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Abstract. A review of the computa.tlcns in Internal Ballistic Systems for developing
pressure and velocity space curves, called primary problem and differential variations
due to change in initial phase space of loading conditions, called secondary prohlem,
is presented. In the conc]udmg part, thc gencra] aspects of the seoondary problem are -
analysed and rcporwd .

PRV .

PRIMARY PROBLEM -

1. Introduction

Systems of - Internal Ballistics can be broadly: classified- into three types, namely
“Emperical, Semi-Emperical and’ Neasly-Exact”. The emperical systems** derive- little
support from the thermo-dynamic.theory, but assume  algebraic relations- between
ballistic parameters.. ‘The semi-emperical systems®~'® are ‘built - up - with - ballistic
parameters, derived from extensive fired data,. .coupled with emperical rules and some
- agsumption of thermo-dynamic theory. The neatly-exact systems+#2 attempt to. include
all - main ballistic phenomena, using thermo-dynamic theory, upte a ceftain degree of
magnitude. - These methods also draw the support of fired data, to arrive at some
assumptions, which simplifies mathematical complexities, of the problem. Refinement
to physical plausibility, depicting more realistic situations; had led to-various mathe-
matical models, which, however, complex, could be solved by différential analyzers
and high-speed computers  of to-day Treatments of | this nature are associated with
many researchers—5%;

2. Statemeat of the Primary Ptoblem

The primary problem ofa system of Internal Ballistics is to evaluate spatial, as well as
time curves of velocity and pressure, with phys:cal plaus;blllty and possxble preclsmn,
under a given set of loading conditions.
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For a given phase space of loading conditions, it admits a single valued solution—
a single-pressure curve with maximum pressure (Pmas) and a single-velocity curve for a
projectile with muzzie velocity (MV).

Conversely for a given Pmas and MV of a given mass of prOJectxle, the datérmination
of design data of barrel and loading conditions admits a series of solutions. The
converse problem of internal ballistics leads to the ballistic design of a gun.

The variation of a set of given loading conditions leads to a series of solutions of a
particular system. Thus the accuracy and precision of the solutions of any system
depend upon the correct description of the initial conditions as well as- assumptions
about realistic ballistic phenomena. Different systems have been evolved as a result of
differences -in degree of complexity and in sophistication of treatment in details of
mathematical procedures, interpretation and in répresentation of some thermo-dyna-
mical, physical and mechanical phenomena, such as density function, resistance function,
form function, heat transfer, laws of burningand dissociation products, initial conditions
and consideration of secondary energy losses. A brief review of 'some of the systems
reveals the following salient features :

3.. Le Duc Approach

. The emperical-system of Le Duc"’ publlshed by Challeat‘ assummes the velocity
(V)—space (x) curve in the form. :

ax
i rary
The constant ‘a’ and *b’ represent thrice the velocity at maximum pressure ((Prias) and -
twice the shot-travel to Puma.z tespectively. ‘a’, asymptotic velocity in'an infinitely
long-gun is a- function of propellant (type, ‘mass) projectile (mass) and loading density.
4’ is a function of relative-propellant quickness, initial-air-space, chamber-volume -and
projectile-mass.”- Out of the five equations of the system, only one equation contains
properties of propellant other than density. Most of the secondary energy-losses -ar¢
ignored. But an emperical correction factor 1.12 derived: from extensive firings, is
introduced in estimating pressure, to account for pressure-gradient.in the ‘bore; shot-
start pressure and resistances due to band-engraving-and bore. In this system, advance
knowledge of Pmas and muzzle velocity is necessary to evaluate ‘o’ and °»°. Thisisa
great disadvantage: For pre-determining ‘¢’ and. '5" in- conforinity: with conditions "of
loading and propellant parameters 1Le Duc mtrodu@ed two qnantltles “o and B

a= [(W}] Aum

[N

where ‘w’ and ‘q" are masses. of propellant and project, ‘w,’ initial chamber Volume
and * A’ the loadmg dens1ty The quantity ‘@’ characterises the propellant potential,
depends mainly on propellant-type and ﬂuctuates w:thm narrow limits, whereas ‘@’

»
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characterises rate of burning, depends mainly on propellant-web and : fluctuates within
wider limits. The dependence of ‘@’ on propellant-web was established by M. E.
Serebraikov®’® who also proposed simplified relations for ‘%’ and ‘¥’ for Soviet
propellants. ' * -

' .-lfi
a = 0.16 (2gf-!v—-)‘
. 9
Tbh=1254A o |
where f* is the propellant-force and “x,” is the initial equivalent length of total volumes
of chamber and bore. Thus the so-called constants ‘a’ and °b are functions of loading
" conditjons and dlﬂ'er from propellant to prope]lant ‘Moreover, the derived ~ values of -

‘6" from Pmas and MV aie not cornsistént. The ratlo of spac1ﬁc heats 'r is 7/6 Thls
method was in usé by the U 8. Navy as late as 1942 o

4. Oerlikon Approach

The semi-emperical system’ of Oerlikon® is based on methods, developed by Vallier-
Heydenreich®, Kratz® and F. Herlach®. The spatial curves of velocity, pressure and .
time are obtained by using Heydenreich-tables. These tables were: formulated on- the
basis of treatment of -a large number of velocimetric-recoil curves, obtained by firing
different cah'bre-guns, -under varying loading conditions. The system uses modified
Resal’s energy -eqiiation, estdblished by Bergmann (C. Cranz“) with ratio ‘of spec:ﬁc
heats *y’ equals to 1 .2 and fictitious projectﬂe-mass ‘M" as ‘

M=107( 14 'fw)__w

where W and C are actual projectile and propelling-charge masses, . The estimation of -
either Pmax or design of propellant-web is' by Sarru’s formulae®®, . in which the constant
K determined by experimental firings, takes into account the conditions of- 1gmtion and

obturation, as well as losses due to friction.. The specific charge-mass (charge .mass per
* unit projectile-muzzle energy) is estimated, using graphical relation established by
Herlach between Pmaa and specific charge-mass on. muzzle velocity. Thermal efficiency
with specific charge-mass takes into account some of the ‘secondary-energy -losses,
neglecting rotational energy of prmectﬂc Kratz method is used to evaluate after effocts
of powder-gases after shot-ejection, '

As Heydenreich had not considered the mﬂueuce of propeliant-wgb K:snemsky““
eliminated this disadvantage. and formulated tables based on the results of firings of
. gun-propellant combinations of Soviet Union. Moreover, the differential variations
of propellant (mass, ‘témperature, ignition) and projectile: (mass, : crimping force),
inherent ifvround-to-rotind, were found to cause variation in- gas-pressure curve ~within
wider limits: ¢compared to Heydenreich method. Oerlikon used this system, whereas'
Rheinmetall used Heydenreich’s method until 1945, ‘ .
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5. Bofors Approach

The semi-empérical system of Bofors'® assumes that the order of pressures, encountered
in the gun is the same as that of closed vessel (CV) and the all-buint-point (ABP)
coincides with Pmaw. The laws of combustion gases and propellant burning, form the
basis of this system. The Pmas is derived from the equation of expansion of combus-
tion-gases®, -whereas the mean-gas-pressure (Pim) is derived from propellant-burning
rate®, The energy equation is worked out from pressure-working diagrams® which
are computed wusing polytropic-laws with certain assumptions. The maximum-loading
density {A) is regarded as a function of propellant energy and is related to calorimetric-
value emperically. Based on calorimetricvalue, propellants are c]ass1ﬁed into elght types :
double-base propellants (seven types) and single base (one) The propel]ant constants,
derived. from €V for each type. are compared and corrected with that of gun-barrels.
‘The design of propeilant is by similitudes, using Sarru’s formula, The specific gas-
emission parameter (o) is a function of form-factor (&) and: propellant-web (¢).. The
degree of progressivity of propellant-grain (=), expressed in percentage, is :

Yy
= (5 -1)

where ¥; and ¥, are original free surface before the start of burning and final surface
at. the end of burning respectively. Based on the value of =, the type of burning is
indicated. The secondary energy losses due to band-engraving and initial  resistance
were accounted by web-size adjustments. These adjustments. were evaluated by static-
firings®™. Muzzle-velocity was estimated using a proportionality factor p, which
varies inversely as loading density. The factor x becomes more sensitive to varia-
_tions in some internal ballistic. magnitudes such as calibre of weapon, engraving
resistance of driving-band, crimping force of projectile and type and arrangement
of ignition-chargé. Thus the system works for those propellants for which the
propellant constants are known and has proved to provide a satisfactory solution to
the common-interior ballistic problems in artillery:

6. Hunt»-Hlnds Appronch

The neatly-exact system adopting shot-start model; comprises equatlons of modxﬁed
Resals energy, motion, form-function and linear law of burning: The pressure-gradient
is replaced by mean-pressure. The secondary energy losses, miore than.or equal to one
per cent of Kinetic Energy of projectile, coupled with initial resistance and engraving
of driving band, are accounted by increasing shot-mass by 5%, Heat-transfer to gun
is omitted and correction is made to theremo-dynamic efficiency. The form-function is
quadratic, based on a constant form coefficient. Initial velocity of shot and increase of
volume during engraving is neglected. Aggarwal®* and his associates?”® solved the
Hunt-Hinds problem with spatial-dynamic density functions, Morerealistic situations of
© resistance, form, heat-transfer and burning law were considered by these workers.
» Narvilkar*4*4 solved the problem by introducing the hydro-dynamic aspects into the
problem and density gradients in the flow.
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7. Sugot Approach

The system of Sugot!®* adopts Resal’s energy - equation Charbonniers form . function,
which implies no theoretical assumption of law of burning and uses shot-start model.
The system differs from Hunt-Hinds in deﬁmng central-ballistic parameter M and
velocity parameter n. A dependent variable y was introduced with an arbitrary constant
to express shot-travel in terms of the fraction of charge mass bumnt *2’. This facilitated

practical application. The secondary energy losses were accounted by coefficient
representing secondary-work qS

§ = 1.05( |+if;-’)

~ This was a particular case of general expressmn, established! by Slukhotsky“ discussed
later in Drozdovs approach.}

8. Crow Appreach

The system of Crow"” differs from Hunt-Hinds in the following respects:

(@) Kinetic energy term and co-volume term of Resal’s energy equation are neglect—
ed and correction is applied to propellant force F, which is further corrected
to account for heat losses.

(b) Shot-start pressure is assumed as zero and an empencal correction is apphed to
propellant web.
(¢) “The value of the ratio of specific heats is taken as umty .
Thus the system failed to give pressure-space curve in reasonable agreement ‘with

experiment, as well as when extrapolation was required beyond. expenmental data
available for use.

9. Coppack Approach

The system of Coppack® is an improvement of ‘Crows® approach, with an intention of
obtaining a more-realistic pressure-space curve. The system is further modified by
Lacey and Ruston®™®2, The modified system considers complete Resals energy equation.

The shot-start pressure is assumed to be zero and band-engraving is accounted by web
adiustments emperically. The mean-value of ratio of specific heats ‘y is taken as 1.25.

10. Goldie Approach

The sysiem differs slightly from modified system of Coppack®, It assumes a shot-
start pressure for analysis. '

Patnaik® made a comparison of 5 methods—RD-38% GM [I%, Goldie'®, Hirch-
felders® and Bennet”— and the differences observed had the following salient features.
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{a) - Kinetic energy (K. E.) of projectile is separately accounted in all methods,
except in RD-38. In RD-38, K. E. of shot is accounted for by usinga
constant gas-temperature, smaller than the explosion-temperature.

{(b) The co-volume term is included in all, except in RD-38.

(c) The rate of burning of propellant is assumed to be proportional to the pressure
(p) in all except in Bennets method where it has been taken as p2 3,

(d) The allowance for band-engraving is made as follows :
(i) In RD-38, propellant-web is reduced.
(ii) In Goldie and GM I1, shot-start pressure is assumed.

(iii} In Hirchfelder’s and Bennet, shot-start pressure is assumed as 2500 1b/
P

d
(in)*/® and 2500 1b/in® where d is the calibre i in inches.

(e) The emperical allowance for heat-loss is not included in Goldie and Bennet -
~ whereas the same is included in GM II and Hirchfelders.
7 By a numerical analysis of a set of firing results in a number of American Naval

guns with multitude propellant, Goldie® made a comparison of the methods of
RD-38, Goldie, Le Duc®, Hirchfelders®, and Bennet and concluded that only a slight
trend towards greater accuracy of estimation was revealed with better theoretical
methods aud on the whole the results of the test suggested that the nse of single
emperical procedure for the comparison of different ballistic systéms is unsatisfactory.
A better comparison should result, if the methods were used in conjunction with the
particular emperical procedures, employed with them in practice.

11. Taylors Approach

The system of Taylors®® considers three basic equations, involving four variables. The
" energy equation is derived by assuming the specific volume of solid—propellant is
equal to specific co-volume of gas. The secondary energy losses due to unburnt
propellant and gas, frictional resistance to the motion of projectile including shot-start
pressure and engraving of driving band are accounted by effective mass (M), B

e O B)gW + C/3

where C is the weight of propellant and 8 a factor, accounting energy losses due to -
frictional resistance and rotation, The kinetic energy expended on recoiling parts is
neglected. The heat-lost to the barrelis accounted by increasing the ratio of specific
heats ¥ to 1.30. The equation of motion is formulated, using approximate relation
‘among the pressures of breech, base of projectile, and space-mean, based on a special
solution of Lagrange problem. The burning rate is regarded as a function of com-
bustion pressure and reacting surface. Since the latter is assumed to be constant, the
form-function is not considered. The burning rate coefficient is estimated from
experimental firings, using statistical methods. The pressure index is taken as 0.8. The
. four variables considered are work-done by gas, including energy lost by heating barrel
- (K), space-mean pressure (P), shot-travel (X) and energy released by the amount of
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charge-burnt (T'). Thus the systém- comprises two firstorder differential equations’ in
K and P with T as independent variable, besides a relation between X, P.and X.

o

12, Drozdovs Approach

The equatwns of Drozdovs“ system slightly differ from that of Hunt-Hinds. The
propeilant charge is assumed to burn under an average pressure as per geometrical law
of combustion and rate of burning is proportional to the pressure. The composition
of combustion products is assumed to be constant. - The equivalence - equation - leads to
Resal’s energy-equation. The matio of speclﬁc heats ¥ is taken as the mean v between
gas temperaturés at combustion and at muzzle. The secondary work-coefficient ¢
accounts for kinetic energy for projectlle-translatlon (E;), coupled with secondary
energy losses due to rotational (Ey), frictional resistance as a result of translation and
rotation (K,), displacement of gases of charge itself and unburnt propellant (Ey), and
recoil (E;).. The energies E, to E; are expressed in terms of Ei. The numerical value
of work-coefiicient for classical weapons varies between 1.05 and 1.20, depending upon

loading conditions and may exceed these values. Slukhotsky’"- offers a general formula
for ¢.

Y
¢ s O

7,
where K is sum of E, to E, excluding E, and %‘f is the relative charge mass with réspect

to projectile mass. The value of K isa function of the type of weapon. The system
- adopts shot-start model and shot-start pressure is evaluated by static tests. A shot-start
pressure of 300 kgjem? is assumed Whlle compﬂmg the tables. The energy expended for -
heating the walls of barrel, cartride case and projectile is acocounted either by increasing
the value of yor by decteasing the propellant force: This problem was studied by
Muraur® by considering pressure-time and space-time curves. Serevyakovt® has

established a method to compute the heat lost in the absence of these cuves. Based on
the general equations of gas-dynamics for one-dimensional unstable gas motion, estab-
lished by Shkvornikov®, the relations among pressures at breech, base of projectile and
mean-gas pressure have been utilised in deriving equation of motion. The important
deduction from equation of motion is that the ratio of P mean to work-coefficient in
energy equation is equal fo the ratio of pressure at the base of projectile to.the resistance
offered during its tramslatory motion ($1) provided the work done due to recoil is
neglected. The numerical value of ¢, is 1.02 for Howitzer. The form-function is a
relation between the volumetric burnt portion of propellant (§) and the relative
thickness of propellant (z) consumed at the same instant. Thus the form-function
is a cubic, involving powder constants as coefficients. But the system uses a
quadratic with modified coefficients. Extensive work on the function ¢ and its uses in
internal bal!isticshas been done by Serevyakov. The initial value of this function ¢, is
used to estimate shot-start pressure by static tests. In Hunt-Hinds method, the form
function is a relation between the portion of charge mass consumed and that of pro-
pellant-web remaining at the same instant, whereas in this system the portion of charge
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mass consumed is related to the portion of web consumed at the same instant. The
Drozdovs loading parameter is analogous to central-ballistic parameter of Hunt-Hinds.
A variation in Drozdovs solution of internal balhstnc equatlons is suggested by
Oppokov®®, '

13. Okunevs Approach

The system of Okunevs'® differs from Drozdovs in reducing the number of variables in
. the four basic equations. The introduction of four constants P, L, V, T indicating
pressure, shot-travel, velocity and time under certain assumptions, to get relative
variables, has reduced the number of basic variables from seven to four. The propellant
parameters namely force, ‘f”, co-volume, ‘o’ densnty, ‘3 and shot-start pressure, p, can
take any value. The disadvantage is that the rmain parameters namely expansion,
charging, combustion and shot-start pressure do not cover all the cases expecied in
practice. The introduction of relative variables is associated with other Soviet
researchers Drozdovs®?, Oppokov"‘ Qkunevs®, Gorokhov, and Sviridov3®,

* SECONDARY PROBLEM
14. Introduction

Systems of differential variations in internal ballistics can be siudied either qualitatively
or quantitatively.. The qualitative treatment is associated with Tranter®, The
quantitative treatment hither-to can.be broadly. classified into three types namely
Emperical, Semi-Emperical: and Nearly Exact.. The emperical systems of [kopz®’
Slukhotsky®, Pidduck® and. Vickers Armstrong® derive little support from internal
ballistic theory, but consider important loading parameters. with constant. numerical
values, derived from extensive firings. The semi-emperical systems of Hunt-Hinds®,
Hitcheock *°7 and Bofors™ are built up with some important loading parameters, with
reference to a certain degree of internal ballistic theory, under certain assumptions. The
nearly exact systems of Sugot™, Tawakley™®" K,apur”*"5 Winter™, Corner™ and
Puchenkin™ attempt to include most of the important loadlng parameters as well as
ballistic theory, with, fewer assumptions. Thus the secondary problem so far studied is
restricted to monomial variations of loading parameters, with reference to either initial
. conditions, Pmaz, MV, ABP or some of them.

- 15, Statement of Secondary Problem

The secondary problem of internal ballistics, we shall assume, is to follow physical
principle of smoothness and continuity which states that small causes produce. small
effects. Here again these small effects are sub-classified to evaluate the extent of rigidity
and effective non-rigidity of any system of primary problem.

Here the rigidity of internal ballistic system is defined as those differential varia-
tions in loading parameters that do not significantly change both Pmss and MV.
The non-rigidity is the departure in central tendency and dispersion from the system.
Thus the effective non-rigidity is the region in which Pmez and MV distribute around
the values of the system, due to small differential variations. ' '
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Mathematwally, the secondary problem can be stated as follows :

Let A indicate different loading initial conditions for parameters suﬂixed i = 1
2, ......n. Let ¢(Aio) be a function of loadmg condntlons anct suppose that ] parameters
have not changed. Then

(Ak,n) represents Ioadmg conditions that do not vary for values of :
k=12 1and0<z<n
and ' ' '

Letj be varied by -small. increments and ‘the mcrements be denoted by SA(k -+ 1),
0. Fnrther let « be a posuwe number satlsfymg '

< | ¢ (AM) — ¢ [Arso, Aityg + SA(tm,o] | <e _
" where e is the_function of s1gmﬁcance. The function « is dependent on » such that :

I BA(IH-!),G [ < ‘n, ¢ (1‘]) < &g and (?J;T) << 1

The functlon of s:gmﬁcance can be evaluated as follows : If solutlon set S (p, v, T
J. x) for any given epoch ‘r’-of internal -ballistics -is dependent on ‘s’ initial. loading
conditions and-if an element of Schanges, ‘m’ of these' ‘a’ conditions, ‘»’ is a ptoper
sub-setof ‘n’. Let further *!” (/ « m) of these conditions do nofcontribute to this element
of S to the'significance level, then for any change of 4’ (n } J > 1), ‘conditions, the
probability of /* is a hypergeometric distribution.

C‘-(m,l), (ﬂ _ msJ._ I)

A= T, 7y

where | C(r, s) = rC,

Firstly an analysis of the work by researchers is made and then the geneml aspects
of this problem are presented

16, Tranter Approach

The qua.htatwe sfudy of Tranter“ is with. reference to a spatial pressure curve of a
standard propellant, manufactured by solvent process, indicating the positional change
of Pmax and ABP due to variations in loading paramters. The study is limited only
to the loading paramters of propellant (mass, shape, size and constants), projectile
(mass, start pressure) and gun (chamber capacity and bore-area) A good number of
important parameters are excluded from the study

17. Tkopz Approach

As a result of extensive firings conducted at Ikopz*t the first differential correction
formnlae‘ of internal ballistics, with numerical constants came into existence.
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N. A. Zabudsky and G: P: Knsmm:uv.ky"7 wereassociated ‘with ‘these ﬁrmgs Puowand MV
are expressed as functions of propellant (mass, size, volatile matter, temperature),
projectile (mass) and gun (chamber capacity). The numericil donstants in these fermulac -
were determined with reference to 1902 Model 76 mm gun and its ammunition, . As
such for loading conditions, different from the conditions of 1902 Model 76.mm-gun and
its ammunition, these formulae provide approximate values of the variation. A general
form of functions of the relative changes in Pmes and MV(v,n) with respect . to relative
changes in loadmg parameters can be expressed.in the foilowmg manner - :

_BPmaﬂi ___ 8&1 . SVm '_'__ SW

P =t %
where ‘x’ is the loadmg parameter ; ‘mg’ and 'l are known as’ correction factors for
pressure and veloc:ty trespectively.

18. Shukhotsky Approsch .

" The study of Slukhotsky®™ pertains to- propellant-wise and is. restricted to - loading
parameters of - propellant (mass, force, loading density, muzzle pressure), projectile
(mass) and gun:(chamber capacity). Even though thesé are:great step-forward . to Tkopz.
formulae; Slukhotsky has neither considered shot-start - pressure, ‘rior- -internal ballistic’
equations, tior change in temperature through propellant force.. Moreover- the experi-
mental factors, connecting the concerned Ppow and MV, have different values- regardzng.
temperature . variation i.e. the value differs from propetlant to propellant The general
formulae adopted in case of change in tempemture ef charge is - ' L

8 Puoa
Pm“m .

_ me 8% ; %lk =15

19, Corner Approacll .
The study of Corner™ 1is restricted to thc spatial curves of one partxcular calibre-
projectile: primer-propellant combination ofan isothermal sytem. The loading parameters
considered are propeliant (nature, mass, shape, size), projectite (mass) and gun (chamber
capacity, shot travel). Inall these. cases, the basic paramaters have-been calculated.
abintio for ballistic. effects of charge and design variables due to small variations.
Comcr considered the ratio. of D/g and assumed the d:stnbunon around 1ta mean.

20. Hunt-Hind Approach

The study of - Hi.mt;--l-lmcls‘m is limited to decive an analytical expression for change in
MV in terms of basic propellant parameters (force ‘F”, burning coefficient ﬁ) due to
‘temperature . variation only. Two sets of indices o estimate the effect due to small
monemial variations, due to -Messers Vickers Armstrong Ltd and Pidduck are- given
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with a remark that indices are mean-values and reliable values should be obtained by
calculations abinitio.

-

21. Irwin Roman and Hitchcock Approach

Differential coeﬁ'\clents oi' Irwin Roman for Le Duc system has been lmproved by
Hitchcock®®™, based on Bennets system"“, eventhough the fundamental hypothesis
differs from Le Duc. The study is limited fo parameters of propellant (mass, size,
specific energy), pro;ectlle (mass) and gun (chamber capacity and shot-travel). Maximum
pressure is assumed as a function of: propeliant quickness, loading, density and specific

energy. Muzzle velocity is assumed as a function of quickness, loadmg—denstty, space - -

tatio and velocity ratio. These independent variables are expressed in terms of differen-
tial coefficients of loading parameters of velocity .and pressure separately With the
help of two auxillary differential coefficients, algebric quotients of each loading
parameter, have been obtained. Thus these formulae are - applicable for certain guns, -
“having standard propellant, under standard conditions, and can be used for dlﬁ‘etcntlal
variations from these condmons Coeﬂicnents for other conditions should be computed
as these will give apprommate-values

22. Bofors Approaéh

' Differential coefficients g of Bofors™ are defined by the expression
dE _  dx |

E~%
By partial derivation of basic formulae, expression for ¢ can be obtained. The variables
included in the basic formulae have in most cases exponents that may change somewhat,
though rules of variation have not been more precisely determined. Consequenly,
expressions for ¢ do not become exact enongh. As such Bofors constructed emperical
formulae with . variable. coefficients and with a few principal variables. The loading
parameters considered are propellant (mass, size, temperature, moisture . content),
projectile (mass, start pressure), and gun_ (chamber capacity, bore capacity, shot-travel)
Appointed values of differential coefficients of standard propellants for varying loading
densities are. tabul_ateq These tables are only applicable to Bofors propellants.

23. Sugot Approach :

Seoondary tables of Sugot®® 'glve dlﬂ'erentlal coeflicients for varlatlon in initial
conditions. The differential coefficients are ‘derived by differentiating the expressions
for Pumae and MV and numerical differentiation of relevant tabulated functions. The
loading parameters considered are propellant (vivacity, force, mass), projectile (mass,
start pressure) and gun (chamber capacity, shot travel). These tables can be used
for different characteristics of propellant, assumed in primary tables, with varymg

shot-start pressure. Y
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4, Tawakley 8 Approacll

Tawakley"’ study is hmrted to loading parameters of  propellant (mass, size, shape,
force, rate of burning coefficient), projectile (mass and start pressure} and gun (chamber
capacity, shot-travel, bore-area) with reference to alternate ballistic equations. - The
central ballistic parameter M is expressed as a pressure ratio of two quantities defined.
Tawakley has derived: analytical expressions for petceritage change in Pmews, MV and
muzzle-energy ' (ME), due to unit - percentage change in any one of the loading para-
meters. Tawakley™ furthér studied and - cotrected.“these “expressions and’ compared
them with that of Vickers Armstrong®. As. Tawakley has not used baltistic simili-
tudes, alt the part:lal denvatlves are to be calculated in each case Lo

25, wﬁm Aplrroach

Wmter""’ studred the problem thh veference to French ballmtlc system. He grouped
the dlﬂ'erentlal coefficients of 12 parameters of loadmg conditions i in four series —two

series for pressure and two series for velogity. One of the two series conitains diffe-

rential coefficients when combustion is complete and - the other seriés, when combustion
_is incomplete. The four series of differential coefficients are expressed as functions
of. principal coefficients—four in case of velocity and three in case of pressure, “The
- principal coefficients considered are -quickness, shot-start pressure, chamber—volume
and volume behind base of projectile at time 1. . The principal coefficienits of finite
combustion are. consistent with that of incomplete | combustion upto a point where
combustion takes - place. Winter has derived analytical -expressions for percentage
change in MV, velocity at Pmas. Pmaa. and 4BP due to unit percentage change in
any one of the othier loading parameters, adopting the method of similitudes.

26. Kapur Approach

Kapur'#” study pertains to Hunt-Hinds system, on similar lines as that of - Winter™
but with transformations srmpler than that of Widter. Though 18 parameters
of loading conditions are listed, onIy 12 parameters are considered. Nine para-
meters are expressed in terms of three parameters. Kapur has derived anafytical
expressions for the percemtage change in MV, Pms and ABP due 'to.unit per-
centage change in .any ome of the other loading parameters. The- second - and
third order partial derivatives are expressed. in terms of first rank pama! -derivatives
which can be expressed in terms of 9 basic loading parameters. The effect of ratio of
specific heats ', position of ABP and its effect on Pmaz and MV, for the simplified
model was also studied.’ Tables for drﬂ'emnt parameters were cOmplled

27. Puchenkin Approach

Puchenkin™ has studied the problem with referenoe to Okunev ! systemm E:ght loadmg
parameters are considesed. Complex analytical expressions -are obtained, adopting
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the normal method in ballistics, the principle of which is that Pmee and MV change
only when loading - parameters on which Piae and MV depend vary. The analytical
expressions are obtained by quadraturés. The common parameters in these formmiae
are grouped with additional functions for which tables are compiled. . As the auxillary
tables have been compiled for narrow limits, they cannot cover all the cases likely to
encounter in practice, Correlations, between correction factors, calculated on the
basis of main ordrance divisions internal ballistic tables, differ from that of correlations,
obtained by  Puchenkin™ only because of Okunev’s hypothetical factor (¢). If values
+ of correction factors for certain parameters are obtained by experiment, then Puchen-
kins correlations will permit calculation, under same loading. conditions, of parameters
that could not be determined experimentally. Puchenkin has considered the effect of
temperature on Pmas and MV separately taking the propellant  parameters—propellant
force F, specific co-volume (), velocity of combustion of wunit -pressure (u,), heat
of explosive transformatron speclﬁc weight of propellant (8) and expansu)n parameter
©=ry—1.

28. Amalysis of Secondary Problems '

In all cases of these studies, the researchers had calculated the variations of Pmae
and MV forms under restricted conditions. These results do not encompass the
dynamic motion-variations, nor through insight whether a change ‘in initial parameter
changes only the initial conditions, or- the motion: equations, or introduces a small
force, or both. What is the quantitative effect of a partlcular_ variation in pressure/
velocity space curve throughout is not known. An effort therefore is needed to firstly
classify parameters according the effect they cauvse and séconcliy to develop variations
in the complete space-curve and thirdly to estimate the desired changes it Pmas and MV.

Work is now in progress to formulate and solve the problem of variations due to
initial conditions or parameters, --
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