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Abstract: This study presents a ballistic analysis of the propulsion of a smart 
counter-projectile in an active protection system. In order to reduce the pressure 
of the propellant gases inside the semi-closed barrel of the launcher and to mitigate 
the effects of the recoil of the launcher, a perforated barrel was chosen. 
For the system considered, a physical model and a mathematical model 
of the propulsion of a rocket projectile in a perforated barrel, as well as a computer 
program, were developed. The gas pressures inside the combustion chamber 
of the rocket engine and the barrel, as well as the velocity and travel of the missile 
are the main results from the solution of the presented mathematical model. 
Based on the resulting calculations, the influence of the holes in the perforated 
barrel on the operating conditions of the rocket engine, as well as the pressure 
of propellant gases and the missile velocity inside the barrel were analysed. 
The use of a perforated barrel caused a significant reduction in the total impulse 
of the propellant pressure inside the barrel. Based on experimental tests of the barrel 
launcher-missile assembly, a decrease (about 50%) in the muzzle velocity 
of the missile was observed. The mathematical model of the interior ballistics 
presented here allows the missile propulsion, both in a monolithic- as well 
as a perforated barrel-launcher, to be investigated. 
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Nomenclature
A Pre-exponential factor in the nonerosive-burning rate law [m/s·Pan]
a, b Coefficients of the combustion chamber elaboration of the rocket engine [-]
cp  Isobaric specific heat of the propellant gases [J/kg∙K]
cv  Isochoric specific heat of the propellant gases [J/kg∙K]
D0 External diameter of the rocket propellant grains [m]
d Calibre of the barrel [m]
d0 Internal diameter of the rocket propellant grains [m]
Fe Surface area of the exit nozzle section [m2]
Fm Surface area of the minimum (critical) nozzle section [m2]
Fr Surface area of the holes in the barrel through which the propellant gases 

are released to the surroundings [m2]
f Pressure function of the burning rate law [m/s]
f1 Temperature function of the burning rate law [-]
fp “Force” of the rocket propellant [J/kg]
H Enthalpy of the propellant gases flowing out from the rocket engine 

combustion chamber into the barrel [J]
Hr Enthalpy of the propellant gases flowing out from the barrel 

to the surroundings [J]
k Specific heat ratio, k = cp/cv [-]
L0 Length of the rocket propellant grains [m]
l Displacement (distance) of the missile in the barrel [m]
lm Total distance travelled by the missile along the barrel bore [m]
m Initial mass of the missile [kg]
mp  Rocket propellant mass [kg]
N Number of rocket propellant grains [psc.]
n Pressure exponent in the non-erosive burning rate law [-]
p Pressure of propellant gases in the rocket engine combustion chamber [Pa]
pb Pressure of propellant gases in the barrel [Pa]
Q Heat delivered to the rocket engine combustion chamber due to burning 

of the rocket propellant [J]
qs Heat of combustion of rocket propellant [J/kg]
R  Gas constant of the propellant gases [J/kg∙K]
r Burning rate of the rocket propellant [m/s]
s0 Initial burning surface area of the rocket propellant [m2]
sb Surface area of the barrel bore cross section [m2]
T Temperature of the propellant gases in the rocket engine combustion 

chamber [K]
T0  Initial temperature [K]
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Tb  Temperature of the propellant gases in the barrel [K]
t Time [s]
U Internal energy of the propellant gases in the rocket engine combustion 

chamber [J]
Ub Internal energy of the propellant gases in the barrel [J]
V0 Initial volume of the barrel (initial volume of the space behind 

the missile) [m3]
Vc Geometric volume of the rocket engine combustion chamber [m3]
v Velocity of the missile [m/s]
ve Velocity of the propellant gases in the exit nozzle section [m/s]
vm Maximal velocity of the gases in the rocket engine combustion chamber [m/s]
W Work done by the propellant gases in the barrel related to missile 

propulsion [J]

α Co-volume of the propellant gases [m3/kg]
γ  Relative mass of  the propellant gases which  flowed out  from  the barrel 

to the surroundings [-]
η  Relative mass of the propellant gases which flowed from the rocket engine 

combustion chamber into the barrel [-]
κ, λ Shape coefficient of the rocket propellant grain [-]
ρp Density of the rocket propellant [kg/m3]
φ Erosive function of the burning rate law [-]
φ2 Correction factor of the flow of gases from the rocket engine combustion 

chamber into the barrel [-]
χ Heat loss coefficient [-]
Ψ  Relative part of the burned rocket propellant [-]

1 Introduction

Theoretical and experimental research on preventing the penetration of the armour 
of a combat vehicle by enemy projectiles and missiles is conducted mainly in 
the following areas:
a) the use of new materials on single and multi-layer armour, which makes it 

difficult to penetrate, or special shaping of the outer layer of the armour, 
that changes the final flight path of the projectile [1-4],

b) passive protection, that takes the form of a rigid metal grid (cage) fitted 
around key sections of the combat vehicle preventing direct (on the surface of 
the armour) detonation of the shaped charge of the warhead. The grid (cage) 
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disrupts the shaped charge of the warhead by crushing it or by damaging 
the fuzing mechanism [5-7],

c)  explosive  reactive armour  (ERA)  in  the  form of metal cassettes  (boxes) 
containing explosive material. This is the most efficient way of protection 
of armoured vehicles, especially in the case of impact by shaped charge 
jets (SCJ). After perforation of the ERA cassette casing, the shaped charge 
jet initiates the explosive material inside. The detonation energy of the 
explosive, together with the launched casing, cause strong dispersion 
of the jet, and after penetration of the cassette the armour perforation 
capability is significantly decreased [8, 9],

d) active protection systems that allow the enemy projectile to be neutralized 
a short distance from the armoured vehicle [1, 7].
In the present paper, the subject of research and analysis is the propulsion 

of smart counter-projectiles, which is one of the elements of active protection 
of combat vehicles against enemy missiles. The ballistics of propulsion systems 
(such as that shown in Figure 1) is the topic of interest in the paper. The analysed 
propulsion systems consist of two basic assemblies:
(1) a semi-closed barrel launcher, and
(2) a missile installed with a solid propellant rocket engine.

Figure 1. Research stand: launcher with perforated barrel loaded with a missile

Taking into account the tactical requirements, among other aspects, fighting 
the enemy missile within a short range (10 to 15 m from the protected vehicle), 
the maximum velocity of a missile ~180 m/s and the limited time from detection 
to destruction of the enemy missile, a few studies [10-12] have been carried out 
on the ballistics of the presented rocket propulsion systems. 

These studies focused on investigating the solid propellant rocket engine, 
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the type of rocket propellant, as well as the ignition method of the rocket 
propellant. In one considered arrangement, the initial stage of missile propulsion 
in the barrel is influenced by the thrust of the rocket engine (which is installed 
in the missile) and the pressure of the propellant gases present in the space behind 
the missile in the barrel. The propellant gases occupy the space behind the missile 
as they exit the combustion chamber of the rocket engine. One of the ways to 
significantly reduce the pressure of the propellant gases present in the space 
behind the missile is to use a perforated barrel, where some of the propellant 
gases are released to the surrounding space through the holes when the missile 
is fired from the launcher (Figure 2). 

However, it is crucial to ensure that the tactical requirements of the barrel 
launcher-missile assembly is fulfilled, that is, to fight an enemy missile 
at a predetermined distance from the protected vehicle.

Figure 2. Propellant gases flowing from the barrel through the holes 
during firing

2 Materials and Methods

2.1 Simulations
The principles of designing solid propellant rocket engines and modelling their 
operation in a classic barrel launcher (open on both sides) with the outflow of 
gases into the unlimited space are known [13-17]. In the present study, a physical 
model and a mathematical model of the propulsion of a missile in a semi-closed 
perforated barrel were developed. The equations of the mathematical model 
were formulated based on the thermodynamic approach, with the focus on the 
operation of gun propellant systems. Numerical simulations were then carried out 
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to examine the effects on the missile motion of gas outflow from the holes along 
the lateral surface of the barrel. The pressure of the propellant gases, the velocity 
of the missile as it moves along in the barrel bore, and the characteristics of the 
rocket engine operation, were obtained by numerically solving the governing 
equations of the mathematical model. The simulation results were validated 
by comparing them with those obtained from experimental field tests.

2.2 Physical model
When launching a missile, the primary force that drives the motion of the missile 
is the thrust of the rocket engine. However, in the launcher considered here, 
the barrel inlet is closed with a breech and the propellant gases formed during 
the  operation  of  the  rocket  engine  flow  into  the  space  behind  the missile. 
The high-pressure propellant gases acting on the bottom of the missile increase 
its velocity, which drives the missile forward. However, these high-pressure 
gases also result in a backward movement of the launcher as the missile 
is launched. One of the ways to reduce the pressure of the propellant gases is to 
use a perforated barrel (Figure 1).

The perforated barrel was constructed with three oval holes (slots) 
on each side. The propellant gases will be released to the surroundings from the 
space behind the projectile through these holes in the barrel. A physical model 
of the barrel launcher-missile assembly was built in order to perform the ballistic 
tests, as shown in Figure 3. 
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Figure 3. Physical model of the barrel launcher-missile assembly

A set of phenomena were considered for the ballistic tests, beginning from 
the time when the combustion of the solid propellant was initialised, to the time 
when the missile (m) exited the barrel. Within this period, the missile is driven 
by the thrust force generated by the rocket engine. The pressure force (pb) of the 
propellant gases will increase the velocity (v) of the missile, covering a distance (l) 
which is equal to the length of the barrel bore (lm). The holes open consecutively 
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at a distance (l1, l2 and l3) as the missile moves along the barrel. The propellant 
gases are released to the surroundings when these holes are opened.

2.3 Mathematical model
The mathematical model was developed to describe the phenomena that take 
place in the combustion chamber of the rocket engine and barrel of the launcher. 
These phenomena comprise the combustion of the rocket propellant, the outflow 
of gases with time-varying pressure from the combustion chamber of the rocket 
engine into the space behind the missile in the barrel, the part of the propellant 
gases flowing out from the space behind the missile in the barrel to the 
surroundings through the holes, and motion of the missile along the barrel bore. 
It should be noted that the mathematical model was developed separately for the 
phenomena in the combustion chamber of the rocket engine and the phenomena 
in the barrel of the launcher. 

The following assumptions were made in formulating the equations of the 
mathematical model in order to simulate the operation of the barrel launcher-
missile assembly [13, 14]:
–  Ignition and combustion of the propellant grains proceed according to the 

geometric model.
–  The  thermodynamic characteristics of  the propellant gases  (e.g. specific 

heat ratio and gas constant) are constant throughout the process. 
–  The propellant gases flowing out from the combustion chamber of the rocket 

engine into the barrel and from the barrel to the surroundings is an adiabatic, 
quasi-steady, and one-dimensional process.

–  The heat losses in the combustion chamber are accounted for in the analysis 
based on the reduction in the heat of combustion. This is done by using 
a heat loss coefficient that is a function of the relative mass of the burned 
propellant grains.

–  The heat losses in the barrel (specifically in the space behind the missile) 
are neglected from the analysis.
A mathematical-physical model of the solid propellant rocket motor 

operation can be built using internal ballistic laws and by considering the 
individual characteristics of the propellant charge, combustion chamber 
and nozzle dimensions [18-22]. 

In this study, the governing equations used to describe the phenomena that 
take place in the solid propellant rocket engine were derived from the energy 
balance equation based on the first law of thermodynamics. The energy balance of 
the propellant gases in the combustion chamber of the rocket engine is given by:
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dU = dQ – dH (1)

Noting that:

dU = d(cvmp(ψ – η)T) = cvmp(T(dψ – dη) + (ψ – η)dT)
dQ = d(χqsmpψ) = χqsmpdψ + qsmpψdχ
dH = cpmpTdη

Substituting the definitions for dU, dQ and dH into Equation 1 yields:
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The equation of state for the propellant gases in the combustion chamber 
of the rocket engine is given by:
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The rate of the relative mass of the gas generated by combustion of the 
propellant (gas inflow) can be written as [14]:
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The burning rate law is given by:

r(p,T0,vm) = f(p)∙f1(T0)∙φ(vm) (4)

where f(p), f1(T0)  and φ(vm) represent the pressure function, the temperature 
function, and the erosive function, respectively.

The rate of the relative mass of propellant gases flowing out from the 
combustion chamber of the rocket engine (gas outflow) into the barrel, taking into 
account the time-varying pressure of the gases in the space behind the missile, 
can be written as [23]: 
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The heat loss coefficient χ and the heat loss derivative dχ/dt can be expressed 
as [14, 21]:
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Likewise, the governing equations used to describe the phenomena that take 
place in the barrel of the launcher are derived from the energy balance equation 
based on the first law of thermodynamics. The energy balance of the propellant 
gases in the barrel is given by:

dUb = dH – dHr – dW (7)

Noting that:

dUb = d(cvmp(η – γ)Tb)
dH = cp mp Tdη
dHr = cp mp Tb dγ
dW = (sb – Fe )pb dl

Substituting the definitions for dUb, dH, dHr and dW into Equation 7 yields:
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The equation of state for the propellant gases in the barrel is given by:
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The rate of the relative mass rate of propellant gases flowing out from 
the barrel (gas outflow) to the surroundings can be written as:
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The equation of missile motion can be expressed as:
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The missile velocity can be written as:

v
dt
dl

=  (11)

The following initial conditions were used for the numerical simulations:
– t = 0,
–  Ψ = 0.001,
–  η = γ = 0,
–  χ = χ(Ψ),
–  l = v = 0, 
–  RT = fp, 
–  mp(η – γ)RTb = 0.

3 Results of Numerical Simulations and Experimental Validation

A computer program was developed in order to solve the governing equations of 
the mathematical model of the launcher-missile assembly with a perforated barrel. 
For a solution of ordinary first-order differential equations, a fourth-order Runge-
Kutta numerical method was applied. Based on work pertaining to the erosive 
burning stability of a rocket engine [24-27], the effect of gas flow velocity on the 
propellant burning rate was neglected from the analysis, and it was assumed that 
the erosive function is φ(vm) = 1 for the burning rate law given by Equation 4. 
The numerical simulations were performed for ambient temperature (T0 = 293 K) 
and it was assumed that the temperature function is f1(T0) = 1. Finally, the burning 
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rate law (Equation 4) is given by power law form and r(p) = Apn. 
The characteristics of the solid propellant, rocket engine, missile and barrel 

of the launcher used in the numerical simulations are presented in Table 1.

Table 1. Input data used in the numerical simulations [10, 12]
Solid rocket propellant Rocket engine, missile and barrel

D0 [m] 22.8 ∙ 10–3 a [-] 0.16
d0 [m] 16.4 ∙ 10–3 N [pcs.] 7
L0 [m] 170 ∙ 10–3 b [-] 2
mp [kg] 0.380 Vc [m3] 0.700 ∙ 10–3
ρp [kg/m3] 1620 Fm [m2] 491 ∙ 10–6
qs [J/kg] 4.5∙106 Fe [m2] 1963 ∙ 10–6

fp [J/kg] 0.9476 ∙ 106 φ2 [-] 0.9
A [m/s∙Pan] 3.30∙10–6 m [kg] 5.5
n [-] 0.526 d [m] 81 ∙ 10–3

k [-] 1.25 V0 [m3] 0.226 ∙ 10–3
κ [-] 1.019 lm [m] 0.406
λ [-] –0.018

Investigation of the influence of the surface area Fr on the missile muzzle 
velocity and the total impulse of the pressure of the propellant gases inside the 
barrel were initially performed. Simulations were made for the total surface of 
holes (Fr): 15, 30, 45, 60 and 75 cm2. Six identical holes (three on each side of 
the barrel) are opened consecutively as the missile moves along in the barrel 
of the launcher: l1 = 22.5 mm, l2 = 72.5 mm, l3 = 122.5 mm (Figure 3). 

For comparison purposes, numerical simulations were also carried out 
for a launcher-missile assembly with a monolithic barrel (Fr = 0). The simulation 
results obtained for  launchers with different surface areas of holes are shown 
in Figure 4. 

The use of a launcher with a perforated barrel reduces, within the considered 
range of the surface area of holes, the muzzle velocity of the missile and the 
total impulse of the pressure of propellant gases inside the barrel by about 55% 
and 70%, respectively. It is particularly advantageous to reduce the impulse of 
the pressure causing the undesirable recoil of the barrel launcher.

Subsequently, considering the results obtained from the calculations 
and the tactical requirements for a Polish smart system, a perforated barrel 
was constructed with three oval holes (slots) on each side, where each hole has 
the same dimensions of 20×45 mm. The total surface area of the holes from 
which the propellant gases will be released from the space behind the missile 
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to the surroundings was determined to be 48.84 cm2. The characteristics 
of the holes in the experimental perforated barrel are listed in Table 2.

Table 2. Characteristics of the holes in the perforated barrel of the launcher
li [mm] 22.5 72.5 122.5
Fr [cm2] 16.28 32.56 48.84

The simulation results obtained for the launcher-missile assembly 
with a monolithic barrel and a perforated barrel are shown in Figures 5-7. 
The simulation results were validated by comparing them with those obtained 
from the experimental field tests. The missile velocity was determined from 
the images captured using a Phantom v12.1 high-speed camera (Vision 
Research Inc., USA) and the data were analysed using TEMA Motion v. 3.5 
analysis software [28].

(a)                                                            (b)
Figure 4. Variations of the muzzle velocity vmuz (a) and the total impulse Ip (b) 

of the pressure of the propellant gases inside the barrel as a function 
of surface area Fr of the holes
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Figure 5. Variations (as a function of time t) of the pressure p in the combustion 
chamber of the rocket engine and the relative mass of: the burned 
propellant Ψ, the propellant gases flowing out from the combustion 
chamber of the rocket engine into the barrel η, and the propellant 
gases flowing out from the barrel γ, for the launcher-missile assembly 
with a perforated barrel

(a)                                                            (b)
Figure 6. Variations of the pressure pb in the barrel as a function of (a) time t and 

(b) distance l travelled by the missile in the barrel bore
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(a)                                                            (b)
Figure 7. Variations of the missile velocity v as a function of (a) time t and 

(b) distance l travelled by the missile in the barrel bore

Figure 8 shows the comparison between the missile velocity obtained from the 
numerical simulations and the experimental field tests for the barrel launcher-missile 
assembly with different types of barrel (monolithic and perforated). It can be seen 
from Figure 8(b) that two phases of phenomena are visible in the launcher-missile 
assembly with the perforated barrel. These phases are separated by an inflection 
point, indicating the time when the propellant gases begin to flow out from the holes 
of the perforated barrel to the surroundings. The phenomena that take place in the 
barrel launcher-missile assembly are slightly longer during the experimental field 
tests owing to the slower increase in the initial velocity of the missile.

(a)                                                            (b)
Figure 8. Variations of the missile velocity v as a function of time t for 

the barrel launcher-missile assembly with (a) monolithic barrel 
and (b) perforated barrel; the solid lines and dashed lines indicate 
the results obtained from simulations and experiments, respectively
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In general, there is good agreement between the simulation and 
experimental results, since the difference between the muzzle velocity determined 
from the experiments and that obtained from the simulations is less than 5%.

4 Conclusions

The following conclusions can be drawn based on the results obtained from 
the numerical simulations and the experimental field tests in this study: 
–  A mathematical model of missile propulsion in a semi-closed perforated 

barrel was developed. A computer program was also developed in order 
to simulate the phenomena that occur simultaneously during the operation 
of the barrel launcher-missile assembly:
(1) operation of the rocket engine,
(2) the motion of the missile along the barrel bore of the launcher, and
(3) the flow of the propellant gases from the barrel to the surroundings

–  It  is  possible  to  significantly  reduce  the  pressure  (total  impulse) 
of the propellant gases inside the barrel (and thus minimise recoil) by using 
a perforated barrel.

–  The use of a launcher with a perforated barrel reduces, within the considered 
(investigated) system configuration, the total impulse of the pressure 
of propellant gases inside the barrel and the muzzle velocity of the missile 
by about 60% and 50%, respectively.

–  There is good agreement for the velocity of the missile moving in the barrel 
bore between the numerical simulations and the experimental field tests, 
which indicates the physical correctness and practical suitability 
of the presented mathematical model. 

–  The mathematical model  developed  in  this  study  can  be  used  beyond 
the range of test conditions presented in this paper because the computer 
program can be used to simulate the operation of the rocket engine until the 
propellant charge is completely burned out.
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