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Abstract 
 
 This licentiate thesis describes development of modelling tools, experimental physical 
modelling and numerical modelling to simulate real combustion processes for advanced 
industrial utility boiler before and after retrofit. 
 
 The work presents extended study about formation, destruction and control of 
pollutants, especially NOx, which occur during combustion process. 
 
 The main aim of this work is to improve mixing process in combustion chamber. To 
do this, the optimization of placement and direction of additional air and fuel nozzles, the 
physical modelling technique is used. By using that method, it is possible to obtain qualitative 
information about processes, which occur in the real boiler. The numerical simulations verify 
the results from physical modelling, because during mathematical modelling quantitative 
informations about flow and mixing patterns, temperature field, species concentration are 
obtained. 
 
 Two 3D cases, before and after retrofit, of pulverized fuel fired boiler at 125 MW 
output thermal power are simulated. The unstructured mesh technique is also used to 
discretize the boiler. The number of grid was 427 656 before retrofit and 513 362 after 
retrofit. The comparisons of results of numerical simulation before and after retrofit are 
presented. The results from physical modelling and numerical simulation are also shown. 
 
 Results present that nozzles of additional air and fuel give a considerably better 
mixing process, uniform temperature field and CO2 mass fraction. The whole combustion 
chamber works almost as a “well stirred reactor”, while upper part of boiler works as a “plug 
flow reactor”. 
 
 Differences between from measured of temperatures and predicted temperatures are 
not too big, the maximum difference is about 100 K. It seems, that calculated temperatures 
show good agreement with measurement data. 
 
 The results illuminate the potential of physical and numerical modelling methods as 
promising tools to deal with the complicated combustion processes, even for practical 
application in the industry. 
 
 
 
 
 
 
 
 
 
 
Keywords: air staging, fuel staging, boiler, furnace, computational fluid dynamics, numerical 
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1 

1. Introduction 
 
 
 The applied knowledge of fuel combustion is ancient. Even in these modern times, 
fuel-firing technologies are widespread and play an important role in the world economy, [1]. 
 
 Combustion of solid fuels is dominant source of energy for the generation of heat and 
electric power. In places, where coal is not readily available, heavy fuel oil or natural gas is 
used in power station boilers. 
 
 Natural gas is a premium fuel and, because of its relatively high price, it was used in 
the primarily for “peak-shaving” by gas turbine plants. Recent reassessment of the long-term 
availability of natural gas, the development of combined cycle gas turbine-steam plants with 
near 60 % efficiency, environmental pressures or law regulations, for “decarbonization” of the 
fuel supply, and deregulation of the electric utility industry in the many countries resulted in 
the acceptance of the natural gas as a fuel for base load power generation. 
 
 During the last few decades, the growing need to burn substitute fuels instead of oil as 
a result of the oil crises and the legislations to the limit the emission of pollutants from 
stationary sources have driven the industrial world to speed up the development of advanced 
and acceptable fuel combustion and conversion technology. 
 
 Coal, due to its low cost and broad availability, can be expected to remain in essential 
supply well into the twenty-first century, barring strong future evidence for high rate, global 
warming. Although such evidence, however, it is prudent public policy to aim at the 
development and early application of clean coal utilization technology in high efficiency 
power cycles. 
 
 Coal combustion systems for power generation have to satisfy the following demands: 

• high degree of burnout of the coal with a minimum of excess air; 
• scale up to 500 MWe or larger boiler unit sizes without excessive slagging in the 

combustion chamber; 
• operation with easily removed friable ash deposits, low NOx emissions obtained 

by combustion process modifications; 
• sulfur capture in the combustion process by additive sorbents; and 
• acceptance of coal quality variation, without significant reduction of combustion 

efficiency and boiler plant availability. 
 
 Added to these conditions is the recent requirement for the combustion system to be 
agreeable to CO2 sequestration (by the production of high pressure and/or high CO2 flue gas 
concentration). 
 
 In principle, the solid-fuel combustion technologies can be divided into categories as 
follows: 

• bed or grate combustion; 
• suspension or pulverized combustion; 
• fluidized bed combustion. 
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 The travelling grate stoker was the early coal combustion system for power 
generation. Travelling grate stokers are capable of burning coals of a wide range of coal rank 
(from anthracite to lignites). 
 
 Werkmeister, [2] and Thring, [3], performed experimental studies to gain a better 
understanding of the mechanism of a fuel bed. They developed the travelling grate with 
controlled air distribution along the grate. The results showed, that stoker firing remains 
sensitive to coal fines (< 3 mm) and it cannot be scaled up to beyond about 25 MWe unit 
capacity. The boiler efficiency was suppressed by the high excess air (about 40 %), which 
was used for acceptable coal burnout. High air preheat temperature (about 400 K) was not 
compatible with the need for cooling the grate by combustion air. Low air preheat, on the 
other hand, restricted the application regenerative feed water heating and hence the rising of 
the thermodynamic efficiency. 
 
 To reduce the sensitivity to coal fines and to improve the boiler efficiency, travelling 
grate stokers were retrofitted with topping pulverized coal combustion (TPC), [4]. The 
arrangement or TPC allowed for flash drying the coal with flue gas withdrawn from the 
boiler, and for controlled separation of fines from the larger coal particles. The lumps of coal 
were fed to the grate and the fines (< 0.3 mm) were carried pneumatically to a small grinding 
mill, ground to pulverized coal fineness, and injected through burners into the combustion 
chamber above the grate. TPC was successful in improving the boiler efficiency and raising 
the steaming capacity, but it required on retrofit some additional screen tubes in the 
combustion chamber and improved flue gas cleaning for the capture of fly ash particles, [4]. 
 
 As the boiler unit capacity has grown and boiler combustion chambers with 
completely cooled walls were developed, pulverized coal combustion (PCC) has become the 
generally accepted combustion system for power generation. The science and technology of 
pulverized coal combustion is discussed in several books and reviews [5 – 10]. 
 
 In PCC combustion, the coal is dried and ground to specified fineness; the latter 
depending mainly on the coal rank and hence the reactivity of the coal. The system of coal 
preparation: feeding, drying, and grinding of the coal and the pneumatic transport of the 
pulverized coal to the burners is ful1y integrated with the boiler. 
 
 The powdered coal is pneumatical1y transported to the burners and injected in the 
form of particle-laden jets into the combustion chamber. The transport air that carries the coal 
from the mill to the burners is a small fraction of the total combustion air mainly because its 
temperature is limited to about 100°C for reasons of safety against ignition and explosion in 
the mill and the transport pipeline between the mill and the burners. Upon injection into the 
combustion chamber, the coal particle-laden jet entrains hot combustion products, which 
raises its temperature and assists the ignition of the cloud of coal particles. The rest of the 
combustion air, which can be more strongly preheated, is injected separately and admixed 
with the burning fuel jet in the combustion chamber. The particles burn in a mode in which 
both external diffusion of oxygen to the particle surface and chemisorption of the oxygen at 
the particle surface and in the pores of the solid char play roles in determining the progress of 
combustion, with diffusion contro1ling the burning rate of larger particles at the higher 
temperatures, and chemical kinetics controlling the burning rate of the smal1 particles as the 
char bums out in the tai1 end of the flame. 
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 Burners are mixing devices designed to ensure ignition, flame stability, and complete 
burnout of the coal along its path in the combustion chamber. As the pulverized coal particles 
burn, the flame transfers heat, mainly by therma1 radiation, to the steam cooled tube-wal1s of 
the boiler. The last few percentages of the residual carbon in the char burns in an environment 
of depleted O2 concentration and reduced temperature before the fly ash leaves the 
combustion chamber and enters the pass of convective heat exchangers. The design of the 
combustion chamber has to provide for sufficient residence time of the burning particle to 
complete combustion, and for the cooling of the fly ash to below its "softening temperature" 
to prevent the build up of ash deposits on heat exchanger surfaces. 
 
 While there is a great variety of a burner type, the most widespread are circular 
burners and vertical nozzle arrays. Circular burners are usually positioned perpendicularly to 
the combustion chamber walls, while the vertical nozzle arrays are in the comers, firing 
tangential1y to the circumference of an imaginary cylinder in the middle of the combustion 
chamber. The design of circular burners is more concerned with the tailoring of the individual 
burner-flame while those of vertical nozzle arrays in tangential1y fired furnaces rely more on 
the bulk of the furnace volume for the mixing of the fuel and air streams injected through the 
nozzle arrays. 
 
 In the majority of cases, most of the fly ash formed in pulverized coal combustion is 
removed from the flue gas in the form of dry particulate matter, with a small proportion 
(about 10%) of the coal ash falling off the tube walls as semimolten agglomerated ash which 
is collected from the bottom hopper of the combustion chamber (“bottom ash”). Because of 
the difficulty of handling and disposing of dry fly ash, an alternative combustion system, 
slagging combustion, [6, 11], was developed in the 1930s. In slagging combustion, the boiler 
tubes in the lower part of the furnace are covered by refractory to reduce heat extraction and 
to al1ow the combustion temperature to rise to beyond the melting point of the ash. The 
temperature has to be sufficiently high for the viscosity of the slag to be reduced to about 150 
poise, necessary for removal in liquid form. The most notable application of slagging 
combustion technology in the USA was the Cyclone Furnace in which about 85% of the coal 
ash could be removed in molten form in a single pass without ash recirculation. Because of 
the high temperature and the oxidizing atmosphere, slagging furnaces produced very high 
NOx emissions and they fell in disfavor in the 1970s. Their application, however, reemerged 
in the form of staged combustion, a fuel rich slagging furnace with liquid ash removal 
followed by the completion of combustion in a fully cooled fuel lean combustion 
environment. Slagging combustion features presently in the US DOE’s Clean Coal 
Technology Program’s Low Emissions Boiler System, [12], and also in the High Performance 
Power Generating System, [13]. 
 
 The furnace designs aim at maintaining high temperature in the lower part of the 
furnace, especial1y above the slag tap, but extracting heat further downstream to cool the fly 
ash particles, which escaped removal in liquid form, to avoid their deposition on heat 
exchange surfaces. The solutions include the covering of the steam generating tubes by 
refractory in the lower furnace, the narrowing of the cross-section area above the slagging 
chamber to reduce radiation losses, and to separate the high temperature furnace from the 
fully cooled section of the combustion chamber by a tube screen. Because of the viscous high 
temperature gas, strong swirl has to be used to drive the particles to the slagging chamber 
wal1 where they are captured by a molten slag layer moving down towards the slag tap. 
Strong swirl, however, demands high airside pressure drop with the associated energy losses. 
Screen tubes, however, may cause problems because of the difficult demand upon their 



 

 4

operation, that the ash be molten upstream of the slag screen, but be dry and non sticky 
downstream of it. This requirement leads to restrictions concerning the choice of candidate 
coals. Also, the tube screen is exposed to high temperature corrosion especially in sulfur 
bearing, fuel-rich environments, [14] which may require special measures (e.g. plasma 
sprayed protective layers) for its protection. 
 
 In fluidized bed combustion (FBC), crushed coal of 5 – 10 mm is burned in a hot 
fluidized bed of 0.5 – 3.0 mm size inert solids. Less than 2 % of the bed material is coal; the 
rest are coal ash and limestone, or dolomite, which are added to capture sulfur in the course of 
combustion. The bed is cooled by steam generating tubes immersed in the bed to a 
temperature in the range of 1050 – 1170 K. This prevents the softening of the coal ash and the 
decomposition of CaSO4, the product of sulfur capture. 
 
 Because of the relatively low combustion temperature, the overall rate of coal particle 
oxidation is strongly dependent upon the rate of reaction at the particle surface and in the 
pores [15]). Kerstein and Niksa, [16], developed a model of char oxidation: "percolative 
fragmentation" caused by changes in pore structure of the reacting solid. Experimental 
observations by Beer et a1., [17], Chirone et al., [18], and Sundback et a1., [19], supported the 
model. Fragmentation turned out to be an important extension of the coal combustion model; 
it explained how unburned carbon in the form of fine fragments finds its way into the fly ash. 
 
 Small (< 200 µm) char fragments are carried over from the freeboard of a FBC or the 
riser tube of a circulating fluid bed (CFBC), and the residence time of about 3 s at 1100 K is, 
in the case of low reactivity chars, insufficient for complete combustion. 
 
 FBC and CFBC are mature technologies primarily applied to the use of low grade 
fuels in smaller unit sizes. An impediment to scale up is the FBC coal feed system: a feed 
point is needed for about every 3 MWe throughput. The advantage of the CFBC over the FBC 
is that it requires fewer feed points due to the smaller cross-sectional area of the bed, and 
hence it is more easily scaleable to higher outputs. Also, for a given percentage sulfur capture, 
CFBC requires a lower Ca/S feed ratio. 
 
 Pollutant emissions can be reduced by cleaning the raw fuel or the flue gases, but this 
approach is usually expensive. An alternative approach is to reduce the generation of 
pollutants in the combustion chamber. However this requires a substantial knowledge about 
the detailed phenomena, which occur in the flame. 
 
 
 
1.1. Literature review 
 
 Development and application of comprehensive, multidimensional, computational 
combustion models are increasing at a significant pace in all over the world. While one 
confined to specialized research computer codes, these combustion models are becoming 
more readily accessible as features in commercially available computational fluid dynamics 
(CFD) computer codes. Simulations made with such computer codes offer great potential for 
use in analyzing, designing, retrofitting and optimizing the performance of fossil-fuel 
combustion and conversion systems. 
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 In the literature was taken into account, that to obtaining an accurate representation of 
the flow field in boiler several issues are involved. The problems include high numerical 
resolution required, especially at the burner levels, there are changes of geometry, and the 
large amount of computer time required to obtain convergence. 
 
 
1.1.1. Flow field 
 Among the early achievements using utility boilers in literature is the isothermal 
simulation of the flow field and mixing process in this type of boiler. Primarily the boiler 
geometry, burners and air nozzles geometry determine the gas flow patterns. Taking this into 
account, considerable efforts have been devoted to determine the flow pattern in the 
pulverized boiler. 
 
 Xu et al. [20] simulated three-dimensional flow field in pulverized coal firing boilers, 
taking into account modelling of gas-phase reactions, heat transfer, particle dynamics and 
combustion of volatile material. They present three cases of studies and have shown good 
agreement with experimental data. 
 
 Liang et al. [21] performed study of three-dimensional numerical simulation of flow in 
W-shaped boiler furnace. 
 
 Vonderbank [22] investigated CFD simulations in a coal-coal reburning test facility. 
Results, which he obtained, were compared with measurements performed in fossil-fuel steam 
generator. 
 
 Miura and Furuhata [23] performed simulation of spray combustion and pulverized 
coal combustion. They analyzed flow fields of spraying drops and fine coal particles. Their 
results were compared with measurements in large-scale boiler. 
 
 Fischer et. al [24] studied three-dimensional simulation of gas-solid flow in coal-fired 
steam generator. To do this numerical modelling extended FLOREAN computer code was 
used. 
 
 Bhasker [25] analyzed numerical simulation of turbulent flow in complex geometries 
used in power plants. The main aim of this analysis was to improve efficiency of these units, 
especially of pulverized boiler. 
 
 Chungen et al. [26] have investigated the flow field in utility pulverized –coal boiler. 
The good agreement between results from simulations and measurements was obtained. 
 
 Dong et al. [27] presented results from computations of flow pattern in utility boilers. 
They studied Ecotube air system designs and showed that Ecotube system creates a more 
effective mixing of gases than conventional firing methods, making possible to achieve higher 
combustion and thermal efficiency and more evenly distributed gas temperatures and species. 
 
 
1.1.2. Pollutant formation. 
 Control of pollutant emission is an important factor in the design of a modern utility 
boiler. Pollutants of concern include particulate matter, such as soot and flyash and various 
aerosols, the sulfur oxides SO2 and SO3, unburned and partially burned hydrocarbons such as 
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aldehydes, oxides of nitrogen NOx, which consist of NO and NO2, carbon monoxide CO and 
greenhouse gases such as N2O and CO2. 
 
 Some of these gaseous emission such as CO and volatile organic compounds (VOC) 
are destroyed by oxidation. Adjusting the stoichiometry and improving the mixing in the 
furnace is sufficient to ensure the destruction of these gases. There is thus no need to simulate 
these species using source/sink methods. 
 
 Fan et al. [28] developed model for the gas-particle flow and combined with NOx in 
W-shaped boiler furnace. Model has shown capability for describing NOx emissions under 
different operating conditions during fine coal combustion. Their results showed that 
concentration levels of NOx depend on a number of factors e.g. rank of coal, burner type, 
flame temperature, mixing intensity, coal particle size and functional forms of nitrogen in the 
coal. 
 
 Stanmore and Visona [29] applied combined mathematical model to seven pulverized 
coal-fired boilers in order to predict the emission levels of NO in the flue gases. In their work 
they described that most of the NOx in flue gas emissions is formed from fuel nitrogen. 
Thermal NOx, formed by the fixation of atmospheric nitrogen constitutes only 10 to 15 % of 
the NOx concentrations. 
 
 Although NOx concentration is quite small in a practical combustion furnace, its 
influence on flow field and other scalars, such as temperature, pressure, other species 
concentration, is negligible, but is important of its contribution to air pollution and has a large 
quantity of literature devoted to it. 
 
 Xu et al. [30] simulated combustion process in a utility boiler under few different 
cases. The model used, to modelling NOx emission, considered De Soete mechanism for the 
nitrogen from volatiles. 
 
 Liang et al. [21] predicted CO formation using numerical modeling in three-
dimensional W-shaped boiler furnace. 
 
 Epple et al. [31] studied mathematical modeling of combustion process and pollutant 
formation for two pulverized coal combustion plants. The main goals were to reduce CO 
emissions and improve coal bournout. They obtained good agreement between calculations 
and measurements. 
 
 
1.1.3. Grid generation and geometry 
 Very few studies have addressed the issue of grid generation and geometry. A full-
scale boiler is approximately 24 m high and has a cross section of 50 m2. It features eight 
pulverized coal burners, eight oil swirl burners, four secondary air nozzles and four over fire 
air nozzles. The bull nose is located some 18 m above the floor and occupies about one-third 
of the furnace cross-section. 
 
 Epple et al. [31] used more flexible discretization of the domain, which allowed each 
burner to be discretized by an independent grid system. Using this method, the details of the 
burner geometry could be considered. 
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 Huang et al. [32] modelled performance of high efficiency boiler using three-
dimensional code. To discretize the governing equations the power law interpolation method 
was used. In the calculations the total grid number was fixed and the line-by-line refinement 
technique was used in order to couple the adaptive gridding technique into the TEAM code. 
 
 Fan et al. [33] to simulate pulverized coal combustion processes in fired furnaces used 
non-staged grid system to avoid pressure oscillations. To avoid pseudo-diffusion some 
attempts have been made at improving the finite-difference scheme. 
 
 Minghou et al. [34] presented results from numerical modeling of a front wall fired 
utility boiler, which. was discretized by using staggered grid. A nonuniform spacing of 
control volumes was used, placing more of the regions near the burners and using a sufficient 
number of control volumes to obtain grid independent solutions. 
 
 
1.1.4. Model validation 
 It has been proved, that is very difficult to measure lower furnace gas temperature, 
species concentration with any degree of reliability. 
 
 Huang et al. [32] obtained predictions, which were compared to the experimental data 
of a high efficiency boiler. Results have shown good agreement between calculations and 
direct measurements. 
 
 Vaclavinek et al. [35] studied the stability of the flow field in a utility boiler using a 
water flow model. The results were verified by mathematical modelling, which indicated that 
the overall flow predictions were reasonable. 
 
 Stanmore and Visona [29] used CFD code to predict of NO emissions from coal fired 
boilers and they suggested that CFD models continued to improve. 
 
 Hill and Smoot [36] developed CFD furnace model and concluded that it is necessary 
to have 200 000 cells to ensure grid independence for 3-D furnace modelling. 
 
 
 
1.2. Objectives of the work 
 
 This work aims to develop modelling tools, experimental physical modelling and 
computational fluid dynamics (CFD), to simulate combustion processes for advanced 
industrial boiler before and after retrofit. To do this, a series of measurements, experimental 
study and mathematical modeling have been carried out including the fluid flow field, the gas 
phase combustion, turbulent reacting flow and basic emissions in the studied boiler. 
 
 To obtain the solutions to numerical problems with the complicated geometry of 
industrial boiler a physical modeling technique and computational environment of FLUENT, 
which is one of the largest commercial CFD codes based on unstructured grid, are employed. 
 
 The technical objectives of this work include: 

• evaluation of air staging combustion technology applied to tangentially fired 
pulverized boiler, 
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• evaluation of performance of fuel staging system in tangentially fired pulverized 
boiler (retrofitted boiler with air staging), 

• comprehensive 3D numerical simulations for combustion in a chosen boiler; 
• develop a new methodology in retrofit of industrial boiler using physical and 

numerical modelling techniques to reduce pollutants; 
• compare results obtained from physical and numerical modelling with results from 

measurements. 
 
 It is hoped that results provided in this thesis illustrate the ways of using experiments 
and CFD software as a existing engineering tools and that researchers will be encouraged to 
tackle new problems using modelling and to develop new methods in design new or redesign 
existing industrial equipment to be more “friendly” for environment. 
 
 
 
1.3. Pollutant emission control 
 
 In the 1970s, applied combustion research has taken a turn from high output, high 
intensity combustion towards combustion process modifications for reduced pollutant 
emissions. The combustion generated pollutants of concern were oxides of sulfur, nitrogen 
and carbon, and fine organic and inorganic particulates. 
 
 Sulfur in the coal will oxidize to SO2 with a small fraction of the SO2 (about 1 – 2 %) 
oxidizing further to SO3. The formation of SO3 can be mitigated by very low excess O2 
combustion (< 0.5 % excess O2). The usual methods of sulfur capture in the combustion 
process involve the reactions of a sorbent such as calcined limestone, CaO, with SO2 to 
produce CaSO4, a stable, disposable solid waste. However, in the high temperature fuel-lean 
environment of pulverized coal flames (Tpeak ≈ 2000 K), CaSO4 is unstable; it decomposes, 
leaving flue gas desulfurization as the viable option of sulfur capture from pulverized coal 
combustion. 
 
 The studied boiler is equipped with nozzles for the injection of lime during 
combustion. The overall chemical reactions for sorbents are shown below. CaSO3 is often 
oxidised to CaSO4 (gypsum) in a following treatment: 
 

CaCO3 + SO2 → CaSO3 + CO2    (1.1) 
Ca(OH)2 + SO2 → CaSO3 + H2O    (1.2) 
CaO + SO2 → CaSO3      (1.3) 

 
 The development of fluidized bed combustion provided the opportunity to effectively 
retain sulfur in the combustion process because CaSO4 is stable at the FBC operating 
temperature of 1050 – 1170 K, [37]. One of the difficulties of FBC technology is that it does 
not lend itself well to scale-up to the 700 – 1000 MW range, mainly because of the large 
number of feed points it requires to ensure the uniform distribution of the coal in the bed. In 
circulating fluidized bed combustion, the gas velocities are higher than in the conventional 
bubbling fluidized bed as the bed cross-sectional area for the same heat release rate is smaller. 
This helps to reduce the number of coal feed points, which is an operational convenience. 
Also, smaller size limestone particles can be used in the feed which improves the sulfur 
capture and reduces the Ca/S mole ratio necessary for reaching a target value of sulfur 
capture. 
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 Nitrogen oxides as pollutants deserve special attention because of their wide ranging 
effects on the environment, including contribution to acid rain, reduction of atmospheric 
visibility, production of tropospheric ozone, and, in the case of N2O, depletion of 
stratospheric ozone. It is also noteworthy that NOx emissions are well amenab1e to reduction 
by combustion process modifications, [38]. 
 
 Nitric oxide, NO, is formed in fuel-lean flames by the attack of O atom on molecular 
nitrogen (“thermal NO”). In fuel-rich flames it forms via capture of N2 by hydrocarbon 
radicals, (“prompt NO”), and by the pyrolysis and oxidation of heterocyclic nitrogen 
compounds in coals and petroleum fuels (“fuel NO”). 
 
 There exists several methods to reduce the formation of NOx in pulverized fired 
boilers, i.e.: 

• Low NOx-burners, 
• Over Fire Air (OFA), 
• Reburning. 

 
 In all these projects air and/or fuel is injected in several stages. The reburning 
technology was demonstrated in the beginning of the 1980s by Mitshubishi Heavy Industries 
Ltd (MHI) in a 30 MW boiler, [39]. Its purpose is to reduce NOx that has already been 
formed. The fuel is supplied in two stages. Combustion of the pulverized coal is mainly 
achieved in the first step, while the second stage shall maintain a reducing atmosphere, so that 
the NOx, which is formed in the first stage, is reduced. 
 
 Examination of the chemical reaction paths of nitrogen oxides formation and 
destruction in flames led to the formulation of guidelines for primary measures of NOx 
emissions reduction in boilers: 

• reducing the peak flame temperature by heat extraction, and/or by flue gas 
recirculation; 

• diluting the reactant concentrations by flue gas or steam mixed with gaseous fuels and 
recirculated burned gas mixed with the combustion air; 

• staging the combustion air to produce fuel-rich/fuel-lean sequencing favorable for the 
conversion of fuel bound nitrogen to N2; and 

• staging the fuel so that the NO formed earlier in the flame is getting reduced by its 
reactions with hydrocarbon radicals (“NO reburning”), [40]. 

 
 The reduction of NOx emission by combustion process modification, a science based 
technology, has been successfully applied in industry. 
 
 Low NOx burners (LNB) represent the most cost effective method of achieving 
reduced NOx emissions from new plant boilers, and also from existing boilers by retrofit. Air 
staging in these burners is achieved by the aerodynamically tailored mixing of the fuel jet 
with air streams supplied through the burner, rather than by the use of over-fire air. One of the 
problems of LNBs is the requirement of maintaining a fuel-rich environment close to the 
burner for the pyrolysis reactions to run their course, followed by the admixing of the residual 
combustion air to complete combustion. An example of an engineering solution of this 
problem based on first principles is the radially stratified flame core burner (RSFC). The 
process of turbulence damping through radial density stratification in rotating flows 
demonstrated in [41] and [42] has been employed in the design of this LNB. Premature air-
fuel mixing is prevented by the damping of turbulence in the near burner region followed by 
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the vigorous admixing of the residual burner air issuing from the outer annulus of a triple 
annular burner. 
 
 The principle of “over fire air” (OFA) method is that part of the combustion air is 
introduced after main combustion zone in order to reduce the level of available oxygen in 
zones, where it is critical for NOx formation. Air can be supplied be additional ports above 
the upper burner level. It is a two-stage combustion process, which the primarily combustion 
zone is operated in fuel rich and the secondary air or over fire air required to complete the 
combustion process is introduced downstream of the main firing zone. The possible NOx 
reduction by using this method is about 20 – 50 %. 
 
 In “NO reburning”, the secondary fuel is usually natural gas, [43], but fuel oil or even 
coal can also be used. In the latter case, the coal volatiles are the main reactants, but 
carbonaceous solids may also react to reduce No to N2, [44]. The reburning technology has 
been successfully applied in the USA for slagging cyclones, [45], for wall and tangentially 
fired pulverized coal combustion with dry ash removal, [43], and in both oil and coal fired 
boilers in Italy following computational studies, and laboratory and pilot plant experiments at 
ENEL's R&D Laboratories in Pisa, [46], [47]. 
 
 The modeling of the reburn process represents a special challenge because it requires 
detailed descriptions of both the nitrogen chemistry and the controlled mixing of relatively 
small mass flows of reburn fuel and tertiary air with the bulk flow of the combustion products 
in the furnace. Ehrhardt et al., [48], have developed a model in which following a CFD 
calculation of the spatial distributions of flow, major species-concentrations, and temperature, 
the combustion space is subdivided into a relatively small number (say one hundred) of 
volume zones which then permit the application of more detai1ed chemistry than would have 
been possible in CFD models. 
 
 Because of the low combustion temperature in fluidized combustion, the NO is 
formed mainly by the conversion of coal-nitrogen, a process which lends itself for minimizing 
emission by the application of staged air introduction, [49]. However, a difficulty due to the 
low combustion temperature is that nitrous oxide, N2O, an intermediate product of NO 
formation, survives and is emitted from FBC at concentrations ranging from 40 to 100 ppm, 
[50]. Nitrous oxide is an especially unpleasant pollutant; it is a greenhouse gas, which also 
depletes stratospheric ozone. The raising of the gas temperature before the convective section 
of the boiler to above 1200 K could eliminate N2O emissions, but the temperature rise 
adversely affects sulfur capture in the fluidized bed, [51]. It is noteworthy that pressurized 
fluidized beds also emit N2O, except the second generation pressurized fluidized bed in which 
the gas temperature is raised by a topping combustor before entry to the gas turbine, thereby 
eliminating the N2O in the combustion products [52]. 
 
 In fig. 1.1. the ability of different processes to limit NOx emission is shown [53]. 
Reburning technology is the lowest curve. 
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Fig. 1.1. Different methods ability to reduce NOx emission, [53] 

 
 The aim of this work is to study the reburning process and factors, which can 
influence on this process, formation and destruction of pollutants during combustion. 
 
 
 
1.4. Nitrogen Oxides – Formation and Destruction 
 
 Nitreous oxides are formed in combustion processes in three different ways: 
 
 Thermal NOx is formed by oxidation of atmospheric nitrogen in air at temperatures 
higher than 1300oC. 
 
 The chemical reactions are described by the so called Zeldovich mechanism as follow: 
 

OH + N2 = NO + N      (1.4) 
N + O2 = NO + O      (1.5) 
N + OH = NO + H      (1.6) 

 
 The first reaction, (1.4), is strongly temperature-dependent. The formation of thermal 
NOx, therefore, can be reduced by lowering the temperature in the reaction zone. This can be 
achieved by recirculation of combustion products. It is also suitable to limit the supply of 
oxygen by keeping a low excess air ratio. 
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 Also the residence time at high temperature should be minimized. All this requires 
rapid mixing of combustion air and recirculated combustion products in the flame. 
 
 Prompt NOx is formed by reaction between hydrocarbon radicals and nitrogen in the 
air in fuel-rich combustion products at low temperature. The reactions are only weakly 
temperature dependent but strongly dependent on the excess air ratio. 
 
 Fuel NOx is formed by oxidation of organic fixed nitrogen in the fuel. Pohl and 
Sarofim [54] have shown that in a bituminous coal with high volatile content the nitrogen was 
released at the same rate as the volatiles. When the nitrogen compounds are subjected to the 
heating rates which exist in carbon flames they are decomposed in cyanides (e.g. HCN). This 
model indicates that oxygen must be available at an early stage in the combustion process in 
order to support the conversion of HCN to NCO, after this a reducing zone must be 
maintained, in order to convert NCO to N2. 
 
 The formation of NOx from the fuel nitrogen has traditionally been limited by 
reducing the concentration of oxygen in the combustion zone and supply the rest of the 
oxygen in a second stage. This principle has been realized in so called low NOx burners and 
in the over fire air system, OFA, [38]. 
 
 In order that this method shall be effective, the burners should be run at 
substoichiometric condition. This has, however, led to problems with corrosion of the boiler 
tubes. 
 
 
 
1.5. The Reburning Process 
 
 Reburning is a method to reduce already formed NOx back to nitrogen. Reburning 
involves the injection of a secondary reburning fuel above the main firing zone of pulverized 
coal-fired utility boilers, to produce a reducing zone, which acts to reduce NOx to molecular 
nitrogen. The reduction agent can either be the same as the main fuel or another fuel, e g 
natural gas. Reburning, therefore, can act together with processes, intended to reduce: the 
NOx formation. 
 
 The reburning process can be divided into zones as follow: 

• the primary zone, 
• the reduction zone, and 
• the burnout zone. 

 
 In addition in the main combustion zone the nitrogen oxide concentration in the 
combustion products from this zone have a direct influence on the nitrogen oxide 
concentration in the waste gas from the burnout zone. 
 
 
1.5.1. The primary zone 
 In the primary zone (main heat release zone) approximately 80 % of the main fuel, 
burned in a oxidising or slightly reducing atmosphere. The burners operate under overall fuel-
lean conditions and do not require modification. The level of NOx exiting from this zone is 
the level to be reduced in the reburning process. 
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 In the Limhamn district heating boiler this zone consists of the main burners and the 
over fire air (OFA) ports. The burners are run with a slight deficiency of air and after this over 
fire air is supplied so that the excess air ratio is 10 – 20 %. 
 Temperature, oxygen content and residence time in the primary zone must be chosen 
such that the char has time to burn out completely before the reduction zone. Complete 
combustion of the primary fuel is also desirable in order to control the oxygen concentration 
in the reburning zone. 
 
 If the combustion of the primary fuel is incomplete, a surplus of oxygen is maintained, 
and this oxygen will burn the secondary fuel to carbon monoxide and NOx reduction is not 
possible or made difficult. In other cases the nitrogen in the char will be oxidized by the 
tertiary air in the reburning zone. 
 
 In production plants it is often a problem that the residence time in the reburning zone 
is too short. It can therefore be tempting to reduce the residence time in the primary zone to 
maintain a longer residence time in the reduction zone. This should also give a higher 
temperature in this zone. Pilot experiments show, [55], however, that such measures do not 
reduce NO emissions further. If solid fuels are used as reburning fuel, the NOx emission can 
even increase. Other studies have verified that the residence time in the primary zone should 
be at least 300 ms in order to minimize the NOx emission. 
 
 If reburning is conducted with a fuel, which contains nitrogen, i. e. coal, the nitrogen 
in the reburning fuel will also be oxidized to NO. The minimum in NOx emission occurs at a 
higher proportion of reburning fuel. The advantage, however, is very insignificant in 
comparison with the increase in consumption of reburning fuel. 
 
 
1.5.2. The reduction zone 
 In the sub-stoichiometric combustion zone, the secondary fuel is injected in a reducing 
atmosphere producing hydrocarbon radicals. The secondary fuel accounts for a maximum of 
20 % of the total fuel input. In the reduction zone, nitrogen oxide, which is formed during the 
primary combustion, reacts with hydrocarbon radicals (CH). These are formed by a series of 
reactions when the fuel is decomposed. Hydrocarbon radicals during reaction with NO 
produce HCN, which must be oxidized to NCO and then reduced to N2. Which reactions that 
dominates, is dependent on the temperature. Sufficient oxygen concentration must be 
available to convert HCN to NCO. The nitrogen oxide produced in the primary zone reacts 
with hydrocarbon radicals formed by partial oxidation of the reburning fuel producing 
reduced nitrogen species such as NH3 and HCN as well as N2 by homogeneous and 
heterogeneous reactions paths, which can be summarized by: 
 
Homogeneous: 

  

2

i

N
NH HCN,  N Fuel

NO
→  

Heterogeneous: 
 
  NO  NChar → , 
  2N  NO Char →+ , 
  2

char N  CO  NO →+  
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 Fig. 1.2. shows that some of the reactions in the reduction zone form NO, other 
reactions reduce it. Which reactions that dominates, is dependent on the temperature. 
 

Fig. 1.2. Reaction in the reduction zone 
 
 The secondary fuel could be injected at different distances from the primary 
combustion zone i.e. at different temperatures of the combustion products. The top of the 
figure 1.3. shows that NO was oxidized at temperatures below 700oC, while it was reduced at 
temperatures above 750oC. Between these temperatures was a transition zone. Fig. 1.3. shows 
also that the reduction is more efficient the lower air to fuel ratio that was used in the primary 
zone, [38]. 
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 The figure also seems to indicate that the optimum temperature lies in the interval 900 
– 1100oC. 
 

 
Fig. 1.3. Oxidizing and reducing zones with propane as fuel, [56] 

 
 The stoichiometry in the reduction zone is of very important. It seems that an optimum 
value is 0.8 – 0.95 if the gas temperature is higher than 1200oC, [56]. 
 
 At lower temperatures the optimum stoichiometry is lower. The supply of reburning 
fuel decreases the stoichiometry in the reduction zone. The influence of the proportion of 
reburning fuel on the NOx-reduction therefore must be considered in relation to the variables 
that influence the primary zone. In fig 9 it was shown that the emission of NOx has a 
minimum when the reburning fuel is approximately 15% of the total fuel input when the 
primary fuel is coal, [56]. 
 
 The residence time in the reduction zone is one of the most important parameters. In 
practical systems it may be the volume that the reduction zone requires that the residence time 
of 400 - 500 ms is necessary to reduce the total nitrogen oxide concentration to 30 - 50 %, 
[56]. The conversion of NO to HCN requires 50 - 100 ms, while the reduction of HCN to NH3 
and NH3 to N2 is considerably slower. Corresponding results have been obtained in pilot plant 
experiments. 
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1.5.3. Burnout zone 
 The third, fuel lean bournout zone is to be created to ensure completed oxidation of 
the reburning fuel. All the reduced nitrogen species are converted either to NO or N2. The 
respective stoichiometries of fuel and air in the reburning and burnout zones are so adjusted 
that N2 formation is minimized. 
 
 
 
1.6. Combustion processes of fuel particle 
 
 Fuel particles, particularly those from pulverized coal, are usually assumed to consist 
of volatile matter, char and ash. The amount of volatiles, char and ash varies from coal to 
coal. Some anthracite coals may contain less than 10 % volatiles, while some high volatile 
bituminous coals can release up to 70 % of their original weight as volatile matter. In 
addition, the combustion characteristics of fuel particles depend on the conditions under 
which the particles are combusted. For instance, the total amount of volatiles evolved is 
affected by the particle’s heating rate. Also it is influenced by particle’s size, pores. 
 
 Coal chemistry is complex and a systematic description of the chemical structure of 
the coal is difficult because of the variety of coal types and the complexity of the individual 
coal constituents. A variety of chemical structures for coal have been proposed in the 
literature [57, 58, 59]. A qualitative discription is that coal is a complex organic polymer 
consisting of large polycyclic aromatic clusters of several fused rings strung together by 
assorted hydrocarbon chains of varying length and other hetroatom (O, N, S) linkages. In its 
elementary analysis, coal consists mainly of carbon, but substantial quantities of hydrogen 
and oxygen are also present. Coal also contains other chemical elements such as sulfur and 
nitrogen, which are the major sources of the gaseous pollutants SOx and NOx. 
 
 The rate, yield, and product composition of these processes may be significantly 
affected by particle size, concentration and environment (inert, oxidizing, or reducing). With 
regards to pulverized fired (PF) flames, about 90 % of the particles have a size less than 100 
µm and the concentration of particles is low (about 2 kg/m3 in the near burner zone). This 
indicates that even in this zone, the average distance between particles is about 10 times that 
of the particle diameter. 
 
 Consequently, for modelling PF combustion, it is reasonable to assume that: 

1. intra-particle heat and mass transfer resistance may be neglected because of small 
particle size, i.e., small Biot number [60], 

2. the interaction between particles is negligible due to relatively large particle 
separation. 

 
 The solid-phase combustion model constructed in this work shares the essential 
modelling elements with other research groups [61, 62]. It considers an individual fuel 
particle as it heats by radiation and convection in the flame. The particle is assumed to be a 
solid sphere with uniform temperature, and uniform density throughout. The particle 
devolatilization and char combustion determine the progressive burnout with allowance for 
size changes due to combustion. 
 
 The fitted Rosin-Rammler size distribution of a particular fuel grind allows the 
division of the grind into a number of size fractions. Thus, the overall burn-out of a fuel 
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particle cloud may be obtained from the sum of the burn out for each size band weighted to its 
initial mass fraction. The entire combustion process for a fuel particle is modelled in four 
sequential stages, namely, 1) heat up of particle, 2) devolatilization of particle, 3) combustion 
of char, and 4) heating or cooling of remaining ash. The principle of the model is illustrated in 
Figure 1.4. 
 
raw coal particle

stage 1 -
particle heat-up

volatiles

char

stage 2 - 
particle devolatilization

CO

stage 3 -
char combustion

ash particle

stage 4 -
ash particle cooling
or heating  

Fig. 1.4. Process of fuel particle combustion 
 
 As shown in the figure above, the particle is first heated by radiation and convection. 
When the particle temperature rises to a devolatilization temperature, which was assumed to 
be equal to 600 K in the study, the particle begins to release volatiles. The volatiles enter the 
surrounding gas phase as a source of the species, volatiles, in subsequent gas-phase 
calculations. The heterogeneous oxidation of the remaining char particles begins after 
devolatilization. The combustibles remaining in the char particles are treated as pure carbon 
and the oxidation of them is assumed to take place according to the reaction C + 0.5 O2 = CO. 
 
 The gaseous product CO from char combustion is then released to the gas phase and 
appears to be a source of the species CO in subsequent gas-phase calculations. Once the 
combustibles in the particle have been consumed, the inert ash particle is again subjected to 
radiation and convection before leaving the combustion chamber. 
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1.6.1. Stage 1 and 4 - Particle Heating and Cooling 
 When particle temperature is lower than the devolatilization temperature or once the 
combustible fraction of the particle has been depleted, we use a simple, transient heat balance 
to relate the particle temperature to the radiative and convective heat transfer at the particle 
surface: 

prpc
p

p,sp QQ
dt

dT
CM += ,    (1.7) 

 
where: Mp represents the instantaneous mass of particle (kg), Cp,s the specific heat capacity of 
particle (J/kg·K), and Tp the particle temperature (K). 
 
 The convective heat transfer rate Qpc is calculated by: 
 

( )pggppc TTNuλπdQ −=     (1.8) 
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and the radiative heat transfer rate Qpr is calculated by: 
 

( )4
p

2
pppr σTIπεQ −= ,     (1.11) 

 
where: dp is the particle diameter (m), λg the local thermal conductivity of the gas-phase 
(W/m·K), Tg the local gas-phase temperature (K), Prg the local Prandtl number of the gas 
phase, νg the local kinematic viscosity of the gas phase (m2/s), Vp and Vg the local velocity 
vectors of particle and gas respectively (m/s), εp the emissivity of the particle, σ the Stefan-
Boltzmann constant (5.67032E-8 W/m2·K4), I the local incident radiative flux to the particle 
surface (W/m2). 
 
 The heat lost or gained by the particle as it traverses through the combustion chamber 
appears as a source or sink term in subsequent calculations of the gas-phase energy equation. 
 
 The heat exchange rate between the particle and the gas phase is calculated by: 
 

prpc
ex QQ

dt
dH

+= ,     (1.12) 

 
in which Hex represents the heat exchange between the particle and the surrounding gas phase 
(J). At stage 1 and 4, the particle does not exchange mass with the gas phase and does not 
participate in any chemical reactions. 
 
 
1.6.2. Stage 2 - Particle Devolatilization 
 Devolatilization refers to the release of volatile matter by thermal decomposition. 
When devolatilization is carried out under inert conditions it is termed pyrolysis. 
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 As a fuel particle is heated, the chemical bonds are severed. The weaker ones rupture 
at a lower temperature and the stronger ones at a higher temperature. The resulting products 
consist of oxides of carbon, pyrolysis water, hydrocarbons and hydrogen which are 
collectively referred to as volatiles. The volatiles then escape through the solid carbon matrix 
to the surrounding environment. During this period, some of the volatile species (e. g. tar) 
may undergo secondary reactions such as cracking and repolymerization. 
 
 The devolatilization of particles is important for the prediction of the near-burner zone 
of flames and the flame stability. However, the complex decomposition and transport 
phenomena involved in devolatilization are not yet amenable to exact theoretical description 
of this process. Currently, it is argued whether devolatilization is a kinetic process or a 
physical process which leads to two different types of model [63]. 
 
 The kinetic model assumes that the heating rate of particles is much faster than the 
rate of breakage of the chemical bonds necessary for the release of volatiles. This assumption 
leads to the introduction of Arrhenius-type models [64 – 71], based mainly on a chemical 
interpretation of the process. 
 
 The second type of devolatilization model is based mainly on a physical interpretation 
of the process. In this type of model, it is assumed that the rate of chemical processes in fuel 
particles is much faster than the heating rate of particles, for instance, the instantaneous 
devolatilization scheme, proposed by Knill et al [63, 72, 73]. A full adjudgement of the “best” 
devolatilization model is not the purpose of this study. 
 
 The devolatlization model chosen in the study is a kinetic model and is based on a 
phenomenological approach which consists of two competing reactions. The scheme was 
previously proposed by Kobayashi et al. [67] and later used in the prediction of PF flames by 
other research groups [74, 75]. The scheme of the model is shown below: 
 

volatile 1 +  char 1
α1 (1 - )α  1

k  = B exp(-E  /RT )1 1 1

volatile 2 +  char 2
α2 (1 - )α  2

k  = B exp(-E  /RT )2 2 2

k1

k2

1

2  
 
in which: αl and α2 are the stoichiometric coefficients, B1 and B2 the frequency factors, E1 
and E2 the activation energies for reaction 1 and 2 respectively. The devolatilization is 
assumed to proceed along two paths. Each path has a temperature dependent rate coefficient 
(k1, k2) and a maximum yield (α1, α2). The path characterized by k1 and α1 is assumed to be 
predominant at low temperatures whilst the other path dominates at high temperatures. The 
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ultimate yield of volatiles lies between α1 and α2 depending upon the final temperature, and 
heating rate of fuel particles. 
 
 Experimental observation indicates that the mass of volatiles evolved is not that 
indicated by the volatile matter (VM) determined from standard proximate analysis (ASTM 
analysis). These tests employ relatively low heating rates and final temperatures. The ratio of 
the actual to apparent VM weight loss is represented by the “Q” factor in the literature with 
the measured values varying from 1.5 to 2.0 [76]. 
 
 α1 is taken as VM and α2 is chosen to reproduce the measured ultimate yield of 
volatiles under heating conditions similar to those encountered in PF flames, typically α2 = 
2α1 or medium to high volatile bituminous coals. 
 
 A significant advantage of the two-competing-reaction scheme is that once the 
empirical kinetic parameters have been determined for a particular fuel, the model is then able 
to predict the yield of volatiles as a function of particle heating conditions. Although the 
model is not based on the devolatilization mechanism, it is able to fit the coal pyrolysis data 
by adjusting six empirical parameters (α1, α2, B1, B2, E1, E2) and to describe the observed 
phenomena. 
 
 The resulting formulation is given as follows: 
 

( ) c21
c Mkk

dt
dM

+−=      (1.13) 
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where: Mc represents the instantaneous mass of unreacted raw coal in the particle (kg). 
 
 The instantaneous particle temperature is calculated by the equation: 
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where: Lh is the latent heat of particle devolatilization (J/kg) and is normally small for coals 
[77]. 
 
 The changes in particle diameter during the devolatilization is modelled by the 
following relationship: 
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,    (1.16) 

 
where: dp0 represents the initial diameter of the particle (m), Mc0 the initial mass of the 
combustibles in the particle (kg), and Csw an initially defined swelling coefficient. 
 



 

 21

 Note that the term (1−Mc/Mc0) approaches a value of one as the devolatilization 
process is going on. 
 
 Equation (1.16) indicates that the swelling or shrinking of the particle is proportional 
to the extent of devolatilization. If Csw is equal to 1, the particle will remain constant at its 
initial diameter. 
 
 Differentiating equation (1.16), the instantaneous particle diameter can be calculated 
by the equation: 
 

( ) ( ) ( )
dt
/MMd1Cd

dt
dd c0c

swp0
p −−=    (1.17) 

 
 Moreover, the heat and mass exchanges between the particle and the surrounding gas 
phase are determined by the following equations: 
 

prpc
ex QQ

dt
dH

+=      (1.18) 

 

dt
M

dt
dM pv −= ,      (1.19) 

 
in which: Mv represents the mass of volatiles released from the particle (kg). 
 
 The devolatilization process is completed when the remaining mass of unreacted raw 
coal in the particle, Mc, has decreased to 3 % of its initial mass Mc0. 
 
 
1.6.3. Stage 3 - Char Combustion 
 Since the char combustion takes longer than the particle devolatilization, a correct 
modelling of the process is less critical than the modelling of devolatilization. Char 
combustion models [57, 60, 65, 78 – 84] often consider external transport of oxygen to the 
char particle surface, diffusion of oxygen through the pores inside the char particle, and the 
chemical reaction on the pore walls which is referred to as intrinsic reactivity. For a low 
intrinsic reactivity , oxygen is able to travel into the interior of the char particle. In such a 
case, the particle size stays constant during combustion but its density decreases. On the other 
hand, if the reaction rate is very fast, all the oxygen is consumed as it reaches the particle 
surface. Then, the density of the particle remains constant while the particle size changes. 
 
 The char combustion model chosen for use in this study is a simple but comprehensive 
approach. In the model, the rate of the char combustion is assumed to be controlled by two 
steps: 

• external transport of oxygen through a boundary layer to the particle surface, and 
• reaction of oxygen-char at the particle surface. 

 
 The apparent chemical reactivity at the char surface which represents the combined 
effect of oxygen diffusion through the pores and the intrinsic reactivity of char, is based on 
the exterior area of the char and is proportional to the first order with respect to the partial 
pressure of oxygen at the particle surface. 
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 Equating the external transport and the apparent chemical reaction rates gives: 
 

( ) ox,scx,sogox,dc pkppkq =−=     (1.20) 
 
 Equation (1.20) can be rewritten as: 
 

gox,
cd

cd
c p

kk
kkq

+
= ,     (1.21) 

 
where: qc represents the rate of char combustion per unit external surface area of particle 
(kg/m2·s), kd and kc the oxygen transport and chemical reaction rate coefficients (kg/m2·s·Pa), 
Pox,g and Pox,s the partial pressure of oxygen in the gas phase and at the particle surface 
respectively (Pa). 
 
 If the transport mechanism for oxygen in the boundary layer around the particle is 
assumed to be molecular diffusion, the oxygen transport rate coefficient kd can be calculated 
by, [60]: 
 

mp
d RTd

 D  γ24k =       (1.22) 

 
 The apparent chemical reaction rate coefficient kc is taken as the Arrhenius form: 
 

( )paac /RTEexpAk −= ,    (1.23) 
 
where: γ is the mechanism factor (γ = 2 if CO is the primary product of the apparent surface 
reaction of char particle and γ = 1 if CO2 is the primary product), D the diffusion coefficient 
of oxygen (m2/s), Tm the average gas temperature in the boundary layer of char particle (K), 
Aa the frequency factor (kg/m2·s·Pa), and Ea the activation energy (J/kmol). 
 
 The diffusion coefficient of oxygen, D, is generally inversely proportional to the total 
pressure, and increases with increased temperature. In the literature [60], D is assumed to be 
proportional to (Tm/T0)1.75 and T0 is a reference temperature (K). Combining the relation with 
equation (1.22), kd can be rewritten as: 
 

p

0.75
m

dd d
TCk = ,     (1.24) 

 
where: Cd is taken as an empirial parameter in the model, kd can generally be expressed using 
equation (1.23) instead of equation (1.22) since the transport of oxygen through the gas film 
around the char particle may not be considered as pure molecular diffusion in real flames. 
 
 
 Finally, the resulting formula for char combustion is as follows: 
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 Data [78] suggests that the apparent activation energy Ea is around the value 71·106 
(J/kmol) for regime II combustion, i.e. the rate of char combustion is limited by the oxygen 
diffusion through char pores. 
 
 Char temperature is determined by the heat generated from the char surface reaction, 
with the energy released by the C to CO reaction being absorbed by the char, and heat 
exchange with the surroundings by radiation and convection. Expressed mathematically: 
 

prpcpb
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sp,p QQQ
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dT
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where: ∆H is the heat of char surface reaction. It is taken as 9.2·106 (J/kg) in the study. 
 
 The change in the particle diameter during char combustion is modelled by the 
relation: 
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= ,    (1.28) 

 
where: Mchar is the initial mass of char particle at the beginning of char combustion (kg). 
 
 Equation (1.28) shows that the particle diameter is proportional to the remaining mass 
fraction of the char particle to the power of α. If the exponent α = 0, the diameter of the char 
particle stays constant during char combustion, and if α = 1/3, the density of the char particle 
will remain constant. This comment is derived from the internal relation between the particle 
density and diameter when a spherical particle and a uniform density distribution are 
assumed. 
 
 The assumptions of constant particle diameter and constant particle density physically 
represent two limiting states of char combustion as described previously. For the partial 
penetration of oxygen into the char particle, α might lie between 0 and 1/3. Differentiating the 
equation (1.28), the instantaneous particle diameter can be calculated by the equation: 
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 The rate of heat and mass exchange between the particle and the gas phase during char 
combustion are determined by the following equations: 
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where: Mox is the mass of oxygen transported to the particle (kg) and Mco the mass of 
carbonmonoxide released from the particle (kg). Finally, char combustion is terminated when 
the remaining mass of the particle has decreased to its initially defined ash content. 
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2. Numerical methods and CFD technology for industrial furnaces 
 
 
 Design requirements of high-performance boilers are usually summarized as the 
achievement of time, temperature and turbulence, commonly called 3Ts. Mathematical 
modeling has been widely used tools for the design of a complicated boiler since 80’s. In 
1988, special issue of Combustion Science and Technology collected fourteen papers 
concerned with numerical methods for practical combusting flows and first formally 
illustrated their ability to contribute to the design process of industrial combustion equipment. 
Then, the computer technology and the numerical software have begun fast development and 
are still growing quickly. Recently, the computational fluid dynamics (CFD) tools, such as 
FLUENT, STAR-CD or CFX, have been successfully used for comprehensive simulations of 
different types of furnaces, boilers or even burners. 
 
 Computational fluid dynamics (CFD) codes mainly contain three parts: 

- first part is the physical models, which are set of conservation equations of mass, 
momentum, energy, state equation, turbulent equations, chemical reaction source 
term equations, etc; 

- second part is a series of solution approaches for solving presented above physical 
models; 

- third part is the preprocessor of discretization of computational domain and the 
postprocessor or visualization of numerical tools. 

 
 The first releases of CFD codes usually applied the structured grid, which made the 
codes very difficult to deal with the industrial furnaces and boilers that might have very 
complicated geometry. The new generation of CFD codes is based on the unstructured grid 
configurations, which make possible to handle flexibly the very complicated geometry of an 
industrial boiler or furnace. 
 
 
 
2.1. Work environment 
 
 This work is carried out using the computational fluid dynamics software FLUENT 
code, which is licensed by Fluent Inc., [85]. FLUENT is state-of-the-art computer software 
for modeling of fluid flow and heat transfer in complex geometry. It provides a complete 
mesh flexibility, as it solves fluid flow problems using unstructured grid, that can be 
generated for complex geometry with relative ease. GAMBIT and TGrid from Fluent Inc. are 
also used for the geometry set-up and mesh generation. GAMBIT is preprocessor for 
geometry modeling, block-structured mesh generation and unstructured triangular surface 
mesh generation in two- and three-dimensions. Tgrid is a 2D triangular and 3D tetrahedral 
mesh generator that is used to generate 3D grid cases in this work. 
 
 All simulations were performed on PC computer equipped with two processors Athlon 
MP 1800+ and 1 GB main memory running under the Linux version RedHat 7.3 base 
operating system. To grid generation the GAMBIT software release 1.3 was used in the 
Academic Computer Center in Gdansk TASK. To perform calculations the FLUENT software 
release 6.0.20 was used. 
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2.2. Numerical methods 
 
 In this work, the commercial FLUENT solver has been used. The finite volume 
method (FVM) and the iterative method together with convergence acceleration approach are 
applied to solve the governing partial differential equations (PDE) system in integral forms of 
a series of physical models for turbulent combustion. 
 
 To solve the governing partial differential equations for the conservation of mass, 
momentum, and scalars such as energy, turbulence and chemical species in integral form, a 
control-volume based technique and SIMPLE procedure are used in FLUENT. This technique 
consists of: 

• division of the domain into discrete control volumes using a computational grid; 
• integration of the governing equations on the individual control volumes to 

construct the algebraic equations for discrete unknowns; 
• solution of the discretized equations. 

 
 The governing equations are solved sequentially. Since they are coupled, several 
iterations of the solution are obtained. 
 
 The integration of the differential equation can be illustrated most easily in simple 
Cartesian coordinates, and is demonstrated below for a one-dimentional equation set. 
 
 Consider the differential equation for transport of scalar quantity φ: 
 

( ) φφ S
x
φ

x
ρu

x
+

∂
∂

Γ
∂
∂

=
∂
∂ ,     (2.1) 

 
where: ρ is the density, u is the velocity, Γ is the diffusion coefficient and Sφ is the source per 
unit volume of φ. 
 
 Equation (2.1) is integrated about the control volume, discretized to yield: 
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where: J = ρuA is the mass flow rate, ∆V is the volume and A the cross-section area. 
 
 In this practical study, the equations are extensions of the above equations to three-
dimensional, unstructured meshes composed of arbitrary polyhedral. The computer stores 
discrete values of the scalar φ at the cell centers. However, face values of φ are required for 
the convection terms in Eq. (2.2) and must be interpolated from the cell center values. This is 
accomplished using a first-order upwind scheme, or a second-order upwind scheme. The 
diffusion terms are central-differenced and are always second-order accurate. 
 
 
2.2.1. The unstructured mesh and discretization schemes 
 For a real furnace with a complex geometry, its physical/computational domain can be 
divided into discrete control volumes (3D cell or mesh) using unstructured tetrahedral-type 
grids, [86]. The benefit of unstructured grid generation is its ability to adaptively refine the 
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mesh in areas that contain complex flow structures, such as multi-jet flows inside the domain. 
In this thesis, the CAD software codes of GAMBIT and TGrid are employed to generate the 
unstructured grid and mesh cases. Then, the governing partial differential equation system can 
be integrated on the individual control volumes to construct the algebraic equation system for 
discrete unknowns. 
 
 For space discretization, by neglecting the time derivative and applying Gauss 
divergence theorem, the integration for formulae: 
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on an arbitrary control volume V yields the integral form of steady-state transport equation as: 
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where: v is the velocity vector, A is the surface area vector, Γφ is the diffusion coefficient for 
φ, Sφ is the source of φ per unit volume. 
 
 It is integrated on a given control volume and yields the following algebraic equation 
as: 
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where: Nfaces is the number of faces enclosing the cell, φf is the value of φ convecting through 
the face f, vf is the mass flux through the face f, Af is the area of the face f, n)( φ∇ is the 
magnitude of ∇φ normal to the face f. 
 
 This equation can be linearized as: 
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nbnbp += ∑ φφ ,     (2.6) 

 
where: nb represents the neighbour cells, b is the constant part of the source term Sc in 
linearized Sφ = Sc + Spφ and of the boundary conditions. 
 
 ap and anb are the linearized coefficients and meet: 
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2.2.2. Upwind scheme 
 Since the grid is unstructured, all discrete values for variable φ are stored at the cell 
centers. The diffusion terms are second-order central-differenced, while the convection terms 
can be discretized using upwind scheme (first-order or second-order), power-law scheme 
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(first order), [87], and QUICK scheme (third-order), [88, 89]. If the first-order upwind scheme 
is employed, the face value φf can be selected as the cell-centered value φ of the upstream cell. 
 
 When first-order accuracy is selected, the face value of φ is assumed to be that of the 
upstream cell. This scheme may be derived from the exact solution to a one-dimensional 
convection-diffusion equation for φ. For example, the steady one- dimensional equation 
describing the transport of φ is 
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where: Γ and ρµ are constant across the interval. 
 
 Eq. (2.8) can be integrated to yield the following solution describing how φ varies with 
x: 
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where: φ0=φx=0 , φL=φx=L and Pe is the Peclet number (Pe = ρuL/Γ). 
 
 For large Pe, the value of φ at x=L/2 is approximately equal to the upstream value. 
This implies that when the flow is dominated by convection, interpolation can be 
accomplished by simply letting the face value of a variable be set equal to its upwind or 
upstream value. 
 
 If the second-order upwind scheme, [90], is used, the face value of φ can be calculated 
using a Taylor series letting expansion for φ about the cell centroid as: 
 

sPPe ∆⋅∆+= φφφ ,     (2.10) 
 
where: φP and ∇φP are the values of its gradient in the upstream cell and ∆s is the 
displacement vector from the cell centroid to the face centroid. 
 
 This formation requires the determination of the gradient ∇φ in each cell. This 
gradient is computed using the Gauss divergence theorem, which in discrete form is written 
as: 
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 The face values of φ are computed by averaging φ from the two cells adjacent to the 
face. Finally, the gradient ∇φ is limited so that no new maxim or minima are introduced. 
 
 The traversal of linearized equation (2.6) on each cell in the whole computational 
domain, results in a set of algebraic equations, which can be solved using a point implicit 
Gauss-Seidel linear equation solver in conjunction with an algebraic multigrid (AMG) 
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method. In addition, in order to overcome the difficulty of convergence due to the 
nonlinearity of the equation set, the underrelaxation approach, [87], can be used as: 
 

φφφ α∆* += ,     (2.12) 
 
where: φ is the new value of the variable in a cell, φ* is the old value from the previous 
iteration, α is the underrelaxation factor, ∆φ is the correction standing for the computed 
change. 
 
 
2.2.3. Pressure-velocity coupling 
 The coupling between the velocity field and pressure field is strong to solve the 
incompressible flows. An effective way is using SIMPLE, [87], or SIMPLEC (SIMPLE-
Consistent), [91] algorithms to handle the discretization of the momentum and continuity 
equations with pressure-velocity coupling problems. The SIMPLE uses a relationship 
between velocity and pressure corrections to enforce mass conservation and to obtain the 
pressure field. Firstly, guess a pressure field to solve the momentum equations to obtain a 
preliminary velocity field. The pressure correction and the velocity corrections are then 
calculated by using the continuity equation. The SIMPLEC procedure is similar to the 
SIMPLE procedure. The only difference lies in the expression used for the face flow rate 
correction, and the SIMPLEC is used where pressure-velocity coupling is the main deterrent 
to obtain a solution. 
 
 
2.2.4. Segregated solution method 
 The algebraic equations discretized from the governing PDEs can be solved 
sequentially and iteratively by using segregated solution method. Since the governing 
equations are non-linear and coupled, the iterative method, such as Gauss-Seidel 
underrelaxation scheme. 
 
 
 
2.3. The unstructured multigrid method 
 
 The linearized equations on unstructured meshes can be solved using the point-
iterative solver of the Gauss-Seidel underrelaxation method. It can rapidly remove local errors 
in the solution but its global errors are reduced at a rate inversely related to the grid size. In 
other words, when the mesh being refined to a certain level with a large number of control 
volumes, the iterative process maybe stall for the convergence rate becomes prohibitively 
low. An effective way to solve this problem is using multigrid (MG) method, which allows 
the global error or long-wavelength errors to be addressed by using a sequence of 
successively coarser meshes. The long-wavelength error on a fine mesh becomes a short-
wavelength or local error on a coarse mesh. Each grid in the mesh hierarchy reduces those 
error components that the Gauss-Seidel solver handles well on that grid. Since computations 
can be performed at exponentially decaying expense in both CPU time and storage as the 
mesh is coarsened, a very efficient mechanism can be devised for reducing long wavelength 
errors. There are two significant characteristics for the MG method that the convergence is 
grid level independent and the solution to the level of truncation errors can be obtained with 
much less computational work. 
 



 

 30

 Basically, consider a set of linearized algebraic equations having the exact solution 
φexact, as: 
 

0bA =+exactφ ,     (2.13) 
 
where: A is the original fine mesh level operator. 
 
 Assume an approximate solution φ and a defect d on the original fine mesh level, as: 
 

dbA =+φ       (2.14) 
 
 The correction ψ is: 
 

φφ −= exactψ       (2.15) 
 
 So, one can obtain an equation for the correction and the defect on the original fine 
mesh level, as: 
 

0dA =+ψ       (2.16) 
 
 Next step, on the coarse mesh level, one has: 
 

0RdψA HH =+ ,     (2.17) 
 
where: AH is the coarse mesh level operator. ψH is the coarse mesh level correction. R is the 
restriction operator for transferring the fine mesh level defect d down to the coarse mesh 
level. 
 
 Then the approximate solution on the fine mesh level can be updated by: 
 

Hnew Pψ+= φφ ,     (2.18) 
 
where: P is the prolongation operator for transferring the coarse mesh level correction up to 
the fine mesh level. 
 
 FLUENT has an AMG linear equation solver to accelerate the convergence of the 
Gauss-Seidel underrelaxation iterations. The algorithm of the restriction and prolongation is 
an unstructured version of the additive correction (AC) strategy, [92, 93]. The prolongation 
operator is obtained from the transpose of the restriction operator as: 
 

TRP =       (2.19) 
 
 The coarse mesh level operator AH is constructed using a Galerkin approach and has 
the following expression as: 
 

RAPAH =       (2.20) 
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 For AMG, the residual reduction rate criteria is defined as: 
 

1ii βRR −> ,      (2.21) 
 
where: Ri is the residual or defect on the current mesh level after the i-th relaxation, β is the 
residual reduction tolerance (0 ÷ 1, default 0.7) controlling the frequency of visiting the 
coarser mesh level. 
 
 While, the convergence or termination criteria can be defined as if the error in the 
correction solution is reduced to a some fraction α (0 ÷ 1, default 0.1) of the original error on 
this mesh level as: 
 

0i αRR < ,      (2.22) 
 
where: Ri is the residual or defect on the current mesh level after the i-th relaxation, R0 is the 
residual initially obtained on this mesh level at the current global iteration. 
 
 
 
2.4. Convergence and accuracy 
 
 Nowadays, there are no universal measures to judge convergence. However, for most 
practical problems, the convergence criterion can be set that the scaled residuals drop three 
orders to 10-3 for solved equations (for energy equation, the convergence criterion is 10-6). 
 
 There are two error sources coming from the discretization error: 

- D (D = analytical solution of governing PDE – exact solution of discretized 
algebraic equation) and numerical error, 

- ε (ε = numerical solution – exact solution of discretized algebraic equation). If the 
discretization error shrinks in progression of refining the mesh, the discretization 
scheme is consistent. While, if the numerical error εp in the cell P shrinks in the 
iterative procedure from step n to n + 1, as: 
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then, the numerical solution is stable. Dahlquist, [94], proved that a linear multistep scheme is 
convergent if and only if it is consistent and stable. However, for the practical combustion 
problem, the governing PDEs are highly non-linear, so there are no exact measures for 
judging convergence. Instead, in order to obtain the physically realistic results and stable 
iterative solutions, the discretization scheme should possess three properties of 
conservativeness, boundedness and transportiveness, [87, 95]. For conservativeness, the flux 
of the transported φ through a common face must be in a consistent manner of the same 
expression in adjacent control volume. For boundedness, all coefficients of the discretized 
equations should all be positive, and in the absence of sources the internal nodal values of the 
variable φ should be bounded by its boundary values. For transportiveness, [96], the 
discretized scheme should be able to recognise the direction of the flow or the strength of 
convection relative to diffusion by the measure of cell Peclet number, Pe, as: 
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Γ/∆x
ρu

diffusion
convectionPe == ,    (2.24) 

 
where: ∆x is the cell width. It can be shown that upwind schemes possess these three 
properties, thus they are highly stable. While, the QUICK scheme may be unbounded under 
certain flow conditions, thus it is conditional stable. 
 
 It is apparent that there are two ways to enhance the solution accuracy by using 
higher-resolution discretization (refining the mesh) or/and using the higher-order schemes. 
For higher-resolution discretization, since the computer source is always limited, therefore a 
wise strategy is to use the unstructured grid together with the adaptive mesh technique for 
local mesh refinement for the complex geometry and flow structures, [97]. In principle, one 
may refine the mesh until the numerical solution being grid non-sensitive (grid-independent). 
For higher-order schemes, the second-order upwind scheme and the third-order QUICK 
scheme can be applied. However, for a large mesh case, the higher-order schemes will cost 
more computational time and may be less stable. Therefore, in practice, a balance among the 
convergence, accuracy and computational source should be considered and evaluated always. 
 
 
 
2.5. Custom field functions and user-defined-functions 
 
 In FLUENT, the custom field functions (CFF) can be used to define user’s field 
functions, such as the degree of mixing. In addition of CFF, the user-defined functions (UDF) 
can be used to code the sub-models for the boundary conditions, source terms, property 
definitions, reaction rates, solution of user-defined scalars, etc. UDF should be written in the 
C language and complied and grouped in a shared library using Makefile.udf and 
makefile.udf. The complied UDF can completely access to the main solver to perform the 
computational tasks for sub-models. 
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3. Isothermal simulation of combustion process 
 
 
 Modelling in general is the experimental method involving small-scale water models, 
for the study of non-isothermal flow and combustion occurring in large-scale combustors like 
furnaces or boilers. Also, it enables engineering investigations to be carried out, which would 
be difficult or impossible to perform on the real plant because of the cost and the risk for 
damage it. 
 
 Fuel-fired heating equipment is usually designed to achieve a known rate of heat 
transfer to a load process. The methods used to design fuel-fired heating plants vary 
depending on the skills of the engineer and the disposal techniques. These techniques are 
usually only applicable to a specific type of plant with the main objective of sizing the 
equipment for different operating conditions. 
 
 In order to build a plant to operate at higher standards of efficiency, reliability and 
safety, more sophistical design methods are needed. This has stimulated the development of 
mathematical and physical modelling techniques for the fuel-fired equipment. 
 
 Experimental modelling is fundamental in theory and simple in visualisation. The 
range of experimental techniques is very large and new techniques are being developed as 
new instrumentation and materials become available. 
 
 Numerous studies in the field of heat and combustion technology have shown, that 
physical modelling is valuable technique for the study of aerodynamics in combustion 
chambers. Flow pattern, pressure, velocity distributions and simulation of mixing and 
combustion are specific applications, [98 – 102]. 
 
 The objective of a model is to mimic selected aspects of the real process and therefore 
to predict or simulate how it behaves and responds to certain design or operating changes. 
Also, it allows a wider range of design options to be evaluated thus increasing the scope of 
technical innovation, such as to change position of the burners or air inlet ports and the 
combustor shape. 
 
 This model must be used with certain similarity criterions to visualise real industrial 
processes properly. The most common methods to find similarity criterions are dimensional 
analysis and use of differential equations. The second one is the safest. Since it uses generally 
accepted equations, which describe the process in a correct way, they will give all similarity 
criteria of importance. In many cases it is not possible to define all the applicable differential 
equations, so in this case dimensional analysis is the only possibility. However dimensional 
analysis will give the same result under the condition that all relevant variables that have an 
influence on the problem are considered. It is always a risqué that some variable is missing 
and therefore use of differential equations are recommended whenever possible. 
 
 The importance of physical modelling techniques in two- (2D) and three-dimensional 
(3D) are even more evident when combined with mathematical modelling to study industrial 
boilers, furnaces or burners. Together with mathematical modelling, experimental modelling 
or physical modelling seems to provide a good understanding of the combustion processes 
and deliver adequate information to be able to optimise or redesign industrial boilers. 
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3.1. Dimensional analysis 
 
 Dimensional analysis is based on the fact that all processes in nature are independent 
of the dimension system that one chooses to use. 
 
 Basically, dimensional analysis is a method for reducing the number and complexity 
of experimental variables. Its purpose is to group them in dimensionless form, which has 
several sides of benefit: 

• the first is an enormous saving in time and money, 
• the second is that it helps our thinking and planning for experiment and theory, 
• the third is that dimensional analysis provides scaling laws, which can convert data 

from a cheap, small model into design information for an expensive, large 
prototype. 

 
 A consequence of this is that all mathematical equations that describe physical 
processes can be expressed as relationships between dimensionless combinations of relevant 
variables. The only condition that has to be valid is that all dimensions must be harmonised. 
This condition is fulfilled if the international SI-system is used. 
 
 
3.2. Similarity criteria 
 
 In any simulation or modelling exercise it is very important that the flow, mixing and 
heat transfer – and sometimes the combustion and chemical-characteristics observed in the 
actual plant are maintained in a prototype or small-scale isothermal physical model. In order 
to maintain equivalent conditions in the model (or prototype) and the actual plant, similarity 
criteria need to be considered to establish and quantify the key physical and geometric 
features. 
 
 Similarity is the basis of model theory. If the necessary similarity criteria are 
maintained, the parameters of interest will vary the same way in model and prototype. 
Recalculation of the results measured in the model is then possible so that one gets the values 
that would have been measured if the experiments had been conducted in the prototype. By 
combining different variables to dimensionless numbers this recalculation can be conducted 
in a simple way. These dimensionless numbers have the same value in model and prototype. 
 
 Once the variables are selected and the dimensional analysis performed, similarity 
between the model tested and the prototype to be designed has to be achieved. Within 
combusting flow systems five types of similarity need to be considered: 

- geometrical similarity: there is a fixed ratio of corresponding dimensions so that 
shape of the model and equipment is the same (a model and a prototype are 
geometrically similar if and only if all body dimensions in all three coordinates 
have the same linear-scale ratio), 

- kinematic similarity: the corresponding fluid or solid particles follow 
geometrically similar paths (streak lines) in comparable time intervals (kinematic 
similarity requires that the model and the prototype have the same length-scale 
ratio and time-scale ratio; it means that the velocity fields in two systems are 
similar, this is usually done by keeping Reynolds number the same in model and 
prototype or that the flow in the model is kept turbulent), 
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- dynamic similarity: the relative importance of the various forces acting in the plant 
is the same in the model (dynamic similarity is existing, when model and 
prototype have the same length-scale ratio, time-scale ratio and force-scale (or 
mass-scale) ratio. A condition for dynamic similarity is kinematic similarity; in 
this case similarity regards a system, which is influenced by different forces: 
pressure, friction, acceleration, thermal forces, etc.; to obtain resulting velocities 
with the same direction and proportional size in two systems therefore is that the 
force parallelograms in the two systems are similar; thus dynamic similarity is 
obtained if Froudes number, Fr, and Reynolds number, Re, have the same value in 
the two systems), 

- thermal similarity: corresponding temperature difference bear a constant ratio to 
one another, 

- chemical similarity: corresponding concentration differences bear a constant ratio 
to one another, 

 
which the most common similarities to be tested are geometric, kinematic, dynamic and 
thermal. 
 
 The design parameters that must be considered to ensure that these five similarity 
criteria are maintained in any proposed physical models can be established either from 
dimensional analysis or by considering the fundamental differential equations, which describe 
the system of the flow heat, heat and mss transfer and chemical reaction processes. 
 
 It is often not possible to maintain all similarity criteria simultaneously – one is forced 
to choose. The choice must be based upon experience, comparative experiments, simple 
calculation and so on. This is one of the reasons why modelling is sometimes referred to as an 
art. more than science. 
 
 If possible a model investigation should be conducted in three steps: 

1. experiments in a model of an existing plant under know conditions and comparison 
with experience the plant – this will verify how well the model simulates real 
conditions, 

2. the main experience are carried out in a model of the planned plant, 
3. when the new plant has been taken into operation works trials are conducted in 

order to verify the results of step 2 – in this way an experience is continuously 
built up, so that the uncertainties of the model results become smaller and smaller. 

 
 However, for modelling of typical combustion systems, two general criteria should be 
considered, [99]: 

- if the Reynolds number, Re, based on the highest velocity and length (or diameter) 
is sufficiently high and the combustion is being controlled by turbulent mixing, 
then the molecular transport processes can be neglected, 

- for flow modelling experiments, if Re is high and the interest is in fully separated 
flows (jet or wake flow) within the combustion chamber, it is necessary to 
maintain Re similarity; this is established in the physical model by keeping the 
water flow turbulent. 
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3.3. Designing the physical model 
 
 Physical models of plants are usually built for two basic purposes, [99]: 

1. visualisation of the flow in the equipment to provide qualitative information, 
2. measurements of the flow characteristics such as velocity, pressure drop and heat 

transfer coefficients to quantify the plant performance. 
 
 The first task in designing the physical model is to choose its size or scale relative to 
the actual equipment. The limiting factors on scaling are usually the facilities available, 
especially the water supply but also factors such as physical strength, the stress on large 
models, space availability and cost may limit the final choice. Another important size 
consideration will be the need to distort (enlarge or diminish) certain components to satisfy 
similarity criteria.  
 
 The choice of material from which the physical model will constructed depends not 
only on how it will be used, but also on the resources available and the design measurement 
techniques. Most models are made at least in part of clear acrylic plastics such as Perspex, 
Figure 3.1. This material can be fabricated relatively easy. 
 

Figure 3.1. Example of three-dimensional (3D) physical model, [103] 
 
 If the primary aim of the model is flow visualisation, it is important that there should 
be a clear access for observation and illumination of the areas of interest. For example, in 
water flow experiments, lightning from behind the model will give better resolution. For most 
modelling exercise no specialised photographic or corresponding equipment are required; an 
ordinary digital video camera will give excellent results provided that good spot or flood 
lighting is available. 
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3.4. Equivalent diameter concept 
 
 Due to the difference in density between the hot mixed environment of the 
recirculated flue gases and air and the cold gas fuel, thermal expansion of the flame will 
occur. In a cold, isothermal model, this must be taken into consideration by increasing the 
nozzle inlet diameter. The equivalent diameter concept is based on the conservation of 
momentum flux. It is visualised below on Figure 3.2. 

a)    b)   c)        d) 

Figure 3.2. Comparison of turbulent jet shapes, [98]: 
 a) isothermal (cold) jet of fuel and air mixture from a nozzle with a diameter of 10 mm, 
 b) reacting jet (flame) of fuel and air from a nozzle with a diameter of 10 mm, 
 c) isothermal water jet coming from a nozzle with a diameter of 10 mm, 
 d) isothermal water jet coming from a nozzle of equivalent diameter 27 mm 
 
 The following equation is used to calculate the equivalent diameter for burners and 
nozzles, [99]: 
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where: 
 Demb – equivalent diameter of model burner [mm], 
 Db – diameter of full scale burner [mm], 
 α - scale factor, 
 ρair – air density [kg/m3], 
 ρgas – combustion gas density [kg/m3]. 
 
 When using the Eq. (3.1), which is sometimes referred to as the Thring-Newby scaling 
criterion, the scale factor has to be known. This is often in the range 1/30 – 1/50 and is 
dependent on practical factors such as the capacity of the water collecting system in the 
laboratory. Large models are also impractical to operate, because of the resulting high 
pressure differences and difficulties in keeping the model water tight. The equivalent diameter 
for the heterogeneous combustion case, like two-phase jet of solid and air or droplets and air 
are calculated using the following relationship: 
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where: 
 m – mass flow of oil and atomising medium [kg], 
 I – momentum of oil and atomising medium [N], 
 ρgas – density of the furnace gas [kg/m3]. 
 
 
 
3.5. Flow visualisation techniques 
 
 
3.5.1. Visualisation of liquids 
 Both opaque, with inks, and fluorescent dyes are used in liquid’s visualisation. The 
opaque dye is the best observed when using light background. The fluorescent dye is the best 
observed when is illuminated by a strong source of light against a dark background. 
 
 Unlike the occurred situation with dyes, solid particles do not dissolve in the flow and 
don’t lose their ability to visualise the flow pattern. They can also be reused indefinitely. 
Shear stress due to flow movement will align these particles with the flow. Aluminum powder 
is a common choice because it is highly reflective and aligns well with the flow. The 
disadvantage of the powder is that it tends to sink. 
 
 
3.5.2. Neutralisation 
 It is sometimes persisted to simulate flame length and shape, and the fuel and air 
mixing in the boundaries of the flame in a small-scale isothermal physical model in order to 
investigate the effects on fuel and air mixing arrangements or the effects of other operating 
parameters such as excess air. 
 
 One technique to simulate flame parameters is by using diluted solutions of an acid 
and an alkali to represent the air and the fuel respectively. The technique is named acid-alkali 
method. The acid and the alkali contain a colored indicator, which becomes colorless on 
neutralisation after mixing with the flow representative reagent. 
 
 This technique is developed for two basic concepts: 

1. in a free, expanding turbulent jet, the concentration of entrained fluid as a function 
of axial distance depends only on the initial thrust of the jet; it is independent of 
the Reynolds number, Re, provided for turbulent flow to exit, 

2. the combustion rate in turbulent diffusion flame is limited by fuel-air mixing and 
not by the rate of chemical reaction. 

 
 A similar process exists for a turbulent alkali jet entraining and reacting with the acid. 
In this case it is the acid entrainment rate alone which determines the progress of 
neutralisation. 
 In the present study only alkali was used to model flames, in oxygen content 
environments simulated by acid solution flows. The air was represented by sulfuric acid and 
the fuel was represented by sodium hydroxide. 
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3.5.3. Choice of reagent concentrations and indicators 
 The relation of strengths of the acid and the alkali solutions should be arranged so that 
the ration of the molarities is equal to the stoichiometric air requirement on a mass basis. The 
chemical reaction of acid and alkali should lead to neutralisation. The reagents used were 
H2SO4 and NaOH respectively and the reaction products were the neutral salt Na2SO4 and 
water H2O: 
 

H2SO4 + 2NaOH   ⇔   Na2SO4 + 2H2O 
 
 The above equation was used to represent the stoichiometric combustion equation of 
the fuel: 
 

CH4 + 2O2   ⇔   CO2 + 2H2O 

 
 Figure 3.3 shows schematically how the development neutralisation reaction simulates 
the fuel jet in cross flow of air. On mass flow basis, the product of acid flow rate and acid 
molarity is equal to the product of the alkali flow rate and the alkali molarity. However, to 
simulate the air excess levels the acid flow rate will be set higher than for the stoichiometric 
requirement, thus simulating the excess air levels normally associated with the firing of 
industrial equipment. 
 

H2O + H2SO4 Na2SO4 + 2H2O

Deq

H2O + NaOH
+ indicator

Mixing zone

Neutralization
zone

 
Figure 3.3. Scheme of the neutralisation method 

 
 Titration is a procedure to determine an amount or concentration of a substance. The 
purpose of it is to determine the concentration needed to equalise the other already chosen 
amount of reagent. A chemical indicator is a compound, which can change color to indicate 
the equivalent titration. The equivalent point is the point at which the number of moles of one 
reagent added as a titrant is exactly the same as the numbers of moles of the other reagent in 
the other solution, in accordance with stoichiometry. An acid-alkali indicator is an acid-alkali 
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conjugate pair, a weak acid-weak alkali system in which the two forms have different colors. 
Determination of the pH number of the solution at the equivalence point is required for the 
titration to be able to select a proper indicator which pH number will come as close as 
possible to the measured value at the equivalence point. 
 
 Two indicators showed proper behaviors for the acid-alkali solutions, thymolphtalein 
and phenolphtalein. They are both colorless in acid solutions and are both suitable from a 
chemical point of view and will show the shape of the model flame. Thymolphtalein gives a 
dark blue color in alkali solution and phenolphtalein gives a dark red color when it mixes with 
alkali solution. It should be stated that even with very diluted solutions there could be 
significant differences between the volume of reagents required for neutralisation and to get a 
color change with those indicators. Small deviations from the calculated value of the acid to 
alkali molarity ratio will introduce significant errors in the simulated flame length and shape. 
Therefore, before proceeding with experiments it is very important to check this ratio by 
accurate titration, Figure 3.4. 
 

 
Figure 3.4. Hydrochloric acid and sodium hydroxide neutralisation curves, [99] 

 
 The construction permitted alteration of the nozzle staging and velocities on the water 
surface. By doing this, studying of different mixing phenomena in the model between the 
cross flow and the colored water flow could be done. 
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4. Description of the Limhamn district heating boiler 
 
 
 The Limhamn district heating plant consists of one 125 MW hot water boiler, which 
delivers heat to the District Heating System of Malmö, Sweden. The boiler was built in 1985 
and is equipped with so called Low NOx burners for pulverized coal as well as an overfire air 
system, OFA. The boiler is coal fired equipped with two coal burners and two oil burners 
placed tangentally in each corner. The oil can be used as an alternative fuel. Its inside 
dimensions are 23.6 m high, 7.42 m wide and 6.78 m deep. The walls are made of water tubes 
with an outer diameter of 0.0603 m and distance of 0.08 m between centre of two 
neighbouring tubes and a surface temperature of approximately 230oC. The total heat 
receiving surface of the walls is 840 m2. During the experiments only the coal burners were 
used. Directly below the burners there are secondary air ports and about 1.3 m above the top 
oil burner the overfire air ports are positioned, fig. 4.1. 
 
 Sulfur oxide reduction is achieved by direct injection of lime in the boiler furnace. The 
electrostatic precipitators reduce the emission of flyash 99.8 per cent. 
 
 The concentration of NOx in the waste gas was in the order of 240 ppm. Thus the 
emissions of both NOx, SOx and particulates were low, compared to similar boilers in 
Sweden. 
 
 To meet more stringent emission standards in Sweden an environmental R & D 
project has been undertaken. The objectives of it were to reduce the emissions of all three air 
pollutants CO, NOx and SOx using reburning technology. 
 
 Before the reburning system was installed, a series of experiments in a 1:70 and 1:40 
scale model of the boiler was conducted. The model was built of perspex and the so called 
acid/alkaline method was used to study the mixing of fuels and air, and the dimensions and 
optimum positions of the natural gas and additional air nozzles. The base line experiments in 
the boiler itself were conducted and consisted of an extensive mapping of the temperature 
distribution and the distribution of oxygen, carbon dioxide, carbon monoxide and nitrogen 
oxide in the boiler furnace. 
 
 The first series was a factor experiment in which the direction of the two sets of 
nozzles were systematically changed. NOx in the waste gas, and carbon in the flyash were 
recorded. Also the total thermal load of the boiler, the ratio between the coal and natural gas 
input and finally the stoichiometry of the main combustion zone and the reburning zone were 
varied and their influence on NOx and carbon in flyash recorded. 
 
 The concluding two experimental series were the same as the base line experiments e. 
g. extensive measurements of temperature and concentrations. The two series were run at 100 
and 68 per cent of full load. 
 
 Parallel with these experiments in the boiler a new series of experiments was 
conducted in perspex models. The objective of these experiments was to study the influence 
of the size of the reburning zone and the main combustion zone in order to explain the results 
of the boiler experiments. 
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 The burners and the air ports are directed towards two imaginary circles, concentric 
around the boiler, fig. 4.2. The burners are placed in the corners about 12 m above the bottom. 
The burners cabinets are 2.45 m high including two coal and two oil burners and secondary 
air inlet below the burners. As was presented above coal burners are Low-NOx, this means 
that they have a central zone with under stoichiometric conditions and the rest of the air is 
introduced outside this central zone. 
 
 The combustion air is preheated to 160oC, while transport air for coal has a 
temperature of about 95oC. 
 
 The air staging concept is also applied with an over fire air (OFA) inlets above the 
burners. This arrangement creates a lower zone with a deficit of oxygen and a higher zone 
with excess oxygen for the bournout of the fuel. 
 

Fig. 4.1. Layout of 125 MW hot water Limhamn district heating tangentially fired pulverized boiler 
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Fig. 4.2. Cross section of the boiler 

 
 The fuel is coal crushed to a powder and transported pneumetically to the eight coal 
burners. As a fuel polish coal was used during this investigation. 
 
 
 
4.1. Baseline experiments 
 
 The purpose of these experiments was to determine the NOx concentration in the 
waste gas from the boiler without reburning. These parameters were measured by probes, 
which were inserted through openings in all the four walls in the six levels shown in fig. 4.1. 
 
 The experiments were conducted at full load, 125 MW. The fuel was polish coal. The 
proximate analysis is shown in table 4.1. 
 
Table 4.1. Analysis, polish coal 
      As delivered   Dry sample 
Surface moisture  %  6.6 
Fixed moisture  %  1.2 
Total moisture   %  7.8 
Volatiles concentration %  33.6   36.4 
Ash    %  9.4   9.16 
Sulphur,  S    %  0.6   0.6 
Carbon,  C   %  74.7   80.6 
Hydrogen,  H   %  5.2   5.6 
Nitrogen,  N   %  1.3   1.4 
Oxygen,  O2   %  7   7.5 
Cal. heat value   MJ/kg  29.54   32.23 
 
The main production data are summarized in table 4.2, [104]. 
 



 

 44

Table 4.2. 
Logged production    data   Mean values 
 
Heat production    MW   124.19 
Coal consumption    kg/s   4.00 
Total air     m3n/s   36.63 
Primary air     m3n/s   8.86 
Air temperature before the burners  oC   162.5 
 
Waste gas analysis 
O2 moist gas     %   3.93 
CO2 dry gas     %   15.62 
SO2      ppm   427.82 
NO      ppm   222.90 
NO2      ppm   6.34 
NOx      ppm   229.24 
CO      ppm   5.92 
 
The carbon contained 80% particles < 75 µm, table 4.3, [104]. 
 
Table 4.3. 
Mesh size    Mill 220     Mill 240 
µm   % passed % remained  % passed  % 
remained 
300   0.0  99.99   0.03   99.75 
150   0.43  99.56   0.16   99.81 
106   3.31  96.25   1.71   98.10 
10   3.67  92.58   7.17   90.93 
75   12.77  79.81   13.87   77.06 
<75   79.81     77.06 
 
The analysis of the flyash is shown in table 4.4, [104]. 
 
Table 4.4. Analysis of the flyash 
Mean values of single analyses 
Moisture   %  0.167 
Volatiles   %  3.02 
Ash    %  90.5 
Fixed carbon   %  6.34 
 
The combustion air flow through different ports were : 
(Stoichiometric air flow 31.66 m3n/s) 
 
Oil burner     10.3 m3n/s 
Coal burner     18.13 m3n/s 
Secondary air ports    1.16 m3n/s 
Total in main combustion zone  29.59 m3n/s   81% 
OFA      7.04 m3n/s   19% 
Total air supply    36.63 m3n/s   100% 
 



 

 45

Stoichiometry 
Total, downstream of OFA   1.16 
Main combustion zone   0.93 
 
 
 The main results therefore are that at full production and 4% O2 in the waste gas, the 
waste gas contained about 240 ppm NOx. The concentration of carbon in the flyash was then 
7 %. The latter value varied between 5 and 9 %. 
 
 Fig. 4.3. shows experiments in the four openings in level 1, immediately below the 
secondary air ports and about 2 m under the top oil burner. The temperature has a maximum 
approximately at half the distance between the center and the walls. Corresponding picture 
shows the carbon monoxide concentration and the nitrogen oxide concentration. The oxygen 
concentration is at a minimum. The figure also shows that relatively large variations over the 
cross section exist. since it was not possible to measure the velocity distribution it was also 
not possible to calculate mean values over the cross section in a systematic way. 
 
            a)      b) 

 
 

Fig. 4.3. Baseline experiments, level 1: 
a) temperature, O2, NOx, CO; b) the probes through openings L1 and L5 in the front 
of the boiler, L9 through the left sidewall and L11 through the right sidewall, [104] 
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 Instead limiting lines have been inserted as shown in the temperature diagram. Based 
upon these subjective mean values have been estimated. These mean values will be used for 
comparison with the results of the reburning experiments. In level 1 the estimated mean 
temperature is 1400oC, and the NOx concentration 330 ppm. From the model experiments it is 
known that the flame from the main burners travels downwards along the walls to bottom of 
the boiler where they turn around and flow upwards in the center. 
 
 The fig. 4.4. verifies this. The figure shows temperature, nitrogen oxide concentration, 
carbon monoxide concentration and oxygen concentration measured through representative 
openings. The maximum carbon monoxide concentration is moving towards the center of the 
boiler if one goes from level 1 and up to level 2, the burner level. The position of the 
temperature and the CO-maxima in levels 1 and 2 shows, how the flame flows downwards 
along the walls from the burners, turn at the bottom of the boiler and flows upwards in its 
center. The maximum temperature in addition is higher in level 1, about 1500oC, to be 
compared with 1400oC in the burner level. 
 

 
Fig. 4.4. Level 2, oil burner and level 1, below secondary air nozzles, [104] 

 
 The strongly varying NOx concentration in level 3, OFA, is due to dilution with over 
fire air, the top diagram in fig. 4.5. The mean temperature here is still 1300 – 1400oC. Also is 
presented the distribution of temperature, NOx, CO and O2, which depend on dilution with 
over fire air. 
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Fig. 4.5. Level 2 and level 3 over fire air (OFA), [104] 

 
 In levels 4, 5 and 6 the coal is partially burned out and the NOx concentration 
decreases to about 150 ppm, CO 0.05% and O2 to 3 %, figures 4.6. to 4.8. The waste gas 
temperature from the boiler furnace is about 1000oC. 
 
 On fig. 4.6. as we can see, the distribution of temperature and combustion products 
over the cross section has started to level out. 

 
Fig. 4.6. Level 3 and level 4, OFA and upper fuel injection (UFI) nozzles, [104] 
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 The fig. 4.7. presents that the values temperature, CO, NOx, CO2 are practically 
uniform over the cross section. 

 
Fig. 4.7. Level 4, UFI and level 5, additional air (AA) nozzles, [104] 

 
 In the fig. 4.8. we can see, that combustion of the carbon monoxide completed, O2 
about 3 %, temperature about 1000oC and NOx 220 – 230 ppm. 
 

 
Fig. 4.8. Level 5, AA and level 6, bullnose, [104] 
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 Fig. 4.9. shows the mean values of the NOx concentration, along the vertical axis of 
the boiler. The figure shows mainly the over fire air systems reduction of the nitrogen oxides 
from 350 – 400 ppm to 270 – 280 ppm between level 3, where OFA is injected, and level 4. 
There after it decreases more slowly to about 230 ppm in level 5 and then remains unchanged 
to the outlet of the boiler furnace. The level is about 1400oC in the burner zone and stays at 
this value to level 3, OFA, then decreases rapidly to 1200oC in level 4 and further to 1000oC 
at the bullnose level. 
 

 
Fig. 4.9. The distribution of NOx and value of temperature on a vertical axis, [104] 
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5. The three-dimensional modelling 
 
 
 
5.1. Methodology 
 
 In the experimental study with 3D water model, simulations of the flame shapes and 
of the combustion and the mixing processes were studied. For both air and fuel in the 
experimental boiler the flows are in the turbulent regime. 
 
 The simulations were done in step as follow: the visualisation of the flame shapes was 
indicated by the injection of phenolphtalein to the modelled fuel nozzles, and the combustion 
and mixing processes were visualised by injecting phenolpthalein and thymolphtalein into the 
simulated fuel nozzles flow. 
 
 The concentration of acid in relation to the concentration of alkali was calculated in 
the guidance of the stoichiometric conditions used in the experimental boiler. 
 
 The simulations were recorded by a digital video camera and then analyzed. 
 
 
 
5.2. Model structure 
 
 Dimensioning of the model geometry was based on geometrical data and operational 
average data with full scaling of the model, which was possible to use due to the capacity of 
the water supply system. The Reynolds number, Re, had to be considered to be well within 
the same flow regime in the furnace and the model. 
 
 Equivalent dimensions of all inlet nozzles due to thermal expansion in the furnace 
room are calculated. The mass flows and the flow velocities of each flow in the water model 
should correspond equally to the flows of hot gases in the real boiler. 
 
 The model, which was built of perspex, was connected to a supply system with 
solutions of acid and alkali via a pump and regulation system constituted of a large number of 
valves and rotameters to control the volume flow rates. 
 
 The 3D water model schematically is shown in Figure 5.1, was vertically placed in a 
steel rig and was filled with water until the steady-state flow was regulated to simulate the air 
flow. 
 
 After passing through the model, the water flow was guided outwards to the drain 
system. With steady-state conditions, the water flow was kept constant during all 
experiments. 
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Fig. 5.1. Photograph of the 3D model in scale 1:40 

 
 
 
5.3. The three-dimensional modelling conditions 
 
 Two different conditions for simulation of flame shapes have been simulated and 
studied in the 3D water model in order obtain information about mixing and combustion 
process, which occur in real boiler. Table 5.1 shows the studied specific conditions in the 
experimental boiler to be studied. 
 
Table 5.1. Two different conditions for modelling flames in the experimental boiler model 
 

Condition Pulverised fuel 
flow rate 
(burners) 
+ pirmary and 
secondary air 
flow rate 

Air flow rate 
(OFA) 

Gas fuel 
flow rate 
(UFI) 

Additional 
air flow 
rate (AA) 

Air excess 
Number 

 [mn3/s] [mn3/s] [mn3/s] [mn3/s] [ - ] 
1 29.29 5.68 0.515 10.82 1.25 
2 31.76 6.16 0.322 8.73 1.25 
3 22.56 4.38 0.515 9.90 1.25 

 
Cases and conditions are specified as follows: 
 1: 125 MW = 105 MW coal and 20 MW natural gas, 
 2: 125 MW = 112.5 MW coal and 12.5 MW natural gas, 
 3: 100 MW = 80 MW coal and 20 MW natural gas. 
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5.4. Acid and alkali solution preparation 
 
 The concentrations of the acid and the alkali in [g/l] to prepare for correct solutions 
have been done as follows: 
 

- the concentration was calculated from the following relationship: 
 

asV
nMKc

&
⋅⋅

= ,      (5.1) 

 
where: 
 c - concentration of solution [g/l], 
 K - constant related to H2SO4 solution concentration, K = 0.04 g/l, 
 M - molecular weight [g/mole], 
 N - number of moles, 
 Vas - stoichiometric air volume (flow rate) in the 3D model 
 
 Normally, for money savings and less risk, the acid concentration is kept low at 0.04 
g/l. The calculation results are presented below in table 5.2. 
 
Table  5.2. Acid and alkali concentrations for simulated cases 
 

Burners level Total OFA + AA Flow rates UFI level Case Air 
excess l/min g NaOH/l l/min g H2SO4/l OFA, 

l/min 
AA, 
l/min 

l/min g NaOH/l 

1.25 8.0 5.1 1 
1.0 

17.3 0.0477 
6.4 

0.4594 2.9 
3.5 

0.18 8.743 

1.25 7.0 4.0 2 
1.0 

18.4 0.0618 
5.6 

0.5250 3.0 
2.6 

0.11 12.630 

1.25 8.7 5.9 3 
1.0 

16.6 0.0413 
7.0 

0.4224 2.8 
4.2 

0.22 7.792 

 
 
 
5.5. Titration procedure for acid and alkali 
 
 For the experimental work 400 liters of acid solution and 400 and 40 liters of alkali 
solutions were prepared to be able to simulate the air and fuel respectively. That means, to 
prepare 400 liters there is a need for an amount 168.96 grams of H2SO4, for 400 liters there is 
a need for an amount 16.52 grams of NaOH and for 40 liters there is a need for an amount 
311.68 grams of NaOH (e. g. case no 3). 
 
 The titration was done to check the correctness of the calculations. For careful reading 
when doing the titration, the whole titration tube should be measured up for the ruling 
stoichiometric conditions according to table 5.2. Phenolphtalein as an indicator was added to 
the alkali solution. Slowly under stirring, acid solution was added to the red solution until 
equivalent point was reached. The whole amount of acid solution representing the 
stoichiometric amount was needed for the switch in color to no color. 
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5.6. Visualisation of flames by neutralisation 
 
 The first step in calibration of the 3D model was to decide upon the correct amount of 
indicator for the density of the nozzle flow. The density should be close to equal to the density 
of the cross flow. If not, the nozzle flow would sink in the opposite direction of the cross 
flow. 
 
 The next step was to check the distribution of the modelled cross flow, which was 
coming from the nozzles in bottom of the model. 
 
 
5.6.1. Visualisation of mixing process 
 After calibration, the equivalent flows of the modelled nozzles flows and the cross 
flow were adjusted by using 16 calibrated rotameters to visualise the mixing processes of 
three studied cases. The visualisation of the mixing process was done in the model by using 
diluted alkali with phenolphtalein and thymolphtalein as an indicators. Figure 6.6 shows the 
result of the visualisation technique for case no 1 and 3. 
 
 
 
5.7. Model experiments - optimizing the position of natural gas and additional air 
nozzles 
 
 The objectives of the second model experiment were to optimize the position of the 
UFI- and AA- nozzles, the ratio of reburning fuel to primary fuel and the stoichiometry in the 
primary zone and reburning zone, as well as to decide which production data that should be 
maintained during the two consecutive experiments in the boiler. 
 
 a)      b) 

      
Figure 5.2. Visualisation of the mixing process for two cases: a) case no 1, b) case no 3 
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 Fig. 5.3. shows the mixing when the ports for additional air and natural gas are 
directed as shown optimal by the model experiments: The air ports 20° upwards and the ports 
in corners 1 and 3 directed 10° upstream. The natural gas nozzle 20o downwards and directed 
towards the imaginary circles. 
 

 
Figure 5.3. The best configuration of the 3D modelling of real boiler: 

- all upper fuel injection nozzles (UFI) directed 20o downstream, 
- all additional air nozzles directed 20o upstream and two (corners 1 and 3) directed -10o 

to main flow 
 
 Fig. 5.4. shows experiments at 25% excess air ratio and different angles for the 
additional air ports. These ports as well as the natural gas nozzles were horisontal during all 
the experiments. 
 The left hand figure shows the mixing when the ports are in their normal position, i. e. 
directed at the same imaginary circles as the main burners OFA. The unmixed zone reaches 
higher up in the center of the boiler where an area of unburned gas exists. In the middle figure 
all the ports have been directed 10o upstream. This results in unburned gases flowing up along 
the boiler wall. 
 In the right hand figure finally, two diagonal ports have been directed 10° upstream, 
while the other two are in their normal position. The mixing (burnout) is uniform over the 
cross section area. 
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a)         b)              c) 

 

Fig. 5.4. The results from experimental modeling at 25 % excess air ratio and at different angles 
of the additional air nozzles: a) all air nozzles in normal position; b) all additional air ports directed 
10o upstream; c) two diagonal nozzles directed 10o upstream and other two in normal position, [104] 

 
 Fig 5.5. gives a summary of the size of the reburning zone at different angles. The 
different areas as well as the figures in the boxes give the projected surface of the reburning 
zone in proportion to the projected area of totally available volume. 
 
 The figures give a measure of how large part of the available volume that is actually 
used for reburning. 
 
 The largest reduction zone is of course, maintained if the natural gas nozzles are 
directed downwards and the additional air nozzles upwards. These, however, reduce the 
primary zone, the middle figure. This can lead to increased concentration of unburned after 
the boiler furnace. By directing both the nozzles upwards the reburning zone is decreased 
somewhat, but available volume for burn-out of the coal increases. 
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Fig. 5.6. The size of the reburning zone at different angles of additional air and fuel nozzles, [104] 

 
 Steel beams which are part of the support construction for the boiler walls, made it 
impossible to put the reburning nozzles in the corners of the boiler. The model experiments, 
however, proved that they could be moved a short distance towards the centre of the wall 
without reducing the entrainment of furnace gases. 
 
 
5.7.1. Proportion of natural gas 
 The reduction increases slower at increasing proportion of natural gas. This also 
verifies what we found in the literature study, Overmoe et al [56]. 
 
 Also the model experiments [55] demonstrate such a decrease. It should be observed 
that the stoichiometry in the primary zone was only 0.86 which is very low and can give 
fouling and corrosion problems. It is not probable that 5 MW gas injection gives 
proportionally as good a reduction if the stoichimetry of the primary zone is increased, e. g. 
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1.05 in order to avoid these problems. The stoichiometry in the reduction zone then increases 
from 0.83 to 1.02. 
 
 If instead the stoichiomety is maintained at a constant value in the reduction zone, no 
improvement of the reduction is obtained at higher natural gas injection. The stoichiometry 
should also, according to literature, be below 0.9. 
 

 
Fig. 5.7. Effect of natural gas input on NOx reduction, [55] 

 
 
5.7.2. Distribution of air 
 The position of the valves in the wind-box and the over fire air ports did not influence 
the NOx-concentration other than in extreme cases. This is exemplified in table 5.3. 
 
Table 5.3. Influence of valve position on the NOx-emission 
 
    105 MW coal+20 MW gas  110 MW coal+15 MW gas 
 
Air to the primary zone 
including OFA (m3n/s)  27.9 27.8 27.7     29.4 29.5 30.0 
Additional air      8.3   8.4   8.3       7.9   7.9   7.9 
 
Valve opening  % 
OFA   %  40   0   0     5 15 40 
OB TOP  %  20 20 20   20 20 20 
CB TOP  %  15 15 30   15 15 15 
OB DOWN  %  20 20 20   20 20 20 
CB DOWN  %  15 15 30   15 15 15 
Sec. Air  %  25 25 25   20 20 20 
 
NOx(ppm)    107 116 129   115 120 113 
(at 3% O2) 
 
 Closing of the OFA port at 20 MW natural gas injection, gives an increase of the NOx 
concentration of 9 ppm and increasing of the air flow to the coal burners an additional 
increase of 13 ppm. 
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 When the OFA port is more than 5 % open, the other valves have very little influence 
on the NOx concentration, which is demonstrated in the right hand part of the table, 15 MW 
natural gas injection. Thus there is a large margin to control the valves in the primary zone in 
order to maintain the best possible combustion. 
 
 A redistribution of air from the primary zone to the burn out zone gives a better 
reduction. A low stoichiometric factor in the primary zone unfortunately also gives problems 
with higher concentration of unburned in the flyash, maybe also slagging and corrosion of the 
tube walls. 
 
 
5.7.3. The direction of the UFI and AA nozzles 
 Four different vertical directions were tested. It is obvious that a larger reduction zone 
maintains a lower NOx-concentration but higher unburned carbon in the flyash. 
 
 The lower NOx concentrations in the waste gas from the boiler furnace, which are 
maintained at larger reduction zone probably, depend on the longer residence time. The fact 
that the concentration of unburnt carbon decreases with decreasing size of the reduction zone 
indicates that the carbon has not burned out completely at the entrance to the reduction zone. 
The nitrogen, which is still fixed in the char then passes right through the reduction zone. 
When the additional air is injected, the coal is ignited a second time and the fixed nitrogen can 
form new NOx. In order to increase the burning time before the reduction zone it ought to be 
satisfactory to direct the gas nozzles upwards. In order at the same time to maintain a large 
enough reduction zone also the additional air ports should be directed upwards according to 
the model experiments, Fig 5.5. 
 

 
Fig. 5.8. NOx concentration and unburned C in flaysh, [104] 

 
 Experiments in the boiler and model have shown that the area with unburned in the 
center of the boiler, which was observed during the baseline experiments, remained when the 
reburning equipment had been installed. 
 
 At 20 MW gas injection there was a tendency to increased CO concentration in the 
waste gas (up to 60 ppm compared to the normal 5 – 10 ppm). Experiments in the model 
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demonstrated that it was possible to solve this problem by directing the additional air ports 
upstream, fig. 5.9 also shows that the result was the same in the boiler. 
 

 
Fig. 5.9. a) Boiler: 1) normal position, unburned in the center; 2) directed 10o upstream, unburnt along 

the walls; 3) two ports in normal positions, two ports 10° upsteam - uniform burn out, 
b) Model, profile of concluded mixing, [104] 

 
 
5.7.4. Long term experiments 
 Experiments were conducted at full load 125 MW and 85 MW thermal powers. The 
proportion of natural gas 20 and 10 MW respectively, i. e. 16 and 12%. The rest was Polish 
coal, see table 5.4. 
 
Table 5.4. Reburning, production data 
 
Heat production   (MW)   84.14   124.18  
Air to main burners and OFA (m3n/s)    19.89   30.37 
Combustion air temp.   (oC)   158.24   158.07 
Waste gas flow   (m3n/s)   22.28   29.39 
O2 moist gas    (%)   4.42   4.05 
O2 dry gas    (%)   4.12   3.90 
SO2 dry gas    (%)   385.68   387.67 
NO dry gas    (ppm)   100.99   101.19 
NO2 dry gas    (ppm)   6.20   5.86 
CO2 dry gas    (ppm)   10.32   20.32 
CO2 dry gas    (%)   14.69   14.97 
Transport air top   (m3n/s)   3.47   3.94 
Transport air down   (m3n/s)   3.47   3.95 
NG input    (m3n/s)   0.25   0.5 
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NG input    (MW)   9.72   19.41 
Additional air    (m3n/s)   5.02   7.35 
 
 In the primary zone the temperature was equally high in both cases but lower in 
comparison with case before retrofit. It varies from about 800oC, to 1400oC, the latter value in 
the flame proper, fig. 5.10. 
 
 The niotrogen oxides concentration in the waste gas from the primary zone, level 4, is 
at the level 180 – 220 ppm in the full load case, and 250 – 320 ppm at partial load, fig. 5.11. 
 In this level the CO concentration is very ununiform over the cross section. The full 
load shows maxima of up to 1.5 % while the maximum value does not exceed 0.5 %, at 
partial load. The highest values are midway between centre and wall in both cases, Fig 5.12. 
 
 At level 6 NOx has leveled out at the final level, approximately 110 – 120 ppm at full 
load, 150 – 160 ppm at partial load, fig. 5.13. The temperature is now 850 – 900oC, fig. 5.14. 
In the partial load case the CO concentration is about 0.02 % at this level while in the full load 
case the maximum is 1.5 % close to the center, Fig 5.15. 
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Fig. 5.10. Gas temperature measured in the boiler on level 1 
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Fig. 5.11. NOx concentration in the boiler on level 4 
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Fig. 5.12. CO concentration measured in the boiler on level 4 
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Fig. 5.13. NOx concentration measured in the boiler on level 6 
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Fig. 5.14. Gas temperature measured in the boiler on level 6 
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Fig. 5.15. CO concentration measured in the boiler on level 6 

 
 The experiments in fig. 5.10 – 5.15 show clearly, how the flames from the main 
burners travel downwards along the boiler wall, turn around at the bottom and flow upwards 
in the center. After the primary zone the burnout of the coal seems to be completed. In the 
outlet to the convection surfaces, however, an area of unburned exists. Since it was not 
possible to take as many samples of the particles in the gas as we wanted, it is not possible to 
determine whether the unburned gases come from the combustion of the natural gas or the 
combustion of the coal. It can be that the natural gas burns very quickly with help of the 
additional air, while the char particles partly remain unburned. 
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6. Numerical model of the boiler used in this work 
 
 
 From the literature survey it is clear that several issues are involved in obtaining an 
accurate representation of the flow field in a utility boiler. The problems include the high 
numerical resolution required, especially the burners and air nozzles levels and a large amount 
of computer time required to obtain convergence. 
 
 The code used in this work is a steady state/transient, finite volume, computational 
fluid dynamics program that can solve three-dimensional fields of pressure, velocity, 
temperature, kinetics energy of turbulence, dissipation rate of turbulence, and several 
chemical species. The code operates by solving the governing differential equations of the 
flow physics by numerical means on a computational mesh and is able to predict gas velocity, 
temperature profile and concentration fields. 
 
 In order to simulate the interaction between flames with the strong turbulent flows, the 
renormalization group (RNG) k-ε turbulence model and 3D mesh case of whole boiler 
together with all burners and nozzles are established. 
 
 
 
6.1. Geometry of the boiler 
 
 Combining the body-fitted meshing capabilities with unstructured non-orthogonal 
grids and arbitrary coupling between mesh blocks gives great flexibility in the representing 
highly complex geometries. However, the geometry of the boiler is not complicated. But the 
main problem in regard to the geometric representation of a recovery boiler is the geometry of 
burners with all elements. 
 
 For grid generation, the unstructured finite volume grid is used to divide the very 
complicated geometry of the flow domain into discrete segments with high grid quality. This 
approach is very important to get a convergent and accuracy solution. 
 
 The finite volume method and first-order upwind scheme are used to transport the 
elliptical partial differential equations into algebraic equations, which are solved by using 
iteration method. The standard Simple scheme is used for pressure-velocity coupling, while 
the under-relaxation method is used to control the update of computed variables during the 
iteration process. 
 
 One utility boiler was chosen for study. In the first case it operates with the 
conventional firing system with main burners level and over fire air level, while in the second 
case boiler has another eight nozzles, four for additional fuel supply and four for air delivery. 
 
 The furnace is 6.78 x 7.42 m2 in cross section. The high to the midpoint of the bull 
nose is 18 m. Combustion air enters the unit through 24 inlets. The air supply is a 
combination of primary air, which is introduced with pulverized coal, secondary air, which is 
introduced through oil burners and below the burners’ set and over fire air, which is 
introduced above the burners’ arrangement. The amount of primary air controls the rate of 
combustion in the chamber. The amount of secondary air controls the overall combustion 
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efficiency. Sufficient over fire air must be added for the completely oxidation of any 
unburned or partially oxidised species originating in the combustion furnace. 
 
 In practice, it is difficult to achieve a perfect combustion. This is particularly in large 
industrial combustion chambers. Different combustion air systems therefore are used. A 
number of free turbulent jets or its multiplication always perform the mixing. This work 
presents possibilities an evaluation of new fuel-air system called Reburning. This evaluation 
is based on mathematical modeling using CFD and the physical models of one pulverized 
fired boiler before and after retrofit. 
 The results of the physical modelling are verified by the physical modelling but also 
by the in-furnace measurements of flue gas temperatures and concentrations. 
 
 To obtain information about flow field and temperature contours, very detailed 
simulation was performed. The aim of it was to see how each nozzle and burner can interact 
with others and with the main flow. 
 
 
 
6.2. Combustion and boundary conditions 
 
 During combustion the solid fuel is heated up and drayed. There exists interaction 
between gas and solid phases, fuel pyrolysis and devolatilization, char gasification and 
combustion. The solid fuel composition and thermal data are listed in table 6.1. 
 
Table 6.1. Coal composition used to numerical calculations in this work 
 

Elements Coal 
C 65 % 
H 4 % 
N < 1 % 
O 10 % 

Inertial 11 % 
Volatile 35 % 

Water content 10 % 
Low Heat value 26 MJ/kg 

 
 Although the modeling of pulverized fuel combustion has received significant 
attention over the last decade, it has still not reached the point where significant use has been 
made in the process development for the utilization of solid fuels. This is because of the 
intangible complexity of the actual combustion processes. As simplification, only 
homogenous gas phase processes are simulated. The heterogeneous processes, such as char 
combustion and the soot or ash processes are neglected in this work. In this simplified way, 
boundary conditions at the inlets are based on the mass and energy balance according to the 
fuel pyrolysis reactions. 
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6.3. Mass flow rate of the solid fuel 
 
 The fuel mass rate, one of the important operating conditions, can be calculated 
indirectly based on the mass flow rates of primary air and secondary air, and the air excess 
ratio λ. On the other hand, it can be calculated directly from the rate of the output thermal 
power of the boiler based on the following equation: 
 

LHV
Pm w

fuel =&       (6.1) 

where: 
 fuelm&  - the mass flow rate of fuel [kg/s], 
 Pw - the rate of the output thermal power of the boiler [W], 
 LHV - is the lower heating value of the solid fuel [kJ/kg]. 
 
 
 
6.4. High-voltatile coal 
 
 Similarly, the pyrolysis and combustion reactions for High-volatile coal are assumed 
to be: 
 

79% Raw coal (C5.417H4O0.625) → 34% Volatile (CH2.834O0.221)+45 % Char (C) (6.2) 
 

Char (C) + 0.5 O2 → CO       (6.2a) 
Volatile (CH2.834O0.221) + 1.098O2 → CO + 1.417 H2O   (6.2b) 
CO + 0.5 O2 → CO2        (6.2c) 

 
 Some chemical kinetic data for homogenous combustion reactions are selected in table 
3.2. 
 
Table 3.2. Kinetic data for the finite rate reaction models, [85] 
 
Chemical reactions ν1 ν2 ν3 ν4 Ak Ek 

C1.54H4.28+1.84O2 → 1.54CO+2.14H2O 0.7 0.8 0 0 5.012e+11 2e+8 

Coal Volatile+1.098O2 → CO+1.417H2O 0.2 1.3 0 0 2.119e+11 2.027e+8

CO+0.5O2 → CO2+0.0H2O 1 0.25 0 0.5 2.239e+12 1.7e+8 
 
 
 
6.5. Energy balance and temperature distribution 
 
 The heat flow of the pyrolysis gas mixture plus the heat loss by waste ash should be 
balanced with the total fuel energy release in the combustion chamber of the boiler. It can be 
described as the following heat balance equation: 
 

0)Q∆∆(∆LHV)m( wCombustionPyrolysisDryf =++++ HHH& ,  (6.3) 
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where: Qw is the heat loss by ash, etc., 
 
and: 
 

)dTC(∆m∆H D

0
22
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j
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 Here, the temperature field of chamber of furnace will strongly influence the heat 
balance of the combustion chamber and the velocity field inputs, where the setup of the 
velocity inputs are based on the ideal gas law. 
 
 
 
6.6. Conventional firing system before retrofit 
 
 In the conventional firing system air is delivered to the studied boiler by coal burners, 
oil burners, secondary air nozzles and over fire air nozzles. Primary air transport the 
pulverized coal through inter part of coal burners, combustion air is supplied by outer part of 
coal burners. The air through oil burners, secondary air nozzles and over fire air nozzles is 
delivered at four levels. All burners and air nozzles are located in four corners of the boiler 
and it is called tangentially firing system, fig. 6.1. 
 
 The total volume of computational domain is about 117.5 m3, and total 427 656 
tetrahedral cells are employed to discrete the computational domain. The densest grid is, 
where main burners are placed, because of their shape and complicated geometry. 
 
 
 
6.7. New firing system after retrofit 
 
 New firing system after retrofit is different in comparison with old one. When old 
system had got 24 air inlets and 8 fuel inlets. In the new one, the number of air inlets 
increased to 28 and another 4 fuel inlets are attached. These last inlets will deliver natural gas 
to the boiler. The new air nozzles and fuel nozzles present reburning system in retrofitted 
boiler, fig. 6.2. 
 
 The total volume of computational domain is about 117.5 m3, and total number of 
cells increased about 100 000 to 513 362 tetrahedral cells, which are employed to discrete the 
computational domain. This is because additional nozzles are small and to it was necessary to 
dense grid where they are placed. 
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.1. The computational domain of the conventional firing system boiler: 
a) unstructured tetrahedral mesh of boiler in different positions, b) closet of main burners’ set 

 
 

 

b) 
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b)     c)     d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.2. The computational domain of the new firing system boiler: a) unstructured tetrahedral mesh 

of boiler in different positions, b) closet of main burners’ set, c) closet of additional air nozzle, 
d) closet of additional fuel nozzle 
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7. Results and discussions 
 
 
 The two cases corresponding to industrial boiler before and after retrofit respectively 
are simulated using computational fluid dynamics (CFD) code FLUENT. The most important 
scalars including fluid flow fields, temperature fields and chemical species concentrations are 
calculated. 
 
 
 
7.1. Flow field 
 
 Figure 7.1. presents velocity flow field of two cases, before and after modernization of 
boiler. In two cases flow on bottom of boiler is similar, but in the second case mixing is 
increased. Above the main burners’ level the flow is accelerated by the upper fuel jets and 
because to temperature gradients. The upper fuel flow reaches the maximum velocity about 
250 m/s and influences on the main flow in combustion chamber. On the main burners’ level 
mixing is similar in two cases, because of similar boundary conditions. It is obvious that large 
eddies are created by the high-speed jets from fuel burners and additional fuel nozzles. In 
second case main core of flow is moved to the main vertical axis of boiler. In case before 
retrofit plug flow occurs above over fire air (OFA) nozzles but in second case plug flow 
occurs above additional air nozzles level. In the upper part of combustion chamber the mixing 
process is more intensive and mixing occupies larger volume of combustion chamber. Thus 
boiler after retrofit can be regarded as well-stirred reactor. 
 
a)          b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7.1. Results from numerical modelling in front-rear central vertical cross section: 
a) flow field (m/s) before retrofit, b) flow field (m/s) after retrofit 
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 Fig. 7.2. presents compared results of fluid flow fields obtained by experimental 
physical and numerical modelling for second case after retrofit of boiler. It shows that there is 
a very good agreement between the two results. The additional fuel and air nozzles improve 
the mixing of combustion gases with air and fuel. 
 
a)       b) 

 
 
 
 
 
 

Fig. 7.2. Modelling of flow fields for pulverized fuel fired boiler: 
a) 3D physical flow field and mixing process, b) numerical flow field and mixing process 

 
 
 
7.2. Temperature fields 
 
 Fig. 7.3. shows results of numerical temperature fields of two cases, before and after 
retrofit. It indicates, that ports of additional fuel and air, but especially fuel renders the flame 
quite evenly and the higher thermal power corresponds higher temperature in combustion 
region, which occupy more volume of combustion chamber. 
 
 In addition, the numerical temperature field of pulverized fuel fired boiler has been 
validated by a series of in-furnace measurements and the agreement between predictions and 
the measurements is quite good, fig. 7.4 and fig. 7.5. 
 
 The differences between measured temperatures and predicted temperatures are not to 
big, on two levels 1 and 3. On both figures prediction lines and measured lines have got 
similar shape. 
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a)          b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7.3. Results from numerical modelling in front-rear central vertical cross section: 
a) contours of gas temperature (K) before retrofit, b) contours of gas temperature (K) after retrofit 
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Fig. 7.4. Comparison of temperatures on level 1, under main burners’ set 
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Fig. 7.5. Comparison of temperatures on level 3, above over fire air (OFA) nozzles 

 
 
 
7.3. Chemical species 
 
 The profiles of CO mass fraction in boiler before retrofit and after retrofit are 
presented on fig. 7.6. It shows that CO emission in the retrofitted coal boiler equipped with 
additional nozzles increased about 1 mg/m3. This is because of influence of additional fuel 
injection. The time, which is necessary to oxidize CO, is not so sufficient and increased 
amount of carbon monoxide exists. In second case mass fraction of CO is more uniform in all 
boiler in comparison first case. 
 
 The distributions of CO2 mass fractions in boiler for two cases are shown on fig. 7.7. 
The mass fraction of CO2 in boiler before retrofit is higher in the bottom of boiler and 
decrease above combustion zone. This is because the flow is going downstream to bottom of 
the combustion furnace and then is directed upstream to outlet, where is diluted with other 
gases. Similar situation is in boiler after retrofit, amount of CO2 is higher in the bottom, above 
main burners’ level decreases and again increases above additional fuel nozzles. Generally, in 
second case mass fraction of carbon dioxide is more uniform as a result of improved mixing 
process. 
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a)          b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7.6. Results from numerical modelling in front-rear central vertical cross section: 
a) CO mass fraction (mg/m3) before retrofit, b) CO mass fraction (mg/m3) after retrofit  

 
a)          b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7.7. Results from numerical modelling in front-rear central vertical cross section: 
a) CO2 mass fraction (mg/m3) before retrofit, b) CO2 mass fraction (mg/m3) after retrofit 
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8. Conclusions 
 
 
 The main objective of this work is to develop modelling tools like experimental 
physical modelling and numerical modelling to model flow pattern, heat transfer and 
combustion process inside the furnace of the pulverized fuel fired boiler. 
 
 In order to simulate the combustion process in pulverized fired boiler, detailed 
measurements of temperature, flue gas composition, fuel and air mass flow rates are 
performed. 
 
 Using physical modelling and numerical modelling it is possible to perform study for 
complex flow and geometry in the industrial boiler. Detailed information about flow field and 
mixing processes in industrial boilers can be obtained though numerical modelling 
accompanied with physical modelling. 
 
 Two cases of pulverized fuel fired boiler at 125 MW output thermal power are 
simulated. To discretize boilers, the unstructured mesh techniques are used. 
 
 To optimize placement and direction of additional air and fuel nozzles comprehensive 
experiments physical modelling are performed, during which qualitative information about 
processes is obtained. 
 
 Numerical simulations analyze optimized air-fuel supply system. During mathematical 
calculations quantitative informations are obtained. Temperature difference value between 
results from measurements and from numerical simulations is about 100 K. 
 
 In addition, the comparison of numerical simulation and physical modelling for coal 
fired boiler before and after retrofit have also been carried out. 
 
 Results show, how additional air and fuel nozzles generates a considerable 
improvement in efficiency coal and natural gas combustion in industrial boilers and furnaces. 
 
 The main combustion chamber acts as a well-stirred reactor, while upper part of 
furnace works as plug flow reactor. 
 
 The modelling of flow and mixing process in fossil fuel fired boiler concludes that the 
modernization of the boiler improves combustion environment by facilitating much better 
mixing, resulting in a more uniform temperature contours. 
 
 The combination of physical and mathematical modelling can be used to aid design, 
and redesign or retrofit and improve of existing industrial burners and combustion chambers 
of boilers and furnaces. 
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