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ТҮЙІН
Диссертацияның құрылымы мен көлемі. Диссертациялық жумыс 68
бет, 50 суреттен, 7 сызбадан және 30 атаудан тұратын әдебиеттер тізімінен
тұрады. Кілттік сөздер. Математикалық модель, көмірсутекті қалдықтар,
қазандық қондырғы, ANSYS бағдарламалық кешені, жану процестері.
Диссертациялық жұмыстың мақсаты. ANSYS әмбебап бағдарламалық
кешенінде технологиялық процестерді модельдеу жолымен қазандық
қондырғыда көмірсутек қалдықтарын жағудың
математикалық моделін
жобалау және құру болып табылады
Тақырып өзектілігі. Диссертациялық жұмыс атмосфералық қазандықта
көмірсутек қалдықтарын
жағудың математикалық моделін құру және
көмірсутектерді жандырғаннан кейін қоршаған ортаның ластануына
байланысты проблемаларды шешудің өзекті мәселелерін қарастырады . Қазіргі
уақытта көмірсутек қалдықтары және оларды залалсыздандырумен кәдеге
жарату тақырыптары өндірісте зерттеу облыстарында даму үстінде. Алайда
бұл тек мәселелер қоршаған ортаға зиянын тигізіп қоймай, сонымен көп
қаражатты қажет етеді.
Зерттеу жұмысының нысаны. Диссертациялық жұмыста көмірсутегі бар
қалдықтарды отын күйінде жағу үшін жылытқыш қазандық қарастырылады.
Зерттеу тақырыбы. Тақырыптын шешімі ANSYS бағдарламалық жүйесі
арқылы шығарылатын атмосфералық қазандық қондырғыда жылу алмасу және
жылу беру, мұнай-химия өндірісінде қолданылатын көмірсутек қалдықтарын
жағу есептерінің математикалық моделін құру болып табылады.
Зерттеу әдістері. Математикалық модельдеу үшін қозғалыс теңдеуінен,
үзіліссіздік теңдеуінен және температура мен концентрация теңдеулерінен
тұратын теңдеулер жүйесі қарастырылады, сонымен қатар турбулент қозғалыс
теңдеуінен тұрады. Турбулент қозғалыс теңдеуі үшін стандартты k-ε
турбулент моделі пайдаланылады.
Практикалық маңыздылығы. Модельдеу нәтижелері қоршаған ортаның
экологиялық мәселелерін шешу үшін қажет болып табылады. Мұнай
құрамындағы қалдықтар күрделі компонентті болғандықтан,оларды қайта
өндіру және бөліп алу әдісін таңдау қиынға соғады .Сол үшін осындай
есептерді сандық түрде шешу шикізат құрамындағы көмірсутек қалдықтарын
кәдеге жарату үшін пайдалы.
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РЕЗЮМЕ
Структура и объем диссертации. Настоящая диссертация содержит 68
страниц, 50 рисунков, 7 таблиц, список литературы состоящих из 30
наименований.
Ключевые слова. Математическая модель, углеводородсодержащие
отходы, котел, программный комплекс ANSYS, процессы горения.
Целью работы является Разработка и построение математической
модели отопительного котла для сжигания углеводородсодержащих отходов
путем моделирования технологических процессов на базе универсальных
программных систем ANSYS.
Актуальность темы. Тема диссертации, а именно разработка
математической модели атмосферного отопительного котла для сжигания
углеводородсодержащих отходов, и решение проблем связанных с
загрязнением окружающей среды после сжигания нефтепереработанных
углеводородов в виде топлива является очень актуальной. В настоящее время
бурно
развивается
направление
в
области
исследований
углеводородсодержащих отходов и разработка эффективных способов их
обезвреживания и утилизации, что приводит не только к снижению
техногенной нагрузки на биосферу, но и к экономической выгоде для
предприятий нефтегазовой отрасли.
Объект исследования. В данной задаче рассматривается отопительный
котел, для сжигания углеводородсодержащих отходов в виде топлива.
Предмет исследования. Решение задачи заключается в построении
математической модели для решения задач теплопередачи и теплообмена, для
сжигания углеводородсодержащих отходов нефтехимического производства в
атмосферном отопительном котле, при помощи программного продукта
АNSYS.
Методы
исследования.
Для
математического
моделирования
рассматриваются системы уравнений, включающей уравнений движения,
уравнения неразрывности и уравнение для температуры и концентрации, а так
же уравнений турбулентного движения использовалась стандартная k-ε модель
турбулентности.
Практическая значимость состоит в том, что результаты
моделирования могут быть пригодны для решения проблем окружающей
среды. В связи со сложным компонентным составом нефтесодержащих отходов
выбор способа переработки затруднен, поэтому моделирование такого рода
задачи и наглядная визуализация будет очень полезна для утилизации
углеводородсодержащего сырья.
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SUMMARY
Structure and scope of the dissertation. This thesis contains 68 pages, 50
figures, 7 tables and a list of literature consisting of 30 titles.
Keywords. Mathematical model, hydrocarbon-containing waste, boiler, ANSYS
software complex, combustion processes.
The aim of the work is to develop and construct a mathematical model of a
heating boiler for the combustion of hydrocarbonaceous wastes through simulation of
technological processes based on the universal software systems ANSYS.
Relevance of the topic. The topic of the thesis, namely the development of a
mathematical model of an atmospheric boiler for the combustion of hydrocarboncontaining waste, and the solution of problems associated with environmental
pollution after the burning of oil-refined hydrocarbons in the form of fuel is very
relevant. Currently, the direction in the field of hydrocarbon-containing waste
research is rapidly developing and the development of effective methods for their
neutralization and utilization, which leads not only to reducing the technogenic
burden on the biosphere, but also to economic benefit for the oil and gas industry.
The object of research. In this task, a heating boiler is considered, for burning
hydrocarbon-containing waste in the form of fuel.
The subject of research. The solution of the problem consists in constructing a
mathematical model for solving heat transfer and heat transfer problems, for burning
hydrocarbon-containing wastes of petrochemical production in an atmospheric
heating boiler, using the software product ANSYS.
Methods of research. For mathematical modeling, a system of equations
including the equations of motion, the continuity equation and the equation for
temperature and concentration, as well as equations of turbulent motion, are used to
use the standard k-ε model of turbulence.
Practical significance is that the simulation results can be suitable for solving
environmental problems. In connection with the complex component composition of
oil-containing wastes, the choice of the processing method is difficult, therefore
modeling this kind of tasks and visualization will be very useful for utilization of
hydrocarbon-containing raw materials.
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DEFINITIONS AND ABBREVIATIONS
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Pressure;
Temperature;
Density;
Total energy;
Longitudinal and transverse velocity components;
Cartesian coordinates;
Time;
Stream of vorticity;
Strain tensors and heat fluxes;
Static enthalpy;
Sound speed;
The adiabatic exponent;
Specific heat at constant pressure and volume;
Molar heat capacity at constant pressure and volume;
The diameter of the stalk;
The Kronecker symbol;
The rate of dissipation of the kinetic energy of turbulence;
Number of particles in the volume;
Dynamic speed;
Step by time;
The coefficient of dynamic and turbulent viscosity;
The number of Mach, Prandtl, Reynolds, Schmidt;
Indices of spatial coordinates;
The upper index denoting the value of the layer on which a
function is defined at a given time;
chemical reaction rate of k-th component;
diffusion coefficients;
width;
height;
concentrations of components 1 and 2;
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INTRODUCTION
Throughout the world, the problem of recycling household and industrial waste
is becoming increasingly acute. In many countries, where the amount of waste is
constantly increasing, new, more stringent restrictions on their incineration are
introduced. The main advantage of waste incineration is that the amount of waste
going to the disposal is reduced tenfold. On the other hand, they cause significant
damage to the environment and human health. They emit toxic substances into the
atmosphere, in the combustion process, highly toxic ash and the like are formed.
Negative impact of industry in natural wastes and resource resources. Wastes from
production and consumption are sources of anthropogenic pollution of the
environment on a global scale.
Today, when the use of artificial rather than natural materials is common in
production, recycling of industrial wastes becomes a major issue. Moreover, this
issue of recycling is an essential aspect of any process, be it construction, production
or artistic creation. But the larger the process itself, the larger the size of waste
recycling.
Currently, recycling is a kind of activity for which special knowledge is
required, and strict adherence to technologies, norms and rules, and the availability of
equipment and equipment. The time is not available.
Billions of tons of oil production on the planet give rise to a global problem of
hydrocarbon-containing waste. Although with increasing depth of processing as the
development of refining and petrochemical technologies, the rate of their
accumulation in recent decades, the task of recycling such waste remains topical both
from an economic and ecological point of view.
The main carriers of hydrocarbonaceous waste are oil sludge from oil barns,
sedimentation tanks of oil refineries, oil depots; waste chemical and petrochemical
industry; coal cuttings; waste oils and greases. In the world practice, thermal,
chemical, biological, physicochemical methods and their combinations are used for
the utilization and neutralization of hydrocarbonaceous wastes.
At the moment we will consider thermal methods of processing, utilization and
neutralization of hydrocarbon-containing waste.
Thermal action is the main method of processing oil sludge. The most
commonly used types of thermal impact: combustion, gasification, pyrolysis, heating
in air, in vacuum, etc. Thermal methods usually include steps such as slurry
preparation for processing; high-temperature treatment; multistage purification of
gases; heat recovery; production of organic by-products (gas, fuel) and mineral
products (oxides, cement, mineral salts). Three methods were most widely used
(combustion, gasification, pyrolysis). Their essential difference from each other is the
amount of oxygen used.
But today the most important issue is the formation of a competent strategy for
the utilization of petroleum products, which can significantly affect the expansion of
the state's economic influence. It is clear that the utilization of oil products on a
global scale simultaneously allows solving environmental problems and increasing
the economic potential.
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With the current situation in the world of reducing energy resources, it is the
utilization of oil products that can become one of the options for the economical use
of the general oil reserves on the planet. After all, this process, if it is organized at a
high level and using the most advanced technologies, allows you to extract all
valuable items for reuse, and make the rest of the waste safe.
Combustion is the process of rapid and complete oxidation of a hot substance,
which occurs at a high temperature and is accompanied by the release of heat. Two
components are involved in combustion, namely: an oxidizable (hot) substance called
fuel, and an oxidizer is a substance containing oxygen, capable of reacting quickly
with fuel. In the furnaces of the boiler units at present only the cheapest and most
widespread oxidant is used, namely atmospheric air, 21% of the volume of which is
oxygen. The nature of fuel combustion in each individual case is determined by a
number of different factors, among which: the type of fuel burned, the method of
combustion, the aerodynamic features of the process, the nature of the supply of
oxygen to the fuel.
Oil wastes are hydrocarbon mixtures that are different in composition and
physico-chemical properties, formed in the processes of storage, transportation and
use of petroleum fuel, oils and lubricants, as well as petroleum products that have lost
commercial qualities and are unfit for further use as intended. Petroleum products and
oil waste that enter the environment are toxic and explosive and fire hazardous. Their
presence worsens the already complex ecological situation in any city and region.
Burning - the most used waste method, refers to oxidative thermal processes of
an autogenic nature, when the heat released during oxidation is sufficient to maintain
combustion and additional fuel is not required for this.
Typically, hydrocarbon-containing waste is incinerated, from which the desired
product is difficult and costly to isolate. When burning such wastes containing a
significant amount of water, complex chemical processes occur, associated with the
evaporation of water and the presence of its vapors in the flame zone. This increases
the burning rate of waste due to an increase in the number of active sites, which are
positively and negatively charged ions, which are formed as a result of dissociation of
water. Water not only initiates the reaction, but also participates in the course of the
reactions themselves.
At thermal power plants operating both on solid fuel and on natural gas, fuel oil
is usually used as a reserve fuel. Since during the operation of the boiler units the
reserve fuel reserve must ensure uninterrupted operation for 3.5 days, during the
commissioning work the main attention is paid to the operability on the main fuel,
and the efficiency of the operation of the boiler unit on the reserve fuel due to the
short period of the period under review is estimated to a lesser degree . In addition to
the fact that liquid organic fuels are the most expensive among energy fuels, in case
of violation of their combustion regimes, in addition to increasing fuel consumption,
other negative consequences can also be observed in the form of reduced efficiency,
reliable operation of the boiler, and increased emissions of harmful substances into
the atmosphere. In connection with the above, the development of technical solutions
for the firing of liquid hydrocarbon waste and the use of energy for small-scale power
generation is an urgent task of scientific research.
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It is known that waste oil is a serious danger to the environment and human life.
But today, unfortunately, norms and rules are not always observed in the extraction,
transportation and processing of oil, and draining into the soil and reservoirs of waste
is simply huge. In this regard, it is of great importance to recycle oil products waste,
recycle them, and completely or partially restore the quality of used oils for their
reuse.
Processing and utilization of oil sludge includes the separation of oily waste into
light and heavy fractions, which are then neutralized and finally disposed of. The use
of innovative methods and new technologies, as well as the availability of modern
equipment, enable our specialists to conduct a multistage separation with a high
degree of oil sludge purification. These processes are complex and time-consuming,
requiring experience, high qualification of personnel and availability of special
equipment.
To solve this work, the mathematical model of the boiler is being developed and
constructed, which will be used to burn hydrocarbon-containing wastes through
modeling of technological processes on the basis of universal software systems. The
solution of the problem lies in the technology of processing hydrocarbon-containing
wastes of petrochemical production in an atmospheric heating boiler, by constructing
a mathematical model on the program system of finite element analysis ANSYS. For
mathematical modeling, a system of equations including the equations of motion, the
continuity equation and the equation for temperature and concentration, as well as
equations of turbulent motion, are used to use the standard k-ε model of turbulence.
In the current time, the urgency of solving such a problem is to create a technology
for processing hydrocarbon-containing wastes of petrochemical production in an
atmospheric heating boiler. The data obtained by applying the solution of this
problem will be very useful for experimental work in the study of geological and
geostatistical spheres. The same methods of utilization and processing can be used to
heat buildings and structures in a boiler.
The problem of utilization and processing of oil sludge is topical and relevant
not only for the oil industry, but also for the global environmental problem of the
whole world.
Today, millions of tons of toxic and dangerous oil sludge have been
accumulated in special warehouses of various oil refineries. Unfortunately, this
problem directly leads to the crisis of the country's oil industry, as well as to the
emergence of a real threat of toxic pollution of the environment by groundwater,
rivers, seas and soils in waste storage areas, and above all because of the lack of
modern processing technologies and utilization of oil sludge. In addition, the problem
of utilization of oil industry waste and, in particular, the processing of oil sludge,
leads to the shutdown of oil refineries due to the constant flow of so-called oil sheds
with waste from their activities.
Relevance of the research topic
The relevance of dissertation topic i.e. development of a mathematical model of
an atmospheric boiler for the combustion of hydrocarbon-containing wastes is very
crucial because it is connected with the solution of problems associated with
environmental pollution after the burning of oil-refined hydrocarbons in the form of
fuel. Nowadays, field of hydrocarbon-containing waste researches is rapidly
11

developing as well as the development of effective methods for their neutralization
and utilization, which leads not only to reducing the techno genic burden on the
biosphere, but also to economic benefit for the oil and gas industry.
The main obtained scientific results:
• Computational geometry of the boiler has been constructed for hydrocarboncontaining waste incineration;
•A mathematical model has been developed for describing combustion in
quadrangular geometry with additional heating on both sides;
• Implementation of numerical task using the universal product ANSYS Fluent;
•The results of the combustion simulation are obtained to estimate the
concentration and reduce harmful emissions to the atmosphere.
The scientific novelty of the dissertation
The novelty of these results consists not only in the development of a
mathematical model for the combustion of hydro carbonaceous wastes, with the help
of an additional block but also in how, after burning them, to reduce harmful
emissions into the atmosphere.
Assessment of the internal unity of the results
Dissertational work is presented logically in sequence with an explanation of all
the key points. The introduction reflects its relevance, describes the novelty, practical
and theoretical significance of the thesis topic. Goals and objectives are set clearly, as
well as a review of the literature. The solution of the problem is consistently carried
out, starting with the study of the mathematical model, and numerical calculations
which was made by combining and visualizing the results. The conclusion also fully
reflects the results of the study.
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1 HYDROCARBON-CONTAINING WASTE
1.1 Basic concepts of refining
What is waste management? Waste management is a top priority for all
mankind. Along with the growing population of the planet and the level of
consumption, the amount of household waste also increases. In the near future, it can
reach alarming proportions. There is an obvious question of liquidation, and ideally
the subsequent recycling (reuse). But here the lack of organizations that deal with the
export and recycling of domestic and industrial waste is affected. Naturally, this
problem of household waste disposal can not be solved at the local level, they can be
overcome by setting clear rules and regulations, strict control over their
implementation at the state level. Removal of domestic castings legislation regulates,
but clearly does not track. Therefore, it is not known whether they are recycled or
simply stored at landfills, contaminating the surrounding land and residential areas.
With all its advantages, burning is not a panacea. So, while the atmosphere is
polluted with various harmful substances. The incineration is supplied with a large
amount of unsorted garbage that flies into the city in a pretty penny.
Most unsorted incinerated waste is food garbage, which, in principle, can not
burn well. It is undesirable to use it as an organic material.
The best option for processing waste from such former installations, extracting
methane gas from them, and in turn, in turn, would help to produce fuel and
electricity.
Like associated petroleum, natural gas is used both as fuel and as raw material
for obtaining a variety of organic and inorganic substances. You already know that
methane, the main component of natural gas, produces hydrogen, acetylene and
methyl alcohol, formaldehyde and formic acid, many other organic substances. As
fuel, natural gas is used in power plants, in boiler systems for water heating of
apartment houses and industrial buildings, in blast-furnace and open-hearth
production. Sharp with a match and lighting a gas in the kitchen gas stove of a city
house, you "launch" a chain reaction of oxidation of alkanes that make up natural gas.
In addition to oil, natural and associated petroleum gases, a natural source of
hydrocarbons is coal. 0n forms powerful strata in the earth's interior, its proven
reserves significantly exceed oil reserves. Like oil, coal contains a large number of
different organic substances. In addition to organic, it includes inorganic substances,
such as, for example, water, ammonia, hydrogen sulphide and, of course, carboncarbon itself. One of the main ways of processing coal is coking - calcining without
access to air.
Burning is a cheap and widespread option for recycling. It can be produced in
several ways: Chamber Layered In the fluidized bed Application of this method
consists in the thermal elimination of industrial waste at very high temperatures,
which will ensure the burning of industrial debris without residue and will partially
absorb toxic substances. The problem of utilization in this way is that the residues of
the substances adversely affect the air near this place. Modern industrial incinerators
are equipped with cleaning systems, power generators. As a rule, ash, left after
burning of industrial raw materials, is subject to further export and disposal.
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Advantages of the method: Low financial costs. The released heat is used for power
generation or for heating. Significant decrease in the amount of excavations The main
and probably the only drawback is the toxicity, so burning is unsafe for the
environment. To eliminate this disadvantage, it is necessary to use systems for
cleaning gases released from incineration of garbage.
The use of cracking catalysts makes it possible to increase the reaction rate
somewhat, to reduce its temperature, and to improve the quality of the cracking
products. The obtained hydrocarbons of the gasoline fraction basically have a linear
structure, which leads to low detonation resistance of the obtained gasoline.
We will consider the concept of "detonation stability" later, for the time being
only note that hydrocarbons with molecules of a branched structure possess
considerably greater detonation stability. The proportion of isomeric hydrocarbons of
the branched structure in the mixture formed during cracking can be increased by
adding isomerization catalysts to the system.Pyrolysis - thermal decomposition of
garbage without air, this method helps to reduce the harm caused to the environment.
In general, waste products are the products of human activity in everyday life, in
transport, in industry, not used directly in places of education and which can be used,
or are potentially used, as raw materials in other branches of the economy or during
regeneration.
The purpose of refining (oil refining) is the production of petroleum products,
primarily various types of fuel (automobile, aviation, boiler, etc.) and raw materials
for subsequent chemical processing.
Primary processing processes do not imply chemical changes in oil and
represent its physical division into fractions. First, industrial oil passes through the
primary technological process of cleaning the extracted oil from oil gas, water and
mechanical impurities - this process is called primary oil separation.
Oil enters the refinery (oil refinery) in a form prepared for transportation. At the
plant, it is subjected to additional purification from mechanical impurities, removal of
dissolved light hydrocarbons (C1-C4) and dehydration at electro-desalination plants
(ELOU).
If possible, differentiable and non-recyclable wastes are different. For the
former, there is a technology of processing and engaging in economic circulation, for
the latter there is currently no.
Oil enters the distillation columns for atmospheric distillation (distillation at
atmospheric pressure), where it is divided into several fractions: light and heavy
gasoline fractions, kerosene fraction, diesel fraction and atmospheric distillation
residue - fuel oil. The quality of the fractions obtained does not meet the requirements
for commercial petroleum products, so the fractions are subjected to further
(secondary) processing.
Production wastes are the remains of materials, raw materials, semi-finished
products that were formed in the process of manufacturing products and lost
completely or partially their useful physical properties. Wastes from production can
be considered products formed as a result of physical and chemical processing of raw
materials, extraction and enrichment of minerals, the receipt of which is not the
purpose of this production.
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Consumption wastes - unsuitable for further use for their intended purpose and
decommissioned in the established order machines, tools, household products.
Table 1 - Products of primary oil refining

Designation

Reflux
stabilization

Stable straightrun gasoline
(naphtha)

Stable light
gasoline

Where is selected

Where is used
(in order of
priority)

Propane, butane,
isobutane

Stabilization
block

Gas fractionation,
commercial
products, process
fuel

n.k.* - 180

Secondary
distillation of
gasoline

Gasoline
blending,
commercial
products

Stabilization unit

Isomerization,
gasoline mixing,
commercial
products

Boiling intervals
(composition)

n.k.-62

Benzene

62-85

Toluene

85-105

Xylene

105-140

Production of
appropriate
aromatic
hydrocarbons

Secondary
distillation of
gasoline
Catalytic
reforming

Raw materials of
catalytic
reforming

85-180
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Continuation Table 1

Heavy gasoline

140-180

Component of
kerosene

180-240

Secondary
distillation of
gasoline

Mixing kerosene,
winter diesel fuel,
catalytic
reforming

Mixing kerosene,
diesel fuels
Atmospheric
distillation

Diesel

Fuel oil

Vacuum gas oil

The tar

Hydrotreatment,
mixing of diesel
fuel, fuel oil

240-360

Atmospheric
distillation
(residue)

Vacuum
distillation,
hydrocracking,
mixing of fuel oil

360-520

Vacuum
distillation

Catalytic
cracking,
hydrocracking,
commercial
products, mixing
of fuel oil.

520-k.k.

Vacuum
distillation
(residue)

Coking,
hydrocracking,
mixing of fuel oil

360-k.k. **

*) n.к. - the beginning of boiling
**) - k.k. - the end of boiling
The formation of viscous oil-containing (hydrocarbon-containing - HCW)
wastes occurs during the extraction, processing, production, storage, transportation of
oil and oil products, as well as as a result of technological operations in the operation
of various types of transport and industrial equipment. HCW waste is the waste
products of oil refining, as well as waste (sludges, residues, mixtures) containing or
saturated with petroleum products. This type of waste is a substance (or mixture of
substances) arising from production activities, and refers to production waste. A wide
range of values of the chemical composition and physical properties of HCW waste,
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as well as the presence of mechanical impurities, heavy metals, sulfur, excess water
content, require a detailed analysis of the waste and preparatory activities for use as a
fuel. Combustion and regeneration are the most effective methods of using HCW
waste. However, the transition of energy to the use of secondary resources in the
form of alternative fuels in power plants is frightening for many, since this may prove
economically unacceptable due to the significant capital expenditures for equipment
modernization.
Thus, associated petroleum and natural gas, coal is not only the most valuable
sources of hydrocarbons, but also part of a unique pantry of irreplaceable natural
resources, the careful and reasonable use of which is a necessary condition for the
progressive development of human society.

1.2 The use of hydrocarbon-containing waste in the form of fuel
Organic fossil fuels (solid, liquid, gaseous) are currently and projected to 2030
by the main source of energy (heat) for industrial use, as well as for transport engines.
Currently, the world mostly uses chemical or organic fuel, which is the source of
about 70% of all generated energy. When using fuels, both the released energy-heat
and their chemical properties are used. Therefore, fuel can be divided into energy and
technology. Energy fuel is intended for combustion with the purpose of direct
production of thermal energy or its transformation into mechanical and (or) electric
energy. Technological fuel is used to conduct high-temperature technological
processes (heating, calcining, melting, etc.) and chemical processing to produce
artificial fuel (coke) and technical products (for example, the burning properties of
coke in blast furnaces use the reducing properties of carbon).
According to the aggregate state, all fuels are divided into solid, liquid and
gaseous, and by the method of production or extraction - by natural and derivative
(artificial). In addition to wood, all types of natural fuels are combustible fossils.
Artificial fuel is produced by processing natural. Methods of processing are very
diverse and depend on the characteristics and purpose of the final product, they are
based on physical and mechanical effects on the original product: crushing, grinding,
heating, distillation, etc.
During the chemical analysis of fuel, the shares of various chemical elements
and constituent substances are determined, i.e. elementary composition. Organic fuel
consists of complex compounds of various elements: carbon C, hydrogen H, oxygen
O, sulfur S, nitrogen N and others, as well as ballast in the form of moisture W and
mineral components that are not involved in the combustion process and contribute to
the formation of ash A. The main types chemical fuels are presented in Table 2.
Fuel consists of combustible and non-combustible parts. The combustible part of
the solid and liquid fuel includes carbon C, hydrogen H and sulfur S, as well as
conditionally oxygen O and nitrogen N; in the non-combustible part - ash A,
representing a mixture of minerals, and moisture W, which make up its ballast B.
They fall into fuel from the bowels of the earth, as well as during transportation
and storage of fuel in warehouses:
B = A + W.
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Carbon C is the main combustible component of all fuels. With complete
combustion of carbon, heat release is 33.5 • 103 kJ / kg. The thermal value of fuel is
determined by the carbon content in it. So, in wood and peat its share reaches 58%, in
coal and fuel oil - 90%. In thermochemical processing of fuels, carbon serves as the
basis for the formation of secondary organic substances and constitutes the main part
of an important artificial technological fuel - coke.
Hydrogen H is the second most important combustible component of any fuel.
The heat release during its combustion depends on the aggregate state (liquid or
vapor) of the final hydrogen-water combustion product and can reach 142 • 103 kJ /
kg. As the age of the solid fuel increases, the hydrogen content in it decreases.
Oxygen O is a ballast admixture in fuel, reduces its thermal value. In addition, it
binds hydrogen in the fuel, devaluating it. In solid fuels with a small chemical age,
the oxygen content can reach 30% or more, and in most liquid motor fuels it does not
exceed 1.5%.
Nitrogen N also ballasts fuel, reducing the content of flammable substances in it.
The composition of solid fuel contains up to 1.5%, in liquid - less than 1%.
Waste oils - hydrocarbon-containing waste generated as a result of use and loss
during storage, including for use in vehicles (universal, carburetor, diesel, for aviation
piston engines), hydraulic and transmission oils, compressor, turbine, corrosionproof, electrical insulating and other industrial oils.
Waste oils represent a serious environmental threat to the environment and
human health. In particular, these wastes are dangerous pollutants of virtually all
components of the natural environment - surface and groundwater, soil and
vegetation cover, atmospheric air.
Oil is a natural complex mixture of hydrocarbons, mainly alkanes of linear and
branched structure, containing in molecules from 5 to 50 carbon atoms, with other
organic substances. Its composition essentially depends on the place of its extraction
(deposit), it can, in addition to alkanes, contain cycloalkanes and aromatic
hydrocarbons.
Gaseous and solid components of oil are dissolved in its liquid constituents,
which determines its aggregate state. Oil is an oily liquid of dark (from brown to
black) color with a characteristic odor, insoluble in water. Its density is less than that
of water, therefore, getting into it, oil spreads over the surface, preventing dissolution
of oxygen and other air gases in the water. Obviously, getting into natural reservoirs,
oil causes the death of microorganisms and animals, leading to environmental
disasters and even catastrophes. There are bacteria that can use the components of oil
as food, transforming it into harmless products of their vital activity. It is clear that it
is the use of cultures of these bacteria that is the most environmentally safe and
promising way of fighting oil pollution in the process of its extraction, transportation
and processing.
In nature, oil and associated petroleum gas, discussed below, fill the cavities of
the earth's interior. Represents a mixture of different substances, oil does not have a
constant boiling point. It is clear that each of its components retains its individual
physical properties in the mixture, which makes it possible to divide the oil into its
components. To do this, it is cleaned of mechanical impurities, sulfur-containing
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compounds and subjected to so-called fractional distillation, or rectification.
Hydrocarbons are compounds consisting only of carbon and hydrogen atoms.
Hydrocarbons are divided into cyclic (carbocyclic compounds) and acyclic. Cyclic
(carbocyclic) refers to compounds that contain one or more cycles consisting only of
carbon atoms (in contrast to heterocyclic compounds containing heteroatoms nitrogen, sulfur, oxygen, etc.). Carbocyclic compounds, in turn, are divided into
aromatic and non-aromatic (alicyclic) compounds. Acyclic hydrocarbons include
organic compounds whose carbon skeleton molecules are open chains. These chains
can be formed by single bonds (al-kans), contain one double bond (alkenes), two or
more double bonds (dienes or polyenes), one triple bond (alkynes). As you know,
carbon chains are part of most organic substances. Thus, the study of hydrocarbons is
of particular importance, since these compounds are the structural basis of the
remaining classes of organic compounds.
Table 2 - Classification of the main types of chemical fuels
Types of fuel
Characteristics

Natural

Artificial

Solid

Liquid

Wood, peat, oil
shale, lignite, coal,
anthracite

Oil, gas
condensate

Coal, coke, peat
and coal briquettes,
charcoal

Petrol,
naphtha,
kerosene, gas
oil, motor
fuels, gas
turbine fuel,
fuel oil,
domestic
heating fuel

Gaseous
Natural gas, associated
gases of oil fields

Oil, semi-coke, coke,
generator, blast furnace
gas, gas for underground
gasification of coal, shale

Oil deposits contain, as a rule, large accumulations of so-called associated
petroleum gas, which is collected over oil in the earth's crust and partially dissolved
in it under the pressure of overlying rocks. Like oil, associated petroleum gas is a
valuable natural source of hydrocarbons. It contains mainly alkanes, in molecules of
which from 1 to 6 carbon atoms. Obviously, the composition of associated petroleum
gas is much poorer than oil. However, despite this, it is also widely used both as fuel
and as raw material for the chemical industry. A few decades ago, at most oil fields,
associated petroleum gas was burned as a useless supplement to oil.
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1.3 Description of the chemical-physical properties and the scope of their
application
Wastes from the petrochemical industry, stored in open storage facilities, are
one of the sources of environmental pollution. Getting in the air and soil, they pollute
the atmosphere, surface and groundwater. So far, no acceptable solution to this
problem has been found. The urgency of developing a method processing of such
wastes. Now most hydrocarbon-containing wastes are burned in furnaces designed
for fuel oil, which leads to pollution of the environment with toxic products due to
the failure to ensure a stable regime of complete combustion, in addition, the
company makes payments for pollution atmosphere. Practice is also the export of
such wastes to landfills for burial, which leads to loss of valuable hydrocarbons, not
to mention on transportation costs and pollution environment during loadingunloading.
As in any existing technologies for processing complex waste, the problem of
preparing raw materials and loading them into reaction devices is just as important as
the chemical redistribution itself. Therefore, along with the study of the
characteristics of the chemical remaking of waste (Table 3), we are developing the
design of a reaction device that provides a simple and reliable supply of waste that
will solve the problem of waste disposal with soil inclusions from temporary
disposal.
Table 3 - Results of chromatographic analysis of hydrocarbon-containing waste
products distillation

Condensate No.1
(Light Transparent Liquid)

Condensate No.2
(Light Liquid)

Compound

Сompound

Pentane isopentane fraction,
piperylene

Aromatic hydrocarbons С6-С8С6-С8
Fractions of diesel fuel
Heavy hydrocarbons

After oil refining, we get liquid fuel in the form of fuel oil, which will be used
for combustion.
Fuel oil (possibly from Arabic mazhulat - waste), a liquid product of a dark
brown color, the residue after separation from petroleum or products of its recycling
of gasoline, kerosene and gas oil fractions boiling up to 350-360 0С. Fuel oil is a
mixture of hydrocarbons (with a molecular weight of 400 to 1000 g / mol), petroleum
with a mole (with a molecular weight of 500-3000 and more g / mole), asphaltenes,
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carbenes, carboides and organic compounds containing metals (V, Ni, Fe, Mg, Na,
Ca).
Table 4 - Scheme of hydrocarbon-containing waste
Hydrocarbon-containing
wastes from a landfill site

1 st stage
Mixing of waste
(averaging)

2nd stage
Heating in the
microwave field
(distillation)

Pentane isopentane
fraction, piperylene

Heavy
hydrocarbons

Diesel fuel
fractions

3rd stage
microwave heating
(distillation in the
presence of a
thermotransformer)

Fuel oil

Bitumen

Fuel oil is used as fuel for steam boilers, boiler plants and industrial furnaces.
The yield of fuel oil is about 50% by weight based on the initial oil. In connection
with the need to deepen its further processing, fuel oil is being further processed on
an increasing scale, distilling off under vacuum distillates boiling in the range of 350420, 350-460, 350-500 and 420-500 0С. Vacuum distillates are used as raw materials
for the production of motor fuels and distillate lubricating oils. The residue of
vacuum distillation of fuel oil is used for processing at thermal cracking and coking
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plants, in the production of residual lubricating oils and tar, then processed to
bitumen.
From black oil by means of additional distillation, lubricating oils are obtained
for lubrication of various mechanisms. The distillation is conducted under reduced
pressure to reduce the boiling point of hydrocarbons and avoid decomposition when
heated. After distillation of fuel oil there remains a non-volatile dark mass - tar,
which goes to the asphalt streets.
Super-light fuel oil is used as a process fuel in industrial plants, at heat supply
plants, and also on ships of the sea and river fleet.
The main consumers of fuel oil are industry and housing and communal
services. Fuel oil takes the fourth place after oil, gas and diesel fuel in the export
structure (in monetary terms).
The approximate component composition of commercial fuel oil may include:
1. Fuel oil atmospheric distillation
2. Tar
3. Vacuum gas oil
4. Extracts of oil production
5. Kerosene-gas oil fractions (primary and secondary)
6. Heavy catalytic cracking and coking gas oils
7. Bitumens
8. Remnants of visbreaking
9. Heavy pyrolysis resin
Physical and chemical properties of fuel oil:
Fuel oil belongs to the group of residual fractions of hydrocarbons obtained in
the process of oil refining. The properties of fuel oil depend on the initial properties
of crude oil and the depth of its processing at oil refineries. In oil, as the final product
of oil refining, the ballast is concentrated - a non-combustible part consisting of
mineral mass, water. In the process of oil cracking, light hydrocarbon fractions,
gasoline, kerosene, diesel fuel are saturated with more hydrogen in the oil, therefore,
in the fuel oil, the hydrogen content in comparison with crude oil decreases, which
leads to a decrease in its heating value.
Reduction of the calorific value of fuel oil is due to the increased content of
sulfur, nitrogen, oxygen, tar, asphaltenes, ash, and mechanical impurities in its
composition.
In the mineral mass of fuel oil there is a significant amount of various metals,
including vanadium. Vanadium is concentrated in oil resins, asphaltenes, which are
the main sulfur-containing components. Vanadium oxides cause both lowtemperature and high-temperature corrosion of metals at 600-700 ° C, leading to
destruction of heating surfaces, sealing surfaces of exhaust valves and blades of gas
turbines. According to international quality standards, the mineral mass contained in
fuel oil should not exceed 0.1-0.3%, but, despite its low content, formed during the
combustion of ash oil, deposited on the heating surfaces of the boiler units,
significantly reduces the transfer of heat from the combustion products . Ash deposits
on the surfaces of parts of the piston group of diesel engines cause accelerated wear
of rubbing surfaces, make it difficult to remove heat to cooling media.
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When transporting and storing in tanks, the quality of fuel oil changes. As a
result of constant oxidation, polymerization, chemical reactions, fuel oil
hydrocarbons are converted into solid products precipitating.
In cold weather during the heating of railway tanks with sharp steam, the water
content in fuel oil can reach 10-15%. During further storage, fuel oil is additionally
flooded with atmospheric moisture. Analysis of the quality of fuel oil stored in tanks
at one of the tank farms showed that the water content in the samples taken at a level
of 4-5 m from the bottom reaches 5%, and in the bottom layers - 12%.
Bunker companies produce heating oil in containers to a temperature at which
pumping is provided, mixing of fuel oil. With insufficient heating, settling of water in
high-viscosity fuel oil, which has a high density, becomes practically impossible and
with a high probability it can be assumed that consumers receive excessively watered
fuel oil. The quality of fuel oil can worsen and when it is mixed in tanks of oil depots
with fuel oil, in which, due to long-term storage, the quality characteristics do not
meet the standard requirements. Bunkering companies purchase batch of fuel from
different suppliers and mix them, maintaining only the quality standards for viscosity,
and almost do not take into account other indicators. In so doing, they are based on
international quality standards that do not include checks for the degree of clearance
from foreign inclusions and on the stability of the fuel, do not determine the
calculated carbonic aromatic index (CCAI), which has a significant effect on the
fuel's ability to ignite. With a CCAI index of more than 850-890, the fuel's ability to
ignite deteriorates sharply.
This leads to accidental contamination with combustion products of the
cylinder-piston group, exhaust valves, gas turbochargers. Unburned fuel can
accumulate in the gas outlet, which leads to increased combustion pressure, knocking
in the cylinders, explosions, fire in the exhaust tract. The higher content of aromatic
fractions is most possible in fuels with reduced viscosity from 180 cSt to 220 cSt,
obtained by mixing distillate fuels with high-viscosity fuel oil. Mixing the same
hydrocarbons of different natural origin, having an incompatible structural structure
of the molecules, can lead to a rapid loss of fuel stability. The use of unstable fuel in
power plants causes the rapid deposition of oil sludge in pipelines, the obstruction of
filters, leads to accidental contamination by combustion products of the cylinderpiston group parts and gas-discharge line assemblies of diesel engines.
Taking into account all the risk factors, the ship's crew should use the ship's
express laboratory at its disposal to inspect the quality, involve third-party heat
engineering laboratories and take other necessary measures to prevent the acceptance
of poor-quality fuel. The ultimate responsibility for the consequences of using poorquality fuel is always assigned to the ship's administration. To prevent negative
consequences, the ship's fuel preparation system must be equipped with effective
technical means that allow it to improve its quality characteristics prior to burning
fuel oil in power plants.
Improvement of the physical and chemical properties of fuel oil on ships is
achieved as a result of the use of various homogenizing devices. For example, our
hydrodynamic equipment has been successfully used in fuel systems of marine power
plants for fuel homogenization, preparation of a highly disperse water-fuel emulsion
since 1985.
23

Superheated fuel oil contains 25-50% of stabilized gas condensate with a
content of C1-C4 fraction in the amount of no more than 0,3-1,0% and the rest is fuel
oil of grade M100 and / or M40.
The physical and chemical properties of fuel oil depend on the chemical
composition of the initial oil and the degree of distillate fraction distillation and are
characterized by the following data: viscosity 8-80 mm2 / s (at 100 ° C), density 0.891 g / cm3 (at 20 ° C) hardening 10-40 0С, sulfur content 0.5-3.5%, ash up to 0.3%,
lower heat of combustion 39.4-40.7 MJ / mol.
Fuel oil is a type of oil fuel derived from heavy residues of oil, coal and oil shale
processing.
Used as a boiler fuel in power engineering, shipping and industry.
The main characteristics differ in the following indicators:
• Viscosity index (possibility of pumping, spraying in the furnace)
• Sulfur content
• Freezing point
• Ash content (ash deposits on boilers)
• Density
• Flash point (fire hazard).
To reduce the viscosity of fuel oil before burning, preheat, in the furnace is
additionally turbolized with hot steam.

1.4 A review of the literature on analogical problems
Many scientists have investigated the burning of fuel, and they all differ from
each other. Each scientific article describes different results and different scientific
studies, similar to this dissertational work.
The hot topic of the global warming and increased demands on pollution control
[1], especially in an industrial scale, is becoming one of the major challenges of our
time. The extension of this challenge is rising with increasing industrial production
volumes and with limiting sources of energy. These demands have stimulated many
researchers into developing and modernizing the heating systems that are used in
industrial production reactors. One example of these achievements is the oxy-fuel
combustion system that was introduced by Horn and Steinberg [2], and Abraham [3]
et al.to reduce the CO2 and NOx levels while increasing the efficiency of the
combustion. Ever since, many studies have focused on this subject in order to
investigate the practical advantages and disadvantages of using this technology and to
provide knowledge for further improvements.
As many laboratorial and numerical studies were carried out on the topic of
combustion, the use of CFD as a tool for modeling and understanding these new
technologies increased. For the special case of oxy-fuel burners, many studies [8] [9]
[10] were done especially on developing and validating existing combustion and
radiation models. In 2010, Johansson et al. [8] studied the accuracy of different
radiation models for an oxy-fired boiler by comparing results from using four
different radiation models. They concluded that the WSGGM is the most satisfactory
choice in comparison to all the other models. I , rtstam t al. [9] compared the
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influence of gray and non-gray radiation models on predictions based on measured
data from a 100 kW oxy-fuel unit. They concluded that the non-gray approach
predicts acceptable results in both combustion systems. In 2013 Galletti et al. [11]
used a 3 MW semi-industrial furnace to validate the CFD sub-models for an oxynatural-gas combustion. They concluded that the use of the fast chemistry method
results in inaccurate prediction of temperature
Research on the development of reliable global reaction mechanisms for
combustion of hydrocarbons was done during the 80s by WestBrook & Dryer (1984)
and Jones & Lindstedt (1988) [12]. Westbrook and Dryer derived 1- and 2-step
global reaction mechanisms for hydrocarbons fuels and are well known and often
used in the industry. In the single step mechanism the fuel and oxidizer (air) reacts to
give CO2 and H2O. The weakness of the single step mechanism is that by assuming
that the reaction products only are CO2 and H2O the total heat of reaction is over
predicted. To account for this, a two step model for hydrocarbonswas suggested by
Westbrook and Dryer, which can be seen below for methane-air gas:
CH4 +3/2 O2 ⇒ CO + 2H2O
CO +1/ 2O2 ⇒ CO2
Jones & Lindstedt (1988) developed a 4-step global reaction mechanism for
several hydrocarbon fuels. For methane-air mixture the global multi-step reaction
mechanism involves the following steps:
CH4 +1/2 O2 ⇒ CO + 2H2
CH4 + H2O ⇒ CO + 3H2
H2 +1/2 O2 ↔ H2O
CO + H2O ↔ CO2 + H2
The first two reactions are global reactions in one direction, whereas the last two
are equilibrium reactions. A promising new approach to construct global reaction
mechanism was reported by Meredith & Black (2006) [14] . They address the
difficulties in constructing global mechanisms by invoking amoremathematical
approach. In brief, they apply robust optimization techniques to obtain a
globalmechanism that gives the best possible match with detailed chemistry. They
report very good results with 3-/5-step global reaction mechanisms for methane and
JP8 combustion cases.
Franzelli et al. (2010) [15] used a slightly different but also promising approach.
They derived a 2-step global reaction mechanism for kerosene combustion. To
predict better results at rich conditions, they introduced correction functions,
dependent on the local equivalence ratio, for the fuel oxidation and the CO oxidation.
Furthermore, they based the backward rate of reaction 2 on an equilibrium
assumption. Cuoci et al. (2009) optimized two global reaction mechanisms using the
work from WestBrook & Dryer (1984) [16], Jones & Lindstedt (1988) and Andersen
et al. (2009) as a starting point. The evaluation of the multi-step global reaction
mechanisms were based on the regression data from a detailed kinetic scheme in
laminar diffusive counter-flow flames. These flames were assumed as a good
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representation of the real flame (Buzzi & Manenti (2009) [17], Peters (1984)). The
work by Cuoci et al. (2009) was tested on a syngas flame with promising results.
Gri Mech 3.0 was chosen as the detailed reference reaction mechanism. This
mechanism involves 325 reactions and is optimized to model natural gas combustion,
Smith. et al. (1999). The goal of the first phase of the kinetic modeling work was to
construct a multi-step global reaction mechanism for methane-air mixture that
predicts temperatures and emissions over a wide range of combustion conditions, e.g.
equivalence ratios 0.5 - 1.6, inlet temperatures 250K - 650K and atmospheric
pressure. Meredith & Black (2006) 3-step reaction mechanism was used as a starting
point for the optimization. The optimization of the 3-step global reaction mechanism
was done in the following way.
- First, modifications of the Arrhenius rate coefficients (reaction orders,
activation energy and pre-exponential factors) on a 3-step reaction mechanism were
done to improve the predictions at rich conditions. Unfortunately, no improvements
were achieved at rich conditions despite several attempts. The PSR code was used as
a tool to judge whether the global reaction mechanism was performing well.
- The second phase was to modify the second (carbon monoxide oxidation) and
third (carbon dioxide reduction) reactions to be a CO − CO2 equilibrium reaction.
This implied that the reaction orders were changed to comply with the standard
reaction orders for an elementary reaction. This modification improved the results
slightly at rich conditions.
- The third phase was to use the PSR code to optimize the Arrhenius rate
coefficients for the fuel oxidation into CO and H2O and the CO − CO2 equilibrium
reaction at lean conditions. After this step the activation energies were held constant.
- The fourth phase was to optimize the pre-exponential factors at rich conditions.
- The fifth and last phase was to fit these optimized pre-exponential factors into
correction functions. Here, the Franzelli et al. (2010) correction functions were used
since their results were quite close to the optimized results that were obtained here.
The correction functions were shifted slightly in terms of equivalence ratio. To sum
up, the optimization was performed in many steps, using the work of Meredith &
Black (2006) and Franzelli et al. (2010) as a starting point. The improved global
reaction mechanism is a result of the PSR optimization.

26

2 MATHEMATICAL MODELING
2.1 Basic equations
Currently, there are a number of models turbulent combustion, which differ
from each other another mathematical complexity and, consequently, number of
required computing resources, and the accuracy of the description of turbulent
processes. The mathematical basis for models is Navier-Stokes equations, successive
solution and simplification of which, with the introduction of additional conditions
and restrictions, leads to the formation of a simulation system.
For mathematical modeling, systems of equations including equations of
motion, the equation of continuity, energy and the equation for temperature and
concentration are considered, and the equation of turbulent motion is the standard k-ε
model of turbulence.
Conservation equations for solving the equations of continuity, momentum and
energy. For a Newton fluid that behaves like an ideal gas, these equations can be
expressed as
Equation of continuity:
𝜕𝜌
𝜕𝑡

+ ∇ ∗ (𝜌𝑉 ) = 0

(1)

Equation of motion:
𝜕
𝜕𝑡

(𝜌𝑉 ) + ∇ ∗ {𝜌𝑉𝑉 } = 𝜌𝑓 + ∇ ∗ П𝑖𝑗

(2)

i, j, k = 1,2

Equation of energy:
𝜕𝐸𝑡
𝜕𝑡

+ ∇ ∗ (𝐸𝑡 𝑉 ) =

𝜕𝑄
𝜕𝑡

− ∇ ∗ 𝑞 + 𝜌𝑓 ∗ 𝑉 + ∇ ∗ (П𝑖𝑗 ∗ 𝑉)

(3)

The system of two-dimensional Favre averaged Navier-Stokes equations for a
compressible turbulent gas, written in a Cartesian coordinate system in a conservative
form:
The equation of continuity (1) is transformed

∂ ρ ∂ (ρu ) ∂ (ρv)
+
+
= 0 (4)
∂t
∂x
∂y
The above equation is written for the general case and is suitable both for flows
with discontinuities and without them. But, as soon as we take some approximation
for the stress tensor, equation (2) loses its generality. For all gases that can be
considered as a continuous medium, and most liquids, it is noted that the stress at
some point depends linearly on the rate of deformation of the liquid. Such a fluid is
called Newtonian. With this assumption, it is possible to derive a general deformation
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law that relates the stress tensor to the pressure and velocity components. In tensor
notation, it is written in the form

П𝑖𝑗 = −𝜌𝛿𝑖𝑗 + 𝜇 (

𝜕𝑢𝑖
𝜕𝑥𝑗

+

𝜕𝑢𝑗
𝜕𝑥𝑖

2

𝜕𝑢

) + 𝛿𝑖𝑗 (− 3 𝜇) ∗ 𝜕𝑥𝑘

(5)

𝑘

The viscous stress tensor can be written as

𝜏𝑖𝑗 = 𝜇 [(

𝜕𝑢𝑖
𝜕𝑥𝑗

+

𝜕𝑢𝑗
𝜕𝑥𝑖

2

𝜕𝑢

) − 3 𝛿𝑖𝑗 𝜕𝑥𝑘 ]
𝑘

(6)
Substituting (5) into (2), we obtain the well-known Navier-Stokes equation

𝜌

𝜕𝑉
𝜕𝑡

= 𝜌𝑓 − 𝛻𝑝 +

𝜕
𝜕𝑥𝑗

∗ 𝜇 [(

𝜕𝑢𝑖
𝜕𝑥𝑗

+

𝜕𝑢𝑗
𝜕𝑥𝑖

2

𝜕𝑢

) − 3 𝛿𝑖𝑗 𝜕𝑥𝑘 ] (7)
𝑘

In a Cartesian coordinate system, we have three scalar Navier-Stokes equations:

𝜌

𝜕𝑢

𝜌

𝜕𝑡

= 𝜌𝑓 −

𝜕𝑝
𝜕𝑥

+

𝜕
𝜕𝑥

2

𝜕𝑢

3

𝜕𝑥

∗ [ 𝜇 (2

−

𝜕𝑣

𝜕

𝜕𝑢

𝜕𝑣

)] + 𝜕𝑦 ∗ [𝜇 (𝜕𝑦 + 𝜕𝑥)] (8)
𝜕𝑦

𝜕𝑣
𝜕𝑝
𝜕
𝜕𝑢 𝜕𝑣
𝜕 2
𝜕𝑢 𝜕𝑣
= 𝜌𝑓 −
+
∗ [𝜇 ( + )] +
−
[ 𝜇 (2
)]
𝜕𝑡
𝜕𝑦 𝜕𝑥
𝜕𝑥 𝜕𝑦
𝜕𝑦 3
𝜕𝑦 𝜕𝑥

These equations can be rewritten in a divergent form

( )

∂ (ρu ) ∂ (ρu 2 ) ∂ (ρuv)
∂ p ∂ (τ xx ) ∂ τ xy
+
+
=+
+
∂t
∂x
∂y
∂x
∂x
∂y

( )

( )

∂ (ρv) ∂ (ρuv) ∂ (ρv 2 )
∂ p ∂ τ xy ∂ τ yy
+
+
=+
+
∂t
∂x
∂y
∂y
∂x
∂y

where the components of the viscous stress tensor are expressed as:
𝜏𝑥𝑥 =

2
𝜕𝑢 𝜕𝑣
𝜇 (2
−
)
3
𝜕𝑥 𝜕𝑦
2

𝜕𝑣

3

𝜕𝑦

𝜏𝑦𝑦 = 𝜇 (2
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−

𝜕𝑢
𝜕𝑥

)

(9)

𝜏𝑥𝑦 = 𝜇 (

𝜏𝑦𝑥 = 𝜇 (

𝜕𝑢 𝜕𝑣
+
)
𝜕𝑦 𝜕𝑥

𝜕𝑢
𝜕𝑦

+

𝜕𝑣
𝜕𝑥

)

(10)

In the Cartesian coordinate system, the energy equation (3) is written down
in the divergent form:

(

)

(

)

∂ uτ xy + vτ yy - q y
∂ E t ∂ ((E t + p )u ) ∂ ((E t + p )v) ∂ uτ xx + vτ xy - q x
+
+
=
+
(11)
∂t
∂x
∂y
∂x
∂y
where

𝐸𝑡 = 𝜌 (𝑒 +

𝑢2 +𝑣 2
2

𝑞 = −𝑘∇𝑇

) (12)
(13)

𝑐𝑝

𝜕𝑇

𝜕𝑇

𝑞 = −( )μ ∗ ( +
𝑃𝑟
𝜕𝑥
𝑘= (

𝑐𝑝
)μ
𝑃𝑟

𝑃𝑟 =

𝑐𝑝 𝜇
𝑘

𝜕𝑦

Strain tensors and heat fluxes are expressed as:
𝜏𝑥𝑥 =

2 𝜇
𝜕𝑢 𝜕𝑣
(2
−
)
3 𝑅𝑒
𝜕𝑥 𝜕𝑦

𝜏𝑦𝑦 =

2 𝜇
𝜕𝑣 𝜕𝑢
(2
−
)
3 𝑅𝑒
𝜕𝑦 𝜕𝑥

𝜏𝑥𝑦=𝑦𝑥 =

𝜇 𝜕𝑢 𝜕𝑣
(
+ )
𝑅𝑒 𝜕𝑥 𝜕𝑦

t

q x =−

Tx

( −1)M 2 PrRe
t

q y =−

Ty

( −1)M 2 PrRe
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)

For pressure and temperature, the following expressions are written:

(

)

1


P=( −1) Et − u 2 + w 2 + v 2 
2


 1 
1
Et − u 2 + w2 + v 2 
T = 
2

 cv 

(

cv =

)

1
 ( −1)M 2

Also for the solution of this problem we use the equations of temperature and
concentration.
For an incompressible flow, the temperature equation:

∂T
∂T
∂T
∂
∂T
∂
∂T
+u
+v
=
( k1
)+
( k2
) (15)
∂t
∂x
∂y ∂x
∂x
∂y
∂y
Concentration equation:

∂C
∂C
∂C ∂
∂C
∂
∂C
+u
+v
=
( k1
)+
( k2
)
∂t
∂x
∂y ∂x
∂x
∂y
∂y
k 1 , k 2 - diffusion coefficients

Transforming equation (15) we obtain for a compressible flow
temperature equation:

∂ (ρT ) ∂ (ρTu ) ∂ (ρTv) ∂
∂T
∂
∂T
+
+
=
( k1
)+
( k2
)
∂t
∂x
∂y
∂x
∂x
∂y
∂y
concentration equation:

∂ (ρC ) ∂ (ρCu ) ∂ (ρCv) ∂
∂C
∂
∂C
+
+
=
( k1
)+
( k2
)
∂t
∂x
∂y
∂x
∂x
∂y
∂y
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2.2 Boundary conditions
In the theory of differential equations, the initial and boundary conditions are an
addition to the basic differential equation (ordinary or in partial derivatives) that
determines its behavior at the initial instant of time or on the boundary of the region
under consideration, respectively.

Figure 2.1 - Boiler circuit
The initial conditions for all calculated values (velocity, temperature and
concentration) can be set to arbitrary values.
Boundary conditions for temperatures to one of the following types: constant
value of temperature, constant value of heat flow, heat Transfer with a constant level
of ambient temperature.
Fuel temperature of inlet Т = 313K = 40 ° C.
Fuel speed of inlet Uf = 80 m / s.
Air speed U = 0.5 m / s.
Air temperature of inlet Т = 293K = 20 ° C
Оn the boundary walls, the ambient temperature T = 293K = 20 ° C.

Figure 2.2 - Diagram of an asymmetric boiler with boundary conditions
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Initial conditions:
Uf =80,
Uair =0.5,

x=0,

Tf = 313,

x=0,

Tair = 293,

x=0,

Cf =1,

x=0,

Cair = 1,

1

x=0,

0 < y < Ly
5

1
5

< y < Ly
1

0 < y < Ly
5

1
5

< y < Ly
1

0 < y < Ly
1

x=0,

5

5

< y < Ly

Border conditions:
Uf =80,

1

x=0,

Uair =0.5,

x=0,

Tf = 313,

x=0,

Tair = 293,

x=0,

Cf =1,

x=0,

0 < y < Ly
5

1

< y < Ly

5

1

0 < y < Ly
5

1

< y < Ly

5

1

0 < y < Ly
5

1

Cair = 1,

x=0,

Twall = 293,

y= Ly,

0 < x < Lx

= 0,

y= Ly,

0 < x < Lx

= 0,

y= Ly,

0 < x < Lx

𝜕𝑈𝑤𝑎𝑙𝑙
𝜕𝑥
𝜕𝐶𝑤𝑎𝑙𝑙
𝜕𝑥

Thot = 1000 ,
𝜕𝑈ℎ𝑜𝑡
𝜕𝑥
𝜕𝐶ℎ𝑜𝑡
𝜕𝑥
𝜕Т
𝜕𝑥

y= Ly,

= 0,

y= Ly,

< y < Ly
3

5
3
5

3
5

3

y= Ly,

= 0,

=0,

5

5
3
5
3
5

x= Lx ,

Lx< x < Lx
Lx< x < Lx
Lx< x < Lx

0 < y < Ly

2.3 Turbulence model
The 2-D incompressible Favre-averaged equations describing the motion of a
turbulent fluid are as follows.
Overall mass conservation:

𝜕𝜌
𝜕
(𝜌𝑢𝑖 ) = 0
+
𝜕𝑡 𝜕𝑥𝑖
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Conservation of momentum:

𝜕
𝜕
𝜕
𝜕
𝜕𝑢𝑖
𝜕𝜌
(𝜌𝑢𝑖 ) +
(𝜌𝑢𝑖 𝑢𝑗 ) = −
(𝜌𝑢𝑖 𝑢𝑗 ) +
(𝜇
)−
𝜕𝑡
𝜕𝑥𝑖
𝜕𝑥𝑖
𝜕𝑥𝑖 𝜕𝑥𝑖
𝜕𝑥𝑗
A closure of the above two equations by means of the k - е turbulence model
result in the additional equations for the kinetic turbulent energy and dissipation rate

𝜕𝑢𝑖 𝜕𝑢𝑗
2
𝜌𝑢𝑖 𝑢𝑗 = −𝜇 (
+
) + 𝜌𝑘𝛿𝑖𝑗
𝜕𝑥𝑖 𝜕𝑥𝑖
3
where the turbulent eddy viscosity is defined as

𝜇𝑡 = 𝑐𝜇𝜌

𝑘2
( )
𝜀

The conservation equations for turbulent kinetic energy and its dissipation rate are

𝜕
𝜕
𝜕 𝜇𝑒𝑓𝑓 𝜕𝑘
(𝜌𝑘) +
(𝜌𝑢𝑖 𝑘) =
(
) + 𝐺 − 𝜌𝜀1
𝜕𝑡
𝜕𝑥𝑖
𝜕𝑥𝑖 𝜎𝑘 𝜕𝑥𝑖
𝜕
𝜕
𝜕 𝜇𝑒𝑓𝑓 𝜕𝜀
𝜀
𝜀2
(𝜌𝜀 ) +
(𝜌𝑢𝑖 𝜀 ) =
(
) + 𝐶1 𝐺 − 𝐶2 𝜌
𝜕𝑡
𝜕𝑥𝑖
𝜕𝑥𝑖 𝜎𝑘 𝜕𝑥𝑖
𝑘
𝑘
where the effective turbulent viscosity is defined as

𝜇𝑒𝑓𝑓 = 𝜇𝑡 + 𝜇
The rate of turbulent kinetic energy production is given by

𝜕𝑢𝑖 𝜕𝑢𝑗 𝜕𝑢𝑖
𝐺 = 𝜇𝑡 (
+
)
𝜕𝑥𝑗 𝜕𝑥𝑖 𝜕𝑥𝑗
The k - ε model of turbulence:
For the solution of the problem of burning hydrocarbon containing waste, a
standard k - ε model of turbulence will be used:

∂ uj
ν ∂k
∂k
∂k
∂
+uj
=
[( ν + t )
] + τ ij
-ε
∂t
∂ xj ∂ xj
σk ∂ xj
∂ xj
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νt ∂ ε
∂ε
∂ε
∂
ε ∂ uj
ε2
+uj
=
(ν+ )
+ c ε 1 τ ij
-c
∂t
∂ xj ∂ xj
σε ∂ xj
k ∂ x j ε2 k
2
values in solution νt = c μ k / ε
c μ = 0.09

c ε 1 = 1.44
cε 2 = 1.92
σk = 1
σ ε = 1.3
RNG k - ε - model:
The equations for the turbulence characteristics and the expressions for the
vortex viscosity are taken to be the same as for the standard k - ε model. However,
the model constant с ε 2 is defined as a function

cε 2 = c

~
ε2

λ≡

+

c μ λ3 (1 - λ/λ0 )
1 + βλ3

κ
2 S ij S ji
ε

Closing constants for RNG k - ε -model:

c μ = 0.085
c μ = 0.085
c ε 1 = 1.42
c ~ ε 2 = 1.68
σ k = 0.72
σ ε = 0.72

β = 0.012
λ0 = 4.38
2.4 Combustion model
The flow of the fuel droplets (liquid was defined by taking into consideration
initial conditions associated to the locations for the fuel injection (discrete phase) into
the gaseous mixture. These conditions were used as the starting point for calculating
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the trajectories of the droplets, by integrating their equation of motion (force balance
at the droplet). The heat and mass transfer processes occurring in the droplets were
modeled separately, by a sequence of physical laws.
There are two mechanisms that control the droplets evaporation, depending on
its temperature level. At the present formulation, the surface combustion of the
particle is not being modeled; therefore, the fuel droplets must vaporize before
reacting with the gaseous phase. Once it starts, vaporization proceeds until a boiling
temperature is reached (equal to 598 K, in the case of C19H30).
Consider a simple, global one step and irreversible reaction of the type
1 kg- Fuel + s kg. Oxidant ~ (1 + s) kg. Product,
where s is the mass stoichiometric oxidant/fuel ratio.
Combustion of fuel is a process of rapid oxidation of its combustible
components by oxygen, proceeding with intense heat release. The reaction of
combustion of any hydrocarbon in oxygen is expressed by the equation:
CmHn + (m + n / 4) O2 = mCO2 + (n / 2) H2O

(1)

For example, the combustion reaction of methane is CH4 + 2O2 = CO2 + 2H2O.
Equation (2) describes the qualitative and quantitative aspects of the reaction
before and after its completion. The volume of 1 km of any gas under normal
conditions is approximately the same (22.4 m3), so the combustion equation for
methane can be written in the form
1m3CH4 + 2m3O2 = 1m3CO2 + 2m3H2O
Thus, for the complete combustion of 1 m3 of methane, it is theoretically
necessary to consume 2 m3 of oxygen, and as a result of the reaction, 1 m3 of carbon
dioxide and 2 m3 of water vapor is produced. Almost necessary for the combustion of
gas oxygen is supplied in the composition of air consisting of 21% oxygen and 79%
nitrogen (the latter does not participate in combustion).
Consequently, for 1 m3 of oxygen there are 79/21 = 3.76 m3 of nitrogen. Taking
this into account, the combustion reaction of methane in air under ideal conditions is
expressed by the relation:
CH4 + 202 + 2 x 3.76N2 ------- 3CO2 + 2H20 + 7.52N2 +∆ Hfu. (2)
The quantitative relationships between the reagents determined for these
combustion reactions are called stoichiometric. In particular, it follows that,
theoretically, 9.52 m3 of air is necessary for combustion of 1 m3 of methane.
The conservation equation for chemical species i is

𝜕
𝜕
𝜕 𝜇𝑒𝑓𝑓 𝜕𝑚𝑗
(𝜌𝑚𝑗 ) +
(𝜌𝑢𝑖 𝑚𝑗 ) =
(
) + 𝑅𝑖
𝜕𝑡
𝜕𝑥𝑖
𝜕𝑥𝑖 𝜎𝑖 𝜕𝑥𝑖
35

Here, mj denotes the mass fraction of the j-th chemical species. The rate of production
of speciesji by chemical reaction Rj is defined as

𝑅𝑓𝑢

𝑅𝑝𝑟
𝑅𝑜𝑥
=
=−
𝑠
1+𝑠
𝑅𝑖𝑛 = 0

where j = fu, ox, pr, and in indicate fuel, oxidant, product and chemically-inert
species, respectively.
Table 5 - Gas property values
Composition

Molecular
weight Mi

a(J/kg*K)

b x 103

c x 106

(J/kg*K)

(J/kg*K)

CH4

16.04

1916.53

-1092.7

8697

O2

32.0

800.38

415.46

-126.83

CO2

44.0

599.55

973.50

-330.44

H2O

18.0

1682.31

542.99

63.92

N2

28.0

969.26

198.96

6.1

Table 6 - Turbulence and combustion model constants
Constants

C1

C2

C3

C4

Value

1.44

1.92

0.09

4.0

𝜎𝑘 = 1 𝜎𝑒 = 1.3
𝜎ℎ = 𝜎𝑓𝑢 = 𝜎𝑓 = 𝜎𝑔 = 0.7
Hfu = 4.07 x 107 J/kg
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3 COMPUTER SYSTEM ANSYS FLUENT FOR MODELING
3.1 General information
The ANSYS applied mathematical modeling package is a typical representative
of specialized mathematical modeling packages. In essence, ANSYS is the
integration of several modeling packages from different sections of engineering and
physical calculations, united by a single interface and the ability to exchange data /
results of calculations.
Basic ANALYSIS Modules ANSYS (16.2)
• Electric (ANSYS);
• Explicit Dynamics (ANSYS);
• Fluid Flow (CFX);
• Fluid Flow (Fluent);
• Harmonic Response (ANSYS);
• Linear Buckling (ANSYS);
• Magnetostatic (ANSYS);
• Modal (ANSYS);
• Random Vibration (ANSYS);
• Response Spectrum (ANSYS);
• Shape Optimization (ANSYS);
• Static Structural (ANSYS);
• Steady-State Thermal (ANSYS);
• Thermal-Electric (ANSYS);
• Transient Structural (ANSYS);
• Transient Structural (MBD);
• Transient Thermal (ANSYS);
• ect.
The set of modules can be expanded, because ANSYS is the collection of
SPECIALIZED application modeling packages. In addition to analytical (ie design)
modules, ANSYS contains components designed to prepare computational models grid generators, graphic editors, etc.
In earlier versions of ANSYS, this collection was a bunch of individual
programs. In the modern version of ANSYS 12.0, the packages are united by the
common graphical interface ANSYS Workbench.
ANSYS Workbench is a shell over a collection of heterogeneous modules.
Based on the concept "schematic view", this shell brings together the entire modeling
process and helps the user to go through a complex analysis of different physical
processes using drag-and-drop technology. With two-way communication and an
automated mechanism for updating the project, the shell provides management and
integration of all ANSYS capabilities in the "Simulation Driven Product
Development" (simulation-based) technology.
Graphical interface ANSYS Workbench Geometry Interfaces provides
interrelation with most of the main ANSYS modules (not all!) And makes possible
the decision making on the basis of modeling. With the help of simple self-generated
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grids, which can be thoroughly refined by hand, ANSYS Meshing speeds up the
modeling process and helps to achieve a more accurate solution. ANSYS
DesignModeler fills the gap between CAD data and modeling, ANSYS
DesignModeler provides the creation of specific geometric models for providing
analysis tasks. ANSYS DesignXplorer provides the possibility of experiment
planning, optimization, extremum search and Six Sigma analysis (a set of
technologies for practical design or development that improves production processes
and eliminates defects).
"Multiphysics" -modeling ANSYS provides friendly means of engineering
modeling and analysis of complex related physical phenomena. ANSYS
"multiphysics" combines high-tech solutions for all physical sections: structural
mechanics, heat transfer, continuum flow and electromagnetism.
The ANSYS "Structural Mechanics" module offers the best modeling tools for
product development, minimizing the need for physical prototyping and reducing
design time. This module covers a wide range of tasks on the analysis of types,
elements, contacts, materials, solvers of equations aimed at understanding and
solving complex design problems.
The ANSYS "Fluid Flow" module offers a very complete set of tools for solving
the problems of fluid and gas mechanics and related problems. The capabilities of
Fluid Flow provide everything you need to design new devices and analyze existing
ones. The module contains both computational subsystems of general purpose, as
well as specialized systems for industrial calculations.
The ANSYS "Explicit Dynamics" module is designed to simulate large
deformations, strains, ruptures and other cases of material destruction.
The ANSYS "Electromagnetics" module provides simulation of electromagnetic
fields. Allows engineers to accurately predict the behavior of electrical and
electromechanical devices.
We will not describe all the modules.

3.2 Stages of modeling
The ANSYS Workbench interface is two areas (fig.3.1): the Toolbox and the
"Project Schematic". Toolbox contains templates that you can use to build a project.
Project Schematic - the area where the project management is located. In addition,
there is a toolbar and a menu with frequently used functions.
To start building a new model - select a template from the Toolbox and drag it to
"Project Schematic".(fig.3.2) The corresponding analytical block appears in the
"Project Schematic" as a rectangular area of several lines and a signature. The
signature can be changed to indicate the meaning of this analytical block.
After adding the analytical block, you must download or determine all the data
in the order of the cells (from the first to the last). Each cell is an object, access to
properties and methods is performed by right-clicking on the object and selecting an
item from the context menu (fig. 3.4). The list of properties and methods depends on
the type of cell. In general, there are New / Import methods that allow you to create
(call the ANSYS subsystem to create this type) and Transfer Data From / To New to
38

transfer data from / to other analytical blocks. If the data is specified for the cell, the
context menu contains Edit - editing the data. A cell containing "all necessary data" is
marked with a tick "\ /".

Figure 3.1 - Window ANSYS Workbench.
You can add several analytical blocks to the project, for example, creating a
common Geometry or Geometry + Mesh to solve heterogeneous tasks. Such blocks
can be interconnected, providing data transfer to the next analytical block (fig. 3.3).
Most analytical blocks begin with "Geometry" - a geometry job for the
simulated system. Geometry for different tasks is generally performed from different
editors (Mechanical, CFX, ANSYS FLUENT, etc.).
Many of the tasks that presently confront researchers and engineers are not
amenable to analytical solution either requires huge costs for experimental
implementation. Progress in developing numerical methods and computer modeling
allowed the field to expand the range of tasks available to analysis. In practice, the
results obtained on the basis of these methods are used in practically all fields of
science and technology.
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Figure 3.2 - Start modeling in ANSYS Workbench.

Figure 3.3 - Project Workbench from several analytical blocks.
The finite element method (FEM) is a powerful, reliable and a modern study of
the behavior of structures in conditions of various impacts. The ANSYS program
using FEM is widely known and popular among engineers dealing with issues of
strength. Facilities FEM ANSYS allows you to calculate static and dynamic stressstrain state of structures in including geometrically and physically nonlinear problems
of mechanics deformable body of the body. This allows you to solve a wide range
engineering tasks.
Important point in the development of numerical simulation has been the
emergence of settlement packages (CFD-packages), aimed at a wide audience of
users. Students interested persons, engineers, etc. Such a mathematical package is
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placed in numerical methods, has the form of the universal, and with the rapid growth
of computers.

Figure 3.4 - Cell properties of the analytical block.
You can also take advantage of the CFD-packages.
1. "Heavy" - high-level packages that are suitable for scientific and engineering
calculations, able to solve the challenges with an extensive set of mathematical
models. CFD-packages - ANSYS CFX (ANSYS, Inc.), FLUENT (ANSYS, Inc.
together with Fluent, Inc.), Star-CD (CD-adapco). In all the packages includes a large
number of turbulence models, which solve the problem of varying the complexity of
the chemical reactions, multiphase flow, combustion, and are supported in different
types of grids.
2. Intermediate, used for the engineering complexity of calculations. In their
choice of the models. This category may include COSMOSFloWorks ANSYS
FLOTRAN (ANSYS, Inc.), (Solid Works Co.), STAR-CCM + (CD-adapco).
3. "Light" - CFD-packages, the method of low accuracy.
Despite the difference in the programs of the different classes of capabilities, the
basic approach of the calculation in them is the same and is as follows:
1. Preparation of the calculation model. At this stage there are:
a) Creation of the geometric model describing the computational domain.
b) Generation grid model created based on geometry.
c) Setting the boundary and initial conditions, the choice of the physical
calculation models (turbulence model, thermal conductivity, burning, etc.) - preprocessing.
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2. The solution to the solver.
3. Review and evaluation of results - post-processing.
4. If necessary, the correction of the calculation model (change in the geometry
of the grid, the physical model). Carrying solutions, taking into account changes.
Generally, the computational model is made of. However, changes may be
dictated by, for example, the desire to trace the influence of the quality of the grid
pattern (the number of cells, their parameters) on the result, the computational cost,
the convergence calculation, or to identify the adequacy of the application
The presented mathematical model is implemented in the package ANSYS
Fluent.
The following stages of work in ANSYS Workbench have been carried out to
investigate the distribution of heavy gases in the atmosphere:
1. Design Modeler - creation / import of geometric models;
2. Mesh – the spatial sampling of the computational domain (covering the area
of geometric domain with mesh finite element / finite volume);
Setup includes:
c) The model of gas;
d) Turbulence model;
d) Boundary conditions.
3. Setup – the selection of physical-mathematical model, the description of the
computational scheme, setting the boundary and initial conditions;
4. Solution - the process of solving the problem, the control of convergence
solutions;
5. Results – the processing and analysis of results.
Working with a specific modeling subsystem is specific and depends on the system.
In our course, we will not be able to examine all ANSYS modeling subsystems. We
confine ourselves to the analytical block Fluid Flow (FLUENT) and its cells
(Geometry, Mesh, Setup, Solution).(fig.3.5)
Stages of modeling on the software product ANSYS consist of several items(fig.3.6):
1. Creation / import of a geometric model;
2. Spatial sampling of the computational domain (covering the geometric region
with a finite element grid / finite volumes);
3. Choice of physical and mathematical model, description of the calculation
scheme, specification of boundary and initial conditions;
4. The process of solving the problem, monitoring the convergence of the
solution;
5. Processing and analysis of results.
Simulation in the software product will consist of several stages.
Thus, the ANSYS Workbench project is just a collection of ANSYS modeling
subsystem files, graphically displayed in the "Project Schematic" window. The
project can contain several analytical blocks to solve various modeling problems, the
unit can exchange data (serve as a data source) for another block. Such links in the
"Project Schematic" diagram are displayed by connecting lines between blocks.

42

Figure 3.5 - Toolbox of Ansys Fluent

Figure 3.6 - Simulation diagram

3.3 Methods used for numerical solution
Computational methods of profit dynamics are traditionally classified into two
families, labeled based on density and based on pressure. In particular, based on the
density methods historically dominated the modeling of transonic and supersonic
which are commonly found in the aviation industry, and were well established when
the first SIMPLE algorithm was triggered. SIMPLE, based on pressure method was
developed to address this shortcoming and was quite effective in the resolution of
flows of incompressible and small Mach.
ANSYS Fluent provides four segregated types of algorithms: SIMPLE,
SIMPLEC, PISO, and (for time-dependent flows using the Non-Iterative Time
Advancement Option (NITA)) Fractional Step (FSM). These schemes are referred to
as pressure-based segregated algorithms. Steady-state calculations will generally use
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SIMPLE or SIMPLEC, while PISO is recommended for transient calculations. PISO
may also be useful for steady-state and transient calculations on highly skewed
meshes. In ANSYS Fluent, using the Coupled algorithm enables full pressurevelocity coupling, hence it is referred to as pressure-based coupled algorithm.
For the numerical solution, the Simple method was used.
The SIMPLE algorithm is one of the widely used methods of numerical solution
of the Navier-Stokes equations. The name of the method is an abbreviation for the
first letters of its constituent words (SIMPLE - Semi-Implicit Method for Pressure
Linked Equations, a semi-implicit method for equations with a pressure relationship).
The SIMPLE algorithm was developed in the early 1970s by Brian Spaulding
and his student Suhas Patankar, who worked at the Imperial College of London.
Since then, it has been used in a variety of works to solve various problems of
hydrodynamics and heat transfer and has served as the basis for the development of a
whole class of numerical methods.
In 1979 Patankar proposed a modified version of the algorithm, called
SIMPLER (SIMPLE Revised). Another improvement in the algorithm is the PISO
(Pressure implicit with splitting of operators) method.
Due to its relative simplicity, the algorithm is described in many textbooks on
numerical methods in hydrodynamics.

Figure 3.7 - Solution Methods
In ANSYS Fluent, both the standard SIMPLE algorithm and the SIMPLEC
(SIMPLE-Consistent) algorithm are available. SIMPLE is the default, but many
problems will benefit from using SIMPLEC, particularly because of the increased
under-relaxation that can be applied, as described below.
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For relatively uncomplicated problems (laminar flows with no additional models
enabled) in which convergence is limited by the pressure-velocity coupling, you can
often get a converged solution more quickly using SIMPLEC. With SIMPLEC, the
pressure-correction under-relaxation factor is generally set to 1.0, which aids in
convergence speed-up. In some problems, however, increasing the pressurecorrection under-relaxation to 1.0 can lead to instability due to high mesh skewness.
For such cases, you will need to use one or more skewness correction schemes, use a
slightly more conservative under-relaxation value (up to 0.7), or use the
SIMPLEalgorithm. For more information, please contact: SIMPLEC will improve
convergence only if it is being limited by the pressure-velocity coupling. Often it will
be one of the additional modeling parameters that limits convergence; in this case,
SIMPLE and SIMPLEC will give similar convergence rates.
The Solution Methods task page allows you to specify various parameters
associated with the solution method. You can specify the method in Figure 3.7

3.4 Geometry and grid generation
The development of any model begins with the creation of geometry (Geometry)
model. As an example, consider the creation of a model of gas flow in a long pipe
under the influence of pressure drop.
Let's right-click on the Geometry cell in the analytic block and select New
Geometry (fig 3.8). You can load the finished geometry from other geometric editors
supported by ANSYS, for example, AutoCAD, but we will not shy away.
The "DesignModeler" will be launched by the geometric editor ANSYS (Figure
3.9). This application allows you to create a geometric description of the modeled
object, something like a simplified AutoCAD. First of all, the editor asks the units of
measure for length. It is best to choose "convenient" for your case. For the pipe we
will choose meters.
The ANSYS DesignModeler application is intended for use as a geometry editor
for existing CAD models. ANSYS DesignModeler is a model modeler with a
parametric characteristic, designed so that you can intuitively and quickly start
drawing 2D sketches, simulate 3D parts or load 3D CAD models for preliminary
processing of engineering analysis.
"DesignModeler" has two modes: "2D Sketching" and "3D Modeling".
In the "Sketching" mode, you can use five toolbars to create two-dimensional
sketches by adding and removing two-dimensional objects:
• Draw Toolbox - drawing lines, rectangles and polylines;
• Modify Toolbox - modification, trimming, clipping and pasting;
• Dimensions Toolbox - size determination;
• Constraints Toolbox - imposing restrictions on relative positioning.
• Settings Toolbox - displays the grid on the plane.
You can draw a sketch only on the plane. If necessary, you need to create the
desired plane. Further from these sketches, you can generate 3D objects in 3D
Modeling mode.
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The "Modeling" mode allows you to create three-dimensional models by
extruding or rotating flat-sketch profiles.

Figure 3.8 - Creating the geometry of the model.

Figure 3.9 - Geometry editor.
If you have never used a parametric solid modeler, you can easily find and use
the ANSYS DesignModeler application. If you are an experienced user in parametric
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modeling, the ANSYS DesignModeler application offers you the functionality and
power needed to convert 2D sketches of lines, arcs and splines into a 3D model.
To solve this problem, we create a two-dimensional geometry. For this we use
ANSYS DesignModeler.(fig.3.10)
The graphical user interface consists of five main areas:
1. Toolbars: located at the top of the interface, there are nine toolbars.
2. Tree Outline and Toolboxes: located in the far left corner of the interface,
Tree Outline or Toolboxes are displayed depending on the application mode.
3. Graphic window: located in the center of the interface, the graphics window
proportionally dominates.
4. Detail view: located in the lower left corner of the interface, the "Details"
window displays various types of information depending on the application mode.
5. Status bar: at the bottom of the interface, the status bar displays information
about the current state of the application.

Figure 3.10 - DesignModeler application's interface
After creating a geometric description of the model, you must create a grid.
Creation of a grid is necessary, since all calculations in ANSYS modeling are purely
numerical and based on finite difference methods.
To create a grid in the ANSYS Workbench project, right-click on the Mesh cell
of the analysis block (Fig. 3.11). As a result, the generator-editor of ANSYS Meshing
grids (Fig. 3.12) will be launched.
The philosophy of ANSYS Meshing is to provide a simple and reliable way to
generate calculation grids and simplify the process of generating a grid for the user.
Meshing is an extremely automated tool that operates under the control of the user.
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When the grid editor is started, first of all, the grid type is determined based on
either direct user indication if Meshing is called off-line, or based on the type of
analytical block from which Meshing is called.

Figure 3.11 - Create-edit grid (Mesh).
In ANSYS, two types of nets are identified according to the algorithm
• patch conforming - "adjusting" to geometry;
• patch independent - independent of geometry.
"Adjustable" grids are generated within and including all geometric model
boundaries. The "Virtual Topology" object can be used to impose restrictions on the
grid.
"Adjustable" grids are independent of the boundary conditions and other parameters
of the geometric model. When you change geometry by adding or changing parts of
an object, the "adjusting" grids do not need a complete rebuild.
In Mesh Generation mode, you use the Model tree for object-focused
management of the meshing workflow and display.(fig.3.13) At each level, rightclick and select from context-sensitive menus to manage the mesh generation
process.
Create 2D boiler geometry. Rectangular boiler width of 225 mm, height
1800mm, as well as nozzle 5 mm, through which fuel will be supplied. Using the
Sketching tab, draw the geometry in the Modeling tab along the XY axis. Next, after
creating the geometry, go to the grid generation. Calculation grids are used in the
numerical solution of differential and integral equations. The quality of the
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computational grid construction largely determines the success (failure) of the
numerical solution of the equation. The choice of the method for constructing the grid
depends on the requirements of the specific task to the grid and the method of
triangulation itself. My choice fell on the front algorithms because they most fully
satisfy the requirements imposed by the tasks I'm dealing with (for arbitrary regions
on flat and three-dimensional surfaces, with a certain degree of unevenness of the
segments at the boundary, I automatically obtain at the output a grid with the
maximum uniformity of the triangles ).

Figure 3.12 - ANSYS Meshing mesh editor.

Figure 3.13 - Mesh Generation Model
It all began with the need to automatically rebuild the grid in the formation of a
crack in 2 D calculations, after that, automatic generation of the initial grid in the
plane and on an arbitrary surface was done. To create a grid, we use the method by
49

which we will choose how to generate it. Select all the necessary parameters and
click the Generate Mesh button.

а)

b)
Figure 3.14 - a) the generated grid
b) the grid view near
The physical region of the fluid flow may comprise one or more bulky bodies
representing the flow of liquid. All bodies of one area of the fluid flow must have one
general purpose material. The movement of the liquid material limits the area due to
the walls restricting people and the entrances or exits from areas through the
entrances, exits and openings that are conditions outside the simulated area. So in the
Mesh phase we must specify the boundary conditions, and select the necessary
parameters. Further on the same stage, in the Meshing the fields will be selected to
set initial and boundary conditions in subsequent stages. The figures 3.15-3.16 shows
how to perform this step below.
Given the important role of boundary conditions, you can define your problem
using the following boundary types:

Figure 3.15 - The selection of boundary condition "Wall"
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Figure 3.16 - Boundary conditions
Table 7 - Boundary Types
Boundary Type

Description

Inlets

An open boundary where fluid is entering the physics
region.

Outlets

An open boundary where fluid is exiting the physics
region.

Openings

An open boundary where fluid may enter and/or exit
the physics region.

Walls

A closed boundary across which fluid cannot flow
into or out of the physics region.

Symmetry

A closed boundary at a plane of symmetry across
which fluid is not expected to flow.

3.5 Solution of systems of equations in ANSYS FLUENT
After creating the grid, you need to define the parameters: model material,
boundary conditions of the model.
Before running Setup, run the Update command on the previous cell and save
the Workbench project.
After selecting Edit from the context menu of the Setup cell (Fig 3.17), the
"corresponding" parameter editor will be launched. The editor, like all the previous
ones, has two main areas: the tree on the left and the graphical representation of the
model on the right. The physical preprocessor ANSYS is a modern, intuitive interface
for preparing dynamics of liquids or gases for modeling. In addition to the basic
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operating mode, the built-in wizard guides the user in the process of preparing the
total estimated flow of liquids or gases.

Figure 3.17 - Run the Setup calculation editor.
A powerful programming language allows you to choose a description as a
figure, as in the case of complex boundary conditions, material models, copyright or
an additional transfer equation. The adaptive Fluent architecture also allows you to
execute your own graphical user interface to standardize the recording for the
application.
The third stage of solving the problem is the right choice for the constructive
module. All the binding settings are described in more detail below. When the
simulation is opened, a window appears in front of us, in which the calculation
module is displayed. If a grid with errors is found in the step, the settings window
does not load the geometric model.
For the problem with solver and physical model settings, you need:
• Import and check the mesh.
• Select the numerical solver (for example, density based, pressure based,
unsteady, and so on).
• Select appropriate physical models.
• Turbulence, combustion, multiphase, and so on.
• Define material properties.
• Fluid
• Solid
• Mixture
• Prescribe operating conditions.
• Prescribe boundary conditions at all boundary zones.
• Provide an initial solution.
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• Set up solver controls.
• Set up convergence monitors.
• Initialize the flow field.

Figure 3.18 - Setup and solution settings

Figure 3.19 - Turbulent model
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To activate the calculation of heat transfer, enable the energy equation by rightclicking Energy in the tree (under Setup/Models) and clicking On in the menu that
opens. We are modeling viscous flow and we want to include the viscous heating
terms in the energy equation, enable the Viscous Heating option in the Viscous
Model dialog box.

Figure 3.20 - Species model

Figure 3.21 - Boundary Conditions
Setup → Models → Viscous Edit... Define thermal boundary conditions at flow
inlets, flow outlets, and walls. The boundary condition dialog boxes can be opened by
right-clicking the boundary name in the tree (under Setup/Boundary Conditions).
At flow inlets and exits we will set the temperature.
To describe the turbulent flow, we choose the model of κ-ε turbulence (Launder
and Spalding, 1974), with a turbulent the viscosity, defined as μt = cμ ρ κ2 / ε, where
cμ = 0,09 is the empirical constant. κ is the turbulent kinetic energy and ε is its
dissipation rate, and both obtained by solving their conservation equations.
For combustion gas, there are three types of solvers all operating in unsteady
state. The species model is the non-premixed turbulent combustion. (fig.3.20) The
concept it uses for the chemical species is the EDC (Eddy Dissipation) where the
chemical time scale is handled differently.
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Expression of Air-Fuel reaction mechanism:
CH4 + 202 + 2 x 3.76N2 → 3CO2 + 2H20 + 7.52N2
C19H30 + 26.5O2 → 19CO2 +15H2O
2 C28H42 + 77 O2 = 56 CO2 + 42 H2O
The solution of the equations systems in ANSYS FLUENT ends with boundary
conditions, where we must denote the temperature, concentration, velocity and
pressure at the boundary and initial conditions.
Then we pass to the solution - we carry out the process of solving the problem,
we control the decision of convergence and questions of results. processed results and
results of analysis of results.
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4 RESULTS OF NUMERICAL SIMULATION
In order to determine limits of combustion stability, heat loss conditions are
varied. The critical heat loss coefficient, which accounts for heat losses to the
surroundings or possible heat exchange with an endothermic reaction, is taken as an
independent parameter to understand how important thermal management is. In order
to compute the critical values and achieve convergence, natural parameter
continuation is implemented. Knowledge of critical values of the external heat loss
coefficient gives a better understanding of the important factors controlling
combustion stability [25,26]. These critical values are useful as guides, but actual
values will vary depending on the system of interest. Computational fluid dynamics
simulations are carried out to better understand the dominant physics involved in the
combustion system, and to create engineering maps of external heat loss coefficients
that allow stabilized combustion.
Post-processing of results graphical and quantitative analysis obtained in
ANSYS Fluent.

Figure 4.1 - Total temperature of contour
Isopleths of some interesting quantities are displayed within the fluid for the base
case. Shown are isotherms of temperature (in K), isopleths of methane mass fraction,
isopleths of carbon dioxide mass fraction and isopleths of H2O mass fraction,
isopleths oxygen mass fraction. In each case, the plotted isopleths range from the
computed minimum to the computed maximum. (fig.4.1-4.2)
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a)

b)

c)
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d)
Figure 4.2 - Concentration of
a) CH4 b) CO2
c) H2O d) O2
The mechanism of propane for the loss of combustion stability is qualitatively
similar to that of methane [27,28,29]. In the low wall thermal conductivity regime,
the primary mechanism of combustion instability is blowout, whereas in the high wall
thermal conductivity regime, it is extinction. Propane flames in gas-phase micro
combustors are more robust than methane flames due to he lower ignition
temperature of propane. Propane flames allow a wider choice of materials (with
various thermal conductivities) and greater external heat losses, given the stability
diagram of methane is substantially narrower (i.e., a subset) than that of propane. On
the other hand, methane-fueled catalytic microcombustors are typically more robust
than those of propane, except in the very low flow velocity regime [27], although
methane exhibits lower chemical reactivity than propane, given the fact that the
catalytic ignition temperature decreases with increasing chain length of the
hydrocarbon [30]. This is in stark contrast to that observed in gas-phase microcombustors. This enhanced stability is due primarily to the faster methane transverse
transport toward the catalytic surface rather than chemical reactivity. In order to
assess the effect of mass diffusion coefficient, simulations are performed and
comparisons with propane-fueled catalytic systems are made. Since heat and mass
transfer is mechanistically linked with the ratio being a function of the Lewis number,
defined as the ratio of thermal diffusion coefficient to mass diffusion coefficient of
the deficient reactant, a Lewis Number analysis is also performed.
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a)

b)
Figure 4.3 - Heat of the Reactions
a) chart
b) contour
The Heat of Reaction (also known and Enthalpy of Reaction) is the change in
the enthalpy of a chemical reaction that occurs at a constant pressure. It is a
thermodynamic unit of measurement useful for calculating the amount of energy per
mole either released or produced in a reaction. Since enthalpy is derived from
pressure, volume, and internal energy, all of which are state functions, enthalpy is
also a state function.
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Figure 4.4 - Mass fraction of methane in the graph at a variable temperature

Figure 4.5 - Mass fraction of СO2 in the graph at a variable temperature

Figure 4.6 - Mass fraction of H2O in the graph at a variable temperature
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Figure 4.7 - Mass fraction of O2 in the graph at a variable temperature

Figure 4.8 - Mass fraction of N2 in the graph at a variable temperature
After adding the afterburner, the temperature circuit in the boiler changes and
visually looks like this:

a)
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b)
Figure 4.9 - Temperature with hot-wall
a) in 1800K
b) 2300K
Mass fraction can also be expressed, with a denominator of 100, as percentage
by mass (in commercial contexts often called percentage by weight,
abbreviated wt%; see mass versus weight). It is one way of expressing the
composition of a mixture in a dimensionless size; mole fraction (percentage
by moles, mol%) and volume fraction (percentage by volume, vol%) are others.

a)
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b)

c)

d)
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e)
Figure 4.10 - Shown are isotherms of temperature (in K), isopleths of methane mass
fraction, isopleths of carbon dioxide mass fraction and isopleths of H2O mass
fraction, isopleths oxygen mass fraction, N2 mass fraction. Concentration of
a) CH4 b) CO2
c) H2O d) O2 e)N2

a)

b)
Figure 4.11 - Concentration of
a) CH4
b) H2O
c) CO2
d) O2
e)N2
in the graph at a variable temperature
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c)

d)

e)

f)
4.11 (f) Heat of reaction, g) velocity of fuel h) temperature in x axis

g)

h)
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CONCLUSION
Summary findings of the dissertation research.
In the thesis the following main scientific results were obtained:
• Computational geometry of the boiler has been constructed, in which
hydrocarbon-containing waste is incinerated;
• A mathematical model has been developed for describing combustion in
quadrangular geometry with additional heating on both sides;
• A numerical method is applied to solve this class of problems;
• Numerical implementation of the task, in the universal product ANSYS Fluent;
• The results of the combustion simulation are obtained to estimate the
concentration and reduce harmful emissions to the atmosphere.
Estimation of the completeness of the solutions to the tasks:
During the execution, calculations were performed, the task of which was to
reveal the main features of the ANSYS-Fluent numerical modeling environment. And
with the help of this software product, calculations were obtained that helped in the
numerical modeling of hydrodynamics and heat and mass transfer processes. on this
software package.
Recommendations for the use of specific results.
The prediction of numerical experiments on the spread of contamination makes
it possible to provide sufficient accuracy in solving problems of environmental
impact assessment. The use of high-quality models used for analysis and prediction
of the state of the environment will help to minimize the degree of danger to the
environment, improve the level of atmospheric air and will be useful for solving
problems related to ecology.
Assessment of technical and economic efficiency of implementation.
These exercises can be used to assess the problem in the oil industry and will be
useful for experimental work in the study of ecоlogic problems. The results will be
implemented in organizations involved in the study of hydrocarbon-containing waste
and organizations related to oil production.
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