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ABSTRACT

In this paper tables have been constructed to show the .
variations in the position of all-burnt and pressure at all-burnt
with variations in the Central Ballistic Parameter M and
the shot-start pressure Z,. It has been shown hew the whole
table for the variation of maximum pressure with variations
in M and Z, (for tubular propellants) can e represented by
a single graph. Also assuming zero shot:start pressure the
internal ballistic equations have been. expressed in a slightly
different form and expressions have been obtained to relate
pressure and velocity with shot-travel. Further the varia- -
tions in maximum pressure and muzzle-velecity with
respect to small variations in -various parameters have

“been calculated. -

Introduction

The main problem of internal ballistics is the calculation of the pressure-
space-curve, maximum pressure and muzzle velocity for given loading condi-
- tions, e, for various conditions which hold after the round has been loaded
but before it is fired—and. covers all the details of the charge, the shelland the
gun, which can affect the ballistics. Varieus methods have been devised for
the solution of the internal ballistic equations and they are solved by numerical
integration and the results tabulated for various values of the many para-
meters involved. By suitable choice of assumptigns relatively simple analyti-
cal solutions can be obtained. -In a recent paper Venkatesan! has
obtained an explicit expression for the relation between maximum-pressure
and shot-start pressure for tubular propellants and which has been generalised
by Aggarwal? for all values of 6. Their main assumption was that B=i0
t.e. the covolume of the gases equals the reciprocal of the density of the sold
propellant. In another paper Mehta and Aggarwal’ have discussed-
the effect of shot-sfart pressure on the pressure at all-burnt, all-burnt - position
and muzzle velocity ete. '

In this paper the .author has constructed tables to show the variations
in the position of all-burnt and pressure at all-burnt with variations in: the
Central Ballistic Parameter 3 and the shot-start pressure Z,. With the help
of these two tables another table for the muzzle-velocity, for a given
gun, can be prepared to show its varmtions with M and Z, Also for finding
the pressure space curve from the solutions given by Venkatesan? and Aggarwal
we must know either the fraction-of charge burnt or the fraction of web remain-
ing at every iustant during the burning period. = :
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208 LOADING CONDITIONS AND INTERNAL BALLISTICS OF GUNS

¢ & 4 this paper the equations of internal ballistics have been put in a slightly
different form and an expression has been obtained to relate pressure directly
as a function of shot-travel. ~Another . important problem of internal ballistics
is the study of the effects of small variations in one or more of the loading
conditions on the ballistics of a gun. The effects of these variations can be
discussed (i) qualitatively from fundamental principles of internal ballistics
and (#) quantitatively by using the mathematical solution of the internal
ballistic equations. Thus the percentage changes in maximum pressure and -
muzzle velocity -for unit percentage change in various parameters have been

caloulated. . . .o.no
' The Basic Equations

" The forir fundamental equations of internal ballistios are.
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%0 that £, 2, ¢ are non-dimensional variables corresﬁbnding to displacement;
velocity and pressure respectively and M is a dimensionless constant called the
Central Ballistic Parameter. If 6==0 and B==0, then from (2), (3) and (4),

* we have n=M(Z—Z,) ‘e .. .. . (6)
Venkatesan! has obtained the following expressions: ) '
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and

Now we notuce that, : S, _

- (a) When Z, =0, K =4, equatlon (11) breaks down. In this case the
, relatlon between £ a.nd 7 i8 given. by " , Sl
. i E | 8 (fOI‘ 'y ‘—1 25) L _:. : ‘ . N '. oe ‘ “ : .. (12)‘ .

Therefore kR : . e L el

Dwin

8 \& - - ; '
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,;’Tl‘.ms the maximum pressure is given as
3000364 AR
€1= M .o e o oo . ‘e .o ve (14) A
Hence if é-——-O, 'Zo=v0,”B—'—-0,: we have B
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~ (b).7f we divide both sides of (10) by Z_ we see that t1/Z, is a function of
MZo This fact is of great help in preparmg table for ¢, as a.function of M

and Z,, because if we calculate the diagonal terms and the terms on.the one
gide of the diagonal, the terms on the other side are-automatically known.

From (a) and (b) above. we observe that we need calculate only fourteen
terms instead of twentyfive in Venkatesan’s table for ¢, against values of
M and Z, Tig. 1 illustrates’ the variation of §/Z, against MZ, It must -
be understood that this ig true only for the tubular propellants.

M2, —»

2 4 68 1012 14 16 18 T

4/:,, —

Fie. 1—Relation between &,/Z, & MZ, for 6 = O,

1Y

All-burnt position:—Quantities here will be denoted by suffix 2. From
16), we have :

772=M(1’.—“Z°) ' .-. . e e . ' . : (15)
#0 that from (7), we have for ¢=1-25

(16)
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For Zo=0, from (13), we get
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Thus (16) and (17) determine §,, the- pos1t10n of all:burnt as a ftmctxon of M

‘and Z,. We can tabulate in double entry table form the values of Ek agamst
M and Z,. Thisi is done in the table given below - L L

TABLE For Ez : .
| TABLEI SR
. —

0-00 we | 1-3062 1.77798  2:5600 40000
0:02 . 1-2714  1-6776 2-3216 3-4511
003 . 1-2594 1-6392  2:2329 32404
0-04 . 1-2476 1-6064 2-1571 3-0806
0-05 { ~ 1-2370 1e7e 2'-0907' 2-9811

The table shows that the position of all-burnt mcreases with increase in M
but decreases as shot-start pressure increases.

Again from (8) and (15); we have for y=1- +25 the pressure at all-bumt
given by

1 1gw—a_-zc,)2 e :
G e 1)
2 .

In (16) and (17), we have already expressed &, as explicit function of M and
Z,. Table II gives the values of ¢, for various, values of M and Z..

TABLE FOR &,

TABLE IT
Zio " M \ 1 - 2 - 3 . 4
0-00 . *3008 0751 -0147 +0020
0-02 e <3368 <0958 , 0220 £0037
0-03 . _++3507- 1059 0261 -0048
0-04 S -3652 1156 - 0302 0060
0-05 . +3788 +1250 +0346 0074

A glance at the table shows that the pressure a$ all-burnt decreases as Min-
creases but increases as the shot-start pressure increases,
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Valies after all-burnt :—After all-burnt Z=1, Fo that from (1), we have

,1=‘g2+2%a—1n2 e e e L9
Also since the -expa,nsion of the gases is adiabatic '
§g=§z¥3 . .. P - (20)
Therefore from these equations, we have the - _muzzle ;s}eiocity as
( 3 ; .
Cmp=8My g “;i ' L(w’hen y=T'25).. .. .. (@D
N s ,

' This expresses g as explicit function of M and Z,, sincé ¢, and &, are already
known functions of M and Z;. - Thus with the help of tables I and II we can
construct double entry tables for given values of §&. : : '

Alternstive Ballistic Equations o | |
We now give the equations of internal ballistics in a slightly different
form. Assuming zero shot-start pressure the equation for pressure-space
curve, which is of significant importance for purposes of designing a gun, has
been obtained. The four fundamental equations .of internal ballistics are:’

pv =7\cZa—”—_§1 W(i2u? .. .. .. )
Ndf ST
DE=—F . . . S T T )
Z = (1—£) (1+6f) .. e N ¢ 7 I
W(dt“)=Ap- S SRR . . .. (25)

Here v is the volume behind projectile minus the charge volume. Also if v, ’
is the chamber volume then“the free volume of the chamber, v,, is ’
Ve=ve—be .. .. e e e .. (26)
where b is the .average volume in cubic jnches of one pound of propellant.
Also ' » e R

vmvplzAx LTI ey
where x is the t;‘é,vel in feet. ' L
From equations (23), (24) and (25), we have - " - :

W .. 140 - | - |
o= -~/ I;kZ] P L
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‘\Laet us now introduce the. followmg twe gnantlttes, e SR
(ﬂc)\ 2W » R Sy
S .. e .. (29)
p= )
vo N ,;_ = . R .
Both these quantities have dimensions of préssure The latter quant!ty can

‘be identified as the pressure which would be developed in the chamber if
complete charge is bumt before shot bégins to move. :

Using equations (28) a.nd‘(29), we have R e

20 (12w A ST e

K P R M v =7 '\/ Wyopg = PTo.oe e (0)
Thus R
W(12u)— 1+9 ){1 — 1——kz} 57(31)>

With the help of (30) and (31), equatlon (22) can be wntfen a8

p~=p [z '7—1(1+9 “Po fl_\/y_kz}] (32)

Now

du du ? :{ e
EMES

'Therefore from (25)

@) (VR

Combmmg” (32) an&' (33)’ we have | R

I e P SRt
1°g( ) f( 16 ‘/1 k? flf\I ‘:{Z} dZ .. (34)
150,

1—y/1- KZ

71

=-7:rz,_*;pq)'°g [
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Thus the relation between Z, the fraction of ohafgé burnt, ‘and _Y_-’ “the
expansion-ratio is ‘ ' Vo

—’-"‘,__"21»»: 924_.
+ 0
@)= -CFE) () |

(35)

" o—1 o
6 +q Po

W( O D). -

Pﬁttmg the value of Z from (350) in (32), we get the equation relating pressure
to the expansion ra.tlo as

(0P ) ( )( + 05 ) ( ) (?+2" )(36)

(6-}-‘!—1 Po

Again from (31) and (35a) the velocity in terms of expansmn iatio is -

: y—1, P

B0 /7 | e )|

12(@ jrin ) Wpy l(——f( ) ) | D
L ' J

Now in a gun as the charge is burning the speed of the shell is mcreasmg and 8o
does the space behind the shell. Eventually there comes a time when the
space behind the shell increases faster than the gases are produced. Just then
the pressure is at its maximum and from then on it falls away while the sPeed
of the shell continues to increase. Thus the behaviour of the product ‘pu’ with
increase in shot-travel during the period of burning is given by

p&(1+0)°

i = IPo)\/wP 1__(_) ~(5e)|

2 pq

‘Zf? (10p, N +epi)]
=(%) | *

o

%

Pe

(~) | e (3®)

Oha,rt‘s in his “Elements of Ammunition” indicates that the mammum value
of ¢pu’ can be found either by trial or by caleulation,

Y= —1 —l—-ﬁPc)
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Now from (36), we find that pressure is maximum when

1 ' 5
, 6—1—
v [ —I—ZO Pq ' " +
ma.x . . (39)
v, { a/-l—l Pq \
| 5—a.0— |
L 2 +e Po J : v
1+e) (e+ S |
Zunax = ( / . . . o (39)
204w — ’ ‘
( +ﬂ,’Pq ~ ,
and its value is T L ’ o :
. y+2e?q - : 'yjﬁl qu
ro
v oPu ,,_1 Pq
I ]I 2 ,+6Pe' T "+1 ;;;;; 1 2 +6P°
=p ? Pa el gPa
Prax” P (1"',6) ?""‘29 Po J 02 +ep0,J
L i b ’
This is true only so long as . A
Do 16 ' S
Pq po .. o e e (le)
Otherwise the maximum pressure oceurs at all-burnt and its position isgivenby
T (=1, pe ) , :
) |
Vb__ ¥—1 pq ( 2 s :
_v%:l,’-;-e [1_-2—1; } 2R - . .. (42)
 while its value is ' A
: 1.6
| ; '7‘1‘2 42 Pq
p' s )
by e '
. g1 pc + (1 +e)< Po ] (43)
Po =Po \ I—"57 g f
Also the veloci’oy at all-burnt is . "
llb 12 qu ' ‘ ‘ ( )

After the all-burnt position the expansion of the gases obefsf the a,dlabatlc
law, so that at the muzzle the pressure is given as

o (G - - -
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Patting the valuﬁe&'\ﬁdﬁ;?u. . and. v, , we-obtain

o _________2 B '7-*,—1
v—l Pg Pq. TR
0 — 0= +e o \Y
B , 2 Pq | 1+6) ) 46)
‘Therefore the muzzle energy is given by .- , " ’ _
Lo _ S i yoi o
;L
20 Tpo

- e [ pv "—1{ ) e
— 2 )= A o =1ps | 27 Pe.
pE’“,“‘a‘}’W(lzum ) g1 r,‘" (Vm) 1“‘7 bl .

e e
s '7 1+ gPa ' B e 2
Po . g N
1 e) SR
( + o v e (4T
and hence the muzzle veloolty is* known. S L i
The temperature ab the muzzle is glven by i
' , S cy———l
- 2 Po L. eI

“7’—‘1__1_,01’ Cy— 1+el5q
Tm“T( )—1 == P°) (1+°)

Where To'is the admbatxc flame tempera.ture of the propellant 4
Also the shell will leave the gun before all-burnt position, unless :

(48)

2 p—q— +6Pq )
_—lo, _2
TS, 146 2 :
where
'Vm. e
r= ng;-: ?¢ X ) ¢ ,‘




. DEPENCE™ SGIENCE JOURNAL -~ .. - 217

Effects of Variations in Loading Conditions on Ballistics

~ An important problem of internal ballistics is the study of the effects
of small variations in one or more of the loading . conditions on maximum
pressure and muzzle velocity etc. of a gun. The loading conditions are; .

(@) For Charge—Ballistic size D, charge weight c, shape_or form factor
8, force constant A and rate of burning constant 8. -

(b) For Gun —Chamber Capactiy v, , shot travel or the length of the
bore x,, and area of bore A. ; _

(¢) For Shot—Mass of shell w, shot-start pressure pPs. We will discuss -
the change in ballistics if only one of the loading conditions be changed.

* (4) Propellant ‘size’ D and rate of burning constant S—For a constant
charge weight an increase in D means a decrease of burning surface and so
. the pressure builds up more slowly. It has more time to affect the shell’s
motion and though the shell is moving less rapidly. the all-burnt position is
farther up the bore. If the ‘size’ is very large the pressure may go on increasing
right upto the muzzle and the shell may leave the gun ‘before the propellant
is all-burnt and so there will be an increase in the irregularity. Since the burning

A - ! )2
constant 8 appears in ballistic equations in the denominator(e;g. Pe/Pq =§L§:2‘27V
8o the change in ballistic due to web D and rate of burning constant B are
equal in magnitude but opposite in sign. The per cent. change in maximum
pressure due to unit per cent change in D or 8 is given by

Pq Pq
(Olog pmax) _ 2(logpmex) _ Wp, . lC’g'ﬁ-% e
alog ) T "2(logD) ,'7;";1+(;P_q )3 ‘ﬂ;;.e‘l’i
. - 9 Po ) 9. Po
20 -gﬂ
. (4
S . . .. AN .o (50)
' u+e Pg :
. 2 o Pe . X
Again since e, EERET
2p2 g » .
%=%, where W‘:I-fOin—l—%;c N ()

Now considering a gun‘ for which c=1-5, m,=16-5, A=8-831, A=1810 and
B=-82, the table III and Fig. 2 give the value of D for different values

of Do/pq.

TABLE IIT -
P,/Pq 5 1 2 3 Lot s
D S +0193 - 0272 ‘0385 -0472 . -0545 - 0609

Also from‘ .(5}),’ ‘we. have ~ | | Y e e i
—3-1 . 2, 4

3 8m+\/ (3+18m)*4- D, | ‘,

. 2 i B ) [ 1 LA 7.”,:'5 [

¢ =

. (52)



218 LOADING - oonnmams AND INTERNAL BALLfmos OF GUNS

i

Fig. ,%Réla{oion hetween M & D.

Thus if in the @mem want to keep the value. ef p,,,lp.; s
ml&tmn “hetween C and D for pequ =1,2,3,4, 5mgrvenby mble Wand

Fig‘i R

06 -

S : -
; - 1}

© WES  SIZE D o

: BN ] 3 3
cmse wsneur C -

Flé. 8—Relation betweei‘i"C'& D fdr’diﬁeréﬁtﬁal‘ues of M,
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"TABLE IV

- D i . )
Pc/Pq -010 ‘015  -020 <025 <030 <035 <040 1045 +050

(1049 4316 7708 1.1045 1.7036 2-2031 2.9584 3.6433 4-4965

0976 -2192 3883  -6040 -8656 1-16656 1-5197 ‘1-9091 2-3375

<0489 1098 -1949 -3038 = -4369 5922 7708 -9718 1-1946

1

2

3| -0651 1463 -2599 . -4044 . -b807  -7870 1-0313 1-2879 1-5811
4

5

'039i‘v ‘0879 © -1560- -2434 -3497° -4749 -6185 7803  -9600

Again if all the loading conditions are constant, including the charge
weight, the pressure space-curve for standard loading conditions and for
-increased web must be equal because the chemical energy released is constant
and the ares under pressure-space curveis a measure of muzzle energy of the
shot). But the pressure-space curve for increased web is bélow that for stand-
ard and so the two curves must cross each other. Since the difference in
areas before and after cross-over must be same in an infinitely long gun, it is
apparent that with finite shot-travel the area under the curve corresponding
to smaller ‘size’ will be greater than that for larger ‘size’ and thus the muzzle
velocity is reduced by increasing the propellant thickness and the change

is given by Lol - ' i

o(log Ey, ) . @log Ey) _ a(lbg Um) _ ___k2 o(log up )
g B ¢logD)  ~o(logh) . olog D)
| 7—1 o P a9 Do
=g [ pO/PQ X 2 pc_‘ + ~Pe _ 2 :
1 Y—1 p "““1-}-0 Pq (v-—1+qu )
2 pg. 2 Pe 2- Pe /-
146 '
log = ' .. (83)
9T B ] |
- .2 pq‘ '
*_where ' _ '
M o | . _ *
= g, Tl - |

{4t} Charge weight c—An increase in charge weight means an.increase
in chemical energy available and thus an increase in maximum pressure and -
muzzle velocity. Also since increased charge implies higher pressure so the

 rate of burning must be higher and though the projectile moves more rapidly
still the all-burnt position occurs early in the bore. - Thus with increased
charge weight we expect improvement in the regularity. On the other hand
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a reductlon in charge weight will iriérease Jrregulanty as the all-burnt posmon '
will be near the muzzle. The per cent. change in mammu&@essure w1th

" unit per cent. change in charge welght is glven by

‘ ‘ : S 99 P
,(log Pmax ) =t quv/Pc g Y—l- Pe e
e T Ty
7 . S 9 Po .92 Po A-
S ' S . g Pa. . R ) o - )
e ip’dm vy {1;36.,% N
e d-' _!’:— :Fe,%?_ oo L. S o } .mr-_.b_j

Also the per cent change in muzzle energy and muzz]e ve]omtv w1th umt '
per cent. change in charge weight is- gwen by g ! Loy

AlogBn) _pAlogun) o T M
o(logc) Aogey .
—1+s [ 2' Po = pe/pq

=1y (1_.".““1
(S ) 1
B SO =T

(e ) I

Pq,
bc Ve —be ] —1 r
{+ 12Axpm }

} ] e

Aga.m if maximum pressure is kept constanhhy assuming tha.t welFor burmng
rate or both.are varled then the change in muzzle veloclty is glven by -

&(log Em ) 6(100 Um) be Vo —bo
| 8(logc)p— (logc)p | Ite (1"“) [ ( L 12Axm)

LR 75”" 1_“?;1£0 Pc/P
G T CE
L Po 2 R
.‘;‘,Y———-+6g‘: . qu "(,'Y;;""ez%)zi)g,%ﬂ—l-»e.%

B T R D
vl g P [} g
N 2 + 'PO f N j e ST e (558)



