(35)

We here introduce a dimensionless qua.ntlty,
1 .
(=) (+ 3,

o g : (37)
)

The equation (35) now becomes

CRT, (1 + 7%,—1 ) (fs—1)

C
4 ()
EA—f)A+8)  (—1) AP Az (f, —
G=p ORI Gi—f (D 7] e
dapP
7 =%
and hence, we have, the value of f at maxiraum pressure as,

. 'Mf+6—1
fn = 4 .,'1{;[ T “ a term proportional to 4P Az, (39)

k=

Potl) = X

o+

For maximum pressure

.
1+ %
For first order effects of bore resistance, we need only substitute
¥M fi 4+ 6 —
Fm = ﬂw+%
For pressures upto 25 tons/sq in; R 7', greater than 60 (tons/sq m) X (c.c./g),

less than 1-02 cc/g, and & less than 1-67 g/c.c., the maximum value of k js
0-175. For maximum pressure using suffix m, we have from equation (28),

where §¢'=

, in equatlons (28) and (35).

"i_

[w,,,—l—l(l-——bz,,,)]—l(l——bz ) ec’b(f' SNf""-}-blg ¢ (/m)
[x(fm)=—X(f) ' |
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AP Ne $(fo)— & (fm) ’
+ SORT. (f, — foe [l l—bs)e v

[ () — $( ) ]+ble ""f"‘[v(fm)—ufon]'  (40)

Also from equation (35), we ha.ve,

CRT, 1—|—-——
[Zm+ 1 (1—bom) ] = ( 2W‘

| 1) 4P, —fn) |
[(f8 ""'fm)zm+ ( Cf)BT (j%x(fo f ]",f_' : (41) ;

Therefore we find from equations (40) and (41)

() [ o]

__l( _bzs ) 6‘ f’ )_¢(fm)+ bl —(b(fm)[xv(fm)—X(fa )]

AP Nz ¢fs — ¢(fm)
-+ 30RT, 1, j)e{

+ble ¢ (fm) [T (fa)—" (fo)]} .. .. (42)_

Pl — bz ) N)(f) */f(fm N

Hence we find,

CRT, (1+ T ) b; ¥ ¢(fa =) = (fm)
e (15 5) O :"_.Mﬂf; s

[x (f)—=X(fi)]+ 2031*; (ffi?mel(f. J;m Zm x
[11 SO0 (70— ]

m*?f;})el;ﬁszm, {’U b ) o) — 9(fm),, RS

) X(fs)]}] L w
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N

TIMefore the change in the maximum pressure due to bore resistance 4P Az
occurring at a certain point, during the period of burning is glven by,

CRT, (1 + 2%, )
1

. AP Aa: :
A(Pm) + 20ET (fs —Jfo 101 (fs — fn )m

A\t ‘3W"
[101—te) S8y BT
el 20 )

T
{,(l_bmewa — ¢(fn)

+ ble_(P(fm)[y (fu)— X (fo. )]f] (44)

Again neglecting covolume terms i.e. b = o we find the cha,nge in the maximum
pressure as

| ORT (1+2W ) (P )_2CRT AP Nz [l?(fe)-—ﬂfm) .

Af—o) O fo—fm)Zm
A(1+3W ) ( 1(f fm)
20— 10—
R e Ho
Now when 7 =% i.e. when b = o, K, the dimensionless quantity is also
zero. Hence Jm =f'mand Zy, = Z'y, as from (39) ’

yMfs +6—1
- fm= M + 20
(0—1)+Mfs y(1—Fk) L)
T 204+-My(1—k) :
_(O=))+-Mfs 3—M ,fs k [H‘ Mryk
. 20+M7y 2011,
6—1+Mryf8 k (O—1+M fs)My ———M«yfs(26+Mey)
204- M~ (20+M ry)2 :
= fm + ko where o is the cons’cant .. e .. (392)
Similarly from (16)
_ (0 ()
. 1}utt)1(rig+ J;n} —~)f "m + {cm we ﬁnd 6 sy
: (1—f'm "m W—- mjz'y—
Zm = (fo—S'm — M(fs—f m)+k°) fo—F'm ,M

4 Um0 fm)(1+9f' ]
T (fo—Fml

=Z'y +”kw where again ’ is the constant. el ae (16_3,).
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Hence we get the change in maximum pressure for b=o as :

ORT0(1+2W1) ( ) APy A @ -
A(1+ 3W1> P, ) " 2CRT (fi —Fo Wou(fs —F'n)Z'm

[le ?(f‘)" 4) f’m) {‘[‘p(.fo)—‘ﬁ f'm 2(7(f1)?i(;‘0 )Zl ) }] .. 46)

By substitutmg the values of = (f) and ¢ (f), the change in maximum pressure
is given by

CRT, {1 4 o
4 ° é + ::: gA(Pm) 2 CRT(f APf.,)%lffs —

(Lo
My

[[(f +p/z)+\/q+p2/4] FPPI) (f'm 21—V 0+ 2% 126,V g+ 27,

(fort ) —V gt 22 Uf'm 42l V e+ 17

M( y'——l) p+fo+fs +2( fofst9)
[ [\/g—{-pz/ ( = 4(q+9%s) ])
o Lot Vet Pl q+:n‘“’/.] [(f'm+2l)+Ve+ ] (pHfotfo)Mz—1)
X8 ot plo VT L (S M+P/z)‘“\/q+192/4] Y
1
[ el
[P(P+fo+fs)+2(f0f5+9)]M(’Y"‘1\ Jo +2/s f'm+0fe ]] :

20y(¢-+7%) ~ K ozir)gfo;q ff 2 +2f 'm—q
' (y—1)04( )
(fs___f )Zr : ]] .o . (47)
This holds if, N '6
. IM . —1
fO > 4[;:—26 >0
If,

' Mf+6—1 ‘
Jo <—'JI;I_—{—26 =0
then there is no change in the maximum pressure
The only other possible case is
v Mf +6—1
fo 20>
in which the peak pressure always occurs at ‘burnt’. Theréfore we now consider
the change in peak pressure when f = 0, We have from equations (35) and (28),
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CRTOTI—I- )f,zB o 4(fa)—-4>(0) —¢(0)
( ) =l(1— bz.s)e - Rble  [X(0) X fs)]
APB 1—]—3—~ ‘ L I ‘
APpa { ) _ 2031
+ o e e [ b — i °]
+ 8t O ot~ 261}‘; 205Dy o) ] i | S
Hence,the change in the peak pressure when f = o is given by '
j .
- R (1+27»1)f*ZBA(L) __dPps
A<‘1 n 3;_1 ) Pp 2CRT, o(fa‘#”."fo)el
H(f)—9(0) b 1y £
{ Ia—bee .[[¢<fo>—¢<0)]—_291‘—'£@]
—ca{0 .
o1 PO st g 2=y 0)—x(fs)]] | )

1 . .
+ Considering the particular case when N7 e b= 0 we.get the equation (49)

as, 5
I

ont, (5 )stB s (i )- mﬁpom ifl¢<fa)f¢<o>
A(l-l-%) B o(f-s fo)e1 |

x[[xp(fo)——xp(on——“%;-’f"]} )

Therefore the (;ha,nge in peak pressure due to bore resistance is given by )

C’RTO(I-]- ) fZs ~ | M
e ) it [

M(fe‘l‘?/z)
[ +2l)+V 0] P —V I+ 26V g 1577

[f +7’/2)‘—\/9+P2/4] [p/s +Vq+7Y4]: '
[[ __M(’Y 1)[1 P(pHfotf)+2 (fofst9) ])
e+, 0, Hg+1%s)

[(fo+p/a)~\/ g+2%d [pla /g F07,] _{ptftM(—1)
[(fo+p/z)+\/ ¢+ [Ple—a+9d 6,




-~

[ 1 ] L [ﬁ(p+fe+ +2(fo 97 1M(5 —-1) fo—Ho/a
f02‘|'2”f q - 20,(¢+2%s) J02+Pfo—’q

+ f%e]]_%ﬁc_%l’ﬁ]} v e (B

Muzzle velocity: After all burnt position the expansion of gases is adiabiatc,
and therefore the pressure at any travel = greater than xp is

P=Pzse—Y " . .. o . (52
_ a+l(1-b) .
Where 7= m .o .o .e (53)
Equation of motion of the shot is
(W = AP e e . (54)

Therefore from equatlons (52) (63) and (54) we get
APp [z + l(l —b)l¢

Vi=V2p 4
.o .o . (95
1 : . !
Where _ = ( 1-'"'7' -,Y) oo oo ©ee L ee (56)
Let suffix & refer to values at shot ejection, we have Do
2, =V3p 4 APp[rg +H(1—b)0s . . . (57)

(Wz +_c_)
(zg +U(1-b))1—7 4
Where @z -—-~—-——[ A\wB —{—l(l——b) .. .. (58)

Also from (35) we have,
APp[xp +(1—b)] - CRT.f, Zp 7'—1)f AP N\

(59)
(w5 ) (weg) (fs —£)( Wits )
and from (58)
r 1—y A [z34(1—D)] ’
A@E == QTE A ’)‘E TR e— 27‘E ——————{xB +l(1—b)] Ve . (60)
From equation (12), we have ’ B |
ADf, AP Am v 61)
therefore, we get- ) S
4P A : o
AV )= — APl . e e (8

(7t 5)05 o)
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Hendw wo bave I -
VN 7' VY o 2t s NI
(73 ) 0
fo Zpr5" AP A
 (wog )(fw—faw,[s, IR

X [l(l—bz,)e #(fo)—4(0)

{0} -
[ fo—(0)]4-ble. [7(0)——T(fo)]] - (6?’

and finally
(W1+%)VE W fATs 1-¥  f,Zprs -y “
APOA:D = ——.f’+f8’—fu’)ﬂ *261[1;3 TH=B .
&(fa)—4(0) —(0)
X r[,l(l——bz.)e S [~ﬁ(f.,)—¢(0)1 -+ ble [7(9)___,,( fo)]] .o (‘Bi)

Oonsidering the partioular when 4 m—% we have

7oty s e—fon?s -

¥

AP Az = —fotfo—trm g
fZers 'Y T $(fo—(0) ] . . (65)

~ ~ Hlest l][ e W f—den | ,

and henoe, we get ‘

M
‘ 26,

(W1+ 3 )VE(fr—fo)AV 3 _ —_— faZB"'E' { [Q—Pff—ﬁ ]
APAw =iy °’” T 9Bfwst+l] ¢ J°

(f +pl)+Va+rl ’[P/gwﬁqﬁ*?% ] 20Vt 7%,

[(fot-pl)—V g+ [P/+V o+ 2%,

x [ (R [ )

[(futpl) — \/ q+p‘/4] [phtVareld  (pfotfs) M(,—1)
[(fot 2V g+0Y3 [pl—V e+ 2] 0, . 1
f-f—l—pf 0'_'q + T]

[P(P+f o-Hfe)+-2(f, of 1M ( Y"'l)r Jo+ols 42 P/ 2]]
T 20+ L/ +2fo—e

X log

. (66
T (66)
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"This gives the change of muzzle veloc1ty AVe, due to a bore resiStance
AP Az occurring at the point ( fo, Z,), in terms of the charactenstlcs of the
golution without resistance, For resf:stance at “burnt”, fo = -0 and

(W ) OUNZ

AP Nz . S
and the muzzle velocity falls. When the resistance occurs durmg the adiabatic
expansion the kinetic energy of the shot.and  gases at the muzzle are reduced
by the work done on the resistance, without other effects on - ‘the ballistios
(except on the tlme to traverse.the bore) I-Ience

L

g B

(W1+3) VE AVz S
1
: v s APoAaf .
if the resistance occurs after “‘all burnt”, -~ *
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