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Hocnidsxicenns npouecy nocmpiny 3 eoze-
naavhoi 30poi 3 Ypaxyeawnam cmynens 3HOCY
cmeona nompedye OUIHIOBAHHA 6MpPam nopo-
X06UX 2a318 6HACNINOK X Npopuey Mixnc cmin-
Kamu Kanany cmeosa ma crapsoom. Ha uei
uac 6idomi Memoou po3e’A3anHHA PIGHAHL 6HY-
mpiunvoi 6anicmuxu ne nepedéauaromo ompu-
MaHHS pluenb 3 YpaxyeanHsim 6mpamu vacm-
KU nopoxogux 2asie. Bnacnidox uvozo 3’seunaco
Heobxionicmv y nodonanni npomupivus Misxc
nompebamu npuxaaonoi Oanicmuxu ma Mmoyic-
AUBOCMAMU HAABHO20 HAYKOBO-MEMOOUUHO-
20 anapamy po36’A3aHHA PIBHAHL 6HYMPIUMHBOT
oanicmuxu. Buxnadeno npunyunu nooyooeu
Pi3HUUEB0T CXeMU 011 HUCETILHOZ0 PO36 AI3AHHSL
pisnans enympiunvoi 6aricmuxu 3a ymoe ypa-
XYyeanus 6nauey munosux oepexmis xKananie
cmeoaie i 6oenpunacie. Hasedeno pexypenmni
upasu 011 NOKPoK06020 obuucaenns danicmuy-
HUX eJleMeHmi6 nocmpiny, 6UIHAEHO NOUAMKO8]
YMOBU 0151 nepuiozo i Opyzozo nepiodie nocmpiny.
IIposedeno npaxmuuny anpodauiio pisnuyeeoi
CXeMU WASXOM HUCETILHOZ0 PO36 A3AHHS PIBHAHD
SHYMPiIWHBOT OaNICMUKY 015 XAPAKMEPHUX CRO-
JYueHv GUXIOHUX OAHUX Mma Niomeepoiceno ii
adexeamuicmo.

Oorpynmosaro douinbricmos cmeopenns dasu
danux OamicmuuMHux enemeHmié Nocmpiny Ons
munosux Odepexmis Kananié cmeoJié i nOPoxo-
eux 3apsois.

B pesynvmami docnidcens ompumano piztu-
uesy cxemy 07151 HUCENLHOZ0 PO36 I3AHHS PIBHSIHD
SHYmMpiwHbOi Oanicmuxu 3a ymos 3abesneuen-
HS MOJNCUBOCMI YPAXYBAHHA 6NAUSY MUNOGUX
depexmie kananie cmeonié i Goenpunacie Ha
oanicmuuni enemenmu nocmpiny. Ile eioxpu-
6a€ WAX 00 YOOCKOHANEHHS EKCNAYaAmauiiiozo
KOHMPOII0 MexHiuHoz0 cmany 30poi ma 6oenpu-
nacie 3a paxynox niosuuienns 1020 00CcmMogip-
HOCMi i OnepamueHocmi.

Ha ocnogi uucenvtozo po3e’s3anns pieHsHb
eHympiunboi danicmuxu 6i0KpUGAEMbC MOJiC-
JUBICMb MO0e08AHHS 6NIUGY BIOXUNEHHS 2€0-
MempuuHux napamempié Kamauy cmeona ma
dezpadauii nopoxosozo 3apsdy na nepebdiz npo-
uecy nocmpiny. Lfum 3ymosnena eaxcaugicmo ma
Kopucticmv podomu 0a1 npuxaaonoi 6anicmuxu

Knouosi cnosa: xanan cmeona, 6Goenpu-
nac, mexwivnuii cmau, OANICMUMHUL eaemeHm
nocmpiny, ewympiwna 6Ganicmuxa, piznuueea
cxema, wucebHul Memoo
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1. Introduction

listic characteristics and compliance of the values of these

The effectiveness of the use of firearms with appropriate
ammunition depends on both, the stability of its basic bal-

characteristics with the established norms [1]. Ballistic
characteristics largely depend on the technical condition of
weapons and ammunition, which affects the course of the




shot process and thus determines the laws of change of bal-
listic elements of the shot.

The main ballistic elements of the shot include the
projectile path [ in the barrel channel, the velocity o of the
projectile relative to the barrel channel, and the average
pressure p of powder gases on the projectile and the walls of
the barrel channel in the discharge space [2].

The most important part of a firearm is its barrel,where
the process of a shot occurs. During the service life, the
barrel bore of any type of weapon is undergone by the me-
chanical wear, and it can swell under certain conditions.
Deviations of the internal geometric parameters of the worn
or swollen bore leads to the loss of energy of the powder gases
during the shotd, which is reflected in the ballistic elements
of the shot, as a result, the initial velocity of the projectile
decreases. These factors can lead to the impossibility of pro-
viding the required ballistic characteristics of the weapon
and given shooting efficiency.

During long-term storage of ammunition, especially
due to violations of its regime, the energy characteristics of
gunpowder and the speed of its combustion change. This is
reflected in the ballistic elements of the shot and leads to a
deviation of the initial velocity of the projectile, and in some
cases — a dangerous increase in the maximum pressure of
powder gases in the barrel.

The study of the dependence of the ballistic character-
istics of firearms on the technical condition of weapons and
ammunition is associated with the need to simulate the in-
fluence of the parameters of the barrel and powder charge on
the ballistic elements of the shot.

The possibilities of constructing such models of influence
by the empirical method are very limited due to the com-
plexity of practical reproduction, instrumental identification
and description of real defects in the barrel channels and
parameters of ammunition degradation. At the same time,
the equations of internal ballistics [3, 4], which establish a
connection between the ballistic elements of the shot and
the loading conditions, are well known and tested. The load-
ing conditions denote the set of parameters characterizing
the design features of the barrel and ammunition and the
physical and chemical characteristics of the powder charge
and wich affect on the ballistic characteristics of the weapon
and the elements of the shot. Therefore, the possibility of
constructing models of the influence of the deviation of the
geometric parameters of the barrel and the degradation of
the powder charge on the ballistic elements of the shot by
calculation, for example, by numerical solution of the equa-
tions of internal ballistics is more promising.

Thus, the relevance of the work is to overcome the con-
tradiction between the needs of applied ballistics and the
capabilities of the existing scientific and methodological
apparatus for solving the equations of internal ballistics.
In the framework of this scientific direction, the way to the
modeling the influence of deviations of geometrical parame-
ters of the bore and the degradation of the powder charge on
the course of the shooting process can be opened.

2. Literature review and problem statement

The analytical way of solving the equations of internal
ballistics involves performing complex transformations that
lead to a significant limitation of the accuracy of the solu-
tions obtained, so the analytical solutions of the equations

of internal ballistics are approximate [5, 6]. In addition, it
is not possible to vary any charging parameters, which are
considered unchanged in the process of firing according to
the classical approach [7]. For example, it is impossible to
take into account the variables along the length of the barrel
channel and deviations of its geometric dimensions.

There are known methods for solving partial prob-
lems of internal ballistics, in particular for the barrel of
a conical shape, wich take into account the breakthrough
of powder gases during shooting from a mortar [4]. But
in the first case, the solution is simplified due to a linear
change in the barrel diameter along the length, and in the
second — due to the fact that the gap between the barrel
walls and the mine is constant, hence the flow of powder
gases through the gap depends only on their pressure. In
the case of swelling or wear of the barrel channel, its di-
ameter can vary according to a complex nonlinear law, the
establishment of which is a separate task. As a result, it is
not possible to obtain an analytical solution to the above
problem in the final form.

In work [7], the approach to the account of wear of the
barrel channel is stated, but only in a zone of a charging
chamber and a bullet input, thus wear of the barrel channel
along its length is not considered.

The methods of measuring the pressure of powder gases
inside the barrel are outlined in [8]. Individual questions for
the experimental determination of the ballistic elements of the
shotarereflectedin[9—-11]. However, none of the works [8—11]
doesn’t reveal the relationship between the ballistic elements
of the shot and typical defects in the barrel channels and
ammunition.

Experimental determination of ballistic elements of the
shot is realized by the authors of [8, 9] only for cases of ap-
plication of technically serviceable barrels and ammunition,
but the research of influence of defects of the barrel channel
and degradation of powder charges were not carried out.

It seems reasonable to obtain solutions of the equations
of internal ballistics numerically if we take in accont the
substantial limitations of analytical and empirical methods,
wich are given above in [4-7], for modeling the process of a
shot, as well as the capabilities of modern computer technol-
ogy. The numerical solution of the equations of internal bal-
listics allows us to obtain a solution with a given accuracy,
which will be determined by the size of the integration step
in time and the accuracy of the initial data preparation [12].
A preliminary assessment of the capabilities of numerical
methods suggests that they can be preferred in such complex
cases, when one or more parameters change during the shot
process (for example, variables are the size of the barrel sec-
tion as a result of its swelling or wear), thus it is extremely
difficult to take into account when using analytical meth-
ods. However, the known numerical methods for solving
the equations of internal ballistics [5, 7, 13] do not take into
account the loss of the fraction of powder gases due to their
breakthrough between the walls of the damaged section of
the barrel channel of complex shape and the projectile. Thus,
these methods cannot be considered suitable for weapon
defect simulations.

The review of information [4-13] indicates that the
methodological basis for modeling the relationship between
ballistic elements of the shot and typical defects in the barrel
channels and ammunition has not been adequately covered.
Therefore, it is advisable to develop numerical methods for
solving the equations of internal ballistics in this direction.



3. The aim and objectives of the study

The aim of the study is to determine the principles of
constructing a difference scheme for the numerical solution
of the equations of internal ballistics, taking into account
the influence of typical defects in the barrel channels and
ammunition on the ballistic elements of the shot.

To achieve this aim, the following objectives are to be
accomplished:

— to generate a list of initial data for the numerical solu-
tion of internal ballistics equations;

— to create recurrent expressions for step-by-step calcu-
lation of the required ballistic elements of the shot;

—to determine the initial conditions for the first and
second periods of the shot;

—to carry out practical approbation of the difference
scheme by numerical solution of the equations of internal
ballistics for characteristic combinations of initial data.

4. Numerical method for modeling the shot process based
on solving the equations of internal ballistics

The nature of the firing process depends on the technical
condition of the barrel channel and ammunition and is deter-
mined by the type of dependencies of the ballistic elements
of the shot on the time ¢ of the projectile motion along the
barrel channel: p(¢) and v(¢).

The value of the ballistic elements of the shot at a certain
time is determined by the equations of internal ballistics [14],
which include:

1. The basic equation of thermodynamics (energy con-
version equation)

P, +Dy= oy -5 om? (1)

where s — the cross-sectional area of the barrel bore (includ-
ing rifling); ly — the reduced length of the free volume of
the chamber; f — the power of gunpowder; ® — the mass of
the powder charge; y — the relative volume of powder grain,
which burned down; 6 — the powder gas expansion parame-
ter; ¢ — the secondary factor (the ratio of the fictitious mass);
m — the mass of the projectile.

2. The equation expressing the law of gunpowder burning:

v =xz(1+A2), (2)
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where y, A — the geometrical characteristics of the powder grain;

z — the relative thickness of the burnt layer of powder grain;

u — the rate of gunpowder combustion; #; — the powder burn-

ing rate at atmospheric pressure; e — the thickness of the burnt

layer of powder grain; e; — half the initial thickness of the

gunpowder vault; ¢ — the relative surface of the powder grain.
3. The equation of projectile motion
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where z( — the relative thickness of the burnt layer of powder
grain at the beginning of the projectile motion.

The study of internal ballistics equations shows that
elements o, y and p can be expressed as functions of / or
their derivatives [, [”, ['" in time ¢ (up to the third order
inclusive). If we take the time ¢ of the projectile motion
along the barrel channel as an independent variable, and
the path [ of the projectile in the barrel channel as a vari-
able that decomposes into a series, we can apply the Taylor
series [15] to find the path [+ and its derivatives in the
adjacent section, which corresponds to the time ¢,.1=
=t,+At, and the values [, and its derivatives for the pre-
vious time ¢, must be known. Thus, it is possible to find
all the elements of gunpowder combustion and projectile
motion: z, v, v, p, [ and ¢.

The approach proposed in [16] is used as a basis for the
construction of a difference scheme for the numerical solu-
tion of the equations of internal ballistics.

4. 1. Formation of a list of initial data for numerical
solution of internal ballistics equations

The solution to this task involves the implementation of
such operations.

1. Determination of the list of the required elements of
the shot: [, vand 7', p, v.

2. Determination of the list of variables included in the
equations of internal ballistics: z, I” the second derivative of
the projectile path in time, /" — the third derivative of the
projectile path in time.

3. Formation of a list of charging conditions, which are
the initial data for the simulation of the shot process: s, m,
0, Uy, eq, /, ®, 0, %, A, as well as Wy — the initial volume of the
charging chamber, py — boost pressure, § — powder density,
a — powder gas covolume.

In order to avoid confusion in the calculations and in
the output of the calculation results, all the parameters that
characterize the charging conditions are submitted in the in-
ternational system of units of physical quantities (despite the
fact that in some sources of information they are submitted
by the authors in non-system units).

4. Determination of a set of parameters and coefficients
that are derived from the charging conditions and character-
ize the shot process and are calculated from the values of the
given initial data.

These parameters include:

I,= 4l gas pressure pulse at the end of gunpowder
u1

combustion;

®
A =— — charging density;
W ging y

0



1 1
Wy, = 7 A S T fraction of powder charge burned before
by 5

the projectile started moving;

G, = f 1+4&\|/0 — relative surface of the powder grain at
X

the start of projectile motion;

2V, ~¥Yo _ relative thickness of the powder

RS
grain layer burned at the beginning of projectile motion;

L= Wo - reduced length of the charging chamber;
s

[, = 1(WO —%) = 10(1—%) — reduced length of the free
s

space of the charging chamber;
l,, =1, —ay, —reduced length of the free volume (space)
of the chargmg chamber at the beginning of projectile motion.
In addition, the coefficients are introduced, the use of
which will reduce the recording of individual expressions
and simplify calculations:
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4. 2. Compilation of recurrent expressions for step-
by-step calculation of the required elements of the shot

For the first period of the shot, recurrent expressions
have the following form:

hZ
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Further calculation of the shot elements for the second
period is based on the same differential expressions as for the
first, except for the absence of the need for the expressions
for the calculation of y and z. In the expression for p, we sub-
stitute the value wy, which for all steps in time is equal to 1.
Thus, the set of difference expressions for the second period
of the shot gets the form:
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4. 3. Determination of initial conditions for the first
and second periods of the shot

Since the time 7 is counted from the beginning of projec-
tile motion, at £=0 the initial conditions for the first period
of the shot will have the form:

1(0)=0, p0)=p, 2(0)=2z, wO0)=y,, (23)

I'0)=0(0)=0, ["(0)=Fk,p,,

17(0)= kk, X 0 i Dy =1"(0)k, Xco;%L. (24)
s I, 2,

The moment ¢, of the end of the first period of the shot is
determined by the achievement of the value w=1 by the vari-
able y. For the moment of time #;4, the values of all elements
of the shot are fixed, corresponding to the end of gunpowder
combustion: oy, [y, pr1. These values define the initial con-
ditions for the second shot period:

10) =1y, 1O)=0(0) =1,
” ” 1P
FO)=kpy, 17(0)= k1+0)= = (25)

k1

The end of the second period of the shot is considered to
be the fulfillment of the condition of reaching the muzzle end
by the projectile:

21,

r (26)
where [, — length of the rifled portion of the barrel bore.

At the first (estimated) stage of solving the equations,
the time step At=h is chosen so that to obtain pressure p(t)
and velocity o(¢) curves, which consist of 20-30 points from
the beginning of projectile motion to its exit from the barrel
channel.

At the second (specifying, or final) stage of solving the
equations, the time step is successively reduced to such a val-
ue that its further reduction does not lead to a change in the
course of the curves p(¢) and v(¢), greater than the specified
deviation limit e.

5. Practical approbation of the difference scheme by
numerical solution of the equations of internal ballistics
and its results

A tabular Microsoft Excel processor was used to test the
difference scheme and to obtain numerical solutions of the
internal ballistics equations for several characteristic combi-
nations of the initial data.



In particular, the shot processes were simulated for
such weapon samples as 7.62 mm SVD sniper rifle with
7.62x54 rifle cartridge and 122 mm D-30 howitzer with
122 mm shot with high-explosive shell and full charge at the
nominal values of all charging parameters.

Examples of simulation results are shown in Fig. 1-4.
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ig. 1. Dependencies p(f), v(#), for 7.62 mm SVD sniper rifle:
1 — dependence p(#), 2 — dependence ()
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Fig. 2. Dependencies p(/), v(/) for 7.62 mm SVD sniper rifle:
1 — dependence p(/), 2 — dependence v(/)
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Fig. 3. Dependencies p(#), v(f) for 122 mm D-30 howitzer:
1 — dependence p(#), 2 — dependence v({)
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Fig. 4. Dependencies p(/), v(/) for 122 mm D-30 howitzer:
1 — dependence p(/), 2 — dependence (/)

According to the graphs1 in Fig. 1-4, the first and
second periods of the shot are well identified, as well as the
time ¢,, and the path of the projectile /,,, which correspond to
the maximum pressure of the powder gases. In addition, ac-
cording to the graphs 1, 2 in Fig. 1-4, the maximum p,, and
muzzle pressure p,,,, muzzle velocity v, of the projectile and
its velocity v,,, at maximum pressure are determined.

The analysis of the obtained results showed that they
coincide with the data of the internal ballistics tables [17] at
the control points, namely, at the point where the maximum
pressure is recorded: (P, tn)y @m» tw)s (Pms L), ©m, L), and
also at the end point of projectile motion along the barrel
channel (py, t,), @y, 1), (Pps L), @p, 1)

In addition, the simulation of the shot process for the cases
of deviation of the parameters of the powder charge from the
nominal values was carried out. In particular, solutions are ob-
tained for the cases of reducing the force of powder f, which may
occur due to degradation processes during the aging of powder
charges, for example, during their long-term storage. The ex-
amples of the results of this simulation are shown in Fig. 5, 6.

As shown in Fig. 5, the decrease in the force of gunpow-
der f leads to a drop in the pressure of gunpowder gases
in the area of its expected maximum, whereby the rate of
gunpowder combustion slows down, the pressure reaches a
maximum value with a certain delay, and the duration of the
shot process, particularly its first period, increases. From
the very beginning of projectile motion there is a “blockage”
of curves relative to the curve for technically serviceable
ammunition on graphs 2—4 Fig. 6. The effect of this phenom-
enon is uncritical only with a slight (up to 3..7 %) reduc-
tion of the gunpowder force (curves 3, 4), since the muzzle
velocity drop does not exceed the maximum permissible
value, which is usually 5 %. With a further reduction of the
gunpowder force, the effect becomes critical (drop in muzzle
velocity greatly exceeds 5 %). Both the curves p(¢), and the
curves o(t) are quite informative, since the reduction of the
gunpowder force is well identified by them.
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Fig. 5. Dependencies p(#) for simulated power powder
reduction: 1 — serviceable ammunition, 2 — critical reduction
of the gunpowder force, 3, 4 — uncritical reduction of the
gunpowder force

Thus, the results of solving the equations of internal
ballistics by the numerical method with the help of the
considered difference scheme can be considered quite ade-
quate. The proposed difference scheme can be used to obtain
solutions to the equations of internal ballistics, modeling
and analysis of the effect of changes in the initial data on
the nature of the internal ballistic processes during the shot.
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Fig. 6. Dependencies W) for simulated powder power
reduction: 1 — serviceable ammunition, 2 — critical reduction of
the gunpowder force, 3, 4 — reduction of gunpowder power

6. Discussion of results of construction of the difference
scheme and its approbation

The course of the curves p(¢), 0(¢) is determined by the
parameters of the shot process flow and, in particular, by the
geometric characteristics of the barrel channel, as well as by
the energy characteristics of the powder charge and its com-
bustion rate. Thus, there is an objective connection between
the geometric characteristics of the barrel channel and the
characteristics of the powder charge and the type of curves
for the ballistic elements of the shot.

The change in the technical condition of the barrel chan-
nels and ammunition leads to a deviation of the charging
conditions and changes in the parameters of the shot pro-
cess, which can be observed by changing the type of the
corresponding curves p(t), v(t). Each of the defects that are
identified (for example, swelling, wear of the barrel, fall of
the powder force, increase in combustion rate) is character-
ized by characteristic features, and the size of the deviation
determines the degree of manifestation of the defect.

It is necessary to implement their definition by measure-
ments [18, 19]in order to obtain objective data on the actual
ballistic elements of the shot, which correspond to the cur-
rent technical condition of the barrel and ammunition. For
such measurements, both means of measuring instantaneous
pressure values of powder gases, and means of measuring
instantaneous values of the projectile velocity can be used,
so the principles of construction and characteristics of which
are discussed in detail in [16, 20].

The results of this work can be used to determine the
reference curves p(t), v(t), which correspond to the tech-
nically sound condition of the bore and ammunition. The
proposed difference scheme will simulate the effect of defects
in the barrel channel and degradation of powder charges on
the ballistic elements of the shot. In addition, the proposed
approach allows us to solve other partial problems of internal
ballistics that require taking into account the variability of
charging conditions. These tasks include modeling a shot
from a weapon with a relatively low forcing pressure, taking
into account the influence of the charge temperature on the
shot process [21].

The results of this simulation will provide the necessary
basis for the creation of a database of ballistic elements of the
shot for typical defects in the barrel channels and powder
charges in order to identify them in the diagnosis of weapons

and ammunition. The nature and location of the trunk bore
defect or the nature and degree of degradation of the powder
charge can be detected by the form of the curves p (t), v (t),
or rather by the nature and degree of deviation of these
curves from those obtained at nominal values of the charging
parameters.

Especially important data on the technical status of
bore can be for samples of weapons with limited resources,
with high purchase cost, with increased requirements for
maintaining ballistic characteristics within specified limits.
Such weapons include artillery systems, sniper and anti-tank
weapons, and non-lethal kinetic weapons.

It should also be noted that both different in nature phe-
nomena of wear (swelling) of the bore or degradation of the
powder charge can lead to a drop in muzzle velocity of the pro-
jectile. There is a considerable practical interest in diagnosing
the reason for the decrease in the effect of powder gases on the
projectile due to geometrical deviations of the barrel in case of
using the poor-quality ammunition. The possibilities of solv-
ing this problem on the basis of known methods of technical
condition assessment are extremely limited.

Thus, the proposed difference scheme makes it possible
to simulate the process of the shot taking into account the
typical defects of the barrel channels and ammunition. This
is made possible, in particular, by introducing appropriate
adjustments reflecting the variable geometry of the barrel
bore in the calculated shot elements at any time step.

However, one should not apply the considered method
of modeling the process of a shot, which is carried out by
gunpowder, during the combustion of which the second-
ary chemical reactions significantly affect the generated
pressure of the combustion products. Another limitation
relates to the use of the difference scheme for those weapons
for which the loss of energy due to heat exchange between
the powder gases and the barrel channel walls cannot be
neglected. In addition, the proposed difference scheme does
not allow obtaining correct solutions for systems for which,
by definition, there is no forcing pressure, although such
systems have not been considered in this work.

Further research in this direction should be directed to
the modeling of typical defects in the barrel channels and
powder charges and the creation of an appropriate database
of ballistic elements of the shot for practical use in the diag-
nosis of weapons and ammunition. Certain possibilities for
improvement of the difference scheme are opened when the
real law of change of the parameter of expansion of powder
gases instead of application of the averaged value of this size
is taken into account. The loss of energy due to the heat
exchange between the powder gases and the barrel channel
walls can be taken into account indirectly, for example, by
a corresponding decrease in the gunpowder force, but this
issue requires additional research.

7. Conclusions

1. The list of charging conditions, which are the initial data
for the simulation of the shot process, is determined. These out-
put data include, in particular, the geometrical parameters of
the barrel channel and the charging chamber, the physical and
chemical parameters of the powder charge, as well as its mass.

2. Based on the decomposition of the equations of inter-
nal ballistics in the Taylor series, recursive expressions for
step-by-step calculation of the required ballistic elements of



the shot are compiled. These expressions allow you to find all
the elements of gunpowder burning and projectile motion in
successive steps in time.

3. The initial conditions for solving the equations sepa-
rately for the first and the second periods of the shot were
determined, which made it possible to take into account the
change in the dynamics of the acceleration of the projectile
after the cessation of the inflow of powder gases.

4. The simulation of the shot process using the proposed
difference scheme for the characteristic combinations of the
initial data is carried out. The deviation of simulation re-
sults from the data of internal ballistics tables at the control
points does not exceed 1-2 %. This indicates the adequacy
of the difference scheme and the possibility of its further use
in modeling the effect of defects in the barrel channels and
ammunition on the nature of the shot process.
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