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The object of this study is a model of the process 
of formation of products of thermal destruction of 
nitrocellulose powder at different values of pressure 
of the mixture of powder gases.

The work is aimed at eliminating the uncertain-
ty in the list of powder combustion products. In many 
cases, the formation of condensed carbon during the 
shot is not taken into account, which does not corre-
spond to the real process.

The process of formation of powder combustion 
products has been studied both under experimental 
conditions at a pressure of several MPa, and under 
shot conditions at a pressure of ~300 MPa and more. 
The proposed model makes it possible to explain the 
cause and conditions of condensed carbon forma-
tion. The possibility of formation of up to 10 % of 
condensed carbon from the initial mass of powder 
during the shot has been shown.

An improved model was built using the molar 
composition of the combustion products. The cal-
culation of the specific volumes of gaseous reaction 
products with a change in the pressure of the gas mix-
ture was carried out taking into account the change 
in their compressibility coefficient based on the Peng-
Robinson equation. Within the limits of pressure val-
ues change during the shot process, the possibility 
of changing the equilibrium constant values in the 
range from ~40 % to twofold has been shown. The 
formation of condensed carbon is explained by the 
reaction of carbon monoxide disproportionation. 
The range of values of thermodynamic parameters of 
powder gases that ensure the possibility of this reac-
tion was identified.

The proposed model could be used in the experi-
mental determination of the composition and ener-
gy characteristics of a powder sample in the field 
based on the library method. Given the identified 
powder composition, the problem of internal ballis-
tics could be solved for the prompt determination of 
shot parameters

Keywords: thermal destruction of powder, pow-
der gases, compressibility coefficient, equilibrium 
model, condensed carbon

UDC 623.52:623.53
DOI: 10.15587/1729-4061.2025.330654

How to Cite: Brunetkin, O., Sidelnykov, O., Maksymov, M., Dobrynin, Y. (2025). Improving the 
model for determining the composition of gunpowder gases during thermal destruction of gunpowder 

in a limited volume space. Eastern-European Journal of Enterprise Technologies, 3 (6 (135)), 35–45. 
https://doi.org/10.15587/1729-4061.2025.330654

Received 07.03.2025
Received in revised form 16.04.2025
Accepted date 16.05.2025
Published date 17.06.2025

Copyright © 2025 Authors. This is an open access article under the Creative Commons CC BY license

1. Introduction

Since the discovery of nitrocellulose (NC) powder, re-
lated research, both theoretical and experimental, has been 
continuously conducted in various directions. All this time, 
models of varying complexity have been constructed that 
describe the processes of thermal destruction of powders. 
They were used to design new powder compositions and to 
solve the problem of internal ballistics. A common feature of 
these models is a significant discrepancy between the results 
of theoretical and laboratory studies and experimental data 
obtained during firing. Detailing (mathematical complica-
tion) of models and calculation methods does not lead to a 
fundamental reduction in discrepancies. 

Thus, the authors of works [1–5] describe the composition 
of powder gases (PGs) differently not only in quantitative 
terms but also rely in their calculations on their different 
qualitative composition. As a result, the use of the results 

of theoretical studies in solving, for example, the problem of 
internal ballistics requires the use of empirical correction fac-
tors. Despite the long, detailed study of the process of thermal 
destruction of NC, one of the reasons for the discrepancies 
in the results of the studies may be the failure to take into 
account some factors that significantly affect the process of 
thermal destruction. Thus, in [1], the results of calculations 
show the possibility of the presence of up to 20 % condensed 
carbon in PG. At the same time, the results of their own ex-
perimental studies do not confirm this fact.

This situation is not critical when designing new weap-
ons systems. Design solutions can be tested and adjusted by 
making prototypes and test firing. Due to intensive combat 
operations and the use of propellants of different, including 
beyond design, storage periods, a new task has emerged. 
There is a need to quickly assess the degree of degradation 
of the incoming propellants and its impact on firing param-
eters in the field, using minimal resources. At this stage, we, 
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In [7], the reaction of thermal destruction of three explo-
sives of different compositions is considered. The reaction was 
carried out both in air and in an inert environment (argon 
environment). As in [6], the formation of soot is stated. A qual-
itative dependence of the amount of soot formed on the state 
of the reaction medium is noted: the values of temperature, 
pressure, the presence of oxygen in the air. Neither the nature 
of the reaction of soot formation nor its quantitative character-
istics are considered. In [8], the presence of soot in the muzzle 
flash is considered an indisputable fact. The efforts of the au-
thors are aimed at determining the distribution of temperature 
and volumetric content of soot in the muzzle flash based on the 
analysis of the intensity of the flash. The goal is to compile rec-
ommendations for reducing the visibility of the muzzle flash 
and flash. The work does not consider the possibility of the 
influence of the muzzle flash temperature on the presence of 
other combustible components in the muzzle flash, in addition 
to soot: carbon monoxide, hydrogen. The possibility of chang-
ing the PG composition depending on the composition of NC 
powder, loading density, changes in pressure and temperature 
during the PG expansion process is not taken into account. 

In [9], the possibility of using the modified Kistia-
kovsky-Wilson rule to determine the PG composition is 
considered. Oxygen from nitro compounds is initially used 
for the complete oxidation of hydrogen atoms to form H2O 
vapor. Then, carbon atoms are oxidized to CO. The remain-
ing oxygen oxidizes CO to CO2. But with such a scheme in the 
composition of gunpowder with a negative oxygen balance, 
oxygen is insufficient for the complete binding of carbon 
to CO. As a result, this can be the basis for explaining the 
presence of free carbon in the muzzle flash. But at the same 
time, the formation of H2 and a significant amount of CO2 is 
not explained. In practical studies, the real PG composition 
is not explained by either the basic or the modified Kistia-
kovsky-Wilson rule.

Quantitative differences in the research results can be 
explained by different levels of detail (mathematical com-
plexity) of the models used. However, differences in the list of 
products of thermal destruction of gunpowder are also noted. 
In addition to chemical factors, as noted earlier, the compo-
sition of PG can be affected by the physical parameters of the 
process. In [7], the influence of the pressure on the amount 
of free carbon formed is noted. In this case, the influence of 
pressure at the stage of chemical transformation of the initial 
product of the powder mixture is considered. At the same 
time, two stages are distinguished in the firing process: pyro-
lytic (with chemical reactions) and thermodynamic. In [10], 
conditions are identified under which processes leading to 
the formation of free carbon can occur at the thermodynamic 
stage – the disproportionation reaction of carbon monoxide – 
the Boudouard-Bellrea reaction. The rate of this reaction 
can also depend on the pressure in the reaction medium. In 
the work, estimated calculations are performed showing the 
fundamental possibility of the occurrence of conditions for 
the disproportionation reaction. The equation of state of the 
gas is adjusted by using the covolume value. This approach is 
applicable to the estimated solution to the problem of internal 
ballistics but is not correct when determining the composi-
tion of PG. The covolume takes into account the real volume 
of gas molecules but does not take into account the effect of 
the pressure value on the change in the composition of the 
reaction products. Within the framework of, for example, the 
Van der Waals equation, the covolume corresponds only to 
coefficient b. 

researchers and practitioners, propose methods that could 
potentially solve this problem. They are based on the use of 
the results of a number of specially organized, simple exper-
iments on the combustion of fixed propellant samples. For 
adequate interpretation of the data obtained, it is necessary 
to use a model of the thermal destruction process that has 
the minimum possible deviation of the predicted parameters 
of the powder gas formation process from the experimental 
data. Thus, the search for unaccounted factors that can man-
ifest themselves in the process of thermal destruction and the 
development of an improved model taking them into account 
remains relevant.

2. Literature review and problem statement

Comparison of the thermal destruction data of NC pro-
pellants given in various sources and describing the results 
of both experimental and theoretical studies revealed a sig-
nificant discrepancy.

In [1], it is noted that the composition of propellant gases 
may depend not only on the initial composition of the fuel 
mixture but also on its density in the combustion chamber 
and on the value of the pressure of the gas mixture. The 
conclusion is drawn on the basis of a comparison of the cal-
culation results for three different models with experimental 
data. The calculation results also cover cases corresponding 
to values of gas mixture pressures of hundreds of MPa. At the 
same time, the calculation of the values of specific volumes of 
the mixture components is based on the ideal gas equations, 
which is not a valid approach for the declared pressure val-
ues. In [1], a contradiction is noted between the calculation 
results showing the possibility of free carbon content in PG 
of 20–30 % and the results of experimental studies, where it 
is absent. Possible reasons for such a contradiction are not 
analyzed.

In the empirical Kamlet-Jacobs model [2, 3] for the gross 
formula of the powder mixture CaHbOcNd, the composition of 
PG is assumed to be in the form of H2O, H2, CO2, O2, N2, Ccrb 
without the formation of CO (carbon monoxide) but with free 
carbon. The Le Chatelier-Millard model [4] in addition to the 
PG components of the previous model takes into account the 
possibility of CO formation. In [5] it is noted that in accor-
dance with the Kistiakowsky-Wilson rule, PG should consist 
of gaseous products in the form of H2O, CO, CO2, H2 and N2. 
The lack of oxygen in the initial powder mixture is expressed 
in the formation of free hydrogen. In a number of works it is 
noted that such an assumption does not correspond to the 
composition of real PG. A common feature of works [2–5] is 
the empirical nature of the proposed models. Each of them 
satisfactorily approximates the composition of the thermal 
destruction products of NC powder only in a particular case 
of a combination of process parameters. The absence of a 
theoretical basis in modeling does not make it possible to use 
the calculation results obtained on their basis for forecasting.

In [6, 7] the presence of soot in the explosion products is 
indicated.

In [6], the presence of soot in the reaction products of 
thermal destruction of NC substances is stated. But only its 
morphological composition is considered in comparison with 
other non-explosive sources. The results of the work, as ex-
perimental, can serve to unconditionally state the formation 
of soot in such reactions. But it does not consider the mecha-
nism of its formation.
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In [11], an equilibrium model was used to determine the 
composition of the thermal destruction products of NC pow-
der, as in many studies. When constructing it, the constants 
of chemical equilibrium by mole fractions were used to take 
into account the composition of the mixture of gases and con-
densed carbon. This is rational at a constant pressure of the 
mixture of gaseous and condensed reaction products. In prac-
tice, in most cases, both in experimental studies and during 
a shot, the combustion of gunpowder occurs in a limited vol-
ume at a variable pressure, which complicates the use of such 
constants. The use in [11] of the equation of state of an ideal 
gas with correction using covolume, as in [10], does not allow 
one to take into account the influence of the pressure value 
on the change in the composition of the reaction products.

Our review of the literature [1–5] does not make it possi-
ble to identify a specific composition (list) of PG. This applies 
both to the case of determining their composition under 
laboratory conditions and to the composition of PG during a 
shot. The difference in determining the qualitative and quan-
titative composition of PG indicates the lack of consensus 
in the description of the mechanism of thermal destruction 
of NC powder. One explanation may be the discrepancy 
between the assumption of the frozen composition of PG 
under changing conditions during a shot. In addition, the 
conditions for conducting experiments are not the same. This 
can also affect the composition (list) of PG. And even more 
so, the conditions for conducting experimental studies do not 
correspond to the conditions of a real shot. 

Our review [1–11] shows that even with the same com-
position of the powder charge, the composition of PG may be 
influenced by both additional, previously unaccounted for 
chemical reactions and thermodynamic parameters of the 
processes taking place. There is a need to correct the model, 
taking into account the possibility of the formation of PG of 
different compositions in experimental studies and under 
real firing conditions. Such a model might be in demand 
when using experimental data to calculate the parameters of 
a shot of an existing powder charge.

3. The aim and objectives of the study

The aim of our study is to construct an improved model 
for determining the composition of PG and their thermody-
namic parameters as a result of thermal destruction of NC 
powder under experimental conditions and a real shot in a 
limited space. This will make it possible to use promptly ob-
tained experimental data to determine the current state of the 
powder charge and the possibility of calculating the forecast 
of the parameters of the shot.

To achieve the goal, the following tasks were set:
– to determine possible causes and assess the degree of 

influence of various values of PG pressure on their composi-
tion in the processes of experimental research and shooting;

– to take into account the possibility of the formation of 
condensed carbon in the process of thermal destruction of 
nitrocellulose powder.

4. The study materials and methods

The object of our study is a model of the process of for-
mation of thermal destruction products of NC powder. In 
works [6–8], the presence of soot in the reaction products is 

noted. Taking this into account, the model is improved taking 
into account the possibility of formation of condensed carbon.

The study is based on the assumption of formation of con-
densed carbon at the stage of expansion of PG during the shot 
after the end of powder combustion. A wide range of possible 
changes in the pressure value from units of MPa in experimen-
tal studies to hundreds of MPa during the shot served as the ba-
sis for taking into account the properties of real gas in the model.

The library method [12] is considered as a tool for deter-
mining the composition of NC powder. Unlike the original 
version of the method [12], the modeling of the powder com-
bustion process is carried out for the conditions of a closed 
container of known volume. NC powders have a negative oxy-
gen balance. The resulting PGs have a certain degree of flam-
mability. In the case under consideration, preliminary filling of 
the container with air allows us to model the combustion pro-
cess (afterburning) of the PG. Varying the weight of the burnt 
powder sample simulates the change in the ratio of fuel (powder 
gases) and oxidizer (air). Varying the quantitative composition 
of all chemical elements of the gross formula of the NC powder 
and the value of the enthalpy of formation allows us to simulate 
different compositions of powder, including degraded. 

The process of combustion and expansion of powder 
occurs under high pressure: from ~50 MPa at the thermo-
dynamic stage to ~300 MPa at the pyrodynamic stage. Such 
pressure values lead to high concentrations of PG components 
in limited volumes. In combination with high temperatures – 
from ~1000 K at the thermodynamic stage to ~3000 K at the 
pyrodynamic stage – it increases the rate of chemical reactions. 
Based on this, an equilibrium model of powder thermal destruc-
tion was used. The equilibrium model allows us to distribute the 
mass of chemical elements of the initial substance and the energy 
of its formation among a given list of reaction products and their 
temperatures. The list of reaction products must be specified. 

The following qualitative composition of reaction prod-
ucts is considered in the calculations

H2O, CO2, СО, NO, H2, O2, N2, U.		  (1)

Here U is condensed carbon (soot).
The model is used both for the case of combustion in 

an experimental container (with a small value of pressure 
change) and will be used to solve the problem of internal bal-
listics [10] (high pressure). To determine the thermodynamic 
parameters, the equation of state of a real gas is used.

In the original representation of the library method [12], 
the combustion process in an open container at constant pres-
sure was modeled for filling it [13]. The Dalton law equation 
was used as the closing equation – the pressure in the cham-
ber is equal to the sum of the partial pressures of the reaction 
products. In the considered variant, the constant value is the 
volume of the closed container. Amagat’s law (French Emile 
Amagat) is used as the closing equation – the total volume of 
the gas mixture is equal to the sum of the partial volumes Vi 
of the components at the temperature and pressure of the gas 
mixture. The partial volumes of the gaseous components of 
the PG mixture are determined from the ratio:

,i i m iV V n= ⋅ 		  (2)

where Vi m is the volume of one mole of the corresponding 
gaseous component of PG at the temperature and pressure of 
the gas mixture; ni is the number of moles of the correspond-
ing gaseous component of the PG mixture.
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The value of Vi m is calculated using the equation of state. 
The value of ni is determined using the equilibrium model of 
thermal destruction of NC powder.

The model is constructed for thermal destruction of pow-
der with a gross formula of the form:

C H O N
C H O N ,b b b b 		  (3)

although other chemical elements may be added if necessary. 
For the selected products of reaction (1), the equations of their 
formation are written as:

2H O 2 H O;⋅ +  2CO C 2 O;+ ⋅  CO C O;+

NO N O;+ 	 2H 2 H;⋅  2O 2 O;⋅ 	 	 (4)

2N 2 N;⋅ 	 U C.

And the equations of chemical equilibrium for them are:
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Here nair is the number of moles of air in the container 
before the combustion of the powder; 

2O ,ε  
2Nε is the propor-

tion of the corresponding gas in the air; m is the mass of 
the powder subjected to thermal destruction; bC, bH, bO, bN 
are the number of atoms of the corresponding chemical ele-
ments in the gross formula of the powder; μΣ is the molecu-
lar mass according to the gross formula of the powder used. 

The system of equations is closed by the Amag equation 
for the accepted list of gaseous products of thermal destruc-
tion of NC powder

2 2 2 2

2 2 2 2 2 2

H O ( ) H O CO ( ) CO CO ( ) CO NO ( ) NO

H ( ) H O ( ) O N ( ) N .
m m m m

m m m

V n V n V n V n V
n V n V n V
= + + + +

+ + +  (7) 

Here the terms of the right-hand side correspond to (2). 
In the material balance equation (6) for carbon there is a 
term nU, taking into account the presence of condensed car-
bon. In equation (7) the corresponding term is absent. This is 
determined by the smallness of the volume of the condensed 
phase compared to the gas phase.

The reference literature provides constants of chemical equi-
librium KP, applied when using partial pressures of reaction 
products in calculations. Their values depend only on the tem-
perature KP(T). The molar constants used in (5) depend on the tem-
perature and pressure Kn(T,P). They must be calculated using KP(T).

For the reaction equations (4), written in general form as

,aA bB cC dD+ ⇔ + 		  (8)

the state of chemical equilibrium is written in the form of 
molar constants

,
c d
C D

na b
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n n
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n n
⋅
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⋅

	 	 (9)

where a, b, c, d are the molar coefficients in (8); nC, nD, nA, nB 
are the number of moles of the corresponding substances A, 
B, C, D in (8); Kn is the chemical equilibrium constant for the 
number of moles.

The values of partial pressures pi through molar fractions 
can be expressed as
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n
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∑

	 	 (10)

where Xi are mole fractions; PΣ is the total pressure of the gas 
mixture; ni is the number of moles of the corresponding sub-
stance; Σni is the total number of moles of gaseous reaction 
products.

The chemical equilibrium constant through partial pres-
sures for equation (8) takes the form

.
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⋅

		  (11)

Here the values of pi are represented in bars. For this 
reason, PΣ in (10) and in the subsequent transformations are 
represented in bars.

Taking into account (10), from (11) we obtain
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which confirms the dependence of the value of Kn on the 
pressure of the gas mixture in addition to temperature. 
From (13), taking into account the equilibrium equation for 
the condensed phase (5), it follows

( ) ( ) ( ) ( )
1 1

, 1 .i
n U P P P

n
K T P K T K T K T

P

−

Σ

 
= ⋅ = ⋅ =   

∑ 	 (14)

Pressure affects the equilibrium position for reactions 
with a change in the number of moles of gas according to Le 
Chatelier’s principle (French: Henri Louis Le Chatelier).

The values of V for the corresponding gas and PΣ from (14) 
are related by the equation of state of a real gas.

The formation of free carbon during the shot is undeni-
able. This can be confirmed by the photograph in Fig. 1.

Fig. 1. An example of the presence of soot in the muzzle 
flash when firing (image from the storyboard 	

of the authors’ video)

The rationale for the mechanism of formation of con-
densed carbon is based on the assumption that conditions 
exist for the Boudouard-Bell reaction of disproportionation of 
carbon monoxide CO

( )22 CO U CO .Q⋅ ↑ ↓ + ↑ + 		  (15)

Here, the symbol U denotes carbon in the condensed 
phase, for example in the form of soot.

In this reaction, a shift in equilibrium to the right becomes 
fundamentally possible with a decrease in the PG temperature, 
starting from the boundary at T~1200 K. At temperatures 
below T~700 K (400 °C), the equilibrium is almost completely 
shifted to the right, towards the formation of C – free carbon. 
But the rate of this reaction at low temperatures is low. There-
fore, carbon monoxide is stable under normal conditions, al-
though the reaction is exothermic. This is where its emergence 
(Anglicism from emergent) manifests itself.

This nature of the reaction is determined by its stages. At 
the first stage, gaseous carbon is formed

( )22 CO C CO Q .g⋅ ↑ ↑ + ↑ − 		  (16)

This stage is endothermic. It is the one that restrains the 
disproportionation of carbon monoxide under normal condi-
tions. In the second stage, gaseous carbon condenses

( )C U Q .g → + 		 (17)

This stage is exothermic, which leads to the overall exo-
thermicity of reaction (15).

5. Construction of an improved model for determining 
the composition of powder gases

5. 1. Causes and extent of influence of the powder 
gas pressure on their composition

In an experimental study, when burning different 
amounts of gunpowder in a closed container, the pressure 
can be tens of bars. Under firing conditions, this value can 
reach several thousand bars. A change in the pressure leads 
to a change in the compressibility coefficient and, accord-
ingly, to a change in the molar concentrations of gases even 
with their amount remaining unchanged. For the list of 
PGs (1) accepted for consideration, the compressibility co-
efficients Z were calculated for different temperatures and 
pressures based on the covolume, using the Van der Waals 
and Peng-Robinson equations. Fig. 2–4 graphically display 
the calculation results for some gases for different tempera-
tures and pressures.

In addition to influencing the magnitude of molar con-
centrations, a change in the pressure value in accordance 
with (13) can affect the magnitude of the molar equilibrium 
constant even at a constant or slightly changing tempera-
ture of the gas mixture. Based on model (5) to (7), calcu-
lations were performed to simulate the process of thermal 
destruction of SB1 gunpowder [1] with the reduced gross 
formula C1H1.19N0.384O1.45 and the enthalpy of formation 
Hf = (– 96.38) [kJ/mol]. The formula is reduced to one car-
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Fig. 2. Dependence of compressibility coefficient Z on 
the pressure value P for water vapor (H2O): a – for a 
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bon atom. Model calculations were performed for a vacuum 
container with a volume of 0.01 m3 (10 liters) and two mass-
es of gunpowder: 20 and 2400 grams, without taking into 
account the possibility of condensed carbon formation. The 
first option simulates conditions close to experimental ones. 
The second option corresponds to the firing conditions. The 
calculation results are given in Table 1.

Table 1

Molar equilibrium constants and molar fractions of thermal 
destruction products of NC powder

Component 
m[gr]=20 m[gr]=2400

K20/K2400Kn ni/nΣ Kn ni/nΣ

CO2 4.57E-29 1.19E-0.1 2.23E-29 9.24E-02 2.05
CO 3.42E-22 4.40E-01 2.38E-22 4.67E-01 1.43
H2O 1.04E-14 1.35E-01 5.09E-15 1.59E-01 2.05
NO 6.69E-12 3.92E-10 4.67E-12 5.98E-08 1.43
H2 3.63E-07 1.99E-01 2.53E-07 1.73E-01 1.43
O2 6.71E-08 1.47E-13 4.69E-08 7.10E-11 1.43
N2 3.13E-19 1.08E-01 2.18E-19 1.07E-01 1.43

Table 1 gives: m – mass of the burned gunpowder; 
Kn – molar equilibrium constant; ni/nΣ – fraction of the 
number of moles of the corresponding component in the 
total number of moles of the reaction products. The last col-

umn shows the ratio of the molar equilibrium constants for 
the experimental and firing conditions. For both masses of 
burned gunpowder, the same PG temperature T[K] = 2070 
is achieved. When burning m = 20 g of gunpowder, the 
pressure in the container is P = 14.7 bar. When burning 
m = 2400 g – P = 2530 bar.

5. 2. Accounting for the possibility 
of condensed carbon formation during 
thermal destruction of nitrocellulose 
gunpowder

Using equations (5) to (7), calculations 
were performed to model the thermal de-
struction process of 2400 grams of SB1 gun-
powder [1], taking into account the possibil-
ity of condensed carbon formation during 
cooling of PG. The results of calculations 
with and without taking into account the 
possibility of condensed carbon formation 
are shown in Fig. 5, 6. The results are rep-
resented in the form of plots of the number 
of moles of some gases included in the PG, 
depending on temperature.

The data slices of these calculations in 
the form of mass fractions of PG compo-
nents from the mass of the powder are given 
in Table 2. Columns 2 and 3 (Table 2) show 
the mass fractions of the propellant gas 
components, respectively, without taking 
into account and taking into account the 
possibility of condensed carbon formation. 
These data correspond to the combustion 
temperature of the powder. Columns 4 and 
5 (Table 2) show the data corresponding to 
the process of propellant gas expansion at 
the thermodynamic stage of the shot at a 
temperature of T=1000 K and 900 K, respec-
tively. The possibility of condensed carbon 
formation is taken into account.

Using equations (5) to (7), calculations 
were performed to simulate the process of 
thermal destruction of SB1 gunpowder [1] 
in a 0.01 m3 (10 liters) container filled with 
air. The mass of the gunpowder varied from 
1 to 20 grams. Such calculations correspond 

to experimental studies on determining the composition of 
gunpowder using the library method [14]. The calculation 
results are shown in Fig. 7 as plots of changes in the number 
of moles of some PG components depending on the amount 
of gunpowder burned. It has a negative oxygen balance. The 
resulting PGs are not completely oxidized. Oxygen from the 
air in the container is used for their afterburning. When using 
gunpowder weighing up to 6 grams, there is more oxygen in 
the container than is necessary for complete afterburning 
of PG. In the calculations, part of the oxygen is taken into 
account as an oxidizer for complete afterburning of PG. Its re-
maining part and nitrogen are considered as ballast gases and 
are taken into account when determining the temperature of 
the entire gas mixture. When the powder mass is more than 6 
grams, there is not enough oxygen for complete combustion of 
PG. But it is in this case that the conditions of variable values 
of the oxidizer and fuel necessary for filling the library are 
met [14]. The displayed boundary separates the areas with 
excess (m < 6 g) and deficiency (m > 6 g) of powder.
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Table 2

Mass fractions of powder gases

Component 
Proportion in % of powder weight (2400 g)

T[K]=2070 T[K]=2070 T[K]=1000 T[K]=900
P[bar]=2530 P[bar]=2530 P[bar]=890 P[bar]=670

CO2 17.4 17.4 42.3 49.6
CO 56.0 56.0 25.7 11.7
H2O 12.3 12.3 11.3 14.4
NO 0.0 0.0 0.0 0.0
H2 1.5 1.5 1.6 1.3
O2 0.0 0.0 0.0 0.0
N2 12.9 12.9 12.9 12.9
U 0.0 0.0 6.2 10.2
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Fig. 8 shows plots demonstrating the change in thermo-
dynamic parameters of the PG mixture in the container.

As in Fig. 7, the boundary separating the areas with ex-
cess and deficiency of oxygen (air) for afterburning of natural 
gas is shown.

6. Discussion of results based on constructing a model 
for the formation of powder gases

The gas compressibility coefficients calculated using dif-
ferent equations can differ significantly from each other, as 
indicated by the data shown in Fig. 2–4. This can be explained 
by the different nature of the change in the parameters taken 
into account when writing the equations and the calculated 
range of their change. The correspondence of these ranges in 
the equation of state and in the model determines the choice 
of the equation for calculating the compressibility coefficient. 
Equations (5) to (7) are designed for use at high temperatures 
(above the critical temperature for the gases under consider-
ation) and in a wide range of pressure changes.

When using covolume, only the effect of the volume of mole-
cules on the change in gas pressure is taken into account. The ef-
fect of temperature is taken into account within the framework 
of the equation of state of an ideal gas. In the Van der Waals 
equation, in addition to the volume of molecules, their inter-
action (attraction) is taken into account. The parameters of the 
equation are determined for moderate pressures and tempera-
tures close to critical ones. Unlike taking into account the covol-
ume or using the Van der Waals equation, the Peng-Robinson 
equation is constructed for high pressures (thousands of bars) 
and temperatures exceeding critical values. There are other 
equations of state, such as the Benedict-Webb-Rubin equation. 
It is the most accurate, but difficult to use and requires many 
parameters – eight volumetric constants for each substance. It is 
preferable to use for scientific purposes. The combination of the 
correspondence of the range of parameters for the application 
of the Peng-Robinson equation to the range of parameters for 
the application of our model and the simplicity of its application 
determines the reason for its use in studies on the formation of 
combustion products of NC powder.

It is proposed to use equations (5) to (7) in a wide range of 
changes in the gas mixture pressure. The conditions for filling 
the library correspond to small pressure values (tens of bars). 
Under these conditions, the methods used to obtain the data 
shown in Fig. 2–4 yield practically indistinguishable values of 
the compressibility coefficient Z=1, which corresponds to the 
equation of state of an ideal gas. But even under these condi-
tions, the Peng-Robinson equation can be used as a single equa-
tion that allows us to use an improved model for the entire range 
of pressure changes. 

The data given in Table 1 demonstrate the effect of pressure 
on the composition of powder gases even at the same tempera-

ture not only through the compressibility coeffi-
cient and, accordingly, through molar concentra-
tions, but also through a change in accordance 
with (13) of the molar equilibrium constant. The 
change in the equilibrium constant values can be 
in the range from ~ 40 % to twofold. Thus, at the 
given pressure values, the quantitative share of 
carbon dioxide (CO2) in the composition of the 
PG mixture may differ by ~ 22 %, water vapor 
(H2O) by ~18 %, and hydrogen (H2) by ~ 13 %. 
The influence of the pressure value may be 
one of the reasons for the differences in the PG 
compositions proposed by different authors for 

consideration (the Kamlet-Jacobs empirical model, the Le 
Chatelier-Millard model, the Kistiakowsky-Wilson rule, and 
the modified Kistiakowsky-Wilson rule). The related works 
do not specify the conditions for which the PG compositions 
are proposed for consideration. They could be different, which 
is one of the reasons for their differences. This feature could 
be highlighted by switching from calculating concentrations 
through partial pressures to molar concentrations. Taking into 
account the change in the values of equilibrium constants with 
changes in pressure values allows for the justified use of the 
results of experimental studies corresponding to small values 
of PG pressure for firing conditions.

The possibility of the formation of condensed car-
bon (soot) in the process of thermal destruction of NC pow-
der is debatable only when considered theoretically. The 
photograph (Fig. 1) and data from [6–8] indicate the practical 
existence of such a process. In [8], the presence of soot in the 
muzzle blast is considered an indisputable fact. The authors’ 
efforts are aimed at determining the temperature distribution 
and volumetric content of soot in the muzzle blast based on 
the analysis of flash intensity.

A feature of most calculations when solving the problem 
of internal ballistics is the determination of PG composition 
at the pyrodynamic stage of the shot, which corresponds to 
the high-temperature region.

The results of calculations taking into account the possibility 
of condensed carbon formation (Fig. 5) show that conditions for 
its formation do not arise at this stage. In addition, these results 
and calculations without taking into account the possibility of 
soot formation (Fig. 6) in the high-temperature region coincide. 
This is demonstrated numerically in columns 2 and 3 of Table 2. 
This may indicate the influence of the conditions of the process 
of expansion of powder gases on the formation of soot, and not 
the features of the model for calculating their parameters. 

Consideration of processes at the thermodynamic stage 
of the expansion of the PG allows us to expand the range of 
phenomena taken into account. At this stage, high values 
of temperatures and pressures of PG are maintained, which 
does not exclude the possibility of chemical reactions. One of 
them may be the Boudouard-Bell reaction of disproportion-
ation of carbon monoxide CO.

The magnitude of the pressure affects the shift of the 
equilibrium towards the formation of free carbon. In ac-
cordance with the Le Chatelier principle, an increase in 
the pressure of carbon monoxide shifts the equilibrium of 
reaction (15) to the right, towards a decrease in the value of the 
pressure of the gas mixture and the formation of free carbon. 
At the thermodynamic stage of the shot, conditions arise in the 
barrel that promote the accelerated course of reaction (15) with 
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a shift of the equilibrium to the right. In addition, the value 
of the PG temperature ~1000 K is in the range corresponding 
to the possibility of the occurrence of the disproportionation 
reaction (15). At the same time, the temperature is high so 
that the rate of the first endothermic stage of the reaction is 
noticeable. In addition, the value of the PG pressure at the end 
of the thermodynamic stage (30–90 MPa) promotes a funda-
mental increase in the reaction rate. The CO disproportionation 
reaction is second order. In this case, the rate of soot forma-
tion in the barrel system, compared to normal conditions (in 
many cases close to laboratory conditions in terms of pressure 
of ~0.1 MPa) at the same temperatures of the powder gases, in-
creases from ~(30 MPa/0.1 MPa)2 to (90 MPa/0.1 MPa)2 times, 
or from ~90,000 to 800,000 times. 

This can explain the contradictions similar to those that 
arose in [1] between the large calculated amount of free carbon 
in equilibrium processes and its absence in the experimental 
data. In [15], as in a number of other works, the influence 
of a change in the pressure value on the shift in equilibrium 
in reaction (15) is noted. A shift in equilibrium towards an 
increase in the yield of free carbon with increasing pressure 
is noted, but its mechanism is not explained. The value of the 
yield of free carbon can lead to the actualization of the use of 
the Bell-Boudoir reaction for the production of soot. In [16], the 
ability of the presence of hydrogen in a mixture with carbon 
monoxide to influence the increase in the amount of free car-
bon was noted. Water vapor [17] can have a similar effect on 
the growth of carbon nanotubes in the Bell-Boudoir reaction.

It is necessary to take into account the presence of both 
hydrogen and water vapor in the PG and their ability to in-
fluence the formation of free carbon in the carbon monoxide 
disproportionation reaction. Moreover, reaction (15) under 
certain conditions shifts to the right to such an extent (for-
mation of free carbon) that it can be used for almost complete 
purification of the gas mixture from carbon monoxide [18].

The presented data indicate the need to use models that can 
take into account various factors that manifest themselves un-
der different conditions of the implementation of the process of 
thermal destruction of the powder charge. In laboratory studies 
at low pressures, the formation of only gaseous products can 
be taken into account. At the same time, when studying the 
processes of a gunshot, it is necessary to take into account the 
possibility of the formation of a condensed phase in the form of 
free carbon. Taking these features into account, in both cases it 
is possible to use equilibrium models of PG formation. They can 
be considered as asymptotic models at low and high pressures.

The improved model, in contrast to [16, 17], makes it possi-
ble not only to note the effect of condensed carbon formation at 
a qualitative level but also to evaluate it quantitatively. Table 2 
gives the results of calculations of PG composition for some tem-
peratures, corresponding to the data in Fig. 5, 6. Comparison of 
the data in columns 2 and 3 (Table 2) indicates their coincidence 
for the process of gunpowder combustion both in the case of tak-
ing into account and not taking into account the possibility of 
condensed carbon formation. The data in columns 4 and 5 (Ta-
ble 2) correspond to the thermodynamic stage of PG expansion. 
They demonstrate a change in the PG composition and the 
possibility of soot formation at this stage. Thus, at T = 900 K and 
P = 670 bar, the amount of condensed carbon can be up to 10 % 
of the initial mass of SB1 gunpowder [1]. In the case under con-
sideration, this is ~ 240 g. From the data in Fig. 5 it also follows, 
for example, that at T = 600 K, the mass of condensed carbon 
can be up to 16.5 % of the gunpowder mass. This correlates with 
the calculated data [1] of 20 % of the gunpowder mass.

The improved model in the form of equations (5) to (7) 
allows for calculations of the quantity and parameters of 
thermal destruction products of NC powders for moderate 
pressure conditions – units or tens of bars. The calculated 
composition and parameters of the PG can then be used to 
fill in the library of their values [14]. Such a library allows for 
the composition of a sample of organic matter burned under 
experimental conditions [11].

The calculated data from the library [14] are used by 
comparing their values with the parameters obtained in the 
process of burning gaseous organic substances in a special 
device [19]. To obtain the required number of values, com-
bustion is performed at different ratios of fuel and oxidizer. 
However, a number of problems arise when using the library 
method to determine the composition of NC powder:

– the powder mixture is in a condensed state. This was 
one of the reasons for the transition in the model from the 
standard use of partial pressures to the number of moles;

– thermal destruction of NC powder can occur without the 
use of other substances. In this case, the composition of the 
reaction products (powder gases) cannot be changed by simply 
changing the amount of gunpowder, the composition of which 
is determined, and is currently unchanged. To overcome this 
feature and to obtain the ability to influence the composition of 
the reaction products in accordance with the method proposed 
in [11], the container can be filled with various gases before the 
experiment. They can be oxidizers for the powder gases or con-
tain an oxidizer. The use of, for example, oxygen or air allows 
the PG to be burned. In this case, a change in the amount of 
gunpowder also causes a change in the PG composition.

To confirm the possibility of calculating the composi-
tion of the propellant gases during their afterburning in air, 
calculations of the process parameters were performed for 
different powder masses – from 1 to 20 grams. The results ob-
tained are shown in Fig. 7 as plots of changes in the number 
of moles of the propellant gases components depending on 
the amount of powder burned. The container was considered 
to be filled with air at atmospheric pressure. The calculation 
results are divided into two parts (marked “border”). The left 
part of the plot shows the results of complete afterburning of 
the powder gases. In this case, this corresponds to a powder 
mass of 1–6 grams. The right part of the plots shows the re-
sults of calculating the composition of the propellant gases 
with incomplete afterburning due to a lack of oxygen for this. 

The boundary of division of the calculation results accord-
ing to the principle of sufficiency of air for afterburning all 
powder gases determines part of the data suitable for determin-
ing the composition of the powder. An increase in the mass of 
powder in the left part of the plots leads to an increase in the 
total amount of propellant gases but practically does not change 
the ratio of their components. The composition of the propellant 
gases remains unchanged. For this reason, this part of the data 
cannot be used to determine the composition of the gunpowder 
using the library method [14]. In contrast, an increase in the 
mass of the gunpowder, corresponding to the right part of the 
plot, leads not only to an increase in the total amount of PG but 
also to a change in the ratio of their components, to a change 
in the composition of PG. In addition, with an increase in the 
pressure of PG mixture (Fig. 8, b), a decrease in its temperature 
occurs (Fig. 8, a). This part of the data is determined by a change 
in the ratio of components – the combustible part and the oxidiz-
er. Together with a change in the temperature, it can serve as a 
basis for determining the composition of the gunpowder using 
the library method [14].
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The nature of temperature change (Fig. 8, a) is determined 
by the ratio of the components. The left part of the plot shows 
the results of the increase in energy release with an increase in 
the mass of gunpowder during its complete afterburning in a 
container of constant volume. The right part of the plot shows 
the results of the decrease in the degree of afterburning of PG 
with a constant amount of air for an increasing amount of gun-
powder. When burning from 6 to 9 grams of gunpowder, the 
PG temperature continues to increase slightly (from ~ 2600 K 
to ~ 2700 K). This can be explained by the outstripping increase 
in additional energy due to close to complete afterburning in 
relation to the increase in the amount of PG due to the increase 
in the mass of gunpowder. With a further increase in the mass 
of gunpowder and, accordingly, the mass of PG, the share of 
additional energy due to afterburning decreases. This is the 
reason for the decrease in the PG temperature (from ~ 2700 K 
at 9 grams of gunpowder to ~ 2490 K at 20 grams of gunpowder). 
As the powder mass increases and the degree of PG afterburn-
ing decreases, the limit of reduction can be the temperature 
value of ~ 2070 K (Table 2, columns 2, 3). It corresponds to the 
complete absence of PG afterburning, thermal destruction of the 
powder in a vacuum. 

The equilibrium model for determining the composition 
of powder gases and condensed substances only distributes 
the amount of chemical substances in the powder between the 
products of its thermal destruction. The accuracy of the calcu-
lations correlates with the accuracy of determining their qual-
itative composition. In addition to gas components, condensed 
decomposition products of various mineral additives may be 
present in the products of thermal destruction. This requires 
determining the possible composition of the thermal destruc-
tion products at the preliminary (initial “production”) stage.

The determined composition of the powder, although un-
known, is constant in each specific case. When determining 
its composition using the library method, to ensure a variable 
composition of PG afterburning products, it is necessary 
to exceed the amount of combusted powder over a certain 
value (“border” in Fig. 7, 8). The excess value is determined 
by the composition of the preliminary gas filling of the con-
tainer in which the PG afterburning occurs – for example, 
air or pure oxygen. On the one hand, the use of pure oxygen 
expands the possible range of variation of the values of the 
pressure of the afterburning products due to an increase in 
the possible amount of combusted powder. Accordingly, the 
number of pressure measurement points can be increased 
without reducing the accuracy. On the other hand, an in-
crease in pressure leads to an increase in the probability of 
destruction of the test container structure. A compromise 
solution can be to use a mixture of air and oxygen.

7. Conclusions

1. Our studies have shown that the pressure value can 
influence the equilibrium composition of PG in a limited vol-
ume. It can manifest itself through the mechanism of chang-
ing the compressibility coefficient of gases and, accordingly, 
through changing their molar concentrations. The compress-
ibility coefficient for different components of PG is different. 
Under firing conditions, it can be more than 2 times greater 
than the corresponding value for an ideal gas. In addition, 
a change in the molar equilibrium constants follows from a 
change in the pressure of the gas mixture. Their values for 

the experimental conditions and firing conditions can vary 
from ~40 % to twofold. This also leads to a change in the 
equilibrium composition of the gas mixture. 

The effect of an increase in the amount of condensed 
carbon as one of the components in the products of thermal 
destruction of NC powder with an increase in the pressure 
noted in the literature can be explained, among other things, 
by the action of these mechanisms. The same applies to 
the explanation of disagreements in determining the com-
position of PG (the empirical Kamlet-Jacobs model, the Le 
Chatelier-Millard model, the Kistiakowsky-Wilson rule, the 
modified Kistiakowsky-Wilson rule).

2. As a result of our studies, the model that makes it pos-
sible to calculate the equilibrium composition of PG during 
thermal destruction of the NC propellant powder in a limited 
volume space has been improved.

The possibility of the carbon monoxide disproportionation 
reaction at a certain stage of the shot has been shown. This 
reaction can serve as a basis for explaining the formation of 
condensed carbon during the shot. The practical impossibility 
of such a reaction occurring at a low PG pressure (for example, 
under the experimental conditions) is indicated. This approach 
correlates with the literature data on the increase in the 
amount of soot with an increase in pressure during the com-
bustion of propellant powder and explains this phenomenon.

The options for using the proposed approach have been 
considered both taking into account the possibility of con-
densed carbon formation and without taking this process into 
account. The coincidence of the results of calculating the PG 
composition using both options is demonstrated in the absence 
of conditions for the carbon monoxide disproportionation reac-
tion. It is proposed to consider this improved model as asymp-
totic for the experimental conditions (low PG pressure) and 
shot conditions (high PG pressure). This approach makes it 
possible to use a single approach both when filling the library 
using the method [14] for determining the composition of the 
powder, and when solving the problem of internal ballistics 
based on the calculated composition of the powder.
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