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Abstract
A phenomenon present in almost every shot, yet rarely addressed or explained 

in the literature, has been identified. It manifests itself in the muzzle discharge in 
the form of a certain volume of soot. The Boudouard thermochemical reaction (also 
referred to in some sources as the Boudouard-Bell reaction carbon monoxide dis-
proportionation), which accounts for soot formation in propellant gases during fir-
ing, has been identified. The conditions under which this reaction can occur are dis-
cussed. A distinctive feature of this reaction is the formation of a condensed carbon 
phase during the firing process after gasification of the propellant charge.

Based on the physicochemical processes governing the expansion of propellant 
gases in the gun barrel, a mathematical model is proposed that makes it possible to es-
timate the temperature distribution during firing. The initial model is constructed using 
generally accepted assumptions. The modeling results obtained on its basis can there-
fore only be regarded as approximate. For this reason, the method relies on simple cal-
culations, making it unnecessary to employ high-performance computing equipment.

A simulation of the temperature distribution of propellant gases along the bar-
rel, between the chamber and the moving projectile, was carried out using a model 
system similar to the 2A38 artillery system. The possibility of varying the extent of 
the Boudouard-Bell reaction zone (the soot formation zone) depending on the initial 
parameters is demonstrated. The use of both fresh and degraded propellant charges 
was modeled. Full and reduced charges were considered. The simulation results re-
veal the cause of possible initiation of a secondary muzzle flash, both from the frontal 
side and from the side of the muzzle brake.
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3.1 � The role of muzzle discharge in assessing the parameters of internal 
ballistics processes

In many cases, when solving internal ballistics problems, the thermodestruc-
tion (thermal (thermochemical) decomposition) process of a propellant charge is 
considered under the following assumptions:

– a lumped-parameter model of the thermochemical transformation of the pro-
pellant charge is used;

– once formed, the composition of the propellant gases (PG) is assumed to re-
main unchanged ("frozen") throughout the entire firing cycle;

– the temperature and pressure of the propellant gases are treated as time-de-
pendent variables but are assumed to be spatially uniform over the entire length of 
the bore behind the projectile at any given moment.

These assumptions are restrictive, yet well balanced for the model employed. 
Such a model makes it possible to identify general trends and the order of magni-
tude of the parameters governing internal ballistics processes. Subsequently, the 
obtained values are refined using empirical correction coefficients.

This approach is effective when the composition of the nitrocellulose (NC) 
propellant is known and specified. However, during storage, propellants undergo 
changes in composition and energetic characteristics (degradation). In peacetime 
conditions, this issue is addressed through laboratory monitoring of propellant 
condition and their disposal when necessary. Under conditions of intensive use 
(combat conditions), propellants may be supplied from various storage depots or 
even from different countries with uncontrolled storage conditions. As a result, 
batches of charges may be encountered, which characteristics would require dis-
posal in peacetime. At the same time, instrumental inspection of such large vol-
umes of propellants, especially under field conditions, is impracticable.

Changes in propellant composition, often uncontrolled, lead to variations in the 
parameters of internal ballistics processes. This, in turn, results in reduced firing 
accuracy, the need to expend a greater number of projectiles to engage a target, 
increased wear of materiel, and decreased combat survivability of a unit due to 
longer exposure time at firing positions [1].

Muzzle discharge and the subsequent muzzle flash are among the effects 
accompanying a shot. These phenomena are usually attributed to external bal-
listics, more precisely to muzzle (transitional) phenomena. In classical ballistics, 
muzzle discharge is often identified as a transitional region between internal and 
external ballistics. It can therefore be assumed that its features and character-
istics are shaped by internal ballistics processes, representing a manifestation 
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of the thermodestruction of the propellant and reflecting the specific nature of 
these processes.

Muzzle discharge and muzzle flash can be recorded by video with minimal ex-
penditure of time and resources under virtually any conditions, including combat. 
Analysis of their features and characteristics may serve as a basis for analyzing and 
assessing the parameters of internal ballistics processes and, ultimately, for evalu-
ating the condition of propellant charges.

3.2  Characteristics of the muzzle discharge

Nitrocellulose propellants are generally classified as smokeless powders. Labo-
ratory experiments record only small amounts of condensed-phase products during 
and after the thermal decomposition of nitrocellulose propellants. In the available 
literature, the presence of such products is mainly attributed to various additives 
contained in the propellant formulations. However, frame-by-frame imaging of the 
firing process (Fig. 3.1–3.3) reveals a different picture. In the muzzle discharge, prior 
to the onset of the muzzle flash, a substantial amount of soot is observed. The pres-
ence of soot in the discharge is the result of reactions occurring inside the barrel 
during the firing process. Nevertheless, a well-substantiated and generally accepted 
explanation of these reactions is absent from the available literature.

a b c
Fig. 3.1 Stages in the development of the muzzle discharge of a 152-mm 2A36 gun shot, 
recorded from ground level: a – initial stage characterized by the ejection of soot lobes from 
the muzzle with the onset of ignition inside one of the lobes; b – intermediate stage showing 
significant expansion of the soot lobes with weak internal combustion traces; c – final stage 
with further enlargement of the discharge cloud and extensive visible flaming within the  

soot formation

The composition of a propellant and its energetic characteristics can be inferred 
from the composition of its thermal decomposition products-namely, the propellant 
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gases (PG). However, even the qualitative composition of PG is reported inconsis-
tently across different sources. Most nitrocellulose (NC) propellants are character-
ized by a negative oxygen balance. Under these conditions, it remains unclear which 
compounds are formed in the PG and in what proportions the oxygen contained in 
the NC propellant participates in their formation.

a b c
Fig. 3.2 Stages in the development of the muzzle discharge of a 152-mm 2A36 gun shot, 
recorded from an elevated vantage point: a – initial stage showing a three-lobed soot discharge 
(left, right, and forward lobes) with the onset of ignition inside the lobes; b – intermediate stage 
characterized by full involvement of the discharge cloud in visible flaming; c – final stage where 
the soot clouds are observed at a considerable distance from the muzzle during burnout, while 

a lighter-colored gaseous jet emerges from the barrel

a b
Fig. 3.3 Examples illustrating the presence of soot in the muzzle discharge: a, b – intermediate 
combustion phases of soot clouds recorded between the onset of ignition and full involvement 

of the discharge in flame

Thus, a number of sources, for example [2], assert that PG consists predom-
inantly of gaseous reaction products in the form of vapors of H2O, CO, CO2, H2, 
and N2. This description corresponds to the Kistiakowsky-Wilson rule. A negative 
oxygen balance indeed favors the formation of free hydrogen. However, such an 
assumption is not supported by the composition of the products of combustion and 
detonation of nitrated high-energy materials. In particular, studies [3, 4] report the 
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presence of soot in explosion products. In [5], not only is the presence of soot in 
the muzzle exhaust documented, but an attempt is also made to quantify it in the 
course of investigating the muzzle flash. At the same time, the mechanisms respon-
sible for its formation are not discussed.

In [6], a modified Kistiakowsky-Wilson rule is proposed. According to this rule, 
oxygen from nitro compounds first completely binds hydrogen atoms to form  
H2O vapor. It then binds carbon atoms to form CO, and only thereafter does the 
remaining oxygen further oxidize CO to CO2. On this basis, the appearance of free 
carbon in PG in the form of soot can be explained. However, under such a scheme 
and with a negative oxygen balance, there is insufficient oxygen even to bind all 
carbon atoms to CO; the formation of H2 and appreciable amounts of CO2 is not 
accounted for.

Thus, the composition of PG corresponds neither to the original nor to the 
modified Kistiakowsky-Wilson rule, nor to the composition of PG obtained under 
laboratory conditions. In addition to CO and H2O vapor, PG contains CO2, H2, and 
as shown in Fig. 3.1–3.3 – free carbon in the form of soot.

An analysis of Fig. 3.1–3.3 also makes it possible to identify other features of 
the muzzle exhaust and muzzle flash and, consequently, potential characteristics of 
the internal ballistic processes of propellant thermal decomposition:

– in [7], the muzzle flash is attributed to the ignition in air of combustible PG com-
ponents, namely CO and H2. The initiating factor is assumed to be the muzzle blast, 
which causes additional heating of the PG. Given the finite spatial extent of the blast, 
ignition would be expected to occur over an extended surface. However, the images 
in Fig. 3.1, a and Fig. 3.2, a demonstrate point-like ignition at the leading front of the 
exhaust plume, in its central region (outlined in red). At the same time, the photo-
graph in Fig. 3.3, b indicates the possibility of PG ignition on the opposite side of the 
muzzle exhaust – near the muzzle brake – which cannot be explained by the action 
of the muzzle blast;

– within the framework of the PG composition discussed above, the intense 
luminosity of the muzzle flash can be explained by soot combustion. Combustion 
of gaseous H2 and CO in air is practically colorless. In Fig. 3.2, b, against the bright 
background of burning soot, a low-contrast gaseous jet can be distinguished (out-
lined in red). It is located in the leading part of the exhaust plume. A similar jet can 
also be identified in the trailing part of the muzzle exhaust (Fig. 3.2, c, outlined in 
yellow). The inhomogeneous structure of the muzzle exhaust may be caused by 
longitudinal nonuniformity in the composition of PG. This, in turn, may indicate 
a similar nonuniformity in the PG composition along the barrel length at the mo-
ment the projectile exits the muzzle.
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3.3  �Possible causes of the specific features of the muzzle exhaust  
as a consequence of internal ballistics processes

In the previous section, the following characteristic features of the muzzle ex-
haust were identified:

– the presence of a significant amount of condensed carbon (soot);
– the possibility of muzzle flash initiation in various regions of the muzzle exhaust;
– heterogeneity of the muzzle exhaust structure with respect to the composition 

of the PG.
When the muzzle exhaust is considered as a transitional region, its distinctive 

features should be interpreted as a consequence of internal ballistics processes as-
sociated with the thermal decomposition of NC propellant. However, a lumped-pa-
rameter model of these processes does not allow the aforementioned features to be 
adequately explained.

At present, computational resources make it possible to solve internal ballistics 
problems using distributed-parameter formulations. Increasing model complexity 
may potentially improve the accuracy and reliability of the results. At the same time, 
model modification should not be limited solely to increasing computational com-
plexity, but should also incorporate more subtle physical and chemical effects. The 
following studies may be cited as illustrative examples. Thus, in [8] the solution is 
obtained within a one-dimensional formulation, whereas in [9] a three-dimensional 
formulation is employed. In both studies, only the motion of propellant gases inside 
the barrel is considered. Their composition is assumed to remain constant during the 
motion. Despite the significantly higher computational complexity of the approach 
used in [9], the results obtained in both studies are comparable. In another case, the 
article [10] investigates the muzzle flash process. A model is employed that describes 
gas-dynamic processes in a two-dimensional formulation, as well as ignition and 
combustion of propellant gases in atmospheric oxygen. The reversibility of chemi-
cal reactions is taken into account, and reaction rates are calculated. It is correctly 
noted that the characteristics of the muzzle exhaust and muzzle flash depend on the 
parameters of internal ballistics processes. However, despite the detailed modeling 
of the exhaust and flash, the internal ballistics processes themselves are treated by 
neglecting multicomponent effects and chemical reactions. As a result, the possibili-
ty of free carbon formation during firing is not considered, nor is its influence on the 
muzzle flash process taken into account.

In many cases, chemical reactions of NC propellant thermal decomposition 
during firing are considered from the standpoint of chemical equilibrium. This ap-
proach is justified by the high temperatures and pressures at which these processes 
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occur. However, significant variations of these parameters during the firing pro-
cess – both in time and along the barrel length at any given moment – may give rise 
to reversible chemical reactions between the formed components of the propellant 
gases. For example, the computational results presented in [1] demonstrate that, at 
certain moments in time, temperature differences along the propellant gas column 
may reach 500 K or more.

The equilibrium composition calculation method makes it possible to deter-
mine the relative proportions of the components constituting the propellant 
gases and their temperature, but not the actual list of species itself. The set of 
possible reaction products is specified prior to the calculation. Thus, in [11], re-
sults of propellant gas composition calculations based on three different models 
are presented. Each model assumes a different composition of propellant gases. 
Some components are common to all models; however, their calculated quanti-
ties for the same propellant may differ by several times depending on the model 
used. Among the considered approaches, the Kamlet-Jacobs model included free 
carbon and carbon dioxide (CO2) in the propellant gas composition, but did not 
account for the presence of carbon monoxide (CO). As a result, calculations based 
on this model for various propellant formulations yielded free carbon contents 
of 20–30%, which clearly contradicts practical ballistic applications of propellant 
mixtures. Moreover, the calculated combustion products do not contain hydrogen 
or other combustible species, which also contradicts the flame observed when 
combustion products exit the barrel. These results indicate the necessity of an ad-
equate selection of the propellant gas composition to enable correct calculation 
of their quantities.

The article [12] presents results of equilibrium composition calculations for 
the reaction products of methane (CH4) with oxygen (O2) under oxygen-deficient 
conditions (oxidizer excess coefficient α = 0.6, corresponding to a negative oxygen 
balance). The list of possible reaction products included H2O, H2, CO2, CO, and 
free carbon (Ccrb). The equilibrium composition of reaction products correspond-
ing to temperatures ranging from the combustion temperature (~1780 K) down to 
500 K was analyzed. A characteristic feature is noted in [12]. At the combustion 
temperature, free carbon is not detected. However, as the temperature decreases, 
starting from approximately 1300–1200 K, the possibility of free carbon forma-
tion is shown. Simultaneously, the amount of CO decreases while the amount of 
CO2 increases. Beginning at temperatures of approximately 700 K, the calculated 
results no longer indicate the presence of CO. Under normal ambient conditions, 
such behavior is not observed. A mixture of methane (CH4) and oxygen (O2) under 
normal conditions remains stable in the absence of external influences, and free 
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carbon is not formed. This is explained by the extremely low reaction rate, despite 
the thermodynamic possibility of the reaction.

A chemical reaction exhibiting similar characteristics is well known. This is the 
Boudouard-Bell reaction, representing the disproportionation of carbon monox-
ide (CO) into free carbon

2 2� � �� �CO C CO Q .	 (3.1)

This reaction is characterized by reversibility. At elevated temperatures up 
to approximately 1300  K, the equilibrium is almost completely shifted toward  
CO formation. Nevertheless, the reverse reaction remains exothermic. At the 
same time, equilibrium calculations indicate the formation of a certain amount 
of free carbon, which is associated with the endergonic nature of CO dispropor-
tionation. At temperatures of about 400 K, the thermodynamic equilibrium of the 
Boudouard-Bell reaction is shifted toward the formation of CO2 and C. However, 
under normal or near-normal conditions, CO remains stable due to the low rate of 
the disproportionation reaction.

During firing, by the moment the projectile exits the barrel, the temperature of 
the propellant gases decreases to values of approximately 1000 K, corresponding to 
a shift of the thermodynamic equilibrium of the disproportionation reaction toward 
the formation of condensed carbon. At the same time, a high pressure of the pro-
pellant gases is maintained, which may reach approximately 50 MPa. In accordance 
with Le Chatelier's principle, high pressure favors a shift of the equilibrium toward 
the formation of a condensed phase. The disproportionation reaction of CO is of 
second order. In this case, at identical propellant-gas temperatures, the rate of for-
mation of condensed carbon in the barrel system, compared with laboratory condi-
tions (0.1 MPa), increases by a factor of about (50/0.1)2, i.e., approximately 250,000. 
This estimate should be regarded as an order-of-magnitude illustration rather than 
a detailed kinetic description.

It is necessary to consider the possible influence of the process described by re-
action (3.1) on changes in the pressure of the propellant gases in the barrel channel 
as the projectile moves. After completion of the thermodestruction of the propellant 
charge, the barrel volume behind the projectile continues to increase as it travels, 
while the amount of propellant gas does not increase. This stage is characterized by 
an accelerated decrease in propellant-gas pressure. However, under these condi-
tions, prerequisites arise for reaction (3.1) to proceed. Its result is a twofold reduc-
tion in the volume of the reacting fraction of the propellant gases, which may locally 
affect pressure evolution.
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3.4  Simplified one-dimensional model of internal ballistics processes

3.4.1 Composition of propellant gases

The structure of the muzzle blast and muzzle flash makes it possible to assess 
the nature of the distribution of PG parameters along the barrel length at the mo-
ment the projectile exits the muzzle. Accordingly, the current composition and 
energy characteristics of the propellant charge can be estimated from the PG pa-
rameters. Such an assessment may be carried out using the library-based method 
described in [12, 13]. A distinctive feature of this method is the high speed of eval-
uating the state of the propellant charge. However, this requires the prior creation 
of a database that reflects the possible values of PG parameters as functions of 
varying propellant charge compositions and energy characteristics. This, in turn, 
necessitates solving the internal ballistics problem a very large number of times 
(hundreds of millions or more). In doing so, the PG parameters along the barrel 
length must be obtained in a distributed form. Modern computational resources 
make it possible to perform such calculations within a reasonable time frame. Nev-
ertheless, to adequately represent the PG parameter values, the employed model 
should be as simple as possible.

The development of such a model is a multistage process involving an assess-
ment of the assumptions adopted at each stage, with a gradual increase in model 
complexity up to the required level. At the initial stage, it is necessary to evaluate the 
feasibility of adequately reproducing the character of variation of PG parameters 
for the chosen overall model structure and computational strategy under the most 
permissive assumptions.

To assess the possible equilibrium composition of propellant gases at different 
temperatures, calculations were performed for a propellant charge, which composi-
tion is given in [14] and presented in Table 3.1.

Table 3.1 Initial composition of the NC propellant charge

Component Substance % Molecular formula

Energetic base Nitrocellulose 96.0 C6H7.7N2.3O9.6

Plasticizer Ethanol 0.5 C2H6O

Diethyl ether 0.5 C4H10O

Chemical stability stabilizer Diphenylamine 1.0 C12H11N

Impurity substances Water (moisture) 2.0 H2O
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Based on these data, the gross formula (molecular formula) of the propellant 
charge was calculated. The formula is expressed relative to a single carbon atom

C H N O1 1 44 0 37 1 57. . . .	 (3.2)

The determination of the propellant gases' composition is based on solving a sys-
tem of equations that includes the law of mass action, the law of conservation of 
matter, and Dalton's law. The enthalpy of formation is also used for both the propel-
lant charge and the components of the propellant gases. The calculation is based on 
equating the enthalpy of the propellant to the sum of the enthalpies of formation of 
the propellant gas components, taking their temperature into account.

A distinctive feature of this approach is the specific form of the mass-action equa-
tions. The equations are formulated based on the formation reactions of possible 
propellant gas components from elementary chemical substances [15]. For example:
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C O
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. 	 (3.3)

This form of representation is universal. It allows for the construction of a closed 
system of equations based on a list of substances that may be present in the mixture. 
In the established models describing the firing process, the composition of the pro-
pellant gases for the propellant charge is determined based on the following list of 
constituent components

H O CO CO H CH N2 2 2 4 2, , , , , .	 (3.4)

To account for the potential formation of soot, this list is supplemented with an 
additional component, denoted as Ccrb (finely dispersed condensed carbon phase). 
The consideration of carbon in the propellant gases is a specific feature of the model 
used in the calculations. The method for calculating the thermodynamic parameters 
of the gaseous mixture in the presence of a condensed phase is given in [15].

The equilibrium composition of the propellant gases at various temperatures is 
shown in Fig. 3.4.

From the calculation results presented in the graphs (Fig.  3.4), it follows 
that the molar concentrations of the propellant gas components remain almost  
constant over a wide range of temperatures during their expansion in the firing 
process. However, as noted in [12], at temperatures of 1200–1300 K and below, the 
quantitative composition of the propellant gas components changes. Condensed 
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carbon appears. The amounts of not only carbon-containing elements but also all 
other elements (except for nitrogen, N2) are altered.
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Fig. 3.4 Molar concentrations of propellant gas components as a function of temperature T:  
a – carbon-containing components; b – carbon-free components

3.4.2 � Method for determining propellant gas temperature along the barrel 
during firing for a distributed-parameter model

At the first stage of developing a model for internal ballistics processes, the val-
ues of parameters governing the gas-dynamic processes (pressure and temperature) 
occurring in the PG along the barrel length at each moment of the shot are averaged. 
This procedure simplifies the solution. The justification for its use lies in the minor 
influence of deviations of pressure and temperature from their mean values on the 
processes under consideration.

For instance, in [16], calculations were performed for a 100 mm, caliber gun 
with a chamber length of lc =1m and a barrel length of ld =5m . The charge mass 
varied in the range of 2.5–45 kg. Pressure values were determined at the breech 
face and at the base of the projectile as it passed the muzzle. For all calculations, 
the deviation of pressure at the base of the projectile from that at the breech face 
ranged from 6% to 53%. Deviations of pressure values in different parts of the 
space behind the moving projectile can affect the accuracy of determining the pro-
jectile velocity, but have practically no effect on the composition of the propellant 
gases. High pressures, regardless of their magnitude, under high PG temperatures 
imply an equilibrium composition.

Many sources do not use data on the distribution of PG temperature along the 
barrel during projectile motion. When using models that do not account for the 
formation of a condensed phase, such information is unnecessary. It is assumed 
that, during the shot, within the temperature range of the PG, their composition 
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remains practically unchanged. This is confirmed by the calculation results shown 
in Fig. 3.4. In the range from the combustion temperature (2940 K) to the tempera-
ture at which a significant amount of soot begins to form (~1400 K), the PG compo-
sition remains nearly constant.

The temporal behavior of the muzzle blast (Fig. 3.1–3.3) indicates not only the 
potential for condensed phase formation but also the non-uniformity of this pro-
cess along the barrel. To identify the principal possibility of conditions supporting the 
disproportionation reaction of carbon monoxide, modeling of the PG temperature 
distribution along the barrel during the shot is necessary. Let's consider the model 
and the projectile firing process. Let's introduce a set of assumptions corresponding 
to the first stage of model development:

– the burn rate of the propellant charge depends solely on pressure;
– the propellant volume is neglected;
– PG pressure is uniform (averaged) at all points between the breech face and the 

base of the projectile;
– during projectile motion, PG movement along the barrel is one-dimensional, 

with no mixing of newly formed gases with previously generated PG;
– the PG expansion process is adiabatic, with a known adiabatic index;
– backpressure in front of the projectile is neglected;
–  energy expenditures for processes other than projectile acceleration are ac-

counted for using a coefficient that increases the projectile mass in calculations (a fic-
titious projectile mass);

–  PG is considered an ideal gas mixture, and covolume effects are neglected.
To account for the PG temperature distribution along the barrel, the mathemati-

cal model (MM) must be expressed in partial differential form, which usually requires 
numerical solution methods. For preliminary assessment of temperature distribu-
tion under the adopted assumptions, this approach is impractical. The following ap-
proach has been proposed to describe the firing process:

– projectile motion along the barrel is roughly divided into two stages: during 
propellant combustion and after its completion;

– the propellant burns in discrete portions of equal mass;
– the pressure at which the next portion of the charge burns is assumed constant 

and equal to the pressure after the previous step of PG expansion. This pressure de-
termines the burning time ti of the current portion, which also defines the time step 
for the calculation. The time interval for burning each portion (and thus for the cal-
culation step) is variable depending on the current pressure;

–  formation of each new portion of PG mass mi occurs without affecting the 
existing PG (e.g., outside the barrel). This step corresponds to the assumption of 
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neglecting the propellant volume, and thus the change in pre-chamber volume as the 
propellant burns;

– the newly formed PG portion enters the chamber instantly through its end 
surface (Fig. 3.5). The pressure rises instantaneously, forming a new value pi , de-
termined by the added PG, as well as the volume (w w wi0 1 1, , ..., − ) and pressure of the 
pre-existing PG;

– during the time interval ti (duration of the current calculation step), PG expan-
sion and projectile acceleration occur (without additional PG input). At the end of 
this interval, the PG pressure is determined, which is used to calculate the burning 
time of the next portion of the propellant in the following time step;

– after the propellant is fully burned, the expansion of PG and projectile acceler-
ation are calculated until the projectile exits the barrel.

mi

w0w1w2wi –2wi –1

Fig. 3.5 Diagram of the formation of the incoming gas fraction  
at the current calculation step

At this stage, the PG temperature distribution along the barrel during the shot 
is estimated. Average values of certain quantities, corresponding to modern barrel 
systems, are used in the calculation relationships.

In describing propellant properties, their energetic characteristic is conven-
tionally expressed as their strength f. At the same time, the calculation is based on 
the enthalpy of the NC thermal decomposition reaction. Let's estimate the rela-
tionship between these quantities. Assume: the combustion process is isoenthal-
pic (constant-enthalpy process); the gas-phase process is adiabatic. According to the 
adopted assumptions

I I fsp
G

sp
PG� �

�
�

�
� 1

, 	 (3.5)

where Isp
G  – the specific enthalpy of gunpowder; Isp

PG – the specific enthalpy of gun-
powder gases; γ – the adiabatic index; f – the propellant force.

Let's assume γ = 1.2, f = 950 kJ/kg. In this case Isp
G =5700kJ/kg . Further calcula-

tions were performed taking these values into account:
Step 1. From equation (3.5), the temperature of the propellant gas (PG) is deter-

mined, and from the equation of state, the amount of propellant charge required to 
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generate the forcing pressure in the breech chamber is calculated. The magnitude 
of the forcing pressure, the volume of the breech chamber (excluding the charge 
volume), and the adiabatic index are specified. Based on the fraction of the charge 
burned, the enthalpy of the considered PG volume is determined. The remaining 
mass of the propellant charge is calculated, and the number of calculation steps is 
selected. The mass of the portion of the charge mi, which combustion is considered in 
a single calculation step, is determined. All portions have equal masses. The forcing 
pressure serves as the initial pressure for the next calculation step and determines 
the burning rate of the corresponding portion of the propellant charge. This PG vol-
ume is hereinafter denoted as w0 (Fig. 3.5).

Step 2. Using the final pressure obtained in Step  1, the burning time ti of the 
portion mi of the propellant charge is determined. A linear burning law u u p1 0� �  and 
a constant burning surface area F are assumed. Accordingly

m u p F t t
m

u F pi i i
i� � � � � �

� �
( )

( )0
0

.	 (3.6)

The method for determining the expression in parentheses is described below.
Step 3. The generated portion of PG is introduced (instantaneously) into the 

breech chamber without changing its volume. According to the current calculation 
step number i, this portion of PG is hereinafter denoted as wi . The enthalpy (Ii

n) of the 
PG is calculated as the sum of the enthalpy from the end of the previous calculation 
step and that contributed by the current portion. According to
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the mixture pressure (Pi
n) at the beginning of the calculation step is determined. Con-

sidering the assumption that the PG volumes from the respective calculation steps 
do not mix, their updated values are calculated.

Step 4. Expansion of the PG and acceleration of the projectile during the cur-
rent calculation step occur over the time ti determined in Step 2 and are described 
by the relation

�M
d x
dt

P S
2

2
� � ,	 (3.8)

here M – the projectile mass; φ – the coefficient accounting for the effective mass of 
the projectile; x – the length of the breech chamber; P – the PG pressure; and S – the 
cross-sectional area of the barrel.
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The value of P is determined from the relation describing the adiabatic expan-
sion of the gas
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where Pi
n , Wi

n – the pressure and volume of the breech chamber at the initial mo-
ment of the calculation step (corresponding to the values at the end of the previous 
step); and Pi, Wi – the pressure and volume at the current moment of the calculation.

Taking into account Wi = S  · xi and equation (3.9), expression (3.8) can be re-
written as
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here xi
n  – denotes the length of the projectile space at the initial moment of the cal-

culation step.
Let's linearize the second term of equation (3.10) at the point xi

n . As initial condi-
tions, it is possible to use the values of xi

n  and the projectile velocity vi
n  at the initial 

moment of the current calculation step (the final velocity from the previous calcu-
lation step). Assuming, as before, γ = 1.2, the solution of (3.10) can be expressed as
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By substituting the value of ti into this expression, the magnitude of the charge-
free space xi

k  at the end of the current calculation step is determined, and from the 
derivative of (3.11)

v x t v d t x d d tn
i
n� � � � � �( ) cos( ) sin( )1 1 1

5

6
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the velocity of the vi
k projectile at this instant.

Step 5. Under the assumptions adopted, based on the first law of thermodynamics

� �U A . 	 (3.13)

Taking into account the adiabatic expansion of the propellant gases and, accord-
ingly, I = γ · U, it follows from equation (3.13) that by the end of the current compu-
tational step
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here ΔU – the change in the internal energy of the propellant gases expended 
to perform the work A required to accelerate the projectile with the fictitious 
mass φM; Icom  – the total enthalpy introduced with the propellant gases into the 
behind-the-projectile space; and Ires – the residual enthalpy at the end of the current 
computational step after the work of projectile acceleration has been performed. 
Equation (3.14) may be regarded as a simplified enthalpy-based analogue of the 
Résal equation. From the relation
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the pressure of the propellant gases at the end of the calculation step is determined.
Step 6. If, by the beginning of the next calculation step, the entire propellant 

charge has not been consumed, proceed to Step 2.
Step 7. The calculation is performed in accordance with the method described 

in Steps 2–5, but without accounting for the inflow of propellant gases into the be-
hind-the-projectile space. The termination time of the calculation is defined as the 
instant when the projectile reaches the muzzle.

In the course of the calculation, for each propellant-gas element wi (Fig. 3.5), the 
current temperature can be determined from the equation of state.

3.4.3 � Results of modeling the temperature distribution in the barrel 
region between the chamber and the moving projectile

For the model system (Table 3.2) corresponding to the 2A36 gun, the tempera-
ture distribution of the propellant gases along the barrel length during the firing 
process at various time instants was calculated using the method described in the 
previous section.

The averaged firing characteristics were selected so that the characteristic ter-
minal parameters of the shot were close to the corresponding terminal parameters 
of the real system (Table 3.3).

As a result of the calculations, it was established that when 0.5 kg of propellant 
charge is burned with the projectile fixed in the chamber, a pressure of approxi
mately 3.06 · 107 Pa is reached, which is close to the adopted value of the forcing 
pressure. The subsequent combustion process of the remaining portion of the 
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charge with a mass of 10.5 kg was approximated using a discrete scheme and divided 
into 35 computational steps with a mass increment of � � �m mi 0 3. kg  at each step.

Table 3.2 Firing parameters of the model artillery system

Name Symbol Value

Caliber d, m 0.152

Barrel cross-sectional area S, m2 0.0181

Free volume of the propellant chamber (excluding propellant volume) WKC, m3 0.0155

Length of the free volume of the propellant chamber xKC, m 0.85

Projectile mass M, kg 46

Propellant mass (reduced charge) m, kg 11

Specific enthalpy of the propellant I, J/kg 5.7 · 106

Adiabatic index γ 1.2

Table 3.3 Characteristic values

Name Symbol Value

Forcing pressure Pf, Pa 3 · 107

Projectile velocity (for the reduced charge) V, m/s 775

Projectile velocity at the end of propellant combustion ( V V� �0 8. ) V , m/s 620

By adjusting the value of the expression in parentheses in formula (3.6), the cal-
culated velocity values V  = 633.5 m/s and V = 774.5 m/s were obtained, which are 
in satisfactory agreement with the reference data presented in Table 3.3. In these 
calculations, the parameter value u0 · F = 8.65 · 10–8 m3/s was adopted.

Since, during the calculations, the main reference quantities were reproduced 
with a high degree of proximity to the specified values, it can be reasonably assumed 
that the resulting calculated temperature distribution of the propellant gases in the 
space behind the projectile adequately reflects the actual behavior of the process 
under consideration.

The graphs presented below show the results of the calculations performed on 
the basis of the data from Tables 3.2, 3.3. Fig. 3.6 illustrates the variation of propel-
lant gas pressure, while Fig. 3.7 presents the temperature distribution in the space 
behind the projectile for different projectile positions corresponding to the scheme 
shown in Fig. 3.5.

It should be noted that the pressure values in Fig. 3.6 are referred to a point 
rigidly attached to the base of the projectile, which explains why the initial section 
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of the curve does not originate at zero. In this case, the abscissa coordinate is de-
termined by the length of the charge chamber, while the ordinate represents the 
forcing pressure.
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Fig. 3.6 Results of the calculation of the change in the chamber pressure for a reduced charge  
of fresh propellant in the space behind the projectile

Source: data from the Tables 3.2, 3.3  

In Fig. 3.7, the temperature fields are shown for points corresponding to dif-
ferent portions of the propellant gases. All the portions considered have the same 
mass (0.3 kg in the present calculation); however, due to differences in the instanta-
neous pressure, their spatial extent in the space behind the projectile is not the same. 
For this reason, the initial abscissa coordinates of curves 1, 2, and 3 in Fig. 3.7 do 
not coincide, which reflects the physical features of the propellant gas distribution 
during the firing process.
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Fig. 3.7 Results of the calculation of changes in the propellant gas temperature for a reduced 
charge of fresh propellant. Distribution of the propellant gas temperature at various projectile 
positions: 1 – at the moment of maximum pressure in the space behind the projectile; 2 – at the 
end of propellant charge combustion; 3 – when the projectile is at the muzzle; 4 – temperature 

boundary of the Boudouard-Bell reaction
Source: data from the Tables 3.2, 3.3
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Analysis of the results of the performed calculations shows that up to the point 
of complete combustion of the propellant charge, the conditions for the Boudouard-
Bell reaction in the cartridge space are practically absent. This is clearly illustrated 
by the temperature distributions shown in Fig. 3.7 (curves 1 and 2): at this stage, the 
temperature of the propellant gases along the entire length of the cartridge volume 
predominantly exceeds the lower threshold for the onset of the aforementioned 
reaction (see also the boundary curve 4 in Fig. 3.7). Thus, during the active combus-
tion period of the charge, the formation of a condensed phase in the form of soot is 
thermodynamically not realized.

A different situation is observed during the subsequent expansion stage of the 
propellant gases after the completion of charge combustion, which corresponds to 
the temperature distribution shown in Fig. 3.7 (curve 3). At this stage, regions are 
formed in the cartridge space where the temperature drops below the threshold 
for the carbon monoxide disproportionation reaction, creating conditions for the 
Boudouard-Bell reaction and, consequently, for the formation of a condensed car-
bon phase. At the moment the projectile passes the muzzle, the highest tempera-
tures are maintained near the base of the projectile and the base of the chamber.

In the central part of the propellant gas volume, the temperature remains be-
low the threshold value corresponding to the onset of the CO disproportionation 
reaction for the longest period. It is precisely in this zone that the most inten-
sive formation of the condensed phase is expected, which may have a noticeable 
effect on the composition of the firing products and the characteristics of the 
exiting gases.

In order to assess the influence of the degree of degradation of the propellant 
charge on the magnitude of the main firing parameters, an additional calculation 
was performed for the propellant with the same gross formula (3.2) but with an 
8% reduction in its energy capacity (propellant degradation). Using the adopted 
specific enthalpy value of I  =  5240J/kg and other initial data corresponding  
to Tables 3.2, 3.3, the calculated dependencies presented in Fig. 3.8, 3.9 were ob-
tained. For convenience of comparison, the notations and graphical representa-
tions analogous to those shown in Fig. 3.6, 3.7 were used.

As a result of the performed calculations, the characteristic velocities of the com-
bustion products were determined, amounting to V =618 5. m/s and V = 750 m/s. 
A comparison of the obtained values with the previously calculated corresponding 
values for fresh propellant showed that the difference between them does not ex-
ceed 2.5–3.5%, which indicates the preservation of the overall gas-dynamic char-
acteristics of the process and confirms the correctness of the adopted computa-
tional model.
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Fig. 3.8 Results of the calculation of the change in the propellant gas pressure for a reduced 
charge when its energy capacity is decreased by 8% in the space behind the projectile

Source: data from the Tables 3.2, 3.3
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Fig. 3.9 Results of the calculation of changes in the propellant gas temperature for a reduced 
propellant charge when its energy capacity is decreased by 8%. Distribution of the propellant 
gas temperature at various projectile positions: 1  – at the moment of maximum pressure in 
the space behind the projectile; 2 – at the end of propellant charge combustion; 3 – when the 
projectile is located at the muzzle; 4 – temperature boundary of the Boudouard-Bell reaction

Source: data from the Tables 3.2, 3.3

The pattern of changes in the pressure and temperature profiles of the com-
bustion products generally remained similar to those shown in Fig. 3.6, 3.7. At the 
same time, the absolute values of these parameters underwent significant changes. 
In particular, in the considered case, the expected decrease in maximum pressure is 
observed. Simultaneously, the temperature levels in most of the combustion prod-
ucts' volume, as well as during the majority of the process duration, remain below 
the threshold value that determines the possibility of the Boudouard-Bell reaction 
occurring. This circumstance indicates a reduction in the intensity of this reaction 
and, consequently, an increased likelihood of the formation of a condensed phase, 
primarily carbon.
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To assess the range of variation in the temperature of the combustion products 
when varying the charge amount, an additional calculation was performed for a mass 
of fresh propellant m = 18.4 kg, corresponding to the full charge. The results of this 
calculation are presented in Fig. 3.10, 3.11. In their presentation, the notations and 
range of displayed quantities are consistent with those used in Fig. 3.6, 3.7. This en-
sures a clear comparison and continuity in the analysis of the obtained data.
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Fig. 3.10 Results of the calculation of the change in the propellant gas pressure for a full charge 
of fresh propellant in the space behind the projectile

Source: data from the Tables 3.2, 3.3
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Fig. 3.11 Results of the calculation of the change in the propellant gas temperature for a full  
charge of fresh propellant. Distribution of the propellant gas temperature at various projectile 
positions: 1  – at the moment of maximum pressure in the space behind the projectile;  
2  – at the end of propellant charge combustion; 3  – when the projectile is at the muzzle;  

4 – the temperature boundary of the Boudouard-Bell reaction
Source: data from the Tables 3.2, 3.3

For the case under consideration, the reference values of the characteris-
tic velocities were taken as V = 945 m/s and V =756m/s. The conducted calcula-
tions yielded refined values of these parameters, amounting to V = 944 m/s and 
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V =780m/s, respectively. The practical coincidence of one of the velocities with 
the reference value and the moderate deviation of the other indicate satisfactory 
agreement of the calculated data with the initial assumptions and confirm the ro-
bustness of the chosen model for describing the process.

A characteristic feature of the obtained results is that the temperature of 
the combustion products near the bottom of the charge chamber, as well as in 
the muzzle region, exceeds the threshold value that determines the possibility 
of the Boudouard-Bell reaction. This circumstance is of fundamental importance 
for interpreting the physicochemical processes accompanying the muzzle blast.  
Under conditions where the temperature exceeds this threshold, the formation of 
a condensed carbon phase becomes thermodynamically unfavorable, and conse-
quently, the sooty component in the combustion products does not form.

In other words, during the initial and final phases of the muzzle blast, the pres-
ence of soot in the ejected combustion products is not expected, which may have 
a noticeable effect both on the optical characteristics of the muzzle flame and on 
the overall structure of the gas outflow from the barrel.

3.4.4 � What the calculation results show: determination of the ignition 
point and the shape of the muzzle flash

The considered model of internal ballistics processes is based on a number of 
fundamental assumptions that allow a significant simplification of the mathemati-
cal description of the phenomena taking place, thereby making the model suitable 
for performing preliminary calculations. In particular, the model employs averaged 
parameters of the propellant gases, simplified relations for their expansion, and 
idealized boundary conditions, which undoubtedly limits the strict applicability of 
the model. Nevertheless, a comparison of the simulation results with known exper-
imental and computational data shows that the obtained dependencies of propel-
lant gas pressure variations along the barrel during a shot do not contradict, either 
qualitatively or quantitatively, the generally accepted concepts of internal ballistics.

At the same time, an analysis of the thermal regime of the propellant gases re-
vealed a number of features worthy of separate consideration. The nature of the 
temperature variation of propellant gases along the barrel during a shot proved to 
be considerably more complex and cannot be described by a monotonic or quasi-
linear distribution. The performed calculations showed that, for a significant portion 
of the shot duration, the propellant gas temperature values in the initial and muzzle 
regions of the barrel exceed the corresponding values in its central part. Thus, the 
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temperature field in the barrel exhibits a pronouncedly non-uniform character, with 
temperature maxima localized in regions different from the geometric center of the 
space behind the projectile.

It should be noted that in most available sources, such a feature of the tempera-
ture distribution is either not considered or not explicitly recorded, which is likely 
due both to the limited capabilities of experimentally measuring the propellant 
gas temperature along the barrel and to the use of simpler computational models.  
At the same time, a similar pattern of temperature variation along the barrel can 
be observed, for example, in  [8], which presents numerical simulation results 
demonstrating elevated temperature values near the beginning and end of the 
barrel (Fig. 3.12). In this figure, the horizontal axis represents coordinates along the 
barrel length from the breech (0) to the muzzle (7), and the vertical axis represents 
time during the shot. Points at the boundary between parts of the image in the up-
per-left and lower-right corners (light blue) indicate the position of the projectile 
base (horizontal axis) at the corresponding moments in time (vertical axis). The dis-
tance from any point on this boundary to the vertical axis represents, at the corre-
sponding moment (vertical axis), the length of the barrel portion behind the projec-
tile occupied by the propellant gases. Changes in the color scale along this segment 
reflect the spatial distribution of propellant gas temperatures behind the projectile 
at the given moment.
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Fig. 3.12 Temperature distribution along the barrel of a large-caliber gun during a shot
Source: [8]
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The results obtained in the present work, despite their approximate nature, can 
be considered as a theoretical basis for further analysis of the relationship between 
the parameters of the propellant gas expansion process in the barrel and the fea-
tures of muzzle flash formation. In particular, the identified non-uniformity of the 
temperature field may have a significant impact on the intensity of chemical and 
gas-dynamic processes in the muzzle region, which opens up prospects for a more 
detailed study of the mechanisms of muzzle flash initiation and development based 
on refined internal ballistics models.

Analysis of images of the muzzle blast and the accompanying flash shows that their 
structure and characteristics vary significantly depending on the firing conditions. The 
observed diversity of spatio-temporal forms of the muzzle blast indicates the com-
plex nature of the physicochemical processes occurring in the projectile chamber.

As a characteristic example, consider the results of muzzle blast visualization for 
the 2A36 gun. The images presented in Fig. 3.1, 3.3 clearly show that soot clouds are 
present along the entire length of the muzzle blast. The soot is evenly distributed 
along the jet, giving the blast a uniform dark appearance accompanied by intense 
glow during subsequent combustion.

A different picture is observed in Fig. 3.2. In this case, the soot-containing region 
occupies only part of the muzzle blast, and its volume is noticeably smaller compared 
to the corresponding regions in Fig. 3.1, 3.3. Moreover, at least two zones with al-
most no soot can be distinguished in the structure of the muzzle blast in Fig. 3.2. The 
first is located at the front of the blast, ahead of the soot cloud (Fig. 3.2, b) and is high-
lighted with a red contour. The second zone is behind the soot cloud, closer to the 
muzzle face of the barrel (Fig. 3.2, c), and is marked with a yellow contour. It should 
be noted that against the bright glow of burning soot, these zones are weakly visible 
and become discernible only upon detailed image analysis.

One of the characteristic features of the muzzle blast is the spatial location of the 
muzzle flash initiation point. Analysis of the experimental data presented in Fig. 3.1, a 
and Fig. 3.2, a shows that in some cases, ignition of the muzzle blast is initiated at the 
front of the soot cloud, highlighted in red in the corresponding images. At the same 
time, the results shown in Fig. 3.3, b indicate a qualitatively different scenario: the ini-
tiation of the muzzle flash occurs in a region immediately adjacent to the muzzle face. 
Thus, experimental observations reveal variability in the location of the ignition zone.

These features of the muzzle blast and flash are explained by the results of ap-
proximate thermochemical calculations based on the proposed model. The data pre-
sented in Fig. 3.7, 3.9 indicate that by the time the projectile reaches the muzzle, 
temperature conditions favorable for the Boudouard-Bell reaction, accompanied by 
solid carbon (soot) formation, are established along almost the entire barrel length. 
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However, the realization of these conditions strongly depends on the state of the 
propellant charge.

In the case of a degraded propellant charge (Fig. 3.9), the temperature of the PG 
drops below the threshold value corresponding to the onset of carbon monoxide 
disproportionation even before the projectile exits the barrel. This leads to a high 
likelihood of soot formation throughout the projectile chamber. As a result, soot par-
ticles are present along the entire length of the muzzle blast, which is consistent with 
the experimental observations shown in Fig. 3.1, 3.3, b.

A different situation occurs when using a fresh propellant charge (Fig.  3.7).  
In this case, the PG temperature drops below the characteristic level of approxi
mately 1300 K only in localized regions – near the chamber and at the base of the 
projectile – and only during the final stage of its travel through the barrel, immediate-
ly before exiting the bore. Under these conditions, the likelihood of soot formation in 
the initial and final phases of the muzzle blast is significantly lower than in its middle 
part. Such a distribution of the soot phase may correspond to the experimental pic-
ture shown in Fig. 3.2.

Definitive confirmation of this scenario is provided by the calculations for a full 
fresh propellant charge (Fig. 3.11). According to these data, by the time the projectile 
is near the muzzle, the high PG temperature in the chamber and at the base of the 
projectile prevents soot formation along the entire projectile chamber. Therefore, 
soot inclusions in the muzzle blast occupy only a limited section of its length, which 
also agrees with experimental observations (Fig. 3.2).

The spatial location of the muzzle flash initiation point can be further explained 
by considering the PG temperature profile along the barrel. Calculations show the 
presence of temperature maxima in the chamber region and near the muzzle face. 
The ignition temperatures of the main combustible components of the muzzle blast – 
hydrogen (around 800 K) and carbon monoxide (around 900 K) – play a significant 
role. As follows from the calculation data (Fig. 3.6–3.8), during PG expansion and 
outflow, their temperature can fall below these limits, and this decrease continues 
even after the gases exit the barrel.

As a result, under certain combinations of firing parameters, propellant charge 
state, and thermodynamic outflow conditions, ignition of the combustible compo-
nents of the muzzle blast may not occur. In such cases, a muzzle flash does not form, 
as observed in Fig. 3.13.

Thus, the presence, spatial localization, and intensity of the muzzle flash are de-
termined by the combined influence of the temperature field of the propellant gases, 
the kinetics of soot formation, and the ignition conditions of the gas phase outside 
the bore.
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a b

Fig. 3.13 Stages of muzzle blast development of a 155 mm M109 (Paladin) self-propelled 
howitzer round. No muzzle flash occurred. Yuma Test Range: a – developed muzzle blast cloud 
with pronounced lateral lobes observed in the absence of visible ignition; b – further expansion 

and rarefaction of the discharge cloud without flame formation
Source: [17]

The examples presented above clearly demonstrate the complex, multival-
ued, and nonlinear relationship between the parameters of the internal ballistic 
processes of a shot and its external manifestations, in particular the characteristics 
of the muzzle outflow and the muzzle flash. The formation of these external effects 
is governed by the combined action of thermo-gas-dynamic processes within the 
bore, the evolution of propellant-gas pressure, the burning rate of the charge, as 
well as the conditions of combustion-product discharge beyond the muzzle. Even 
minor variations in internal parameters may lead to qualitatively different exter-
nal manifestations, which substantially complicates the direct interpretation of 
observed effects.

At the same time, the parameters of internal ballistics are not invariant and 
depend to a large extent on the current condition of the elements of the artillery 
system. Among the determining factors, first and foremost, are the condition of 
the propellant charge and the technical state of the barrel. The degree of pro-
pellant-charge degradation caused by aging, moisture exposure, thermal cycling, 
and mechanical damage leads to changes in its energetic and kinetic characteris-
tics, including the burning rate, heat of explosion, and gas generation. Similarly, 
wear of the bore – manifested as an increase in diameter, distortion of rifling ge-
ometry, and changes in surface roughness – has a noticeable effect on projectile 
motion conditions, propellant-gas leakage, and the pressure distribution along 
the barrel.

The combined influence of these factors results in internal ballistic parame-
ters effectively carrying information about the current technical condition of the 
artillery system. Consequently, given an adequate physico-mathematical model 
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describing the relationship between internal processes and the external manifes-
tations of a shot, it becomes fundamentally possible to develop a method for diag-
nosing the system state directly during firing and in real time.

The proposed model makes it possible to treat this problem as an inverse prob-
lem of internal ballistics, in which the internal parameters of the system – including 
the degree of barrel wear and the degree of propellant-charge degradation – must 
be reconstructed from measured or recorded external indicators of the shot (pa-
rameters of the muzzle outflow, the intensity and shape of the muzzle flash, and the 
temporal characteristics of gas discharge).

It should be noted that solving inverse problems of internal ballistics is as-
sociated with significant computational difficulties. These arise from the nonlin-
earity of the governing equations, their stiffness, and the non-uniqueness of the 
correspondence between internal parameters and observable external effects. 
Direct numerical solution of such a problem in real time is generally difficult or 
practically impossible when using standard computational approaches.

To overcome these limitations and to enable the operational use of results during 
firing, it is expedient to apply the so-called "library" method [13]. The essence of this 
method lies in the preliminary formation of an extensive array (library) of solutions 
to the direct internal ballistics problem for various combinations of system state pa-
rameters. Each element of the library corresponds to a set of characteristics of the 
external manifestations of a shot, calculated or obtained experimentally for a fixed 
state of the artillery system.

Within the framework of the problem under consideration, the library can be 
formed by recording the parameters of the muzzle outflow and muzzle flash for 
known and fixed values of barrel wear and propellant-charge degradation. During ac-
tual firing, the measured external parameters are compared with the library entries, 
which makes it possible to estimate the current state of the system with acceptable 
accuracy and minimal computational cost. This approach provides a compromise 
between the physical fidelity of the model and the requirements for computational 
efficiency, making it promising for practical implementation in technical monitoring 
systems and automated control of artillery complexes.
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