
69

Physical Sciences and Technology. Vol. 9 (No. 3-4), 2022: 69-82

IRSTI 28.17.23                                                                                https://doi.org/10.26577/phst.2022.v9.i2.09

Statistical modeling of spray formation, combustion,  
and evaporation of liquid fuel droplets 

S. Bolegenova1 , A. Askarova1 , N. Slavinskaya2 , Sh. Ospanova1* , 

A. Maxutkhanova1 , A. Aldiyarova1  and D. Yerbosynov1

1Al-Farabi Kazakh National University, Almaty, Kazakhstan
2 German Aerospace Centre (DLR), Stuttgart, Germany

*e-mail: Shynar.Ospanova@kaznu.edu.kz
(Received 4 October 2022; received in revised form 8 November; accepted 21 December 2022)

This article is devoted to computer simulation of the atomization, combustion, and evaporation processes 
of liquid fuel drops (heptane) at high turbulence. The paper describes the main characteristics and methods 
of atomization of liquid fuels and shows the types of special devices used in fuel supply injection systems. 
As proposed in the paper mathematical model of the combustion of liquid fuel injections at high turbulence 
consists of the laws of conservation of mass, momentum, transfer of kinetic energy, and conservation 
concentration of the mixture components. Also, when setting up computational experiments, the chemical 
model of reacting systems, the turbulence model, and the equations describing evaporation, heat transfer, and 
interaction with the gaseous medium were taken into account. As a result of the computational experiments 
performed to study the liquid fuel droplets’ injection rate influence on the processes of its spraying and 
combustion, the optimal combustion mode was established. The obtained data that determine the optimal 
mode are confirmed by a graphical interpretation of the distribution of temperature fields, the number of 
combustion products, and particles along the height of the model combustion chamber. These results will 
contribute to a deep study and construction of the liquid fuels’ combustion theory, and an understanding of 
complex thermal and physical phenomena in combustion chambers.

Keywords: atomization, heptane, injection rate, computational experiment, combustion, evaporation. 
PACS number: 07.05.Tp.

IRSTI 28.17.23 https://doi.org/10.26577/phst.2022.v9.i2.09 
 
 

Statistical modeling of spray formation, combustion, and evaporation of liquid fuel droplets  
 

S. Bolegenova1 , A. Askarova1 , N. Slavinskaya2 , Sh. Ospanova1* ,  

A. Maxutkhanova1 , A. Aldiyarova1  and D. Yerbosynov1  

 

1Al-Farabi Kazakh National University, Almaty, Kazakhstan 
2 German Aerospace Centre (DLR), Stuttgart, Germany 

*e-mail: Shynar.Ospanova@kaznu.edu.kz 
(Received 4 October 2022; received in revised form 8 November; accepted 21 December 2022) 

 
This article is devoted to computer simulation of the atomization, combustion, and evaporation processes 

of liquid fuel drops (heptane) at high turbulence. The paper describes the main characteristics and methods of 
atomization of liquid fuels and shows the types of special devices used in fuel supply injection systems. As 
proposed in the paper mathematical model of the combustion of liquid fuel injections at high turbulence 
consists of the laws of conservation of mass, momentum, transfer of kinetic energy, and conservation 
concentration of the mixture components. Also, when setting up computational experiments, the chemical 
model of reacting systems, the turbulence model, and the equations describing evaporation, heat transfer, and 
interaction with the gaseous medium were taken into account. As a result of the computational experiments 
performed to study the liquid fuel droplets’ injection rate influence on the processes of its spraying and 
combustion, the optimal combustion mode was established. The obtained data that determine the optimal mode 
are confirmed by a graphical interpretation of the distribution of temperature fields, the number of combustion 
products, and particles along the height of the model combustion chamber. These results will contribute to a 
deep study and construction of the liquid fuels’ combustion theory, and an understanding of complex thermal 
and physical phenomena in combustion chambers. 
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1 Introduction 
 
Energy is one of the key sectors of the modern 

global economy, ensuring economic growth is 
associated with an increase in energy consumption, 
while the cost of energy production largely 
determines the availability of goods and services. The 
high cost of widely used energy carriers, such as 
natural gas and high-quality petroleum products, is 
associated with the depletion of primary energy 
resources and the insufficient level of their beneficial 
use. This explains the interest in the use of cheap, 
low-quality fuels that are not currently in demand by 
the energy industry. The main reason for the low 
share of such fuels in the fuel and energy balance is 
the lack of technologies that meet modern efficiency 
and environmental safety requirements. 

For the thermal power industry, the tasks 
associated with increasing the efficiency of the use of 
energy resources are of particular importance. 

Currently, an urgent task is the disposal of huge 
amounts of liquid hydrocarbon waste accumulated in 
industrial enterprises: used motor and transmission 
oils, lubricating fluids, oil sludge, waste from oil 
production, and oil refining. Known liquid fuel 
combustion technologies do not always provide high 
combustion efficiency and compliance with 
environmental standards when using low-grade fuels. 
Such fuels ignite poorly and emit a significant 
amount of soot. For their combustion, special designs 
of burners are required to ensure combustion stability 
and high completeness of fuel combustion without 
violating the standards for harmful emissions. The 
solution to this problem is important both in terms of 
improving the environmental situation and in order to 
expand the fuel and raw material base of the energy 
sector through the use of substandard liquid 
hydrocarbon fuels. 

Of particular relevance are studies aimed at 
developing the scientific background and 
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substantiating the development of new devices and 
technologies that provide high technical and 
environmental performance in the production of 
energy using low-quality hydrocarbon fuels, 
including solving problems of autonomous heat 
supply for industrial and residential facilities. 

Systematic research shows that transport 
generates about 25-30% of the total CO2 emissions in 
the European Union per year. Electromobility 
projects aim to significantly reduce the carbon 
footprint of the sector. Strategies to reduce emissions 
related to the transport sector are about modes of 
movement and modernization of the transport 
system. The amount of CO2 produced by a specific 
car depends on many factors. 

However, when considering the entire transport 
sector, passenger cars emit the largest amount of 
carbon dioxide. Road transport accounts for 72% of 
total emissions, while passenger cars account for up 
to 60.7%, which is 43.7% of the total [1, 2]. This is 
significantly more than in maritime (13.6% of the 
total) or air transport (13.4%). In the coming decades, 
statistics on emissions from passenger transport are 
not optimistic: it is expected to remain at the same 
level or even increase, rather than decrease. 

In 2020, the global carbon ratio (CO2 emissions 
per tonne of oil equivalent consumed) decreased by 

0.9%, significantly more than between 2010 and 
2019 (-0.3%/year) [3-5]. This improvement is due 
both to a significant decrease in oil consumption, 
which is associated with pandemic-induced 
quarantine measures and restrictions in the transport 
sector, and an acceleration in the electricity's 
decarbonization generation process: a decline in 
electricity production at “flexible”, usually thermal, 
power plants because of a reduction in energy 
consumption. Decreasing energy consumption and 
steady growth in electricity generation from 
renewable resources have contributed to a reduction 
in heat generation and reduced consumption of fossil 
fuels in the energy sector. 

The carbon ratio declined in the EU (-4.4%), the 
US (-3.4%), Canada (-9.5%), Latin America and 
Africa (-4.4%). In Asia, the situation has changed to 
a lesser extent (-0.6%), as in China the carbon 
coefficient has decreased by only 0.5%, since coal 
consumption is still growing [4, 5]. This indicator 
went down in India because of declining coal-fired 
power generation and in South Korea because of 
increased nuclear power generation but rose slightly 
higher in Japan and Indonesia. In addition, the carbon 
ratio decreased in Russia and Australia due to lower 
coal consumption, as also in the Middle East (Figure 
1) [6]. 

 

 
 

Figure 1 – Evolution trend of the carbon coefficient over the period 1990-2020 
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When regulating carbon emissions from road 
transport, it is worth following the European 
Commission's directives, which are a set of 
guidelines aimed at reducing carbon dioxide 
emissions into the atmosphere, including improving 
the efficiency of the transport system. Improving 
internal combustion engines and optimizing 
hydrocarbon fuel combustion processes makes it 
possible to reduce carbon dioxide emissions. 

The concept of convective heat and mass transfer 
in turbulent currents with chemical reactions is 
widespread and plays a major role in natural 
processes as well as in various industries. Knowing 
the laws of such flows is important in building a 
theory of combustion physics, in creating new 
physical and chemical technologies, as a solution to 
the problems of thermal energy and ecology. In this 
research, the complex combustion process must be 
analyzed depending on the influence of numerous 
physical and chemical parameters of the combustion 
reaction. 

The progress of the formation of liquid droplets 
theory under high turbulence has a special interest in 
the study of phenomena in multiphase systems. 
Research in this area is motivated primarily by 
environmental problems, in part by problems of 
atmospheric pollution formation containing toxic 
heavy metals, sulfuric acid, nitric acid, and other 
harmful substances. 

Reacting systems involve the interaction between 
several processes occurring simultaneously over a 
wide range of time and space scales. The release of 
chemical energy during combustion generates 
pressure, temperature, and density gradients, which 
are sources of processes in gases, leading to the 
transfer of droplets’ mass, medium momentum, and 
the system’s internal energy. The strong and 
ambiguous interaction between the dynamics of 
liquids and gases and the chemical reactions in them 
seriously complicates both the experimental study of 
reacting flows and the development of any more or 
less rigorous theory. Therefore, numerical simulation 
can successfully predict and study the behavior of 
such complex systems. Experimental observations 
and approximate theoretical models provide laws that 
an open physical system is supposed to obey. With 
the help of numerical experiments, it is possible to 
check the fulfillment of these laws [7]. 

Methods of mathematical modeling are widely 
used in various fields of science and technology. 
These methods include the development of physical 
and mathematical models, numerical methods and 

software, and numerical experiments involving 
computer technology. Its results are analyzed and 
used for practical purposes. In science and 
technology, the advantages of the computer 
simulation method are obvious: design optimization, 
reduction of development costs, product quality 
improvement, operating costs reduction, etc. 
Numerical modeling also significantly transforms the 
very nature of scientific research, establishing new 
forms of the relationship between experimental and 
mathematical methods. 

In this way, the study of spray, dispersion, and 
evaporation of liquid droplets under high turbulence 
is an urgent problem that can be solved by computer 
numerical simulation methods. 

 
2 Mathematical model of the problem 
 
The mathematical model of liquid fuels’ 

atomization and combustion processes in the 
combustion chamber is based on the equations of 
motion for the liquid phase accompanied by droplets 
evaporation, as well as on the equations of energy and 
mass transfer with appropriate initial and boundary 
conditions. 

The continuity equation for the m component is 
written as follows [8, 9]: 

 
𝜕𝜕𝜌𝜌𝑚𝑚
𝜕𝜕𝑡𝑡 + 𝛻⃗𝛻 (𝜌𝜌𝑚𝑚𝑢⃗𝑢 ) = 

= 𝛻⃗𝛻 [𝜌𝜌𝜌𝜌𝛻⃗𝛻 (𝜌𝜌𝑚𝑚
𝜌𝜌 )] + 𝜌̇𝜌𝑚𝑚

𝑐𝑐 + 𝜌̇𝜌𝑠𝑠𝛿𝛿𝑚𝑚1,              (1)  
 
where m is m component’s mass density,  is the 
density of total mass, and u is liquid velocity. After 
summing equation (l) overall phases, the continuity 
equation for the liquid is obtained: 
 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝛻⃗𝛻 (𝜌𝜌𝑢⃗𝑢 ) = 𝜌̇𝜌𝑠𝑠.                    (2) 

 
The momentum transfer equation for the liquid 

phase is written as [10]: 
 

𝜕𝜕(𝜌𝜌𝑢⃗𝑢 )
𝜕𝜕𝜕𝜕 + 𝛻⃗𝛻 (𝜌𝜌𝑢⃗𝑢 𝑢⃗𝑢 ) = 

= − 1
𝑎𝑎2 𝛻⃗𝛻 p-A0𝛻⃗𝛻 (2 3⁄ 𝜌𝜌𝜌𝜌) + 𝛻⃗𝛻 𝜎𝜎 + 𝐹𝐹 𝑠𝑠 + 𝜌𝜌𝑔𝑔 ,    (3) 

 
where p is fluid pressure. The value of A0 is zero for 
laminar flows and unity for turbulent flows. 

The viscous stress tensor has the following form 
[11]: 
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𝜎𝜎 = 𝜇𝜇[𝛻⃗𝛻 𝑢⃗𝑢 + (𝛻⃗𝛻 𝑢⃗𝑢 )𝑇𝑇] + 𝜆𝜆𝛻⃗𝛻 𝑢⃗𝑢 𝐼𝐼 .            (4) 
 
The equation of internal energy is as follows [12]: 
 

𝜕𝜕(𝜌𝜌𝐼𝐼 )
𝜕𝜕𝜕𝜕 + 𝛻⃗𝛻 (𝜌𝜌𝑢⃗𝑢 𝐼𝐼 ) = −𝜌𝜌𝛻⃗𝛻 𝑢⃗𝑢 + 

+(1 − 𝐴𝐴0)𝜎𝜎 𝛻⃗𝛻 𝑢⃗𝑢 − 𝛻⃗𝛻 𝐽𝐽 + 𝐴𝐴0𝜌𝜌𝜌𝜌 + 𝑄̇𝑄𝑐𝑐 + 𝑄̇𝑄𝑠𝑠.   (5) 
 
The heat flux vector J is determined by the 

relation: 
 

 𝐽𝐽 = −𝐾𝐾𝛻⃗𝛻 𝑇𝑇 − 𝜌𝜌𝜌𝜌 ∑ ℎ𝑚𝑚𝛻⃗𝛻 (𝜌𝜌𝑚𝑚/𝜌𝜌),𝑚𝑚        (6) 
 
where T is liquid temperature, hm is the enthalpy of 
the m component, 𝑄̇𝑄𝑐𝑐is the source term due to heat 
released by a chemical reaction, and 𝑄̇𝑄𝑠𝑠 is heat 
brought by injected fuel. 

The models with two differential equations are 
more versatile in engineering calculations of 
turbulent flows and are most commonly used in 
technical flows. It is a 𝒌𝒌 − 𝜺𝜺 model where two 
equations are solved: for the kinetic energy of 
turbulence k and its dissipation rate   [13-15]: 

 

𝜌𝜌 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝜌𝜌

𝜕𝜕𝑢̄𝑢𝑗𝑗𝑘𝑘
𝜕𝜕𝑥𝑥𝑗𝑗

= 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

[(𝜇𝜇 + 𝜇𝜇𝑡𝑡
𝜎𝜎𝑘𝑘

) 𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

] 𝜕𝜕𝑢̄𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

+ 

+𝐺𝐺 − 2
3 𝜌𝜌𝜌𝜌𝛿𝛿𝑖𝑖𝑖𝑖

𝜕𝜕𝑢̄𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

− 𝜌𝜌𝜌𝜌,                  (7) 

 

𝜌𝜌 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝜌𝜌

𝜕𝜕𝑢̄𝑢𝑗𝑗𝜀𝜀
𝜕𝜕𝑥𝑥𝑗𝑗

− 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

[(𝜇𝜇 + 𝜇𝜇𝑡𝑡
𝜎𝜎𝜀𝜀

) 𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

] = 

= 𝑐𝑐𝜀𝜀1
𝜀𝜀
𝑘𝑘 𝐺𝐺 − [(23 𝑐𝑐𝜀𝜀2 − 𝑐𝑐𝜀𝜀3) 𝜌𝜌𝜌𝜌𝛿𝛿𝑖𝑖𝑖𝑖

𝜕𝜕𝑢̄𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

] − 

−𝑐𝑐𝜀𝜀2𝜌𝜌
𝜀𝜀2

𝑘𝑘 .                                 (8) 
 

These are standard k − equations. Simplicity, 
good convergence, and good accuracy of the k −
model allow it to remain the most used model for 
modeling a wide range of turbulent flows. This 
turbulence model is widely used because of its 
simplicity, savings in computational resources, and 
sufficient accuracy in predicting the properties of 
both non-reacting and burning flows. The model 
works well at high Reynolds numbers and high flow 
turbulence, which has been successfully applied in 
many works to calculate the characteristics of a 
reacting flow with chemical transformations. The 
values 𝑐𝑐𝜀𝜀1 , 𝑐𝑐𝜀𝜀2 , 𝑐𝑐𝜀𝜀3 , 𝜎𝜎𝑘𝑘, 𝜎𝜎𝜀𝜀 are model constants that 

are determined empirically [16]. The standard values 
of these constants are often used in calculations of 
turbulent flows and are determined experimentally. 

 
3 Statistical model of droplet dispersion and 

breakup under high turbulence 
 
The turbulent flow affects the liquid jet injected 

into the cocurrent gas jet moving at a relatively high 
speed, causing liquid droplets to break up. In the case 
of droplet breakup upon interaction with a gaseous 
medium, such random processes as the collision of 
many droplets, turbulence in the liquid, changes in 
the cavitation inside flow, and promote the process of 
disintegration of liquid filaments into drops. 

The droplets’ breakup idea which is proposed by 
Kolmogorov obeys the cascading law. According to 
Kolmogorov's theory, the solid particle’s breakup is 
a discrete random process in which the probability of 
each parent particle’s breakup into a certain number 
of particles does not depend on the size of the original 
particle itself. From this generalized assumption 
follows the conclusion that the particles obey the 
lognormal distribution law. The discrete model of 
Kolmogorov was modified into the form of a 
distribution function evolution equation. This 
equation’s asymptotic solution is used in the 
droplets’ breakup and dispersion model along with 
the Lagrange model, which is also used to describe 
the spray dynamics [17-20]. 

We can consider the breakup of parent droplets 
into small secondary droplets as a temporal and 
spatial evolution of the particle distribution in 
approximation to the size of parent particles 
according to the Fokker-Planck equation [18]: 

 
𝜕𝜕𝜕𝜕(𝑥𝑥, 𝑡𝑡)

𝜕𝜕𝜕𝜕 + 𝜈𝜈(𝜉𝜉) 𝜕𝜕𝜕𝜕(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝜕𝜕 = 

= 1
2 𝜈𝜈(𝜉𝜉2) 𝜕𝜕2𝑇𝑇(𝑥𝑥,𝑡𝑡)

𝜕𝜕𝑥𝑥2 ,                          (9) 
 
where 𝑣𝑣 is breakup frequency and t is breakup time. 
𝑇𝑇(𝑥𝑥, 𝑡𝑡) is distribution function for 𝑥𝑥 = 𝑙𝑙𝑙𝑙(𝑟𝑟), here r 
is the particle radius. 

Since, at high turbulence, the particle sizes far 
exceed the instantaneous value of the Kolmogorov 
length scale, and due to the large variety of 
turbulence kinetic energy spectra, the drops are 
deformed and destroyed. In this case, the ratio of 
destructive hydrodynamic and capillary forces 
determines the critical radius of drops: 
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𝑟𝑟𝑐𝑐𝑐𝑐 = (9
2

𝑊𝑊𝑒𝑒𝑐𝑐𝑐𝑐𝜎𝜎𝜈𝜈𝑙𝑙𝑙𝑙𝑙𝑙
𝜀𝜀𝜌𝜌𝑙𝑙

)
1
3.                      (10) 

 
During atomization, the liquid decomposes into a 

discrete number of particles, each of which is a group 
of droplets with an identical size, speed, and direction 
in space. These groups of droplets, dragging the 
motionless gas along with them, interact with each 
other and exchange momentum and energy with the 
surrounding gas. Liquid fuel is injected from the axial 
nozzle of the injector as discrete particles with 
characteristic dimensions equal to the radius of the 
nozzle outlet. The injection rate is determined by the 
f liquid fuel injection. When a particle moves in a 

turbulent gas flow with large-scale structures that are 
much larger than the particle diameter, the relative 
velocity between the particle and the gas flow is 
determined: 

𝑑𝑑𝑣⃗𝑣 𝑝𝑝
𝑑𝑑𝑑𝑑 = (𝑣⃗𝑣 𝑔𝑔−𝑣⃗𝑣 𝑝𝑝)|𝑣⃗𝑣 𝑔𝑔−𝑣⃗𝑣 𝑝𝑝|

𝜏𝜏𝑆𝑆𝑆𝑆
 ,                (11) 

 
where 𝜏𝜏𝑆𝑆𝑆𝑆 = 𝜌𝜌𝑝𝑝𝑑𝑑𝑝𝑝2

18𝜌𝜌𝑔𝑔𝑣𝑣𝑔𝑔
. When the particle size is larger 

than the Kolmogorov scale, the turbulent viscosity is 
governed through the energy spectrum of eddies with 
smaller sizes compared to the diameter of the particle 
itself. Figure 2 shows an illustration of this 
phenomenon.

 
 

 
 

Figure 2 – Comparison of particle sizes with scales of turbulent structures 
 

 
Now we find the change in particle velocity in a 

turbulent flow: 
 

𝑣̄𝑣𝑔𝑔−𝑣𝑣𝑝𝑝
𝜏𝜏𝑆𝑆𝑆𝑆

= 𝜀𝜀̄
1
3

𝜌𝜌𝑔𝑔
𝜌𝜌𝑝𝑝

𝑣̄𝑣𝑔𝑔−𝑣𝑣𝑝𝑝

𝑑𝑑𝑝𝑝

4
3

 .                   (12) 

 
A mixture of fuel and oxidizer is initially injected 

into the combustion chamber in the form of a 
continuous jet, which subsequently breaks up into 
filaments, which in turn into droplets due to 
interaction with the gas. Due to the mixing of vapors 
released by floating liquid fragments with a turbulent 
gas flow, a chemical combustion reaction occurs. If 
the spray produced does not break up into small 
droplets, then the mixing process will not be perfect 
and combustion will not be complete. As a result of 
this phenomenon, power is lost, additional fuel 
consumption occurs, and the emission of pollutants 
into the atmosphere increases. Comprehension of the 
complex spray formation process and predicting 
future processes interests engineers, and researchers 
in fluid mechanics.  

 

4 Physical model of the problem 
 
In this paper, computational experiments were 

carried out using liquid heptane fuel. The heptane 
oxidation process in the combustion chamber 
proceeds as follows: 

 
𝐶𝐶7𝐻𝐻16 + 11𝑂𝑂2 = 7𝐶𝐶𝑂𝑂2 + 8𝐻𝐻2𝑂𝑂. 

 
Heptane is used as a rocket and reference fuel in 

determining the octane numbers of automobile and 
aviation types of gasoline and their components by 
motor and research methods, and the grade of 
aviation gasoline in a rich mixture. Heptane is a 
colorless flammable liquid with a flashpoint of minus 
4°C and an autoignition temperature of 223°C. The 
ignition area of heptane vapor in the air is 1.1-6.7% 
by volume. Heptane refers to the 3rd hazard class and 
is a paraffinic hydrocarbon. A liquid jet is injected 
with a high-velocity gas flow into aircraft and rocket 
engines. This type of disintegration of the fuel into 
liquid droplets is called air-blast atomization. In this 
work, the main attention is paid to modeling the 
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formation and dynamics of the injection during air-
blast atomization. 

A typical air-blast atomization pattern in aircraft 
engines is shown in Figure 3 [21, 22]. In such a 
nozzle, the liquid fuel is injected at low pressure in 
the form of a thin annular liquid sheet. Two high-

speed air streams go along the fluid and transfer a 
large amount of kinetic energy. Due to this 
interaction with the gas stream, the liquid sheet 
separates from both sides. Thereby, the liquid sheets 
further break up into bundles, threads, and small 
droplets.

 
 

 
Figure 3 – Scheme of air-blast atomization in an aircraft engine 

 
 
As can be seen from the figure, the liquid has not 

yet been fragmented in the nozzle area. This zone, 
called the liquid core, is a flow region in which the 
fraction of the mass of the liquid is equal to one, and 
the bulk of the liquid remains as intact as possible 
[23]. Many interaction complexes appear at the 
periphery of the liquid core, which leads to the 
formation of fibers and their detachment from the 
liquid core. This liquid core’s depletion phase is 
called primary atomization. 

Fragments detached from the liquid core collide 
with each other. Collisions between fragments can 
lead to their merging or disintegration. Fragments can 
also be separated by a fast gas flow that produces 
small droplets. The phase in which small droplets are 
produced from large liquid fragments is commonly 
referred to as secondary atomization. It is clear that 
the smaller the droplet size, the more intense the 
evaporation, the better the mixing between the 
gaseous reactants and, hence, the more efficient 
combustion. The schematic structure of an aircraft 
engine is shown in Figure 4.  

Liquid fuels’ combustion is divided into several 
stages [24, 25]. At the initial stage, the fuel is injected 
into the combustion chamber by means of a nozzle 
into small drops. Before ignition and combustion of 
the fuel-air mixture, the droplets evaporate and mix 
with the oxidizer. In the first part of the process, 
called fuel atomization, the efficiency of the 
subsequent thorough combustion of the fuel is 
determined. Since the speed of the processes of 

evaporation, mixing of fuel with an oxidizer and 
subsequent ignition directly depends on the size of 
the formed droplets. Thus, it becomes possible to 
realize fast (including supersonic) combustion over 
relatively short lengths. 

 

 
 

Figure 4 – Schematic structure of an aircraft engine 
 
A combustion zone is established near the drop 

along a spherical surface, the diameter of which is 1-
5 times larger than the droplet size (Figure 5). Droplet 
evaporation occurs due to the heat of radiation from 
the combustion zone. In the space between the 
droplet and the combustion zone, there are vapors of 
liquid fuel and combustion products. Air and 
combustion products are in the area outside the 
combustion zone. Diffusion of fuel vapors occurs 
inside the combustion zone, while oxygen is outside. 
Here, these components enter into a chemical 
reaction, which is accompanied by the release of heat 
and the formation of combustion products. Heat is 



75

S. Bolegenova et al.                                                                                 Phys. Sci. Technol., Vol. 9 (No. 3-4), 2022: 69-82

transferred from the combustion zone to the outside 
and the droplet, while the combustion products 
diffuse into the surrounding space between the 
droplet and the combustion zone. 

 
 

Figure 5 – The thickness of the combustion zone 
 

In our work, when conducting computational 
experiments, we used a model of a cylindrical 
combustion chamber. The chamber height is 15 cm, 
diameter is 4 cm. Figure 6 shows an illustration of the 
general view of a model combustion chamber. The 
computational domain consists of 650 cells. Liquid 
fuel is injected through a nozzle located in the center 
of the bottom of the combustion chamber. The 
combustion chamber wall temperature is 353 K.  

 

 
 

Figure 6 – General view of the combustion chamber 
 

5 Results 
 
This work represents the influence of the liquid 

fuel injection rate on its combustion using numerical 
simulation based on the solution of differential two-
dimensional equations of a turbulent reacting flow. 
The injection speed of liquid fuel varied from 150 to 
350 m/s. It was found that at low liquid fuel injection 
rates (less than 150 m/s), combustion does not occur, 
since in this case the injection rate does not start 
ignition and stabilize the combustion reaction [26, 
27]. 

The figures below show the results of numerical 
experiments on the influence of the initial rate of 
heptane injection in the combustion chamber on the 
atomization and combustion processes. 

Figure 7 shows the combustion temperature 
distribution in the chamber at different heptane 
injection rates. Apparently, at an initial speed of 200 
m/s the combustion process proceeds slowly and has 
not become intense. Only at speeds above 250 m/s 
does the temperature rises along the height of the 
combustion chamber, the maximum value is 2218 K. 
Moreover, according to the graph the temperature 
increases along with the height of the chamber as the 
injection rate of heptane droplets increases. 

The distribution of the temperature plume and the 
combustion chambers height for heptane is shown in 
Figure 8. Along with the increase in the droplet 
injection speed, the height of the plume core 
increases. For example, at a velocity value of 300 
m/s, the maximum temperature propagation area 
corresponds to a chamber height of 1.7 cm. When 
particles penetrate the combustion zone along with 
the chamber height, no noticeable regularity is 
observed. At a speed value of 250 m/s, the particles 
rise to a minimum height of 0.56 cm. As a result, it 
can be said that the speed value at which fuel particles 
are well dispersed in space is 300 m/s, since at this 
speed the temperature of particles and intensity of 
their movements increase, and reach up to 0.81 cm as 
well as the height of the combustion chamber. 
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Figure 7 – Dependence of the maximum heptane temperature 
on the initial droplet injection rate

Figure 8 – Distribution of the temperature plume along 
with the height of the combustion chamber 

The Figure 9 shows the concentration distribution 
of carbon dioxide released in the combustion 
chamber during the complete oxidation of fuel 
particles with air. According to the figure, at an initial 
velocity value of 150 m/s, the CO2 value is minimal, 
i.e., 0.128466 g/g. However, as the dispersion rate
inside the chamber increases, the intensity of carbon
dioxide emission increases. At the speed of 250 m/s,
the maximum concentration of carbon dioxide is
0.132253 g/g. The most effective spray velocity at
which a moderate carbon dioxide concentration is
observed is 300 m/s. At this rate, the CO2 value is
0.131072 g/g.

Based on the results of the above numerical 
experiments, the optimal mode of combustion of 
heptane droplets in the combustion chamber is 
established at an injection velocity of 300 m/s. At this 

velocity value, the temperature inside the chamber 
reaches a relative maximum value, the intensity of 
particle breakup and collision increases, and the 
concentration of carbon dioxide released inside the 
chamber is relatively lower.

Figure 10 shows the evolution of heptane droplets 
along the radius in the combustion chamber. At the 
initial moment of the atomization process (2 ms), the 
radius of the heptane particles inside the chamber is 
3.42 µm. The temperature of the particles increases, and 
their sizes also begin to change due to collision and 
breakup processes over time. Particles whose radii are 
equal to the maximum value (10.515 μm) get 
congregated at a chamber height of 0.68 cm. At the final 
moments of combustion, particles of a smaller radius 
predominate. The particle size value concentrated at the 
exit from the chamber was 5.355 µm.
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Figure 9 – Distribution of carbon dioxide concentration 

 as a function of injection speed 
 

 
a) t=2 ms                                                             b) t=2,5 ms 

 
Figure 10 – Dispersion of heptane droplets along  

with the height of the combustion chamber 
 

 
Figure 11 shows the heptane’s maximum 

temperature distribution in the combustion chamber. 
Liquid fuels maximum combustion temperature at an 
effective speed of 300 m/s was 2206.84 K. For the 
rest of the time, a temperature of 1030.39 K was 
established on the chamber's walls and throughout 
the combustion space. 

The distribution of the concentration of carbon 
dioxide released in the combustion products is shown 
in Figure 12. During the combustion process, the 
concentration of carbon dioxide is allocated 
uniformly, and any remarkable change is not 
detected. The minimum concentration of CO2 at the 
combustion chamber outlet is 0.0262 g/g. 

The distribution of released moisture in the 
combustion chamber was studied at different times of 
the entire combustion process (Fig. 13). The moisture 

concentration at the initial moment of the combustion 
process increased to 2 cm along the height of the 
model combustion chamber. Due to the intensive 
mixing of the fuel with the oxidizer, as well as the 
combustion of the fuel, the released moisture in the 
combustion chamber gradually moves towards its 
outlet. As we can see from the figure, the maximum 
concentration of moisture is concentrated on the axis 
of the combustion chamber, the value of which is 
0.057 g/g. 

One can see in Figure 14 that by applying the 
statistical dispersion model, more droplets are heated to a 
temperature of 500 K than in the base model. Both 
injections also differ in height. With a statistical model, 
injection drops reach 1.8 cm in height and 0.5 cm in the 
radius of the combustion chamber. In the first case, the 
maximum height of heptane droplets is 1.1 cm. 
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a) t=2 ms b) t=2,5 ms 

 
Figure 11 – Distribution of the maximum combustion temperature  

of heptane along with the height of the chamber 
 
 

 
 

a) t=2 ms b) t=2,5 ms 
 

Figure 12 – Concentration profiles of carbon dioxide at different time moments 
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a) t=2 ms b) t=2,5 ms 
 

Figure 13 – Water distribution in the combustion chamber 
 
 

 
a) t=2 ms b) t=2,5 ms 

 
Figure 14 – Dispersion of heptane droplets by specific temperature 

 
 
Figure 15 shows the size distribution of heptane 

droplets in the space of the combustion chamber. 
Heptane particles, whose sizes have a maximum 
value at the initial time, are concentrated beneath of 
the chamber, but they evaporate and rise in height 
over time. 

When performing computational experiments, 
we studied one of the main criteria for the similarity 
of thermal processes, the Nusselt number, which 
characterizes the ratio between the intensity of heat 

transfer due to convection and the intensity of heat 
transfer due to thermal conductivity. The Nusselt 
number is always greater than or equal to 1, the heat 
flux due to convection always exceeds the heat flux 
due to heat conduction (Figure 16). 

As a result of applying the statistical model in the 
study of the dispersion and combustion of liquid fuel 
injections, the droplet distributions in the space of the 
combustion chamber for heptane were obtained. 
Taking into account the effect of turbulence on the 
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dispersion of liquid particles using a statistical model 
of turbulence in liquid fuel combustion calculations, 
it was found that liquid fuel droplets are atomized 

over a larger volume, which intensifies the liquid fuel 
combustion process since the mixing of fuel and 
oxidizer vapors occurs on a more developed surface.

 
 

 
 

a) t=1.6 ms b) t=2 ms c) t=3 ms 
 

Figure 15 – Dispersion of heptane particles at different time moments 
 
 

 
 

a) t=1.6 ms b) t=2 ms c) t=3 ms 
 

Figure 16 – Nusselt number in the flow at different time moments 
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Thus, the injection rate influence on the 
combustion process of heptane in the combustion 
chamber has been modeled through numerical 
methods, considering the optimal parameters for the 
mass of fuel and the initial temperature in the 
combustion chamber, which were previously 
determined. The optimum speed for heptane is 300 
m/s. The fundamental characteristics of the liquid 
fuel combustion process are obtained: temperature 
fields, concentration distributions of fuel and its 
combustion products, distribution of droplets over 
radii and temperatures, and velocity fields. 

 
6 Conclusions 
 
The principal features of the combustion of liquid 

fuel injections are described, and a mathematical 
model for the formation of dispersion and 
combustion of non-isothermal liquid injections at 
high turbulence is presented. The results of a 
computer experiment on the atomization and 
combustion of liquid injections using a statistical 
model are presented. The study of combustion 
processes depending on the different initial velocities 
of liquid fuel injection droplets was carried out. 

A statistical approach has been proposed to 
model the dispersion and atomization of liquid fuels 
in a combustion chamber. The processes of 
atomization and combustion of heptane injections in 
a model combustion chamber were studied by means 
of computational experiments using a statistical 
model. The distributions of liquid fuel droplets and 
temperature over time in the space of combustion 
chamber are obtained. 

Due to computational experiments on the 
injection rate influence on the atomization and 
combustion of liquid fuel (heptane) processes by 
using a statistical model, it was found that the optimal 
combustion mode for heptane occurs at a combustion 
rate of 300 m/s. At a given speed, the temperature 
rises, and fuel droplets with an oxidizer react faster 
and burn without residue. 

The theoretical significance of the work is 
determined by the importance of the results obtained 
for the development of such branches of knowledge 
as thermal physics and mechanics of multiphase 
reacting media. These obtained results will promote 
to the development of ideas about the regularities of 
thermophysical processes under the liquid 
hydrocarbon fuels combustion with continuous 
supply and the creation of scientific foundations for 
the development of advanced heat and power 
technologies. 

Using the obtained results in the design of various 
types of internal combustion engines will 
simultaneously solve the problems of optimizing the 
combustion process, increasing the efficiency of fuel 
combustion and minimizing emissions of harmful 
substances into the atmosphere. This shows the 
practical significance of the computational 
experiments performed in this work. 
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