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The problems of combustion are widely studied now by the scientists of the world. Increasing level of ecological pollution of 
the environment, reserve depletion of hydrocarbon fuel and economic growth of many countries causing increase of demand for 
energy - all these factors gave rise to the problem of finding of more economic and ecological way of fuel combustion. In order to 
solve this problem it is necessary to study thoroughly the combustion process itself and that is why the methods of numerical 
simulation are getting wide spread in the science. The turbulence plays great role in many devices using combustion process and its 
study is maybe one of the most complicated sections of hydrodynamics. It is also necessary to take into account additional factors 
such as various chemical reactions and radiation.  

In this article tetradecane’s combustion depending on the Reynolds numbers of the gas flow are investigated. Reynolds 
numbers of the gas flow was ranging from 2300 to 25000. As the result of the conducted numerical experiments it has been 
determined that at high Reynolds numbers the combustion process occurs intensively. The most effective combustion proceeds at the 
Reynolds number of the gas flow equal 25000, under these conditions temperature reaches values from 2001 К to 2645 K. With this 
value of the Reynolds number, the combustion temperature in the combustion chamber reaches maximum values and intensive 
evaporation of the liquid fuel drops begins. It was shown that when the Reynolds number is 15,000 and 20,000, the concentration of 
emitted carbon dioxide reaches the average allowable values, which are equal to 0,104823  10-3 kg/kg and 0,104747  10-3  kg/kg 
respectively.  
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INTRODUCTION 

One of the priority tendencies of the scientific 
and technological development of Kazakhstan is 
the research of simulation of formation of polluting 
fog and their dispersion in the atmosphere. This 
problem has a great value because of the increasing 
concern for the ecological situation in Kazakhstan 
as the atmospheric air in the cities of Kazakhstan is 
daily polluted by different hazardous substances 
(NO2, CO, CO2, soot and so on) [1-5].  

For the recent years the dispersion of the liquid 
sprays in the neutral atmospheric flows has been 
well studied by means of numerical, laboratory and 
natural researches. In these researches the main 
attention has been given to the dispersion of 
chemically reactive scalar admixture in the free 
convective flows.  

As a matter of urgency, the use of liquid fuels 
can be said that over the past few years 60 million 
passenger cars have been produced, that is, 165,000 
vehicles are produced per day. The engines of the 
current generation are  significantly  different  from 
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those used a few decades ago. The main 
combustion process in engines remains the same, 
but the types of injections differ significantly. For 
example, modern engines with electronically 
controlled injection systems, along with air 
compression mechanisms that help improve the 
combustion process, use only the required amount 
of fuel. More than 50% of cars are produced in Asia 
and Oceania, while Europe produces almost a third 
of the total number of cars in the world. In the last 
decade, the total number of cars produced per year 
has increased by 20 million, which leads to a high 
growth of pollutants that pose a greater threat to the 
environment [6-11]. 

The regulations on emissions of pollutants are 
becoming more and more severe over time, for 
example, until 2025, due to world-wide established 
ground rules, it is planned to reduce CO2 emissions 
from passenger cars to about 100 mg per km.  It is 
known that the International Energy Agency (IEA) 
has been tasked to use renewable energy sources as 
an energy carrier by 2050 and to reduce CO2 
emissions to the atmosphere by half as an indicator 
of harmful substances [12-14].  

Although carbon dioxide is not a toxic gas, it 
still represents a danger to the environment due to 
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the greenhouse effect. According to estimates [15], 
the annual carbon footprint is about 30 billion tons 
due to various types of human activity around the 
world. The concentration of carbon dioxide from all 
sources has increased by 31% since 1750 [16].  

The investigation of the formation of polluting 
fog will allow creating the methods for the decrease 
of contain of hazardous substances in the 
atmosphere and for the prevention of formation of 
such clouds which contain hot liquid particles and 
these particles are the reasons of the formation of 
such polluting fog. That kind of problems is one of 
the significant and insufficiently explored tasks for 
the present days. 

 In this region of research the numerical 
experiments on the combustion of liquid fuel sprays 
in the burner chamber have been carried out. In this 
work it has been researched the dependence of 
maximal temperature of combustion of the liquid 
fuel from the velocity of the spray by means of the 
numerical modeling on the basis of the solution of 
differential two-dimensional equations of the 
turbulent reactive flows. 

MATHEMATICAL MODEL OF THE PROBLEM    

Main equations of mathematical model of 
atomization and combustion of spray of liquid fuel 
are presented below [17-20].  

Continuity equation for component m: 
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Where m  - mass density of the liquid phase,   - 
total mass density, u - fluid velocity, D - diffusion 

coefficient,   - Nabla operator, c
m  - chemical 

source term, s  - source term due to injection,   - 
Kronecker symbol.  

Momentum equation: 
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Where p - fluid pressure,   - immeasurable value 
used in the PGS method. This is a method that 
allows one to increase computational efficiency in 
low Mach number flows, where the pressure is 
approximately uniform. A0 is 0 in the case of 

laminar flow, and 1, when one of the turbulence 
models is used. In our studies, we used the method 
of modeling the turbulent flows of RANS, which is 
based on the Boussinesq hypothesis and implies a 
time averaging of the Navier-Stokes equation. Also 
  is viscous stress tensor, which depends on the 
viscosity of the fluid and the specific internal 

energy. The value sF


 on the right side of the 
equation denote external forces that affect the mass 
and the volume of the fluid.  

Energy equation: 
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where heat flux vector consists of electrical 
conductivity and enthalpy transfer: 
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and cQ  - source term due to heat generated by a 

chemical reaction, sQ  - the heat that brings the 

injected fuel,   - dissipation of the kinetic energy 
of turbulence. 

More universal models in engineering 
calculations of turbulent flows are models with two 
differential equations. This is a  model, when 
two equations are solved for the kinetic energy of 
turbulence k   and its dissipation rate . Equations 
of  turbulence model [21-26]: 
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When calculating various flow characteristics, a 

system of turbulent transfer equations was used, for 
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closure of which a standard  model of 
turbulence was used, since this model exhibits 
stability, efficiency, and reasonable accuracy in 
studies of heat and mass transfer processes in 
turbulent flows of liquid fuels, which makes it most 
suitable for solving industrial problems. 

Initial and boundary conditions of the problem 
of atomization and combustion of liquid fuels in the 
combustion chamber 

At the initial moment of time, the gas in the 
combustion chamber is at rest and the initial 
temperature distribution is constantly: 

0t  : 0u  , 0v  , 0w  , 
0T T , 

0c c . 

The velocity field at the wall is determined 
through the turbulent law of the wall, and the 
velocity component profiles are given by the 
logarithmic distribution: 
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  - Reynolds number, which is 

determined by the relative velocity of the gas to the 
wall, 

wallu k  
  - gas velocity relative to the 

wall at a distance y from it, *u - dynamic velocity 
that is related to the tangential components of the 
stress tensor as follows: 
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Where Pr - Prandtl number for laminar flow.  
For the kinetic energy of turbulence k   and its 

dissipation rate  , the following boundary 
conditions are written:  
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C  is constant and its value is 0.09. 

We have studied (C14H30) tetradecane’s 
combustion depending on the Reynolds numbers of 
the gas flow. Tetradecane is the main component of 
diesel fuel. It’s used in passenger, freight and 

private vehicles. Liquid fuel is injected into the 
combustion chamber through a circular nozzle, 
located in the center of the bottom of the chamber. 
The overview of the combustion chamber is 
presented in Fig.1. 

The chamber is a cylinder with height equal to 
15 cm and diameter is 0,04 m. After the injection 
there is a rapid evaporation of fuel and the 
combustion is processing in the gas phase. The 
burning time of fuel is 4  10-3 s. Time of injection 
of fuel droplets is 1.4  10-3 s. The temperatures of 
the walls of the combustion chamber is 353 K. The 
initial temperature of gas in the chamber is 900 K. 
The temperature of the injected fuel is 300 K. The 
initial mean radius of injecting drops is 3  10-6 m. 
The pressure in the combustion chamber is 4.106  
Pa. 

In the work the dependence of maximum 
temperature of fuel combustion from Reynolds 
numbers has been obtained. Reynolds numbers of 
the gas flow was ranging from 2300 to 25000. It 
has been known that at low velocities of liquid fuel 
spray the process of combustion does not occur 
[27-30].  

 
Fig.1. Overview of the combustion chamber 

 
Tetradecane has been an object of research and 

its chemical formula has the following form as 
С14Н30. For this type of fuel the global chemical 
reaction of combustion leading to the formation of 
carbon dioxide and water is written in the following 
way: 

2С14Н30 + 43О2 → 28СО2 + 30Н2О. 
 

This reaction is exothermal, i.e. it proceeds with 
huge emission of heat. 

In this scientific work the KIVA-II computer 
software package was used as the starting material 
which was developed by scientists at the Los 
Alamos National Laboratory (LANL). With this 
software package can explore the complex 
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processes of ignition, combustion of fuel and air 
mixtures, as well as the formation of pollutants 
released into the atmosphere as a result of the 
operation of internal combustion engines [18]. 

In this article, the KIVA-II software package has 
been optimized to simulate the chemical kinetics of 
combustion processes in diesel and aircraft engines. 
This software package was adapted to the task of 
combustion of liquid fuels in combustion chambers 
under high turbulence. This made it possible to 
calculate the aerodynamics of the flow, the 
injection masses, the oxidant’s temperature, 
pressure, turbulent characteristics, concentrations of 
combustion products, fuel vapors and other 
characteristics of the process of liquid fuels’ 
combustion over the entire space of the combustion 
chamber. 

In this paper, the authors carried out simulation 
of combustion of liquid fuel in a cylindrical 
combustion chamber at different Reynolds 
numbers. Also similar computational experiments 
can be carried out for any kind of fuel. For 
example, in the following papers the authors carried 
out simulation of combustion of energy fuel in 
industrial boilers of Kazakhstan [31-36]. 

NUMERICAL SIMULATION RESULTS 

As the result of the conducted numerical 
experiments it has been determined that at high 
Reynolds numbers the combustion process occurs 
intensively. The most effective combustion 
proceeds at the Reynolds number of the gas flow 
equal 25000, under these conditions temperature 
reaches values from 2001 К to 2645 K (Fig.2). 

Analysis of Fig.2 shows that if the Reynolds 
number of the flow in the combustion chamber 
takes values above 15000, then the fuel burns more 
intensively, a large amount of heat is generated and 
the combustion chamber warms up to 3000 K.  

However Fig.3 shows the dependence of the 
distribution of CO2 concentration on the Reynolds 
numbers of the flow, where the highest 
concentration of CO2 is equal 0.106303  10-3 kg/kg 
accounts for the Reynolds number of the flow 
Re=25 000.  

But at the Reynolds numbers equal to 2300 CO2 
concentration reaches the minimum value to 
0.103538  10-3 kg/kg. Also, with a Reynolds 
numbers of 15 000 and 20 000, the concentrations 
of emitted carbon dioxide are relatively small, 
which are equal to 0,104823  10-3 kg/kg and 
0,104747  10-3  kg/kg respectively. At these values 
of the Reynolds number, the fuel quickly reacts 

with an oxidizing agent, as a result, the 
concentration of carbon dioxide formed does not 
exceed the permissible limits. 

Similar studies were conducted by scientists in 
the field of modeling of heat and mass transfer in 
the combustion chamber during combustion of 
solid fuels, especially coal. Many scholars who 
specialize in the field of computational fluid 
dynamics and heat power engineering conducted 
similar researches in the modeling of the 
combustion of liquid and solid fuels. In their works 
by the authors was used chemical model of 
pulverized coal combustion, which takes into 
account the integral component of the fuel 
oxidation reaction to the stable final products of the 
reaction. This model is the formation of the final 
products of oxidation is also used by us in the 
research [37-39].  
 

 
Fig.2. Change of maximum temperature in the burner 
chamber depending on the Reynolds numbers of the gas 
flow 
 

 
Fig.3. The dependence of the distribution of CO2 

concentration on the Reynolds number  
 

For the optimum and maximum Reynolds 
number equal to 25000, the plots of the temperature 
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change in time and of the fuel concentration in the 
burner chamber have been obtained. 

 

 
a) b) 

 
c) d) 

 

 
Fig.4. The temperature distribution in the combustion 

chamber during combustion of tetradecane at various 
time moments: a) 1.1  10-3 s, b) 1.8  10-3 s; c) 3  10-3 s, d) 
4  10-3 s for the Re=25000 

 
The following figures show the results of a 

computational experiment on the influence of the 
Reynolds number on the processes of atomization 

and combustion of liquid fuel (tetradecane). These 
graphs were obtained at an optimal value of the 
Reynolds number in the combustion chamber, equal 
to 25 000. 

Fig.4 shows the distribution of the temperature 
in the space of the burner chamber for the Reynolds 
numbers equal to 25000 at different times: 1.1  10-3 
s, 1.8  10-3 s, 3  10-3 s, 4  10-3 s correspondingly. 

From these graphs (Fig.4) it can be seen how the 
temperature changes in the combustion chamber at 
different times. As can be seen from Fig.4, during 
the combustion of the tetradecane, the region of 
maximum temperatures at time t=1.8  10-3s   
reaches 0,022 m in height of the combustion 
chamber, the rest of the chamber is heated to 915 
K. At this time, the mixture of fuel vapor with the 
oxidant is ignited, the fuel begins to burn rapidly, a 
large part of the width of the chamber is covered by 
thermal flame, where it reaches a value of the order 
of 1900 K. 

At the final time moment the temperature 
reaches 2645 К and it can be seen that the 
temperature torch fills up almost all of the space of 
the chamber.  

The distribution of the fuel concentration is 
presented in Fig.5 for the same time moments as for 
the temperature and for the Reynolds number 
25000. At the initial moment the concentration of 
fuel has minimal value and then increases because 
of the fuel injection in the chamber. At high 
turbulence region occupied by the fuel in the 
chamber is reduced, a moment of time t=1.8  10-3s 
the fuel vapor of the tetradecane is raised to 0,03 m 
by the chamber axis.   

The fuel quickly vaporizes, the vapors are mixed 
with the oxidant and the mixture ignites and burns 
down for 4  10-3 s. At the final moment, the 
tetradecane burns without residue, the 
concentrations of fuel are almost zero. 

Figs.6-7 show the dynamics of the distribution 
of reaction products concentration on time for the 
Reynolds number 25000. Analysis of the Fig.6 
shows that with the maximum Reynolds number the 
maximum amount of carbon dioxide for tetradecane 
is formed on the axis of the combustion chamber 
and is equal to 0.114  10-3 kg/kg. At the exit from 
the combustion chamber, the concentration of 
carbon dioxide decreases and takes the minimum 
values for tetradecane 0.008  10-3  kg/kg.   

Analysis of Fig.7 shows that at the time 
point of 4  10-3 s the maximum concentration of 
water formed as a result of the chemical 
reaction of tetradecane’s combustion is 
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0.049  10-3 kg/kg.   

      
a) b) 

  

c) d) 

 
Fig.5. The distribution of fuel vapor concentration in 

the burner chamber at different time moments: a) 
1.1  10-3 s, b) 1.8  10-3s; c) 3  10-3 s, d) 4  10-3s for the 
Re=25000 

In other parts of the combustion chamber water 
concentration reaches the lowest value, which 
amounted to 0.0033 10-3 kg/kg. The values of the 
concentration of water are especially important in 

calculations related to the weight and volume of 
fuel, wherein the weight ratio of the amount of fuel 
to the weight of the same volume of water the fuel 
specific gravity is determined at a given 
temperature. 
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c) 
 

Fig.6. The distribution of CO2 in the combustion 
chamber during combustion of tetradecane at various 
 time moments: a) 1.1  10-3 s, b) 1.8  10-3 s; c) 3  10-3 s, 
d) 4  10-3 s for the Re=25000 

 
The following Figs.8-10 show the results of 

computational experiments on the change in the 
temporal distributions of the Sauter mean droplet 
diameter (SMD) of tetradecane with distance from 
the injector. The Sauter mean diameter is the 
average volume-surface diameter of the droplets. It 
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also compares the results obtained with the 
experimental data presented by the authors 
Arcoumanis C., Cutter P., Whitelaw D. [40]. As can 
be seen from the figures, the calculated data and 
experimental data for dodecane are in good 
agreement. 

In [40] studies were performed at various 
distances from the injector: 10  10-3 m, 20  103 m, 
30  10-3 m, 40  10-3 m, 50  10-3 m and 60  10-3 m for 
diesel fuel for Re=25000.  
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c) 

Fig.7. The distribution of concentration of  H2O in the 
combustion chamber at time moments: ) 1.1  10-3 s, b) 
1.8  10-3 s; c) 3  10-3 s, d) 4  10-3 s for the Re=25000 

In this work a similar study at a distance of x = 
30  10-3 m, 40  10-3 m, 50  10-3 m and 60  10-3 m 
from the injector for tetradecane and octane are 
conducted. Octane is the main component of 
gasoline. As can be seen from Figs.8-10, the 
coincidence of the data from the field and computer 
experiments is quite good. Analyzing the data 
obtained, it can be assumed that the calculated data 
and experimental data are in good agreement. 

 

 

   
Fig.8. Comparison of the temporal distributions of 

the Sauter mean diameter of the tetradecane’s droplet 
(SMD) at distances of 40  10-3 m from the injector with 
experiment for the Re=25000 

 
 

 

     
Fig.9. Comparison of the temporal distributions of 

the Sauter mean diameter of the tetradecane’s droplet 
(SMD) at distances of 50  10-3 m from the injector with 
experiment for the Re=25000 

 
As can be seen from the figures, the results of 

computer simulation for tetradecane and 
experimental data for diesel fuel obtained by the 
authors [40] are in good agreement. The 
discrepancy in the results for octane can be 
explained by the fact that this element is found 
most of all in the composition of gasoline, the 
surface tension of which is much less than that of 
diesel fuel. 

An analysis of the results presented in Figs.8-10 
suggests a good agreement between the numerical 
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results and the experimental data and allows us to 
conclude that the numerical model for spraying 
liquid fuels proposed in the paper adequately 
describes the actual spray processes and, therefore, 
the process of burning various types of liquid fuels. 

 

 

  
Fig.10. Comparison of the temporal distributions of 

the Sauter mean diameter of the tetradecane’s droplet 
(SMD) at distances of 60  10-3 m from the injector with 
experiment for the Re=25000 

CONCLUSIONS 

In this work the influence of the Reynolds 
number of gas flow on tetradecane’s combustion 
has been studied.  

The distributions of maximum temperature and 
of CO2 concentration depending on the Reynolds 
number, time distributions of the fuel, CO2, H2O 
concentrations and temperature of the gas in the 
burner chamber for the effective Reynolds number 
have been obtained. Also the change of maximum 
temperature in the burner chamber depending on 
the Reynolds number of the gas flow has been 
obtained.  

As a result of a computer study, the effective 
mode of the combustion process was determined. 
The most effective combustion proceeds at the 
Reynolds number of the gas flow equal 25000, 
under these conditions temperature reaches high 
values (from 2001 К to 2645 K). 

At this temperature, the fuel is combusted 
completely, the chamber is warmed to a sufficiently 
high temperature, and the concentration of formed 
carbon dioxide takes the smallest value (to 
0.104  10-3 kg/kg). 

Analyzing the distribution of the fuel vapor it 
can be concluded that the initial time vapor 
concentration was 0.05  10-3 kg/kg than then at a 
final stage of the process of burning fuel vapor at 
the outlet from the combustion chamber was 
0,003  10-3 kg/kg.  

Also, the results of numerical simulations were 
compared with experimental data, obtained by 
various authors. The temporal distributions of the 
Sauter mean diameter of the drops at different 
distances from the injector were obtained. The 
results of numerical simulation in this case was 
given a good agreement with experiment. Also for 
comparison of characteristics of various liquid fuels 
combustion processes has been studied two types of 
fuels. Verification of obtained during the 
computational results of the experiments, a 
comparison with experimental data and theoretical 
calculations have revealed good agreement.  

The further study of the combustion of liquid 
sprays will let not only to develop methods for the 
decrease the contain of harmful substances in the 
atmosphere and prevention of formation of 
polluting fog, but also to improve the work of the 
engines of the internal combustion, of rockets, 
aviation engines and to make them more efficient 
and ecologically safer. 
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