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More and more conventional guns are being utilizsd as special purpose guns to achieve very high velocities by 
using unconventionaliy high C /  W ratios. The existing methods of internal ballistics give satisfactory rwults only for 
low (less than one) C / W  ratios. In the present paper the basic internal ballistio equations have been 
modified to cater for don-linear rate of burning, cubical form function and a realistic pressure gradient between breech 
faoe and the projectile base. The equations have becn numerically solved. The results for low and high C/ W ratios 
have been compared with those obtained by using conventional methods. 

C 

The use of guns for firing projectiles at high speeds has gained a special importance with the opening 
of spaoe age. Simulation of high speed environments to aid research work on the aero-dynamic performance 
of various missile ~onfigu~aticn, experiments on the machin'ng of metals at ultra hjgh speeds and launohing 
of probes for upper atmospb.ere and space research are some of the iqportant uses of high velocity guns. 
The problem of Om launcbed spaoe prob:s has bssn discussed by COX. It has been stated that Dr. G. V. 
Bull of the Canzdian hmament Research and Developmsnt considered the possibility of using Gun launohed 
probes in 1958. I t  has been found172 that the use of modified standard ordnancerepresents the most economic 
solution. Muzzle velocities as high as 5200 and 5800 ftkeo. have been realised at US Axmy Ballistics 
Research Laboratories by firing fin-stabilized projectiles from 5-in. and 7-in. guns ~~00th-bored  by machining 
away the rifling from normal service barrels3. It has been stated that the quantity of propellant charge was 
about t h e e  times the projectile weigh,t. A A/ W ratio of about six was used to realise muzzle velocities bet- 
ween 8000 and 9000 ft/sec at Ballistic Research Laboratories, Aberdeen Proving Ground, U.S.A., with a 
0.60 smooth bore gun4. Muzzle velocities of the order of 8000 f t l sc  are said to be realised by firing from 
90 nun smooth bore gunsS. 

\ 
One important factor to be observed from above is that unconventionally high, charge weigbt/t/projectile 

weight ratios have to be employed-to realise higher velocities of this order. In the existing methods of 
internal ballistics it h.as been made very clear that the ratio CIW should not be more than for conventional 
guns to  get realistic resnlts6, which are usually less than one. Arndt and N ~ H e n r y , ~  presented a modification 
of the Hunts Hlnds tabular method based on some empherical relations for such larger. C/W ratios. 
Murphy, Badhwar and Lavcie7 have discussed an Interior Ballistics Calculation system for conventional 
and light gas guns, based on the numerical integwtion by finite difference method, of the simultaneous 
partial differential equations describing the gas to be retained in their general form. 

In the following the conventional internal ballistic equations have been modified to i n c ~ r ~ o r & , ~  the 
realbtio value of pressure gcadient in the Lagranges ballistics problem and a simple method is presented 
for the solution of th.ese equations numerically. A cubic form function and non-linear rate of burning 
has been assumed. The method h.as been employed to calculate the ballistics and pressure distribution 
along the barrel for different guns using conventional and higher charge weight/projectile weight ratios. 
It has been shown that though. for low C/W values the classical method gives quite realigtio results, they 
fail badly for high C/W ratios. 

N O T A T I O N S  

A=Gun bore area- 
C=Mass of projectile 

P,=Projwtile base pressure at time 't' 
R=Propellant gas constant 

D=Propellant web size !l',,=Propellant adiabatio flame temperature 
f = fiaotion of 'D' remaining at time 't' 

T=Gas temperature at time 't' 
1 = (U-C/S)/A 
Ph=Breeoh pressure at time 't' t =Time from shot-start 

L 

P,=Mean gas pressure at time 't' U=Gun chamber oapaoity 



- 

V=Voiume included between the breech face p=Propellant rate of burning constant 
and base of the shot a=Pressure index for non-linear rate of burning - 

v=Shot velocity at time 't'  propellant gas speoifio heat ratio corrected 
W=Projectile mass corrected for spin etc. for heat energy loss through the barrel 
x=Shot-travel at time 't' 9=Propelladt gas co-volume 
z=Fraction of charge mass burnt at time 't' 6=Propellant density 

Subscripts 
O=Referes to  shot-start 
I =Refers to maximum pressure 

2=Refers to 'all-burnt ' 
3=Refers to muzzle end 

T H E O R Y  1 - 
The four basic internal ballistic equations describe (i) burning of the propellant, (i i) form function i .e., 

equation of the propellant shape, (iii) equation of motion of the projectile and (iu) gas expansion i.e., Resal 
equation. 1 

Burning of Propellant-In the classical method by Hunt & Hinds" the rate of burning is asburned 
to be proportional to the space mean pressure which implies that at any time the solid poltion of the 
'unburnt propellant is uniformally distributed throughout the bore at the bgck of the projectile. It has, 
however, been shown6 that the motion of the propellant cb,arge during burning is negligible until burning 
is very nearly complete. Tbis fact has been confirmed by Goode" and later by Murphy, Badhwar and Lavoie7 
wberein it has been shown that the results of ~ l d s - f e i s  stationary propelbnt agree much better 
with experidental results than do the results for moving propellant. As such. in tbe present aeory the rate 
of burning has been assumed to be proportional to  the breech pressure i.e., - 

df ba - - - - -  
at - D 6 (1) 

The following cubical form function has been assumed to accommodate general shapes including that 
of spherical powders 

z = ( l - - f )  ( a r + b f + c f 2 )  (2) 

Equation of the motion of the projectile 
a v 

W = APs 
d t 

and the Resal's equation u 

CzRTo-(?--  1) A p e d %  i 
. o  Pol = ,U + Ax-{C( l - -z j /8 ) - -Czr l  

(4) 
i 

Pressure Gradient-The pressure gradient from the briech to the base of the projectile is mainlj due to 
two causes, namely the inertia of the propellant gases and the gas frictional forces at the bore surfaces. The 
classical expressions for the pressure gradient are -, 

In deducing these relations i t  has been assumed that the propellant is all burnt before the projectile starts 
to move. It has been shown by Thornhill that these relations hold good also if the unburnt propellant at any 
time is uniformly distributed throughout the bore which is possible only if the mean velocity of the unburnt 
propellant at a time is equal to the mean gas velocity i.e. 012. If it was true the burning of the propellant 
should have taken place in the mean pressure and the form of classical pressure gradient would have been 
true at least for the inertia pressure gradient. But in view of the fact that the propellant stays in the cham- 
ber until last stages of burning the equation (5) are quite unrealistic except for low CIW ratios, the point 
of demarcation found to bea 0.8. It may be noted that @oldie and Coppocklo who took the rate of burning 
proportional to the pressure a t  the breech also accepted the classical pressure gradient. 
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% G ~ A  : 14qmUMIi+i++4$jgh-~-+&y (3- 

I 

Puttiq p = C z/V, ThornhilIO* 0btCinedthe;"%oM3:e;Z@~~TdrBd Tif€i i i  p m  @en& : 

P - - P , - -  P-0%) d .  . - - c' - (2e) t 

Pa 2w , ,  d v (6) 

1 - Pn, = -(2Fb%.PJ.= -1 
3 - -. + 

(7) 

At breech u = 0, therefore - -- - -  - - - - - -  -- 
C d 

1 - (8) 

and 
' C d  7 

Pm = F~ {l + (zv) j- - (9) 

A good number of papers have been publish4 by &I@, Prasadla Aggarwal and Varmau on the analyti-* 
cal solution of the problem based on this and modified density of propellant gases. 

Ohanging the independant variable in equaticm ($}+he (g/fam 'o' to 'f' us@ (1) and (3). Tlrsse can 
be transformed into 

- 
(10) . 

Q, 

, d v  v = -  
d f - - - % < . . 

similsrly changing the independsnt variable in (3) from 't' to 'J' wwi) . - - .&:I -56 - - - 
* - - - "  _.__ d, -"b'=; - .-, - * - %k"-&: -z.,.-: -T ' - .  

, L"-.. - . y7> , ,-k ,2 .iC - -T -*?hq 
using eq. ( I O ~  , 

or 
, 

v' = - B ..- .- - 2 
w+* ,t= -- ,-- -- (13) 

2 
Kinetic energy term in Rasal's equation-%'o~owing"fhorhm~the - - =  -- value of j P, D X in eq. '(4) may be 

written ati~ equal to 9 

(14) 

apd the mean gas temperature at any time is giveg by : . - . % 

s, - 1 - T =   TO[^- ,(Y-~)(IP+ ~ ) V ~ ] / O ~ R T ~  (15) 
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I N T E R N A L  B A L L I S T I C  E Q U A T I O N S  

in  the baIli~tic sol&ion*for conventional gum, there are three possible conditions : 

( i) Before the projectile starts to move-the condition is that of closed vessel and the equstions are . - Pb = Pm = Pa (16) 

and equation (2) 

(ii) From shot-start to caU-burnt'.or shot-exit whichever is earlier, the equation may be summ arised as 
a t  D -4 - =  --p?" 
af B b 

P m  = Pb f 2' V .$- V' Z 1 
Equations (18) and (19) have been realised by changing the independant ~ariable from 't' to T and writing 
v = d s/d t. Equation (21) has been written from (4) by re~laaing Pm for Pb using (11) and miting kinetic 
energy term from (14) - - - L. 

(Gi) ~tdl-burnty to shoi-edt; if d-%%Z@ds &e-Ziuzrsl~~~he equation14 may 

M E T H O D  O F  S O L U T I O N  

The initial conditions aie, x, v, z, t, Pa, Pa, Pa, are equalto zero and 'f' = 1. 'f' is decreased in steps 
' a  f' to ealcdate 'z' from (2) which gives PI from (17). This value of PI is s o m p d  with P 3 e  shot-start 



pressure. If Pb exceeds Po the value of If,' is interpolated for Pb = Po, it gives the conditions a t  shot-sbrt. 
The following 'defined functions' may be used for the solution : 

(I, (I, . . . . . . . . . . . . $, are the functions of variable as shown in the parenthesis. Initial conditions ;ore 
x = 0, v = 0, t = 0, I' = (I5 i fO), v1 = (PbO, z:, 0, zO). The independent variable 'f' is decreased in 
steps of 'd f '  and the equations are solved by Runge-Kutta method of solution of simultaneous equations. 
The method used is similar to one used by Gupta 14,16. Prom above, it may be noticed that equation (21) is 
nonlinear in Pa if a # 1. During the step by step solution the value of P i  in the previoue step is- 
always available the computer memory. To oalculate Pb, the equation is solved by iteraotian. The 
consistancy is achieved in only 2 to 3 steps. Afterthe 'all-burnt' the solution is just similar to the method 
given by Gupta15. 

- 
A P P L I C A T I O N S  

The principal problem of theoretical internal ballistics is to predict muzzle velocity, maxim- pressure 
and its [distribution along the barrel and the 'all-burnt' position, with the given gun, projectile and propellant 
characteristics. It is expected that a good method besides its simplicity and less time consuming should give 
the better prediction of these parameters. Themethod discussed in the previous section has been applied to 
deuhte  the ballistics far fhe foltowmg propellant charges : 

(9 3.7-in. AA Gun with characteristics8 

(ii) 6-in. Naval Gun with 31 lb and 44 lb charge weights8 

(iii) 40 mm smooth bore proposed gun2. 

In  the first two oases the maximum C/ W ratio is only 0.44 while for 40 mm gun 01 W from 0.25 to 6 has been 
~ n s i a e d .  For the sake of comparison internauallistics parameters have been calcukted under the follow- 
ing four aaagmptiion: G 

Hethod 'A'- Rate of burning proportional to breech pressure with modified pressure gradient (Method 
proposed in this paper) 

Method 'B'- Rate of burning proportional to breech pressure with classical pressure gradient (Ass- 
umptions of Goldie & Coppock). 

Method 'C' - Rate of burning proportional to mean pressure with classical pressure gradient (Hunt 
& Hinds). 

Method 'D'- Rate of burning proportional to-mean pressure ./ with modified pressure gradient. . 
The assumptions of 'D' are obviously contradictory. As diwussed earlier in this paper if the propebnt 

is moving with the shot and is uniformly distributed through the bore, conventional pressure gradient holds 
good and if the propellant stays in, the chamber rate of burning should be proportional to the breech pwesure. 
Tb squations solved numerically by method 'B', 'C' and 'DY<have been summarized in Appendix 'A'. 

In oase of 3.7411. and 6-in. guns, there is not much of difference in the ballistic curves shown in Fig. 1 
and 2. It may, however, be noticed that different values of shot-start pressure, have to be taken in order to 
match the experimental maximum pressure. Shot-start pressure takes into aocount, not only the effe3t of 
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resistance to initial motion of the projectile but also the subsequent bore resistance, errors arising out on 
account of use of closed vessel rate of burning constants, assumptions regarding presswe for rate of burn- 
ing and the pressure gredient. In  fact Cornor16 ha3 warned that not much ~ h ~ s i c a l  significance can be 
attached to the shot-start pressure. 

The same value of shot-start pressure i.e. 6 tsi has been assumed with method 'A' and 'C' for the 40 mm 
gun. This gun is taken to be a model in which by some mechanical means the shot is not allowed to move till 

0-METHOD L 

A-METHOD C 

0- METHOD A 

X- METHOD B OROJECTILE W T  ( I b )  
V- METI iOD C LFig. 3- Maximum breeoh pressure, muzzle velocity for 
o - METHOD D 40 mm Gun havhg charge weight 1 .O lb. 

- ---- 

Fig. 1- Ballistias curve8 oaloulated under different 
aaaumptions for 3.7.in. AA h n .  

0 - M E T I i O D  A 

C,-METI-IOD C 
0- METHOD A 

X -METHOD 0 

A-.METHOD C 

SHOT TRAVEL ( INCHES)  , 

X. Fig. 4- The oretioal pressure, velocity and Spa00 cmve 
snor TRAVEL ( I N C H E S )  for 40 mm Gun, projectile weight 0.2 lb, obrge 

weight 1.0 Ib, 
Fig. 2- Bellistios curves oaloulated under differea t aseump- 

tions for &in. Qw with 31 lb an4 44 lb oh8W wel&ts, 

13'3 
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6 tsi pressure is generated in the chamber and does not come across any bore resistance later. Due to the diff- 
erent erosive burning characteristics, which is a factor of velocity of gases passing over the unburnt prope- 
llant, with different CIW ratio the shot-start pressure may not be the same to match the experimental pres- d 

sure. As such it is doubtful if the shot-start pressure can be used with much confidence as a data to realise 
higher muzzle velocity2. corner16; while calculating the effect on muzzle velocity by bore resistance 
has, however shown that resistance occurring sufficiently early in the shot-travel, the muzzle velocity 
rises while if the resistance occurs further down the bore the muzzle velocity falls. 

With the increase in CIW ratio the difference in maximum pressure calculated by the two methods, as 
shown in Pig. 3, increasesl93. With C/W-6 the difference being 9 . 3  tsi as compared to zero for C/ W-1 S O .  There 
is a significant difference in the muzzle velocity calculated by the two methods especially with large 01 W 
ratios. The muzzle velocities as calculated by Arndt & MeHenry2 appears to be on a very high side, however, 
without experimental evidence nothing with confidence can be said. In Fig. 4 breech, mean and.base pressures 
calculated by the new method have been plotted against shot-travel. The three pressures do not attain their 
maximum value at the same point as in the case with conventional pressure gradient. The maximum base 

SHOT TRAVEL ( I ~ C H E S ~  

c . 0  

0.o.- 

0 .8 .  

09'- 

0~6' 

015. 

0 * 4.- 

0.3.- 

0 0 2  

0.1 

Pig. &Theoretioal pressure gradient for (a) 40 mm Gun, 0=1.0 lb, W=0.2 lb; ( b )  3 . 7 - i n . ~ A  Gun, C=8 lb 60 oz, 
W=28 Ib ; (6 )  &in. Gun, C=31 lb, W=100 lb and ( d )  6-in, Gun, 0 4 4  lb, W=100 lb. 

I - 
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pressuretoccurs earliest. It L interesting to note that same conclusion has been a~rived at by Murphy, B a d b  

wi war and Lavoie7 who calculated pressure space curves fpr 3.2-in. smooth bore gun with a C/ W ratio of 5. 

The ratio PJPb has been plotted against shot-travel in Pig. 5. The curves for 6-in. Naval Gun may be 
scrutinized more carefully for their similarity with the curves given in HMS05. It may also be noticed that 
ratio P8/Pa is more than 1 + C/#W at first and less than 1 + C/2 W towards the end of shot-travel and fur- 
ther the time at which P,IPa-l/(lf C/2W) is little before peak pressure for conventional guns. Similar 
findings have been reported by Corner16. 

Discontinuity at 'all-burnt' p o i n t o n  account of completely neglecting the motion of solid portion of 
the propellant, a discontinuity is noticed a t  'all-burnt,' point for 3.7-in. gun. 

Maximum possible muzzle velocity-This matter is of considerable importance especially for this paper. 
Experience shows that the projectile velocity cannot be increased arbitrarily by increasing the propellant 
charge. The reason for this is already mentioned pressure difference between breech block and the projectile 
base to which a great part of the energy is transformed into the energy of movement of the ~ropellant gases. 
From Table 1, it  may be noticed that with C/ W ratio of six, the maximum shot base pressure is 8.8 its 
as against 20.4 tsi breech pressure. Corner16 gave the maximum velocity for an evacuated barrel tobe:  

Experiments conducted with nitro-cellulose pdwder on a veapon of calibre 7 -9  mm by Land weiderfi yield- 
ed about 9000 ft/sec. as the highest velocity (C=ll grams, W = 0-25-grams). I -_a 

L 
. - 

. 
TABLE 1 

Equipment Meth- Shot- Maximum pressure Muzzle position All- burnt As fired Remarks 
od start (tsi) velocity of point (in.) ballistics 

press --., (ftlseo.) Max. 
Pb 'm P, (in.) 

\ 
d - .? 

3.7411. AA A 2.7 21-4 2 0 4  ' !8-5 2710 I?.@ - -- -63.6 MV=270t-%Yth method A end 
B 1.7 21.4 20.6 18.6 2707 16- 7 63-6 Pb = 2t-4 Dmax.Pb,  
C 2.7 21.4 20.6 18.6 2703 16.1 70.3 

'm pa 

71A 
dict not oocur a t  the 

D 3.3 21.4 20.4 18.6 2688 1%-7 same position. 

&in. Navel A 2.2 29.0 27.2 23- 8 3338 27.1 Out (98.0) m e 3 3 6 6  In the pirenthesie for 
C=44 I b .  B 0.1 29.0 27.1 23.6 3359 28.6 Out (98.0) Pb =29*0 'al'-burnt' point, of 

C 2.0 29.0 27.7 23.6 3341 24- 3 Out (97- 8) 
8 h 0 ~  % quantity of 

. charge 0ol)sumed. 
D 3.4 29.0 27.3 24- 1 3315 35.3 Out (98.2) - 

6-in. Naval A 0-96 19.6 18.6 16.6 2874 30EW 234 m=2850 - .  
- -. 

C=31 I b .  B 0.1 19.6 18.7 17-0 2880 29.0 242- pb'=19* 6 
C 0.96 19.6 18.7 17.0 2876 28.0 262 
D 1.5 18.6 18.6 16.8 2862 29.0 262 - - 

40-C=1.2 lb A 6.0 20.4 1'6.8 8.8 7190 11.8 142 Not available 

40 mm C=l.O lb A 6.0 13.6 11.2 7- 4 6608 8.6 Out (79.8) Not available -The calculated values 
W=0.21b C 6.0 18.0 14.6 5.6 6864 6.8 Out (76.9) in Ref. 2, P.266. MV 

1 -7aoo ft/8.Pb, 
I 17.0 tsi. 

40mmC=0.2lbA 6-0 8.6 6.3 6.0 2861 0.8 Out (99.2) Not available 
W=O-81bC 6-0 6.6 6.8 6.0 2841 0- 8 Out (97.7) 
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APPE DIX 'A' 
~RTBRNAL BALLISTIC EQUATIONS UNDER OTItE3I ASSUllIPTIONS I N  RESPECT O1.RAFE OX BURNING ANP PRESSURED 

GRADIENT *a 

(i) Rate of burning proportional to breech preesure and conventional pre'Qsure gradienGMethod 'B' 

(ii) Rs.te of bu* ling proportional t o  mean pressure and canventional pressure gradient-Method 'C' 
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