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mm to 600 mm, and also to validate the analytical results. The obtained
deviations between analytical and measured values are less than 3.5%, 2%,
and 6% for barrel maximum pressure, initial velocity, and firing time,
respectively. The study findings show the reliability of the used model in
determining internal ballistic characteristics for small-caliber weapons.
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1. Introduction

A critical aspect of ammunition investigations is measuring pressures and projectile velocity
during flight. Achieving accurate results necessitates reliable analytical methods and ballistic
measurement systems. Over the past few decades, many researchers have concentrated on the
ballistic characteristics of different caliber weapons. Gozdzik et al. [1] compared projectile velocity
and gas pressure in barrels made according to two different standards (CIP and NATO EPVAT). They
found that projectile velocities remain nearly constant, while barrel pressure discrepancies
between the two standards are about 5% due to design differences. Purwanto et al. [2] examined
how air pressure and projectile mass influence the velocity of projectiles fired from a compressed
air gun. It has been revealed that although increased pressure helps boost velocity, the mass of the
projectile plays a more critical role in both velocity and its ability to penetrate armor. Additionally,
when comparing projectiles of identical mass, variations in shape do not significantly alter
performance. Jedlicka et al. [3] studied the ballistic characteristics of a standard 9 mm Luger pistol
cartridge by focusing on how variations in projectile mass influence the overall weapon-cartridge
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system. They discussed the implications of altering projectile mass for developing new projectile
types and optimizing cartridge performance. The study also outlines how this approach can be
applied to tailor parameters such as impact energy and muzzle velocity in small arms design.
Boukera Abaci et al. [4] used both analytical and numerical models to calculate internal ballistics
parameters, focusing on gunpowder gas pressure and projectile muzzle velocity. Experimental tests
on a 12.7 mm rifle showed excellent agreement between calculated and measured values. The
findings confirmed that both models reliably predict pressure and velocity, providing key insights
for optimizing weapon performance. Ma et al. [5] introduced a rapid method for measuring bullet
velocity using high-speed sequential images. A synchronized camera network was employed to
capture images before and after impact, allowing 3D reconstruction of the bullet's trajectory.
Velocity parameters were accurately determined in accordance with deceleration laws, and
valuable data was also provided. Allouche et al. [6] conducted a contact-based measurement
method for the counter-recoil movement of a D30J 122 mm howitzer was. Displacement and
acceleration sensors were employed to derive velocity, acceleration, and displacement, with the
results being compared for validation. Advantages and limitations of the sensor types were
discussed, and the approach was proposed for further testing on actual firing ranges.

This research paper analyzes the impact of barrel length on the initial velocity of the projectile
and the pressure within the barrel. A barrel with an initial length of 720 mm is shortened in
increments of 20 mm, six times, down to 600 mm. After each shortening, an experimental
examination is conducted, during which the ballistic characteristics of the projectile are monitored
and recorded. The experiment and barrel shortening are carried out at the proof house in
Kragujevac. A theoretical investigation is also conducted using the Drozdov analytical method. The
obtained results are compared, and deviations between experimental and theoretical values are
analyzed.

2. Methodology
2.1 Internal Ballistics

Internal ballistics is a fundamental scientific discipline in the field of weaponry [7,8]. It serves as
the foundation for all other related disciplines, with the primary objective of analyzing the
operation of existing weapons or designing new ones. Ballistics is one of the essential military-
technical disciplines that studies the principles of projectile motion and provides the scientific basis
for designing the system: barrel — projectile — propellant charge — weapon/artillery. It defines the
pressure of propellant gases within the barrel and the initial velocity of the projectile upon exiting
the muzzle [9-11].

The main objectives of internal ballistics as a science are:

i.  The primary objective of internal ballistics is to determine the laws governing projectile
motion and the development of gas-dynamic characteristics for a known weapon
system. A known weapon system refers to a manufactured system for which all design
parameters, ammunition data, and propellant properties are known. For such a weapon,
it is necessary to establish equation systems, solve them, perform calculations, and
present results in the form of diagrams or tables.

ii.  The second fundamental objective is the internal ballistic design of weapons. During the
development of a new weapon system, internal ballistics must define the propellant to
be used in the ammunition and determine certain structural characteristics of the barrel
based on given tactical and technical specifications. Solving this problem requires
determining more parameters than the number of available equations, making it an
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optimization problem. This means that from a multitude of possible mathematical
solutions, the optimal one must be selected based on specific criteria.
Additional objectives of internal ballistics include:
i.  Studying and analyzing the conditions and parameters influencing the ignition process of
the cartridge within the barrel,
ii.  Defining general and specific theoretical and experimental dependencies that
characterize the ignition process,
iii.  Developing methods for solving problems encountered in the study of the ignition
process, and
iv.  Advancing internal ballistics as a science that provides scientific and technical
foundations for the improvement of weapon systems.
Phases of the firing process in a closed-barrel system:
i.  Preliminary phase —from the start of propellant combustion to the beginning of
projectile movement (pp in the Figure 1),
ii.  First (Main) phase — from the start of projectile movement to the completion of
propellant combustion (I in the Figure 1),
iii.  Second phase — from the completion of propellant combustion to the projectile's exit
from the barrel (Il in the Figure 1),
iv.  Third phase — the post-effect period of gases on the projectile after it exits the barrel (lll
in the Figure 1).

o

Fig. 1.Diagram of the change in propellant gas pressure - P, projectile velocity - V, and distance
traveled - X as a function of time: to- preliminary phase, t«- first phase, t,— time of the start of
projectile movement to the projectile's exit from the barrel.

2.2 Results Obtained Using the Drozdov Program Solution

This program analytically solves the system of internal ballistics equations based on energy
balance by phases [4]. The computational solution used for calculations was developed in Octave
[12].

Figure 2 presents a graphical representation of pressure as a function of distance traveled
within the barrel, displaying all theoretical results for different barrel lengths. From this graph, it
can be concluded that there is no significant difference in the change of maximum pressure; the
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only noticeable variation occurs at the muzzle, where the pressure is slightly higher when the barrel
is shortened.
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3500

3000

2500

:

P (bar)

1500
1000
500 -
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
X (m)

Fig. 2.Comparative analysis of pressure as a function of distance traveled for different barrel
lengths (720 mm to 600 mm)

Figure 3 illustrates the projectile velocity as a function of distance traveled within the barrel,
showing all theoretical results for barrel lengths ranging from 720 mm to 600 mm. This figure
clearly indicates a decrease in the projectile’s initial velocity at the muzzle as the barrel length is
reduced. The velocity drop occurs because, with a shorter barrel, less energy from the propellant
gases is transferred to the projectile’s propulsion.

720 mm 700 mm 680 mm 660 mm

640 mm —_—520 mm — 600 mm
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Fig. 3.Comparative analysis of velocity as a function of distance traveled for different barrel
lengths (720 mm to 600 mm)

2.3 Experimental Method for Measuring Ballistic Characteristics

The experiment is conducted using a mechanical system for cocking, triggering, and firing with
electronic ignition. The primer in the cartridge case is activated, providing an initial heat impulse
that ignites the propellant charge inside the case. As the propellant burns, the pressure inside the
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barrel increases. Measurement equipment monitors the pressure at a point located 25 mm from
the rim of the cartridge case and at the muzzle of the barrel. The pressure of the propellant gases
imparts the initial velocity to the projectile, which is then measured using a ballistic chronograph
[13].

First, the experiment is conducted using an unmodified barrel (720 mm in length). Then, the
barrel is shortened by 20 mm, and the experiment is repeated with a 700 mm barrel. This
procedure is repeated a total of six times until the barrel is reduced to 600 mm in length.

The ballistic tunnel, 100 m in length, allows for this type of testing. To ensure safety for
operators and the surrounding environment, the mounting system holding of the barrel must be
inspected before each firing sequence, and the alignment and elevation of the barrel must be
verified. The optimal barrel position is with an elevation of 0°, aimed at the end of the tunnel,
where a sand trap is located to capture the fired projectile. An infrared barrier inside the tunnel
must be adjusted to a standard pre-defined distance before each test series.

The position of the projectile catcher (target) during the experiment is shown in Figure 4.

a ™

Fig. 4.Ballistic barrel holder for testing with measurement system

The barrel shortening process (Figure 5) and experiment arecarried out at the proof house in
Kragujevac.

2.4 Barrel Shortening

The barrel examined in this study is of 7.62x54R caliber, with an initial length of 720 mm.
According to the required specifications of the C.I.P. (Commission Internationale Permanente)[14],
the barrel must be shortened to a final length of 600 mm. In this study, the barrel was shortened in
six steps, with interval of 20 mm, with experimental measurements conducted between each
shortening. These measurements included chamber pressure of propellant gases and projectile
velocity. The primary objective was to establish the dependence of the observed parameters on
barrel length.
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Due to the complexity of the barrel shortening operation, the process was conducted using the
necessary tools for the procedure. The shortening was performed using a universal lathe, after
which the barrel’s muzzle had to be reworked to restore the rifling grooves, which were deformed
during the cutting process. Throughout the shortening process, strict adherence to operator safety
protocols and preservation of the barrel’s initial ballistic characteristics was required.

(é) Unmodified barrel (726 mm) (b) hortened barrel (600 mm)

Fig. 5. 7.62x54R Ballistic Barrel (a) Unmodified barrel (b) Shortened barrel
2.5 Measurement Equipment

To obtain a complete physical representation of the processes inside the barrel during firing - an
inherently impulsive and non-homogeneous phenomenon - it is necessary to use multiple
piezoelectric sensors simultaneously. Modern technology fully supports this approach. The electric
charge generated by the piezo sensors is transmitted via a coaxial cable to an intermediate
amplification unit and subsequently to a data acquisition and processing system.

Measurement equipment used:

i.  Kistler 6215 - Piezoelectric pressure sensor
ii.  Kistler 5015A - Signal amplifier
iii. Top Trend V2.205 - Ballistic chronograph
iv.  Kistler 603CAB - Cable set
v.  WEISS SB1 500 - Climatic chamber
vi.  7.62x54R ballistic barrel
vii.  7.62x54R ammunition

2.6 Results of the Experimental Method

For each barrel length, ten (10) consecutive firings were conducted. The system automatically
calculates and records the average maximum pressure, initial velocity, and firing time. Table 1
presents the experimental results, displaying the mean values of pressure, velocity, and combustion
duration for each tested barrel length.

Table 1
Experimental Results
Length (mm) Pressure (bar) Velocity (m/s) Firingtime (s)

720 3382.6 805.1 0.00199
700 3387 799.33 0.00151
680 3327 797.52 0.00152
660 3389 795.44 0.00147
640 3385 794.42 0.00144
620 3326 793.55 0.00143
600 3378 786.76 0.0014
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3. Comparative Analysis of Theoretical and Experimental Testing Results

Comparative analysis enables the evaluation of results obtained from both experimental and
theoretical approaches, allowing for further analysis and the formulation of conclusions.

Table 2 presents a comparative overview of theoretically and experimentally obtained chamber
pressure values. It can be observed that in theoretical investigations, the maximum pressure
remains constant, while experimental measurements vyield varying values. The discrepancy
between theoretical and experimental results arises because theoretical models assume ideal
conditions, whereas experimental conditions involve variable factors that influence the final
outcome. The maximum deviation observed is 3.63%, which remains within acceptable tolerance
limits.

Table 2
Comparative Analysis of Propellant Gas Pressures

Theoretical Values Experimental Values

- Deviation (% .
Barrel Length (mm) Maximum Pressure (bar) eviation (%) Maximum Pressure (bar) Barrel Length (mm)

720 3270.85 3.42 3382.60 720
700 3270.85 3.55 3387.00 700
680 3270.85 1.73 3327.40 680
660 3270.85 3.63 3389.50 660
640 3270.85 3.52 3385.90 640
620 3270.85 1.70 3326.50 620
600 3270.85 3.30 3378.90 600

Table 3 presents a comparative analysis of projectile initial velocity between theoretical and
experimental values. The difference between theoretical and experimental velocity values remains
within tolerance limits. The theoretical data indicates that for every 20 mm reduction in barrel
length, velocity decreases by 0.44%, resulting in a 3.09% total velocity reduction for a 120 mm
barrel shortening. In contrast, experimental results show a 2.3% velocity reduction for the same
barrel shortening.

Table 3
Comparative Analysis of Projectile Velocities
Theoretical Values L Experimental Values
— - Deviation (%) — X
Barrel Length (mm) Initialvelocity (m/s) Initialvelocity (m/s)  Barrel Length (mm)

720 818.20 1.60 805.10 720
700 814.60 1.87 799.33 700
680 810.80 1.64 797.52 680
660 806.70 1.40 795.44 660
640 802.60 1.02 794.42 640
620 798.20 0.58 793.55 620
600 793.60 0.86 786.76 600

Table 4 presents a comparative analysis of firing time between theoretical calculations and
experimental measurements. The key observation from this table is that shortening the barrel
results in a reduction in the total process duration.
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Table 4
Comparative Analysis of firing time
Computational Values (Drozdov Method) . Mean Experimentally Measured Values
— ; Deviation (%) — -
Barrel Length (mm) Firing time(s) Firing time(s) Barrel Length (mm)
720 0.00189 5.02 0.00199 720
700 0.00161 5.59 0.00152 700
680 0.00158 443 0.00151 680
660 0.00156 5.77 0.00147 660
640 0.00153 5.88 0.00144 640
620 0.00151 5.30 0.00143 620
600 0.00149 6.04 0.00140 600

4. Conclusions

The discrepancy in pressure values in the theoretical model does not occur in the region of
maximum pressure, as the propellant chamber volume remains unchanged, and the initial input
parameters related to the propellant properties are constant. Instead, variations appear toward the
end of the cycle due to barrel shortening and the subsequent dissipation of propellant gases in
shorter barrels. As a result, maximum pressure remains unchanged, but muzzle pressure increases
in shorter barrels.

The projectile velocity at the muzzle follows a similar trend to chamber pressure, meaning that
shortening the barrel leads to a velocity drop due to gas dissipation and incomplete energy
transfer.

The experimental results confirm the theoretical predictions, as they exhibit a nearly equivalent
velocity reduction trend with barrel shortening. However, minor deviations in maximum gas
pressure values occur due to real-world factors, including:

i.  Inconsistencies in the propellant charge,
ii.  Variations in humidity and temperature during testing,
iii.  Minimal human factor errors (e.g., slight misalignment of the cartridge in the test
barrel), and
iv.  Environmental deviations in temperature and humidity from standard conditions at the
test site.
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