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Abstract
Pulverised coal combustion continues to be one of the main conventional methods of
producing electricity over the last several decades. Mineral matter present in coal is
usually present as free ions, salts, organically bound inorganic and hard minerals.
During coal combustion these minerals partly vaporized, coalesce or fragment. The
mineral matter in coal transforms into ash during combustion and deposition on wall
surfaces causing problems such as fouling and slagging. The deposited lumps called
clinkers, mainly in radiation zone directly exposed to flame radiation resulting to
slagging, while sintered deposit in convection zone not directly exposed by flame
radiation called fouling. The scope of this work encompasses identification of
slagging and clinker formation areas in a typical 330 MW boiler using commercial
code FLUENT and several available empirical indices. The propensity of the
slagging with the used coal is calculated by several thermal indices. Temperature
distributions, velocity profiles and particle trajectories were analysed and utilised to
predict the most probable zones likely to experience clinker formation. Most
probable spots for slagging were found in the radiation zone near to the nose of
furnace and left-top side of superheater tube sections which agrees closely with the
plant observations. However, the propensity of deposited ash obtained from the plant
is seemed low to medium using several indices. Results from the current
investigation demonstrate the usefulness of modelling approach in identifying the
probable zones of clinker formation which can prove to be valuable for power
utilities to adopt corrective measures for soot blowing to clean the ash deposits
before it grows bigger in size.
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Chapter 1
Introduction and Objectives
Pulverised coal combustion is the most widely used technology for power production
across the world due to its wide availability. According to various surveys, it is
speculated that world coal consumption will be nearly doubled in coming decades.
Despite its wide usage for electricity production, there are several paradigms to look
for; which are mineral matter in coal, slagging/fouling, clinker formation on
refractory walls, and last but not least, emission of pollutants, all of these cost to
several billion dollars maintenance in global utilities. Raising issues of global
warming and dwindling coal reserves along with government’s stringent
environment legislation, called for reanalysing the production of electricity towards a
cleaner environment and better efficiency. Technological advances and efforts by
various researchers, have explored the understanding of the fundamental factors
leading to slagging, fouling and clinkering phenomena. Ash is the key derivative
from coal combustion which causes slagging, fouling and clinker formation in a
boiler. The ash from coal combustion has been a long-standing problem for the
utility boilers, causing a reduction in thermal efficiency and unit availability and
increases in operating and maintenance budget. Ash deposition is related to both the
nature of mineral matter in coal and the boiler operating conditions. Ash release from
the coal combustion can behave randomly due to the harsh environment in a furnace,
which lead to problems in slagging and fouling at various locations in power plant
combustors. When these deposits fuse to the refractory walls of a boiler it makes a
strong bonded deposit called a clinker. These clinkers make sootblowing ineffective
and, when they detach and fall down from the walls, they damage boiler tubes
resulting in power disruptions or outages of plants, and ash hopper explosions. To
reduce these issues in a boiler, one such route is to use biomass and coal co-firing
technology, but supply problems for the physical quantities of biomass and other
maintenance issues limit its feasibility at this stage. Nevertheless, ongoing research
will strive towards efficient improvement in the pulverised coal combustion furnace
as to meet the stringent policies and demands set by global countries.
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Significant number of research and development has been done in last two decades
for efficient operation of coal combustion in utility boiler. In spite of wide, on going
research activities, there is still much to be explored in terms of fuel characterisation,
ash chemistry, slagging/fouling, corrosion, intelligent sootblowing, fundamental
deposition, modelling of combustors and cost in utilities firing coal. However, the
main objective of this work is the identification of zones with higher propensity of
clinker formation in utility boilers with computational fluid dynamics (CFD)
modelling.

1.1 Objectives
As mentioned above, there are several issues which exist in a pulverised coal-fired
boiler. Therefore, this study is aimed at developing a 3D model of a large scale
opposite wall-fired utility boiler in CFD code. In a real boiler operation, temperature
distribution and particle trajectories at various fuel loads are the key parameters,
which govern the clinker accumulation on the furnace walls. Hence, to identify high
propensity areas of clinker formation, it has been decided to investigate pulverised
coal combustion inside a 330MW power plant with opposite wall-fired pattern. The
driving reason for this objective the limited information provided on opposite wallfired furnace in open literature and power plant issues with the clinker formation.
The modelling of coal combustion is mentioned in the literature from last three
decades, but all reported various boiler configurations, loads as well as assumptions.
This project will provide the different configuration results with several fuel loads.
Fuel load, boiler configuration, coal quality and stoichiometric air requirements are
the key parameters for the boiler performance calculations and modelling study.
These variables impact significantly on particle behaviour inside a boiler, which in
turn reflects the effect of clinker formation on furnace walls.
This thesis articulates the identification of probable faces of clinker formation in
pulverised coal-fired utility boiler. Modelling has been done with commercial code
FLUENT, which is an unparalleled CFD package with comprehensive combustion
models, sought considerably by combustor engineers and researchers for the past
decade due to its easy application as well as prediction reliability.

2

The objectives of this work include:
 the development of a computational domain with actual boiler configuration
and mesh generation;
 the use of the comprehensive combustion models available in code;
 investigating the influence of various cases according to fuel load changes for
different feed coal in conjunction with real plant data;
 brief discussion and evaluation of temperature distribution, particle
trajectories and other parameters for calculated cases;
 validation of the model results using available plant data and literature, as
well as identification of furnace walls with a high propensity for clinker
formation;
 analysis of probable areas in a furnace to visualise its consequences and
governing parameters of those issues in actual utility boiler.
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1.2 Thesis Outline
Chapter 1
Project Background
 Introduction
 Objectives

Chapter 2
Literature Review
 Available information on clinker
formation and existing CFD codes
 Identification of existing gaps

Chapter 5
Result and Discussion
 Temperature distributions, particle
trajectories for different cases
 Identification of probable areas of
clinker formation
 Validation of results through
comparison with available literature
 Practical implications

Chapter 3
Model Development
 3D model geometry and mesh generation
 Use of comprehensive combustion models

Chapter 4
Modelling Approach
 Calculation and specification of
inputs for boundary conditions
 Adopted solution procedure

Chapter 6
Conclusions and Recommendation
 Model results and comparison
 Identification of clinker formation surfaces
in boiler
 Proposed future recommendation
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Chapter 2
Literature Review
The brief literature review for this project provides an itinerary of research progress
that has been carried out from past to date, stating pulverised coal combustion,
modelling, and ash deposition problem or clinkering of coal and its prediction
models.
The first section will address pulverised coal combustion and the mineral matter
transformation in it. The second section involves review of literature on the ash
deposition mechanism, definition of slagging and fouling, predictive indices for
slagging and fouling, clinker formation and the effect of ash deposition on furnace
operating conditions. This part also provides insight into responsible parameters for
ash deposition in a pulverised coal furnace, by addressing some mechanistic studies
on mineral size and composition distribution and its analysis techniques. The third
section is introduced here, which gives a review on industrial pulverised coal
combustors modelling at a glance and also incorporates the work done by various
researchers on ash deposition modelling. The final section of this chapter will
summarise the available literature review and provide additional research to show the
probability to identifying effective areas of clinker formation (big lump deposition)
in industrial coal combustors.

2.1 Coal Combustion and Mineral Matter Transformations
2.1.1 Coal combustion
Pulverised coal combustion continues to be one of the main conventional methods of
producing electricity over the last several decades, with continuous enhancements in
design and performance. To date, it accounts for 40% of total electricity production
across the globe. For smooth and efficient operation in an industrial pulverised coal
combustor, understanding the coal combustion process to a fundamental stage is
necessary. This understanding provides a good platform for the design improvements
and modelling of all industrial combustor systems. Combustion is simply referred to
5

as spontaneous oxidation of coal accompanied by the evolution of heat. To achieve
complete combustion of coal in an industrial combustor, the first and foremost
parameter is an adequate supply of oxygen. In addition to the supply of oxygen, other
parameters like temperature, turbulence and time need to be controlled appropriately
to get good combustion. The combustion process of a coal particle can be defined in
following steps below, as well as shown in Figure 2.1:
 coal particle drying and then heating-up to the pyrolysis reaction temperature;
 pyrolysis of coal particle to produce non-condensable volatiles (gases),
condensable;
 volatiles (tars) and a carbonaceous char;
 Oxidation of the combustible volatiles;
 Char oxidation.

Figure 2. 1: Coal combustion processes (Wu, 2003)
Combustion of coal starts from the burner and appears in the whole combustor. It
appears that drying and heating, devolatilisation, and char ignition occur in the
region of the burner quarl, whist, final char oxidation and burnout tend to occur in
the furnace section (Tillman, 1991). Coal combustion is a very complex process;
here it is not the intent to describe all the physicochemical processes and underlying
mechanisms involved in it. There are lot of reports and books available stating
6

the basis of the coal combustion process. The next section will focus on mineral
matter in coal, which is the main source of difficulties arising in the coal combustion
process.
2.1.2 Mineral matter in coal
Coal is very heterogeneous material composed of both organic and inorganic
material. Most commonly, 10-25% of mineral matter presents in feed coal, and it has
a major impact on the combustor. Many evaluation techniques are available for
mineral matter, though it is still a source of slagging, fouling or corrosion in
combustors. Coal contains both organically-bound inorganic elements and mineral
matter such as mineraloids and crystalline phases, which result in ash formation
during combustion (Couch, 1994). Despite vital design improvements in boiler and
prediction methods developed to eradicate mineral matter impact, output is very little.
The mineral matter found in coal includes most of the known elements; only 14 of
them are in significant concentrations to contribute to fireside problems. The
distribution of these elements and their potential to cause fireside problems for
different coal is represented in Table 2.1
Coal is a heterogeneous substance composed of an array of mineral and coal
components and exhibits different behaviours during combustion due to its
geological origin across the globe. Mineral matter occurs in coal in two general
forms: (1) as elements required for the growth of the original plant life from which
the coal was formed and (2) as inorganic material, typically sand or silt, or clay,
deposited in the accumulating plant debris as discrete particles of foreign material.
Association of these minerals affect the true melting and solidifying temperature of
each fly ash species entering the steam generator (Bryers, 1995). The major
groupings of mineral matter in coals include silicates, oxides, carbonates, sulphides,
sulphates and phosphates.

The brief study on genesis of coal, distribution of

minerals in coal, inorganic characterisation in coal and ash, thermal behaviour of
mineral matter is given in literatures (Baxter, 1990, Bryers, 1995, Charon et al., 1990,
Couch, 1994, Huffman et al., 1990, Liu et al., 2005, Reid, 1984, Srinivasachar et al.,
1990, Thiessen et al., 1936, Walsh et al., 1990).
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Table 2. 1: Distribution of mineral elements and their potential to cause fireside

Mineral Elements

problems (Bryers, 1995)
Element

Bituminous

Sub-Bituminous

Si

S

Al

S

Fe

S

Mg

S

Ca

S

S,F

Na

F,C

F

K

S

Pb

-

-

Zn

-

-

Ni

-

-

V

-

-

Cl

C

S

C

S,F

C = corrosion – by Cl or s of metal surfaces in excess of 600oF under reducing
conditions and 830oF under oxidising conditions by v above 950oF.
S = slagging – by partial or fully formed melts due to fluxing of quartz by heavy
metals at flue gas temperature > 1065oF.
F = fouling – fused or sintered ash due to condensation of volatile species,
solid-gas reactions with SO3 or Cl, solid state reaction at flue gas temperatures from
648 - 1037oC between sulphates and oxides, and molten sulphates.

2.2 Ash Formation during Combustion
Ash is another major pollutant produced from the coal combustion process, only
when handled incorrectly. Right use of ash would deliver valuable commercial
product. Coal contains both organically-bounded inorganic elements and inorganic
mineral matter, which undergo various transformations to form ash. Ash formation
involves

various

processes

including

coalescence,

fragmentation,

fusion,

vaporisation and condensation that can occur sequentially or simultaneously (Wu,
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2005). The mechanisms involved in ash formation (Couch, 1994), the variety of
intermediates and products are well addressed in literatures (Hurley and Schobert,
1992, Wall, 1992, Yan et al., 2001, Yan et al., 2002). The type of reaction undergone
by a coal mineral during combustion depends on both its chemical composition and
its physical morphology. Mainly fragmentation and coalescence occur during the
coal combustion. The main ash formation for coal occurs from the included and
excluded mineral particles. As included minerals are close to each other in a char
particle, during char combustion, they often appear as molten on the char surface and
enable coalescence and agglomeration to occur. Excluded minerals behave quite
differently from included minerals; it releases several fragments of ash particles from
one char particle and cause deviation in the particle size distribution (PSD).
Considerable efforts have been made in the last two decades for the development of
prediction schemes for coal slagging and fouling propensity, mostly emphasising on
ash composition and mechanistic approaches. Those approaches describe the
evolution of size and composition distribution in detail, which is summarised in
Figure 2.2.
A number of approaches have been proposed to predict ash formation and deposition
of various types of coal during combustion. A mathematical model developed for
ash formation during pulverised coal combustion (Yan et al., 2002) uses computer
controlled scanning electron microscope (CCSEM) analysis as the input data.
CCSEM technique also provides information on mineral size, mineral chemical
composition and the association with coal particles. Extensive literature review is
available for coal quality assessment (Carpenter, 1995).

2.3 Ash Deposition Mechanism
This topic discusses the theory behind important factors related to ash deposition and
the research which has been done for modelling of deposition-related processes. The
deposition process depends directly on the nature of the mineral matter in coal. It
also depends on the conditions inside the boiler of temperature, residence time, fluid
dynamics and of the locally oxidising or reducing environment. For ash or volatiles
to cause problems they have to be transported to and held on the heat transfer surface,
where transport mechanisms within the gas include (Couch, 1994):
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Figure 2. 2: Schematic illustrations of ash formation paths (adapted from (Kær et al.,
2006))
 Molecular and Brownian diffusion;
 Thermal diffusion;
 Eddy diffusion;
 Gravity effects;
 Electrostatic effects.
The ash deposition process mainly includes four principle mechanisms according to
recent analysis(Baxter and DeSollar, 1993):
 Inertial impaction;
 Condensation;
 Thermophoresis;
 Chemical reaction.
Inertial impaction is believed to be the dominant deposition mechanisms on
superheater tubes or at any location where entrained ash particles are required to turn
sharp corners at high velocity. Inertial impaction occurs when a particle has
sufficient momentum to impact on the surface by penetrating the flow-field
surrounding the obstruction; it is more common for larger particles. The sticking
propensity of a particle to the surface or tube depends on the particle properties at the
moment of impact as well as those of impacted surface.
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Condensation occurs when mass from the gas phase pass over cool heat transfer
surfaces and various components collect over the boundary layer. Thermophoresis is
only significant for very fine particles which transports and deposits on cooled
surfaces like superheater tubes, where temperature is lower. As the insulating layer
of ash accumulates and the temperature difference between the gas and the deposit
surface temperature decreases, thermophoretic deposition also decreases (Kær et al.,
2006).
Once the particle comes to the tube or deposit surface, some bonding will be driven
by chemical reactions. These reactions may also affect the properties of ash deposit
by changing the temperatures of the deposit. Some of the leading chemical reactions
in respect to ash deposition process are(Couch, 1994):
 The formation of low temperature eutectics from the interaction of iron,
sodium or calcium, and the alumina and silica;
 Sulphation;
 Alkali absorption;
 Oxidation.
Chemical reactions are strongly temperature dependent and on the contrary its effect
on deposition will come up according to different temperatures of boiler. With these
four mechanisms there are several other mechanisms prevailing for the deposition
process. These other mechanisms include electrostatic forces, photophoresis, and
brownian motion. According to the literature, these mechanisms are not significant
for ash deposition.

2.4 Slagging, Fouling and Clinker Formation
Slagging refers to the deposition taking place in the parts of boiler, which are highly
exposed by flame radiation. These areas include burners, the main boiler’s water
walls, the bottom hopper and the bottom of the heat exchange tubes. On the contrary,
fouling takes place in the parts of boiler which are cooler; say the convection section
where flue gas cools. Sections of the boilers where slagging and fouling takes place
are shown in Figure 2.3. In case of high temperature fouling, deposits takes place in
the superheater and reheater regions of the boiler.
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Slagging and fouling deposits in a boiler occur via many different mechanisms;
many slagging deposits have pyrites as the main mineral matter and as it forms
clinkers on furnace walls, some have calcium and/or sodium rather than iron. On
contrary presence of iron in the slagging deposit tends to react with the aluminosilicates (clays) to form low melting point (creates low melting point eutectics) or
low viscosity particles which stick to the walls or tubes.
The deposit may consist of one or more types of forms like metallic, amorphous,
vesicular and sintered. According to the Figure 2.3, deposits in utility boilers occur
on the wall, superheater, convection pass, air heater blockages and stack. There are
some major causes mentioned in Table 2.2 for wall slag. In dry bottom boilers, wall
slag changes from sintered to vesicular or amorphous and can run down the wall
plugging the opening at the bottom of the furnace. Wall slag acts as an insulator,
impedes heat transfer to the water wall, which results in an increase of furnace exit
gas temperature (FEGT) and allows molten particles to escape the furnace where
they can cause slagging of the screen tubes and convection passes. Slag build up
around burners (called ‘eyebrows’) can occur, blocking the coal flow into the furnace
and will result in damage to the burner, windbox, and coal pipe.
Wall slag exacerbates other deposition problems and the most common is raising the
FEGT, which leads to superheater slagging. When slag build up between superheater
tube spacing, the flue gas velocity increases, which results in slag formation in the
next section of the convection pass. As mentioned in the Table 2.2, several boiler
modifications and coal quality changes can solve slagging problems.
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Superheater and Reheater

Economiser
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Burners

Slagging
Fouling

Ash Pan
Figure 2. 3: Slagging and fouling in pulverised coal combustion boiler
Table 2. 2: Major causes of wall slag
 Large excluded pyrite particles that
could impact the inner wall before they
complete combustion
Coal Related

 Illites-clay minerals that contain
impurities such as iron, potassium, or
sodium that flux aluminosilicates glasses
 Interaction of included pyrites, quartz
and clays to form viscous glassy phases
 Soot blowers not effective or not used
 Coal size from pulveriser too large
 Improper fuel/air ratio

Equipment Related

 Burners damaged or not adjusted
properly
 Furnace size too small to handle coal
properties of coal being burned
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The boiler modifications generally try to decrease the FEGT by adding additional
surface area, or by adding additional soot blowers to improve heat transfer; in the
same way, modifications in boiler capacity to reduce FEGT, coal quality change and
addition of copper oxychloride to eliminate ash deposition in utility boilers. Fouling
deposits occur when sulphur oxides from the flue gas reacts with alkali ash
components and form alkali sulphates. After a period of time, a deposit which
formed in the radiation zone fuses to the surface and forms a permanent, stronglybonded deposit which is hard to remove with a soot blower, called clinkers. Clinkers
mainly formed due to low fusion temperature of ash present in coal. The build up of
clinkers mostly occurs on the refractory surfaces surrounding the burners, where
considerable presence of CaO, MgO, Feo, Fe2O3 and Fe3O4 as well as alumina and
silica can be found. Clinker has tendency to grow on hot surfaces rather than cold
surfaces. Because it is very dangerous if those clinkers fall inside the furnace, they
should be removed before performing the inspection work. An investigation into the
clinker formation problem has been carried out which suggests that the problem is
related to burner aerodynamics and, in particular, the degree of swirl on the burners
(Boyd and Lowe, 1990). A clinker around the burner causes the problem of flame
distortion and subsequent burner trips due to flame scanners being unable to detect
the flame. This deposit leads to reduced heat transfer in the boiler and corrosion of
boiler tubes, which may result in reduced generating capacity and unscheduled
outages. Here, build up of deposits on burner throat, furnace wall and superheater is
shown in Figure 2.4. Fouling deposits mainly form due to the presence of silicate
liquids in deposits and according to their concentration on surface the deposit
becomes strong or weak bonded. Power utilities had little success in solving fouling
problems in boilers not designed for high fouling coals. Most solutions have been to
increase the number of soot blowers in the affected region with an increase in soot
blowing intensity. After the flue gas leaves the convection passage of the furnace it
still contains a considerable amount of energy. To recover the energy from flue gas,
utilities have two primary types of heat exchangers (or air heaters). Sulphuric acid
condensing from the flue gas and mixing with fly ash forms acid smut, which cause
blockages in air heaters. The major causes of ash deposits are widely cited in
literatures and referred to by various combustor designers (Hatt, 1990).
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While designing the combustors there are many factors to consider in preventing
slagging and fouling during operation, which are heat transfer/boiler size, global and
local thermal level, combustion conditions, and soot blowing frequency in boiler.
There are many reasons due to which boiler operation, according to one specific coal,
is not possible; usually power plant operators are forced to switch the fuel due to fuel
cost, supply from the mine and demands to meet emission restriction due to globalwarming.

(a)

(b)

(c)

Figure 2. 4: View of real plant deposits (a) clinkers on furnace wall (b) burner throat
(c) hanging clinkers on superheater (as received)
During the past decade, considerable advances have been made in developing models
to predict ash deposition behaviour, especially in the prediction of fly ash size and
composition distributions, the development of improved slagging and fouling indices,
and the prediction of the relative slagging and fouling potential of different coals or
coal blends (Wang and Harb, 1997). Predictive indices and deposition models help
plant operators and designers to diagnose and rectify operational problems which
arise due to this unwanted deposit. Literature review on predictive indices and
different deposition models with computational modelling of combustors, developed
in recent years by various researchers across the globe, is mentioned in next section.
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2.5 Predictive Indices, Ash Deposition Codes and Modelling
of Combustors
The growing interest in global warming due to carbon dioxide emissions and the
price hike in fuel has drawn attention to all pulverised coal combustion operators for
switching fuel and efficient operation. In the last two decades, numerous works have
been done to combat pulverised coal combustion issues like ash deposition,
slagging/fouling, corrosion and erosion in utility boilers. Boiler design and the choice
of coal for an existing unit have always been, and still are, largely based on empirical
indices derived from past experience. Traditional approaches to the prediction of the
deposition behaviour of coal usually involve the use of empirical indices and ASTM
ash fusion temperatures. During the last decade, a number of techniques have been
tested and developed which can help in boiler troubleshooting and to check where
the unwanted ash deposits formed.
Mainly, these techniques include measurements and samples taken from inside a
boiler, experimental tests on drop tube furnaces and pilot scale combustors, ash
analysis via CCSEM and indices, direct metering of heat flux and modelling of
combustors to see the flow patterns and combustion behaviour inside the furnace.
This topic is too vast to include in one chapter, although an effort has been made to
incorporate major topics related to this project. The main purpose of these predictive
indices, modelling and laboratory test work are so that an operator can assess the
alternative coal supply in an existing unit, to help an operator with particular
deposition like slagging and fouling, and to help provide a base for a new boiler
design.
Traditionally, empirical indices have been used to predict coal deposition tendencies
and they are still widely used due to their easy application in spite of their misleading
results. There is abundant information about definition and practical use of many of
these indices reported in published literatures (Couch, 1994, DeSollar, 1995). To
overcome the restriction of traditional indices, researchers across the globe have
come across new deposition models developed over the year. Ash transformation
models have been developed with the better understanding of coal inorganic matter.
Inputs of these models have incorporated advanced coal analysis method CCSEM,
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which is already described earlier in the chapter. The detailed discussion on literature
review on ash transformation models is provided in the given reference (Wang and
Harb, 1997). Development of these models paved the way for deposition models.
These models are based on issues which include: (Wang and Harb, 1997):
 ash formation;
 fluid dynamics and particle transport;
 particle impaction and sticking;
 deposit growth as a function of location in the combustion chamber;
 deposit properties and strength development;
 heat transfer through the deposit;
 the effect of deposition on operating conditions (e.g. temperature and heat
fluxes); in the combustor;
 deposit structure and its effect on flow patterns in the combustor.
Recent developments in these models for particle impaction rates in the near-burner
region, particle boundary layer transport model, prediction of fouling tendencies,
sticking propensity models incorporating variables like particle velocity, viscosity,
surface tension, temperature, size and impact angle have been formulated for the
prediction of ash deposition. In order to develop a comprehensive mathematical
model that can simulate ash deposition and its impact on power plant overall
efficiency, a mechanistic modelling approach should be followed. Information of
coal samples using the advanced techniques gives data feed into mineral-to-ash
transformation model followed by generation of ash particles and their properties.
Integration of this data with combustion code will predict the ash deposit behaviour
in the utility boiler and the effect of ash deposition on the boiler operating conditions.
Some of these ash deposition codes (Wang and Harb, 1997, Srinivasachar et al., 1992)
are not incorporated into the comprehensive combustion code. Models for slagging
and fouling addressed by two separate sub modules introduced (Erickson et al., 1995)
on the basis of coal mineralogy data obtained from CCSEM particle size distribution
data, boiler design details, and boiler operating conditions with the validation of
laboratory, pilot, and field test data. As the research goes on and researchers
compiled with the computational fluid dynamics code to predict the behaviour inside
industrial combustors. Before describing the ash deposition code with combustion
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code, here is some discussion provided for the earliest research on modelling of
combustors.

Some of the earliest work was done at imperial college

(U.K.),(Patankar and Spalding, 1973). A review on the approaches, equations and
solution methods employed by using CFD to model practical combustors including
industrial furnaces is given by (Lilley, 1979). Three-dimensional analytical model of
a large tangentially-fired furnace is presented by (Robinson, 1985); alternatively,
prediction of three-dimensional flows in utility boiler furnaces and its comparison
with experiments (Gorner and Zinśer, 1988, Boyd and Kent, 1988) and transfer of
fundamental results to the modelling is achieved (Lockwood et al., 1988, Lockwood
et al., 1980). After a decade, commercial software programs like PHOENICS,
FLUENT, FLOW-3D, TEACH and PCGC-3 emerged as a new era in modelling of
combustors. PCGC-3 combustion model developed to simulate large-scale, steadystate, gaseous and particle-laden, reacting and non-reacting systems. Recent
combustion modelling in front-wall fired furnace (Vuthaluru and Vuthaluru, 2006,
Xu et al., 2001) and tangential-fired furnace (Belosevic et al., 2006, Belosevic et al.,
2008, Choi and Kim, 2009, Fan et al., 2001a, Filkoski et al., 2007, Korytnyi et al.,
2009, Vuthaluru et al., 2008, Yin et al., 2002, Yin et al., 2003, Zheng et al., 2002)
using other computational codes are developed and contains the best insight into
combustion behaviour in different utility boilers across the globe . On the other side
of modelling ash deposition with predictive scheme based on CCSEM fly ash data
and computational fluid dynamics was developed to study the slagging propensity of
coals it was applied to predict the deposition potential of three UK coals in a pilot
scale single burner ash deposition test facility. This study reveals fundamental
aspects of slagging in pulverised coal-fired boiler by predicting the relative slagging
propensity (Lee and Lockwood, 1998). The overview of this model is given in Figure
2.5, which represents the schematic of the model input and output.
An advanced model to assess fouling and slagging was given with the strategy to
investigate this influence by introducing heat resistance to represent fouling and
slagging on furnace walls using plant heat flux reading data together with
computational fluid dynamics code (Xu et al., 2002). Another model has been
developed (Fan et al., 2001b) to simulate deposit growth under slagging conditions
coupled with comprehensive combustion code to predict the flow-field, the
temperature field and the deposit growth behaviour in a pulverised coal-fired boiler.
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The result shows that deposits in a boiler grow rapidly where particle impaction
probability and the temperature of wall surface are too high. Another mechanistic
model is developed to simulate the ash deposition behaviour of Australian high-rank
coals in the radiant section (slagging) of a test furnace at the Australian Coal Industry
Research Laboratories Limited (ACIRL) (Rushdi et al., 2005).
This approach starts with the analysis of coal samples, which generates detailed
information of coal particles and mineral grains, which is eventually used for the
calculation of mineral-to-ash transformations. To simulate the deposition process, a
CFD code called ‘teach’ was used in the study. This approach was used successfully
in ranking the ash deposition behaviour for Australian high-rank coals in the radiant
section (slagging) of a pilot-scale furnace An integrated tool predicting ash formation,
transport and deposition, as well as deposit growth and strength development has
been developed by RMT, inc., a subsidiary company of Alliant Energy Corporation
and the university of North Dakota Energy And Environmental research Center
(EERC) called AshProsm. This model was applied to a 512MW tangentially-fired
boiler at Wisconsin power & light’s Columbia Energy Center to evaluate the
localised slagging on furnace walls and fouling in convective pass (Ma et al., 2007).
Overall, step-by-step improvement occurs as various researchers gain an
understanding of pulverised coal combustion.
Via a CCD (charge coupled device) camera, visualisation of ash deposition is
possible; observation of clinker formation behaviour, and determining the location
and extent of clinker formation has been achieved. A model that predicts deposit
growth and the exfoliation process was developed to simulate a probable clinker
formation zone (Yamashita et al., 2008).
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Figure 2. 5: Schematic of ash deposition model (adopted from (Lee and Lockwood,
1998)
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2.6 Summary of Literature Review
Although many studies of ash deposition in pulverised coal combustion have been
conducted, there still remains much to be learned in terms of slagging, fouling and
clinker formation. Advanced research has emerged in coal combustion, where
particle size distribution and fly ash generation can be determined by extravagant
analytical techniques such as CCSEM. These analysis and calculations are necessary
for the development of ash deposition model. It is known from the available
literature review that in order to predict clinker formation or the probable zone for
deposition in utility boilers, which postulates wide range of information from basic
coal properties to up-to-date modelling softwares to model the power plant boiler.
The vital and foremost step to tackle this problem is to have more detailed
knowledge of coal combustion and modelling of coal combustion in commercial
CFD code. Second step would be identification of governing parameters which
regulates accumulation of clinker on furnace walls. To date, there are many models
developed for predicting ash deposition with combustion code, which yields good
results, but only specified to one particular condition or based on laboratory test data
or different plant circumstances. There is no generalised model for the identification
of clinker formation zones in boilers, exist to date. Hence, this study will suggest
wall surfaces in particular designed boiler, where there are extreme chances of ash
deposition. Identification of these wall surfaces could be beneficial for power plant
engineers to identify ash deposition mechanism as well as low temperature eutectics
from interaction of mineral matter present in flow gases. This study can provide the
strong platform to study the series of mechanism for clinker formation.
In view of the above necessity, a study has been undertaken to develop a 3D model
for front wall-fired utility boiler of 330MW capacity with commercial code FLUENT.
The study incorporates analytical observations of temperature zones at different level,
particle trajectories and velocity profiles. A particle tracking within the boiler
provides residence time and their appropriate temperature range. Analysing
temperatures of particles provides probable location of clinker formation on the
furnace walls. This will enable the process operator to opt for intelligent sootblowing
and take informed decisions to control and/or reduce clinker formation in boilers.
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Chapter 3
CFD in Pulverised Coal Combustion
Computational fluid dynamics is a numerical tool for simulating the complicated
fluid flow, heat transfer, and chemical reactions in a combustor (Baukal et al.,2000).
The role of CFD in engineering prediction has become so strong that, today, it has
taken a permanent place in all aspects of fluid dynamics from basic pipe flow to
complex engineering design. In past times, to simulate any unit operations or unit
processes, industry people used to set up workstation. Today, we have superpower
computers and even personal computers are fast compared to workstation. Today we
have superpower computers. Another reason for wide use of CFD codes is that they
are easily available at moderate cost. There are many important factors, which lead to
modelling a combustion system. The simplest and foremost thing is to optimise a
system. To study 330MW power plant parameters, CFD commercial code FLUENT
and pre-processor GAMBIT are adapted to model and create the geometry of the
furnace. Operational data were used to model the furnace and install burners. For
several possible configurations of the burners and fuel load, the flue gas path in the
boiler was analysed. Before describing modelling theory for non-premixed
combustion, basic concept of CFD codes, which reveals its working path, essential
components and numerical solution techniques described in following sections. This
study entails use of non-premixed combustion modelling but, prior to that, modelling
of basic fluid flow, turbulence, heat transfer and finite rate chemistry are described in
this chapter. Before using CFD code, one must understand that it is not a panacea.
The user must understand the problem definition thoroughly and set up pre-analysis
to make assumptions for a given problem without affecting the result accuracy for
the given problem. All the models available in CFD code have their certain
limitations that the user must take care of (Baukal et al.,2000).

3.1 Introduction to CFD
It was in early 19th century that Navier (1827), Poisson (1831) and Stokes (1845)
derived the fluid flow equation commonly known as Navier-Stokes equation, which
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forms the basis for CFD calculations. In CFD, physical systems involving fluid flow
within definite boundaries can be represented in terms of mathematical equations,
usually in the form of partial differential equation (Bashir et al., 2004). as
“Computational fluid dynamics is a discipline that encompasses the numerical
solution of the equations of motion (mass, momentum and energy) in a flow
geometry of interest, together with subsidiary sets of equations reflecting the
problem at hand” (Harris et al., 1996).
The physical aspects of any computational fluid dynamics are governed by the
following three basic principles:
(1) Mass is conserved (or Equation of Continuity)
(2) F = ma ( Newton’s Second Law)
(3) Energy is conserved (First Law of Thermodynamics)
Description for basic equations is provided followed by elements of CFD code in this
chapter.
3.1.1 Elements of CFD Code
CFD codes are equipped with numerical algorithms to solve any fluid flow problems.
There are three main elements (Versteeg and Malalasekera, 2007):
(I)

a pre–processor (in this project GAMBIT is used)

(II) a solver
(III) a post–processor
(I)

Pre–processing

Once problem specifications and assumptions are made, the user will be in the pre–
processing stage to define the geometry of the problem of interest in computational
domain. For this project, the author used GAMBIT pre–processor to develop furnace
geometry. Development of a grid (or mesh) of cells (or control volumes or elements)
in the computational domain by sub–division in smaller number. Once mesh is
generated in the domain, define the appropriate boundary condition to represent
different parameters of flow problem. Meshing task is an important factor for
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accuracy, as large numbers of mesh volume improve the solution. There are some
factors having influence in mesh generation, like appropriate spacing, skewness,
computational time on domain and so forth. After taking care of all these factors, two
kinds of mesh generation are possible
To specify meshing scheme, there are two parameters which come into the picture,
namely
 Element
 Type
The elements parameter defines the shape(s) of the elements that are used to mesh
the volume. The type parameter defines the meshing algorithm and, therefore, the
overall pattern of mesh elements in the volume. A list of meshing scheme elements is
shown in Table 3.1
Table 3. 1: List of available meshing schemes in GAMBIT (user’s guide)
Element Option

Description

Hex

The mesh includes hexahedral mesh
elements only

Hex/wedge

The

mesh

composed

primarily

of

hexahedral mesh elements but includes
wedge elements where appropriate
Tet/hybrid

The

mesh

composed

primarily

of

tetrahedral mesh elements but may
include

hexahedral,

pyramidal,

and

wedge elements where appropriate
In the same way, type parameter includes Map, Submap, Tet Primitive, Cooper,
Tet/Hybrid and Stairstep. As noted above, each of the elements options are
associated with a specific set of one or more of the type options. The structured grid,
for the furnace created with the use of hex scheme, is represented above in figure
3.1(a). This structured mesh represents 296756 hexahedral cells, which requires large
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construction time, but gives solution accurate and with less computer time on an
ordinary computer system.

(a)

(b)

Figure 3. 1: Representations of different meshing schemes (a) structured grid, (b)
unstructured grid
To achieve result quickly with appropriate accuracy, user can adopt tetrahedral grid
elements scheme via constructing an unstructured grid, as schematically represented
in figure 3.1(b). Over half of the project period spent on this project is devoted to the
definition of the domain geometry, grid generation and grid dependency study.
(II)

Solver

There are three kinds of numerical solution techniques available in CFD codes.
 finite difference method;
 finite element method;
 finite volume method.
in general, these described methods create the base for solver to perform the
following steps (Versteeg and Malalasekera, 2007);
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 approximation of the unknown variables by means of simple functions;
 discretisation by substitution of the approximations into the governing flow
equations and subsequent mathematical manipulations;
 solution of the algebraic equations.
The main difference between the three methods is the way the approximation and
discretisation processes are done for flow variables. Solver used in this project is
fluent commercial code, which is solely based on finite volume method. Finite
volume method and numerical method for solving combustion task is described in
later sections.
(III)

Post–processor

Once the solution for a given problem is converged, the post–processing step comes
into the picture. In recent years, there has been a tremendous work done in this area
to increase graphics capabilities. There are many data visualisation tools available in
software packages, which are:
 domain geometry and grid display;
 vector plots for different process parameters;
 probability density function display;
 contour plots stating various parameters;
 particle tracking;
 species fraction;
 flux reports.
Likewise, there are many more post-processing steps to assess problem solution. The
graphics output in today’s available CFD codes have given new era to visualise the
problem in any problem.
3.1.2 Background of the selected CFD package
FLUENT was originally developed by Swithenbank, et al. (Boysan, et al., 1981) and
extended by FLUENT Inc., headquartered in Lebanon, New Hampshire. As
mentioned integration of two individual programs to carry out research are: Gambit
and FLUENT. Gambit is used for geometry creation and meshing, and FLUENT
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performs the remainder of the model selection, calculations, and post-processing.
FLUENT is a state of the art program which has hundreds of options for materials
(gas, liquid, and solid), material properties, flow (laminar and turbulent), heat
transfer (conduction, convection, and radiation), reacting flow, boundary conditions,
and solution techniques. Models adopted for coal combustion in this project, which
are referred in later on sections of this chapter. This software is fairly easy to learn,
and has helpful guides (Fluent, 2007) that explain most of its options. This package
emerges the most robust among all other CFD codes like PHOENICS, STAR-CD,
GLACIER, FLOW-3D and many more. One limitation of this package is the preprocessing tool is not able to create complex domain generation. Another complexity
of this software is too creating and hooking up user defined functions in the defied
problem.
Nevertheless, it has gained lot of attraction from CFD users across the globe and
proven best in a past decade.

3.2 Mathematical Models
A pulverised coal combustion simulation involves modelling a continuous gas phase
flow regime and its interaction with a discrete phase of coal particles. Here, reaction
is modelled using non-premixed combustion model, which includes PDF (probability
density function)/mixture fraction approach. However, you can model by species
transport model as well. This modelling approach considers all physical processes as
turbulence ( k − ε model), radiation (P1), and discrete phase model incorporating
rosin – rammler size distribution correlation. Stochastic tracking is employed to
include the effects of turbulent dispersion. Coal devolatilisation is modelled with a
single rate kinetic model and char combustion is modelled with weighted
kinetics/diffusion model.
Basically, mathematical modelling is based on a set of coupled conservation
equations of mass, momentum and energy and chemical species transport and
reactions, and the state equations of the fluid system. Most practical flows are
turbulent, thus determining all the conservation equations as a function of space and
time. Differential relationships, in the form of partial differential equations, are the
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form most often employed in developing CFD numerical procedures and are
mentioned in this study as well.
3.2.1 Basic conservation equations
The governing equations of fluid flow represent mathematical representations of the
conservation laws of physics. The fluid will be regarded as a continuum. Equation of
continuity is derived from the law of conservation of mass. A mass balance for a
fluid element can be written as rate of change of mass in fluid element is equal to net
rate of flow of mass into element.

∂ρ ∂ (ρu i )
+
= Sm
∂t
∂xi

(3.1)

where ρ is the fluid density, ui are the velocity components in each directions xi , and
S m is the mass source in the system.

The mass balance for multi–component system, can be delivered as,
∂ (ρmi ) ∂ (ρu i mi ' )
∂
+
=−
J'
∂t
∂xi
∂xi i

,i

+ Ri + S m

(3.2)

where parameters,
J i ' ,i , is the diffusion flux of species

'

i

due to concentration gradients and can be

represented by fick’s law of diffusion.
mi ' is the local mass fraction of each species in the system.
Ri is the mass rate of formation and S m represents a source of mass generated.

The momentum equation for the system is derived from the Newton’s second law of
motion also called Navier-Stokes equations:
∂ ( ρu i ) ∂
(ρui u j ) = − ∂p + ∂τ ij + S mi
+
∂t
∂xi
∂xi ∂x j

(3.3)
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where p is the local (static) pressure, τ ij is the stress tensor, S mi are the momentum
in each of the coordinate directions. The stress tensor τ ij can be given by this
equation,
∂u j 

 ∂u

∂u

2

 − µ k δ ij
τ ij = µ  i +
∂
x
∂
x
3 ∂x k
i 
 j

(3.4)

where µ is the viscosity of fluid. In this equation, the first term on the left side
represents the rate change of momentum per unit volume with time and second term
represents the change of momentum generated from convective motion.
The conservation equation of energy can be derived from the first law of
thermodynamics and can be described in following way, “rate of increase of energy
in system is equal to sum of net work done on system and total heat addition to the
system”.
Hence the equation can be written as,
∂ (ρh ) ∂ (ρhu i ) ∂p
∂p
∂  ∂T
+
=
+ µi
−
k
∂t
∂xi
∂t
∂xi ∂xi  ∂xi

 ∂
 −
 ∂xi

∑
j'

h j J j ' + τ ik

∂u i
+ Sh
∂x k

(3.5)

where specific enthalpy calculated as,

h = ∑ m j' h j'

(3.6)

h j ' = TTref c p , j ' dT

(3.7)

j'

In the equation energy source S h due to chemical reactions can be expressed as

S

h

reaction

=∑
j'

h oj'
M j'

+

Tref
Tref

c p , j ' dT R j '

(3.8)

j'

As in the eq. (3.5), the first term on the left hand side of the equation represents the
rate of change of enthalpy per unit volume with time and the second term represents
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the change of enthalpy resulting from convective motion. Similarly, on the right hand
side is molecular diffusion of enthalpy based on Fourier’s law of heat conduction.
Energy transfer due to radiation is described in radiation models.

3.2.2 General transport equation
For a general variable ψ of the fluid, mass, species, momentum and energy equations
can be summarized into a general transport equation of ψ as

∂ (ρψ ) ∂ (ρψu j )
∂  ∂ψ
+
=
Γψ
∂t
∂x j
∂x j  ∂x j


 + Sψ



(3.9)

where, Γψ and Sψ are diffusivity and corresponding source term for scalar quantity

ψ respectively. The solution for these conservation equations is a very complex task.
There are various numerical techniques available to solve, which are described in
following section.

3.3 Solution Methods in Computational Fluid Dynamics
There are various methods available to solve the equation of motion. The NavierStokes equations provide an “exact” model for turbulence in general cases of fluid
flow systems (Baukal et al., 2000). The solutions to these equations are too
complicated to solve exactly either analytically or numerically. Therefore, different
types of approximations are taken into consideration to solve these equations.
There are four types of approximations available in various literatures, namely
moment averaging, vortex methods, spectral and direct numerical simulations (DNS).
The direct numerical simulation (DNS) is a fundamental solution technique. In this
technique, exact Navier-Stokes equations are solved for the largest and smallest
turbulent length and time scales. To solve these Navier-Stokes equations requires
huge computing power; hence, it is not a viable method to solve industrial
combustion problems. The second type of numerical approaches closely related to
DNS is known as vortex methods. Two different schemes are available; one is fine
discretisation with Eulerian scheme, whereas the second is coarser discretisation with
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Lagrangian formulation. As with the DNS simulations, these techniques have been
applicable to limited study of flow characteristic.
To simulate large scale of combustion systems, moment averaging is a famous
solution technique because it is widely available in commercial software
programmes like PHOENICS, FLUENT, FLOW-3D, TEACH, PCGC-3 and many
others (Launder and Spalding, 1974). This method utilizes averaging of turbulent
velocity components by solving k − ε turbulence model as closure equations. In
these methods, the derivatives in PDE’s are approximated by algebraic expressions
representing the discrete distances in the flow field. Either of the finite difference,
finite element and finite volume based methods are used for discretisation (Eaton et
al., 1999). Where,

 finite difference method - based on Taylor’s series, polynomial expansions;
 finite element method - based on calculus of variations and the method of
weighted residuals;

 finite volume method - based on integral form of the conservation equations
instead of differential form.
Among all of these methods, the finite-volume approach has been adopted by many
users for many computational fluid dynamics applications, including most
comprehensive combustion codes because it is applicable to a variety of grid
structures. The end-result of the discretisation method is a set of algebraic equations
that can be solved to calculate mass, momentum and energy transport on discrete
points in the flow field. These calculated points are generated as a grid. The grid
structure, as described in earlier meshing section, holds simple and complex
construction made of rectangular and tetrahedral elements. To solve these grid
discretisation equations, they must be divided into main two categories based on
whether the compressible or incompressible forms for the equations of motion are
being solved; mainly for compressible flow regimes, referred to as density-based
solver because of the relation between the pressure and density established in
equation of state. The solution techniques for incompressible form of equations of
motion are solely based on pressure variation. An additional relationship for pressure
called Poisson equation can be derived via mathematical manipulations of continuity
and momentum equations. To solve this additional relationship for pressure, there are
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many approaches like SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations), SIMPLER (Simple Revised), SIMPLEC (Simple Consistent) and PISO
(Pressure Implicit with Splitting of Operators) (Versteeg and Malalasekera, 2007).
In most practical combustion problems, the incompressible form of the equations of
motion using a FV form of the discretisation equations are solved with the simplebased approaches, assuming steady-state flow field in many utility furnace problems.

3.4 Turbulence Models
Above described basic governing equations for a homogeneous fluid flow forms a
closed set of partial differential equations (PDE). This situation is only viable to
solve laminar flow problems.
The effect of turbulence in real practice can be described as a three dimensional,
time–dependent, chaotic, random and dissipative flow. To solve turbulence flow with
finite–volume approximation is generally not sufficient due to the wide distance
between grid points in calculation of turbulent length scales, which is due to steady
state assumption of flow simulation. Auxiliary relationships are required to account
for the effects of turbulence on the transport processes (Bird et al., 1960, Warnatz et
al., 1993,2001). To mitigate this problem, time-averaged transport equations, such as
Reynolds-averaged Navier-Stokes (RANS) equations, are established. On the
contrary, RANS equations are not closed and thus require additional closure
turbulence models.

3.4.1 Time-averaged transport equations
These relationships are based on Reynolds decomposition approach, by dividing
instantaneous flow variable φ in the conservation equations into mean and
fluctuating variables respectively φ , φ ′ in order to model the effect of turbulence
(Bird et al., 1960, Warnatz et al., 1993,2001).

φ = φ + φ'

(3.10)
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When φ is averaged, the mean fluctuation is zero. For combustion processes there are
typical large density variations to mitigate that situation another method of averaging
the flow variables known as Favre-averaging. It eliminates density-velocity
calculation terms in the momentum equations and shows an effective way to account
for density fluctuation effects formed by turbulence (Warnatz et al., 1993,2001).
Thus, the Reynolds-averaged Navier-Stokes (RANS) equations can be written as
∂(ρu i ) ∂(ρui u j )
∂   ∂(ρu i ) ∂(ρu j )  2 ∂u k
− µ
µ
+
=
+
∂t
∂x j
∂x j   ∂x j
∂xi  3 ∂xk

(

)

 ∂p ∂ − ρ u i u j
 −
+
+ Si
∂x j
 ∂xi
'

'

(3.11)

The terms − ρ u i' u 'j are designated Reynolds stress terms (turbulent transport) and
they are additional six unknowns (Bird et al., 1960, Eaton et al., 1999, Versteeg and
Malalasekera, 2007). These Reynolds stresses can be modelled using Boussinesq
hypothesis by taking viscosity as turbulent viscosity in the calculation. The timeaveraged transport equation can be obtained by inserting mean variable φ into rans
equation

∂ (ρφ ) ∂ (ρφu i )
∂
∂φ
∂
+
=
(Γφ
)+
(− ρ u i'φ ' ) + Sφ
∂t
∂xi
∂xi
∂xi
∂xi

(3.12)

Where − ρ u i'φ ' can be taken to be proportional to the gradient of the mean variable

φ as introducing turbulent transport coefficient Γt of mean variable φ . Reynolds
stress model (RSM) is described, as well as turbulent transport coefficient and
turbulent viscosity with RANS, in following sections.

3.4.2 The standard k − ε model
To close the time-averaged PDEs, two parameters equation called the k − ε model
was developed (Jones and Whitelaw, 1982, Jones and Wille, 1996, Launder and
Spalding, 1974). It is derived from RANS equations and various model constants
mostly used for recirculation flows in a form of the two–equation model. This
involves an assumed linear relation between the Reynolds stress and rate of strain,
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− ρ u i'φ ' = −Γt

∂φ
,
∂xi

(3.13)

µ
where, Γt = t
σt
The turbulent (or eddy) viscosity is given by,

µ t = CρVL

(3.14)

Where, C = dimension less constant,
V = turbulent velocity scale (m/s),
L = turbulent length scale (m),
as per the dimensionless analysis turbulent velocity and length scale can be
represented by considering two parameters, one is turbulent kinetic energy k and
second is rate of dissipation ε .
V = k 1/ 2

(3.15)

L = k 3/ 2 / ε

(3.16)

Thus, from equations, turbulent viscosity can be written as

µ t = ρC µ (k 2 / ε ) , where C µ is dimensionless constant.
These values of k and ε can be obtained from the solution of the transport equations:

µ ∂k
∂ (ρk ) ∂(ρku i )
∂ 
 ( µ + t )
+
=
∂t
∂xi
∂xi 
σ k ∂xi
∂ (ρε ) ∂ (ρεui ) ∂
+
=
∂t
∂xi
∂xi


 + Gk + Gb − ρε



µ ∂ε 
ε
 ( µ + t )  + C1ε (Gk + (1 − C3ε )Gb ) − C2ε ρε 2 / k
k
σ ε ∂xi 


(3.17)

(3.18)

Where Gk is the generation of turbulent kinetic energy due to the turbulent stress and
it can be determined by Boussinesq hypothesis with the effect of mean strain rate.

Gb is the generation of turbulent kinetic energy due to the buoyancy and can be
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described by the relationship between turbulent Prandtl number ( Prt ) for temperature
or enthalpy (0.85), and β is a coefficient of thermal expansion. These model
constants have the following standard value as

C1ε = 1.44, C 2ε = 1.92, C µ = 0.09, σ k = 1.0, σ ε = 1.3
The wall functions (boundary conditions) for solving the equations of standard

k − ε model is available well addressed in the literature (Launder and Spalding,
1974). The accuracy of the near-wall calculations of the flow field is very important
for the prediction of wall-bounded turbulent flow. The k − ε model has become the
most widely used approach for the solution of practical fluid dynamics problems
because of its general applicability, but in this model turbulence is assumed to be
isotropic, i.e. all normal stresses are identical or same in all directions. This
disadvantage led development of different approaches for anisotropic effects; one
example of this category is the non-linear k − ε model (Speziale, 1987). This model
is a formulation of Reynolds stress tensor as a non-linear expansion of the
Boussinesq hypothesis. These non-linear terms allows for more precise prediction
compared to standard k − ε that have been observed experimentally (Speziale, 1987).
The k − ε formulation is adopted for this study because of its general applicability.

3.4.3 RNG k − ε model
The RNG k − ε model (renormalisation group) is another example of an
“anisotropic” model (Fluent, 2007). It is derived from renormalisation group theory
(also called rigorous statistical technique), totally different to the standard k − ε and
carries additional functions in the transport equations for k and ε , effects of swirl on
turbulence, analytically-derived differential formula for effective viscosity that
accounts for low-Reynolds-number effects and, last but not least, improves the
accuracy for rapidly strained flows.
The RNG k − ε model can be written in the same way as the k − ε model, except
for the additional quantities of the inverse effective Prandtl numbers α k and α ε and
the R term in the equation of dissipation rate

35

∂ (ρk ) ∂ (ρku i )
∂
∂k
+
=
(α k µ eff
) + Gk + Gb − ρε
∂t
∂xi
∂xi
∂xi

(3.19)

∂ (ρε ) ∂ (ρεui ) ∂
∂ε
ε
+
=
(α ε µ eff
) + C1ε (Gk + C3ε Gb ) − C2ε ρε 2 / k − R
∂t
∂xi
∂xi
k
∂xi

(3.20)

where α k = α ε = 1.393 at high Reynolds numbers. In these equations Gk and Gb can
be calculated same as k − ε model.

R=

C µ ρη 3 (1 − η / η o ) ε 2

1 + βη 3

k

(3.21)

where η o = 4.38, β = 0.012 , η < η o andη > η o respectively shows positive and
negative contribution in logarithmic layer.
the effective viscosity can be modelled by the given equations as

 ρ2
d
 εµ



µ eff
vˆ
 = 1.72
dvˆ , vˆ =
, C v ≈ 100

µ
vˆ 3 − 1 + C v


(3.22)

The above equation is formulated to obtain the precise effect of low-Reynoldsnumber and near-wall flows. When Reynolds numbers are high, this equation
becomes the same as turbulent viscosity in the k − ε model. The RNG k − ε model
can be adopted for the effects of swirl by introducing swirl constant and
characteristic swirl number in turbulent viscosity equation. Boundary conditions are
the same as the standard k − ε model.
The RNG k − ε model constants C1ε and C 2ε have the following values:
C1ε = 1.42, C 2ε = 1.68

The model constant C 3ε accounted for the buoyancy effect in transport equations for
both models, can be calculated as
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C 3ε = tanh

v
, where v and u are velocity components parallel ( C 3ε =1) and
u

perpendicular ( C 3ε =0) to the gravitational vector.

3.4.4 The k − ε model via convective heat and mass transfer
The interaction of turbulence model with heat and mass transfer can be modelled
using the same concept of Reynolds analogy. Thus, turbulent energy transport
equation is given by
∂
∂
∂
∂T
( ρE ) +
(u i ( ρE + p )) =
(k eff
+ u j (τ ij ) eff ) + S h
∂t
∂xi
∂xi
∂xi

where, (τ ij ) eff = µ eff (

∂u j
∂xi

+

∂ui
2
∂u
) − µ eff i δ ij
∂xi
3
∂xi

(3.23)

(3.24)

where keff is effective conductivity, E is the total energy and (τ ij ) eff is effective stress
tensor, which represents the viscous heating.
Similarly, the interaction between mass transfer and turbulence can be given by

∂mi '
∂
∂
∂
( ρm i ' ) +
(u i ρmi ' ) = −
( Deff
) + Ri ' + S h '
∂t
∂xi
∂xi
∂xi

(3.25)

where Deff is the effective diffusivity , S h ' is the rate of creation by addition from the
any sources, mi ' is the local mass fraction of each species in the system and Ri ' is the
chemical reaction rate either by mass formation or depletion in system.

37

Energy and mass transport equations for both turbulence models are tabulated in
Table 3.2.
Table 3. 2: Energy and mass transport equations for turbulence models

Energy Transport Equation

Mass Transport Equation

The standard k − ε model

The standard k − ε model

k eff = k +

c p µt

Prt

(3.26)

Deff = ρDi ',m +

µt
Sct

(3.28)

where k is thermal conductivity and

Sct is the turbulent Schmidt number has

default value of the turbulent Prandtl

value 0.7.

number is 0.85.
The RNG k − ε model

The RNG k − ε model,

k eff = αc p µ eff (3.27)

Deff = αc p µ eff

in this α calculated from inverse

where α = 1 / Sc in the diffusion-

(3.29)

effective Prandtl number in the viscosity- dominated region, and α = 1.393 in the
dominated, where α = 1 / Pr = k / µc p in

fully turbulent region.

the viscosity-dominated region and

α = 1.393 for fully turbulent region
(Kays, 1994).
In spite of the above discussed turbulence model, there are some other models also
available in CFD. Models of first moment closure type can be derived using
Boussinesq relation and Reynolds stresses with the mean flow velocities. However,
due to limitations in predicting the flows with complex strain fields or significant
body forces led to the development of a more complex second-moment closure
approach, so called Reynolds stress model (RSM), in which the Reynolds stresses are
modelled by adopting mean flow velocities and the first-moment closure approach
together (Launder, 1989, Launder et al., 1975). Another approach where turbulence
model is modified to include terms that account for the transition from fully turbulent
to laminar flow behaviour, are called Low-Reynolds number approaches. In the case
of k − ε model, new terms have been incorporated in either one or both variables. To
achieve proper transition from fully turbulent flow to the laminar flow, along the
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wall, an appropriate number of grid points are included in the near-wall region of the
flow. In non-premixed turbulent combustion, the rate of mixing in flow is determined
by the motions of the largest eddies, where simulations of domain grid points are not
extended to the smallest scale using direct numerical solution method. This concept
is under research state and used for general purpose computations at present.
Turbulent flow occurs at different length scales and termination of energy cascade
into kinetic energy of the many small eddies (at or below Kolmogorov-length scale)
is dissipated by viscosity into thermal energy (Warnatz et al., 1993,2001). The
energy cascade model has great significance in the development of k − ε model.

3.5 Radiation Models
Radiation energy transport accounts for a dominant part in heat transfer for many
combustion processes. Radiation is directly proportional to the combustor length.
Modelling radiative energy transport phenomena is a crucial task in combustion
systems and it is complex as well (Eaton et al., 1999). In coal combustion systems,
radiation is dominant in superheater region.
The energy source due to radiation in eq. (3.5), S h ,radiation can be written as

S h,radiation =

4π

dI
dΩ '
0 ds

(3.30)

where i is the radiation intensity, s is a function of position and Ω ' is a solid angle.
the Radiation Transfer Equation (RTE) (Siegel and Howell, 1992) for an absorbing,
emitting and scattering medium can be expressed as

dI ( s, Ω' )
σT 4 σ s
+ ( a + σ s ) I ( s , Ω' ) = a
+
ds
π

4π

4π

I ( s, Ω' )ΦdΩ'

(3.31)

0

where ,

s = Path length
a = Absorption coefficient
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σ s = Scattering coefficient
T = Local temperature

σ = Stefan-Boltzmann constant (5.672×10-8w/M2k4)
Φ = Phase function
(a + σ s ) = Optical thickness or Opacity of the medium
There are vast amount of literature relevant to this subject is present and only a brief
overview is given to depict adopted model this project and outline of other available
models in CFD code.
There are five models available in CFD codes used according to their suitability for
the given process.

 P-1 radiation model
 Rosseland radiation model
 Discrete transfer radiation model
 Discrete ordinates radiation model
 Surface to surface radiation model
All of these models excluding surface to surface model require the absorption
coefficient input and it can be a function of local concentration of h2o and co2, path
length, and total pressure. It carries different values for different radiation model.

3.5.1 P-1 radiation model
The P-1 radiation model is the simplest case of the more general P-N model. It is
based on the expansion of the radiation intensity I in an orthogonal series of spherical
harmonics (Fluent, 2007, Sazhin et al., 1996, Siegel and Howell, 1992). The P-1
model results obtained in the modelling of coal combustion processes in an industrial
furnace shows consistency with experimental observations (Sazhin et al., 1996). This
model falls in the category of moment method where the angular dependence is
expressed using a Taylor power series expansion. In this method, radiative intensity
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is expressed as a series of products of angular and spatial functions, where moment is
an integral of intensity multiplied by a power of a direction cosine over a
predetermined solid angle division. A short review of solution methods is given after
the discussion of radiation models.
Simplified Equation P-N Can Be Expressed As

I ( s, θ , ϕ ) =

1
( I ' ( 0 ) +3I ' (1) cos θ + 3I ' ( 2) sin θ cos ϕ + 3I ' (3) sin θ sin ϕ )
4π

(3.32)

In eq. (3.32), introducing path length with intensity
4π

∫ I ' ( s, ω )dω

I '( 0 ) ( s ) =

(3.33)

ω =0

4π

∫ l I ' (s, ω )dω

I '(i ) ( s ) =

i

(3.34)

ω =0

After some simplification, apply radiation temperature term by analogy with the
conventional temperature t, the radiation flux q r with respect to the components
q i = I ' ( i ) can be reduced to

qr = −

1
∇G
3(a + σ s ) − Cσ s

(3.35)

where g is incident radiation, and c is the linear-anisotropic phase function. Incident
radiation can be further simplified by radiation temperature relationship

θ R4 =

I ' (0)
4σ

(3.36)

The transport equation for G is
∇ • (Γ∇G ) − aG + 4aσT 4 = S G

(3.37)

where σ is the Stefan-Boltzmann constant ,sg is a user-defined radiation source, and
c phase function coefficient can be given as
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Γ=

1
(3(a + σ s ) − Cσ s )

(3.38)

from eq. (3.36) and eq. (3.38), radiation flux can be expressed as
− ∇ ⋅ q r = aG − 4aσT 4

(3.39)

where q r in energy equation accounts for heat sources due to radiation.
P-1 radiation model includes the effect of particles, when dispersed second phase is
present in the system and this model assumes that all scattering in the system is due
to second phase. Hence, particle radiation can be included in the energy equation to
yield heat sources as follows(Fluent, 2007):
− ∇ ⋅ q r = 4π (a

σT 4
+ E p ) + (a + a p )G
π

(3.40)

the boundary conditions for eq. (3.39) can be determined by calculating incident
radiation flux equation as follows (Sazhin et al., 1996):

q inc = σTω −
4

r
qr ⋅ n

(3.41)

εω

r
Where Tω is the wall temperature, q r ⋅ n is the normal vector defined by eq. (3.35)
and ε ω is the emissivity of the wall. (Note: s = 0 refers boundary).
To eliminate the angular dependence from the incident radiation equation, the
Marshak boundary condition (Sazhin et al., 1996) is then used , (for initial condition)
q inc = ε ω σTω4 + (1 − ε ω )σθ R4 (0) +

where putting θ R

εϖ =1

=θ

R εϖ →1

εω − 3
2

q n ( 0)

(3.42)

by considering continuity requirement in this case,

eliminating q inc from eq. (3.41) and eq. (3.42) the final equation to compute
q n (0) for the energy equation and for the incident radiation equation boundary

conditions written as
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q n (0) =

2ε ω σ
(Tω4 − θ R4 )
(2 − ε ω )

(3.43)

The P-1 model has several advantages over the Discrete Transfer Radiation Model,
because the general radiation transfer equation in P-1 model is diffusion equation and
can be solved easily with little computational power. The effect of scattering can be
obtained without additional computer time. For combustion applications, it is in wide
use where optical thickness is large, and it works quite well with complex geometries
with curvilinear coordinates. The main disadvantage of the P-1 model is that its
modelling capacity is based on trial and error rather than rigorous calculations, by
scarifying accuracy. Nevertheless, it appears to be of great importance for qualitative
predictions without any extra cost and time. Apart from P-1 model, all the other
models for radiation and solution methods for radiation heat transfer are addressed
well in literature (Siegel and Howell, 1992). For this project, P-1 model is best fit, as
it requires very less computational power. In this model, radiative properties of gases
can be neglected due to their small concentration of species with negligible scattering.
Weighted Sum-of-Gray Gases (WSGGM) is used to predict the radiative properties
for gases, but to define radiative properties of entrained particles, absorption
coefficients and the scattering phase function are required. To determine these
properties, the assumption of spherical particles seems appropriate for pulverized
coal combustion systems. These properties mostly depend on particle size
distribution, wavelength of the radiation and the complex refractive index, which can
be determined by different theories (Eaton et al., 1999).

3.6 Gaseous Turbulent Combustion Models
The simulation of non-premixed turbulent combustion processes requires reaction
rate, which can be determined by the mixing of the reacting species and by the
reaction kinetics. Both of these factors strongly depend on the reaction temperature
of a combustor. However, the combustion process cannot be modelled precisely
where thousands of intermediate reactions are happening. To model combustion
process at the best level of accuracy, simplifications of the processes and
assumptions have been proposed in different methods. The Arrhenius rate
expressions, the eddy-dissipation concept (Magnussen and Hjertager, 1977), and the
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mixture fraction/PDF approach are the most widely used methods. The Arrhenius
rate expression includes conservation equations for species in turbulent reacting
systems with forward and backward reaction rate with Arrhenius general correlation.
This approach is limiting case scenario, where the reacting species are assumed premixed. In this method, turbulent mixing is ignored, and both the finite-rate chemistry
and their reaction rates, which are based on mean flow properties, are not applicable
in non-premixed turbulent combustion. To account for the effects of turbulence on
the chemical reaction rates, the eddy-dissipation concept (Magnussen and Hjertager,
1977) is similar to the eddy-break-up model (Spalding, 1971) proposed. This model
relates the rate of combustion to the rate of dissipation of eddies and expresses the
rate of reaction by the mean concentration of a reacting species, the turbulent kinetic
energy and the rate of dissipation of this energy. This approach evaluates some
proportionality constants in equations of reactions rates, however have not been
generalised. One approach that has been used to simplify the chemistry in
combustion modelling is probability-density function (PDF) approach (Jones and
Kakhi, 1998, Pope, 1985).
3.6.1 Mixture fraction approach

This approach is in contrast to premixed systems, where fuel and oxidiser are
initially carried by separate streams, in which reactants are mixed at the molecular
level before burning. Here, combustion is simplified to a mixing problem and closure
for non-linear rates is avoided. There are mainly two options for simplifying the
combustion chemistry, the first option is “mixed is burned,” and the second is
“thermodynamic equilibrium assumption”. In the first option, thermochemistry can
be reduced to a single parameter called mixture fraction, which originated from the
fuel stream. The mixture fraction is a conserved scalar quantity, denoted by f can be
defined in terms of elemental mass fractions as (Sivathanu and Faeth, 1990):

f =

Z k − Z k ,O
Z k , F − Z k ,O

(3.44)

where Z k is the elemental mass fraction of the kth element, subscripts F and O
denote fuel and oxidiser inlet stream values respectively. For simple fuel/oxidiser
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systems, where two identifiable inlet streams have uniform properties, can be stated
simpler in terms of the local fuel mass fraction as

f =

mF
m F + mO

(3.45)

The equation for the mixture fraction at each point in the system is computed from
the Favre and time-averaged transport equations
∂ ( ρf ) ∂ ( ρu i f )
∂ µ t ∂f
+
=
(
)+ Sm
∂t
∂xi
∂xi σ t ∂xi

(3.46)

The source term S m is the f source due to transfer of mass into the gas phase from
liquid fuel droplets or combustible particles (i.e. coal).
As a closure of turbulence-chemistry model, the equation for the Favre and timeaveraged transport of the mixture fraction variance f ' 2 (Jones and Whitelaw, 1982)
can be computed as

∂ ( ρ f ' ) ∂ ( ρu i f ' 2 )
∂ µt ∂ f '2
∂ f '2
ε
+
=
(
) + Cg µt (
) − Cd ρ f '2
∂t
∂xi
∂xi σ t ∂xi
∂xi
k

(3.47)

where constant values are σ t = 0.7, C g = 2.86, C d = 2.0 .
For adiabatic reacting system, under the assumptions of instantaneous values of mole
fractions, density and temperature depend solely on the instantaneous mixture
fraction as,

φ i = φi ( f )

(3.48)

where φ i represents the instantaneous species concentration, density, or temperature.
While, in the case of nonadiabatic systems, flows include systems with radiation,
heat transfer through walls, heat transfer to/from discrete phase particles or droplets,
and multiple inlets at different temperatures, the effect of heat loss/gain can be given
by,
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φi = φi ( f , H )

(3.49)

The instantaneous enthalpy, can be expresses in following manner,

H = ∑ m j ( TrefT c p , j ' dT + h oj' (Tref j ' ))

(3.50)

ji

3.6.2 PDF approach
PDF approach is used as the closure of turbulence-chemistry interaction. In the nonpremixed combustion assumed-shape, PDF approach is taken as its closure model.
The probability density function denoted as p ( f ) is defined as the fraction of time
that the fluid spends to come on a value between f and f + ∆f . Plot of time scale in
the mixture fraction against probability function, gives value of ∆f equal to fraction
of time mixture fraction has spent. Its mathematical relation can be written as,
1
∑i τ i
t →∞ t

p ( f )∆f = lim

(3.51)

where t is time scale and τ i is the fraction of time f spend in range of ∆f . The shape
of p ( f ) depends on the nature of the turbulent fluctuations in f, so it can be derived
from the mean mixture fraction and its variance. There are two mathematical
functions available for the calculation of assumed-shape PDF (Fluent, 2007, Jones
and Wille, 1996):

 Double delta function
 β function
Both the functions have their own condition for p ( f ) ; double delta function is only
for two-mixture fraction theory, where β - function can be applied for single and
two mixture fraction cases. For adiabatic single mixture fraction system, timeaveraged values of species mole fractions, temperature and density can be calculated
as,
1

φi = ∫ p( f )φi ( f )df

(3.52)

0
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For non-adiabatic system, its relationship can be accounted by means of joint
pdf p ( f , H ) . Here, for the ease of computation, it is assumed that the enthalpy
fluctuations are independent of the enthalpy level.
1

φi = ∫ p( f )φi ( f , H )df

(3.53)

0

Determination of φi requires calculation model transport equation for time averaged
enthalpy.

3.7 Discrete Phase Modelling
Several commonly used combustion processes, like fuel oil in an industrial furnace,
gasoline in an internal combustion engine, coal-fired fluidised beds, pulverised coal
fired furnaces etc, incorporate source of fuel as a solid or liquid that interacts with a
turbulent gas flow-field. This second phase generally considered as spherical
particles (mostly droplets, bubbles, inert or combusting particles) dispersed in the
continuous phase. To evaluate these processes, a comprehensive combustion model
must be able to address the interaction of the mass, momentum and energy transport
for continuous and discrete phase. To give the best characterisation of these phase
exchanges, two main formulations have evolved and are available in most of the
CFD codes (Fluent, 2007, Jones and Wille, 1996):

 Eulerian-Eulerian
 Eulerian-Lagrangian
In Euler-Euler frame, both the gas phase and the entrained particle phase are
considered to be continuous in space and time by solving similar set of discretisation
equations. In this frame, mainly three models are available, but offer a severe
problem of numerical diffusion for dilute phase. On the contrary, Euler-Lagrange
frame includes fluid phase treatment in continuum by solving the time-averaged
Navier-Stokes equations, while the dispersed phase is solved by tracking a large
number of particles, bubbles, or droplets through the calculated flow field. The
dispersed phase can exchange momentum, mass and energy with the fluid phase. The
beauty of this frame is that it assumes that the discrete phase occupies low volume
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fraction and one is able to track particles at regular intervals of time with the fluid
phase. Hence, it is widely adopted by engineers in modelling of spray dryers, coal
and liquid fuel combustion, and some particle-laden flows. This frame can produce
trajectory calculations, like discrete phase inertia, drag, momentum and heat transfer
rates, mass exchange rates via volatile evolution, char combustion and so forth. This
frame contains two methods, namely stochastic tracking and particle cloud, to
imprint the turbulent dispersion of particles in the fluid phase.

3.8 Particle Reaction Sub Models
Modelling of combusting particles such as coal, char or liquid fuels concern
processes like vaporisation, devolatilisation and char oxidation, ultimately giving rate
of change of mass for particle or droplet. To model these processes an additional
relationship is required for modelling. Mainly, a particle can be present in a process
as inert, combusting, droplets and multi-component. According to particle type, there
are different laws prevailing for computation of these sub models. Considering
combustible coal particle, particle devolatilisation and char oxidation laws can be
applied for the process.
Particle devolatilisation rates can be determined with single-or two-step Arrhenious
reaction schemes. These approaches are fitted with empirical constants obtained from
devolatilisation rate experiments for a given coal sample. The constant rate model
and the chemical percolation devolatilisation model are also applicable in
determining devolatilisation rate for different processes.
After the combustion, the reaction between combustible fraction and oxidiser at the
surface of a combustible particle, involves balancing the rate of mass diffusion of the
oxidising species to the surface of a particle. Four types of heterogeneous reaction
rate models for combustible particles are available in various literatures, namely the
diffusion-limited rate, the kinetics/diffusion-limited rate model, the intrinsic model
and the multiple surface reaction models. The kinetics/diffusion-limited rate model is
the commonly used approach and it assumes that the char oxidation rate is equal to
the oxidiser diffusion rate (Fluent, 2007, Jones and Wille, 1996).
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Chapter 4
Modelling Approach
In the field of Computational Fluid Dynamics, there are a variety of Commercial
Codes available for different applications. To solve a problem in CFD there are three
vital steps: pre-processing, choosing a solver and a post-processing. Pre-processing
involves the designing of the geometry and meshing of the object. Choosing a solver
enables the user to set up a model (physical and chemical models) by defining
appropriate boundary conditions. Finally, post-processing includes analysing
predicted results and its validation with real industrial, literature and experimental
data. Validating CFD results with real plant conditions is a complicated task; certain
assumptions are to be made by the user to solve any real problem in CFD. These
assumptions can lead to some errors in comparing CFD results with real plant data or
experimental results and leave the user uncertain about them. As mentioned in the
previous chapter CFD is not a panacea for all real plant problems, it has certain
limitations. In spite of these limitations, CFD has embarked upon a new era to solve
fluid flow, heat transfer and chemical reactions. Directing towards the view of this
project, CFD has gained special attention from Combustor Engineers for the
modelling of a combustor in a power plant, and proven a very useful tool for
performance improvement of optimising power plant operation.

4.1 Simulation Object and Problem Definition
Geometry for 330 MW power plant boiler and computational mesh is created using
GAMBIT 2.3 pre–processor version. A simplified configuration of the boiler, with
the main dimensions of the furnace, is displayed in Appendix A (Figure A.1). It has
five rows of burner containing five burners in each row. A total number of 25
burners are mounted on the rear and front wall of boiler. Figure 4.1 shows the
developed geometry and an example of generated computational mesh. The type of
computational grid created here for the solution is tetrahedral, having 332379 finite
volume cells. Unstructured mesh is adopted for this project due to the complex
geometry of burner. Certain assumptions made to reduce the complexity of physical
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model. Physical model domain is created up to the crossover pass and burner design
is also simplified to circular object. Simplifying burner design can prevent this model
to obtain effects of degree of inner, outer and primary swirl, quarl angle and
entrained gas temperature. Burner flow patters are extremely sensitive to burner swirl.
There could be a relation between burner swirl and deposition around burner throat.
This assumption has been taken due to unavailability of industrial design data.
The mesh around the burner part is also schematically shown in Figure 4.1.

Front wall Burners

Mesh Around Burner

Rear Wall Burners

Figure 4. 1: Schematic of modelled furnace
To carry out the analysis of results up to the cross over pass, domain is extended to
the mid of cross-over pass according to the actual boiler configuration. All these
measures are taken to get a better understanding of the performance of a large-scale
boiler and to make it possible to investigate gas flow deviation and uneven wall
temperature in extended domain.
Pulverised coal combustion has been defined through the non-premixed combustion
model available in it. The gas phase is described by the Eulerian approach and a
Stochastic Lagrangian frame is used for discrete phase modelling. The gas phase
model solves Navier-Stokes equations, coupled with appropriate equations for
density and viscosity, where turbulence is modelled by k − ε model (Launder and
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Spalding, 1972). The required turbulent quantities at the inlet were computed using
the equations provided in the literature (Fluent, 2007). The gaseous turbulent
combustion is solved via non-premixed combustion with a single mixture fraction
probability density function (PDF) approach. Radiation is a significant process in
coal combustion; in this project P-1 radiation model is used to account for the
exchange of radiation between gas and particulates, specifying composition
dependent absorption coefficient through the cell based WSGGM (weighted-sum-ofgray-gases model). This model is the simplest case of P–N model, which is based on
the expansion of the radiation intensity into an orthogonal series of spherical
harmonics (Siegel and Howell, 1992). This model includes calculation of simple
diffusion equation, which can be achieved by little computing power. In the case of
coal particles combustion, coal particles devolatilise and undergo char combustion,
creating a source of fuel for reaction in gas phase, where single rate devolatilisation
model (Badzioch and Hawksley, 1970) and kinetic/diffusion-limited char combustion
model (Baum and Street, 1971, Field, 1969) are used. As a software data input
requirement, input started with choosing the pressure based solver for this case
followed by enabling turbulence and energy model. To enable non–premixed
combustion model, a non–adiabatic PDF table is created with single mixture fraction
and the full equilibrium chemistry, where the turbulence chemistry interaction is
modelled with double delta probability density function (PDF). After defining the
entire species mole fraction, fuel lower calorific value and specific heat are
incorporated into the table.
Properties for coal A (From Western Premier Mine), which is used for base
simulation to compare the results with the literature, and actual plant data, are
mentioned in Table 4.1. Simulation is carried out using two different coals, and
comparisons are made with each other for temperature distribution, flow-field and
combustion behaviour. Ultimate and proximate analysis for other coal B (From
Griffin Ewington II Mine) is tabulated in Appendix B.
Once calculation of non–adiabatic PDF table is performed, radiation model and
discrete phase model started. In the discrete phase model group injections are given
according to burner location. Continuous phase turbulence determines instantaneous
turbulent velocity fluctuations on the particle trajectories. The dispersion of particles
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due to turbulence in the fluid phase has been predicted using the stochastic tracking
model: by computing the trajectory for a sufficient number of representative particles,
the random effects of turbulence on the particle dispersion and interaction with
radiation is accounted for. Material types have been specified for PDF mixture and
combustible particles. Boundary conditions for primary – secondary inlets, outlet and
wall have been specified and detail tabulation of it provided in Appendix C (Table
C.1 to Table C.6) for different cases according to Table 4.2. Coal particles are
injected into the furnace from each of the Primary Air inlets. A total number of 25
injections are defined at 25 primary air inlets. Each of these injections is divided into
10 different particle sizes. Particle size distribution is calculated using a convenient
method called Rossin-Rammler expression. All the models mentioned above are used
widely due to the fact that they have shown remarkable efficiency in modelling of
large scale utility boilers. The mathematical background of these models is provided
in Chapter 3 and conceptual theory part can be found in the references (Fluent, 2007,
Versteeg and Malalasekera, 2007).
Table 4. 1: Proximate and ultimate analysis of coal

Coal A
(Western Premier Mine) (as received (Wt %))
Proximate Analysis (%)

Average

Range

Moisture

25

22-28

Ash

8

4-10

Volatiles

29.8

22-34

Fixed Carbon

37.7

36-48

Specific Energy MJ/kg

19.6

18.8-21.5

As received

Ultimate Analysis (%daf)
Carbon

73.5

73-76

Hydrogen

4.8

4.2-4.9

Nitrogen

1.2

1.2-1.5

Sulphur

1.0

0.3-1.3

Oxygen

19.5

18-20

Ash Analysis (%)(db)
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SiO2

47.3

30-55

Al2O3

24.8

20-30

Fe2O3

17.1

5-22

CaO

2.14

1-3

MgO

1.67

0.5-2

Na2O

0.54

0.2-1

K2O

0.73

0.3-0.9

TiO2

1.54

1.1-2.5

Mn3O4

0.19

0.05-0.22

SO3

0.90

0.3-1.8

P2O3

1.52

0.05-4.0

Ash Fusion Temp. (oC)

Average

Minimum

-Deformation

1200

1100

-Sphere

1350

1200

-Hemisphere

1360

1250

-Flow

1400

1300

-Deformation

1300

-

-Sphere

1450

-

-Hemisphere

1450

-

-Flow

1460

-

(Reducing)

(Oxidizing)

4.2 Calculated Cases
Five different and characteristic cases of operating conditions have been determined
from the available process data. Prior to that, base calculations for total air and fuel
requirement are calculated using the empirical methods. Simulations runs for five
different fuel loads, carried out in FLUENT.
Schematic arrangement of 25 burners, three rows on the front wall, each individual
row contains five burners and two rows on the rear wall are shown in Figure 4.2.
This plant is equipped with five pulverisers; each of them is feeding fuel to the
associated burner row.
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Table 4. 2: Different operating cases based on active burners

Burners

Full Load

2-2 Firing

2-1 Firing

Full Load

Full Load

3-2 Firing

(80%)

(60%)

(Excess

3-2 Firing

(100%)

(CASE B)

(CASE C)

air 20%)

(CASE E)

(CASE A)

(coal A)

(coal A)

3-2 firing

(coal B)

(coal A)

(CASE D)
(coal A)

Row 1

Y

Y

Y

Y

Y

Row 2

Y

Y

Y

Y

Y

Row 3

Y

N

N

Y

Y

Row 4

Y

Y

Y

Y

Y

Row 5

Y

Y

N

Y

Y

The start–up burner is an oil–fired burner for starting up the plant firing. A basic
operating condition is given for case A and E in the Appendix C (Table C.7 and C.8)
for both coals.
The operational conditions of the different cases based on active burners are shown
in Table 4.2, where “Y” means the burner row is in use and “N” means the burner
row is completely switched off. For coal type A and B, total actual fuel consumption
is plotted against the calculated values for model input (see Figure 4.3). The plot
gives the scenario that calculated fuel consumption is almost similar and having
standard absolute deviation around 10% to the actual data for all the feed coals. For
coal type A and B, primary and secondary air flow rates as well as coal flow rates are
plotted in Figure 4.4.
However, fuel slagging propensity is also calculated using various thermal indices
seemed to be low to medium, which is provided in Table 4.3. In the present work
case A is of great importance. Case A represents the basic operational conditions of
power plant. This case is much suitable for comparison of predicted result with
available literature and power plant data.
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Row 3
Row 5
Row 2
Row 4
Row 1

Figure 4. 2: Schematic arrangements of 25 burners on front and rear boiler walls (as
received)

200000
180000

F u e l C o n su m p tio n (k g /h r)

160000
140000
120000
100000
80000
60000
40000
20000
0
Case A

Case B

Case C

Case D

Case E

Operational Cases
Actual Plant Fuel Consumption Calculated Fuel Consumption

Figure 4. 3: Fuel consumption for actual plant values and calculated values for
present model
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4.3 Solution Procedure
The CFD commercial code FLUENT has been used for solving the governing
differential equation for this pulverised coal combustion process with the
unstructured mesh. It is also assumed that the flow field is at the steady-state. All the
major physical processes of coal combustion are modelled with the available models
in the code. The calculation strategy is simply started with the non–reacting flow
field solution by disabling energy, radiation and multiphase model equations.
Pressure Interpolation is set to PRESTO (Pressure staggering option) and Pressure–
Velocity coupling is achieved with SIMPLEC-based algorithm (Patnakar, 1980).

1400000

1200000

M a ss flo w ra te (k g /h r)

1000000

800000

600000

400000

200000

0
Case A

Case B

Case C

Case D

Case E

Operational Cases
PA SA

Coal

Figure 4. 4: Distribution of primary air (PA), secondary air (SA) and coal for
different operational cases
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Table 4. 3: Slagging indices results (Couch, 1994)

Slagging Indices

Calculated

Slagging Propensitya

Values
Base Acid Ratio

0.29757

Low-Medium

Slagging Factor

0.003143

Low

T250 C

1537.656

Low

Iron Calcium Ratio

11.19277

Low

Iron Plus Calcium

20.24

Medium-High-Severe

71.4851

Medium-high

o

Ratio
Silica Percentage
a

Slagging Tendency of coal is low to medium

Once the flow-field is established, all the residuals and global mass fluxes were
balanced, and the results are considered converged. After that, simulations were
started involving all the defined models in the problem.
The main results of the performed CFD simulation concerning 330 MW boiler
consist of flow fields, particles path tracks, temperature profiles, heat flux profiles to
the furnace walls, contours of O2, CO2 and other species concentrations, as well as
areas in furnace with high propensity for clinker formation are also presented and
discussed in the following chapter.
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Chapter 5
Results and Discussion
The calculation has been performed on a Microsoft Windows platform with an Intel
Core 2 Duo 2.13 GHz processor and 2 GB RAM. The post-processing tools of the
FLUENT 6.3 code and MS office 2003 have been used for the examination of the
present model results.

5.1 Different Operational Cases
As mentioned in previous chapter five cases for two different coals have been
calculated for the analysis of physical processes inside the utility boiler to identify
the most probable faces of the boiler to clinker formation and also the influence of
temperature and species distribution on the combustion process. Hence, this
chapter’s itinerary is started with the temperature distribution for various cases to
find out temperature distribution around burner zone and furnace exit gas
temperature, species concentration through out the burner zone as well as exit of
furnace. Due to unavailability of real plant data, validation is given with the existing
open literature. After the validation of model, flue gas path is described with vectors
on different plane for mentioned cases. Particle trajectories have been analysed from
selected burners for available cases to visualise the inside behaviour of pulverised
coal particles inside the furnace and influence of low as well as upper level burners
on particle trajectories. Probable faces of furnace are highlighted with particular
areas, where propensity clinker generation is higher. Once the areas of clinker
formation are marked with relevant temperature range, discussion is provided for
difficulties and its consequences, which emerges in power utilities. Governing
parameters of clinker formation are identified, and its validation is given with
available literature, where ever required.

Result analysis is carried out using

different lines and planes in the simulation object. Physical domain of the model is
shown in Appendix D. Seven different planes (Figure D.1) according to the model
specification are created to analyse temperatures and velocity vectors for stated cases.
Species concentration is analysed on different lines, created in the object (Figure D.
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2). Specifications of all the planes and lines as of the simulation object configuration
are briefed in Table D.1 and D.2.

5.2 Temperature Distribution
To have a better understanding of temperature distribution in the boiler, this section
is briefly mentioned with temperature distribution contours on different crosssections and lines for all cases. Figure 5.1 is showing the temperature distribution
along the cross-section A, where significant distinction in temperature range has
been visualised mainly for case A, case D and case E. The highest temperature peak
is in the case D (1920K); the lowest temperature peaks are in case C (1667K) and
case E (1780K). From the temperature contours, it can be seen that temperature in
burner quarl is too high as most of the combustion occurs mainly in the near burner
region. All the volatile fraction of coal consumed within 1 to 2 m of the burner zone,
while char burns at slower rate, and normally is not consumed until it reaches the
furnace centre. To make the difference more clear, Temperature distributions in the
region of the burners, three planes crossing each burner row has been created,
namely cross-section B, C and D. Cross-sections B,C and D with the temperature
contours are given in Figure 5.2. Other difference is observed in the mean
temperature near burner zone (mostly 1400-1895K) for all the cases excluding case E,
where in case E mean value is lower. Iso-surfaces for all cases near burner zone with
the approximate average temperature range are provided in Figure 5.3. The mean
temperature in burner zones for operational cases plotted and provided in Appendix
E (see Figure E.1 to E.5). Figure E.1 to E.5 are the plots on line A-A*, where Figure
E.6 to E.10 are for three different lines B-B*, C-C* and D-D* for temperature
distribution for calculated cases. From the burner zone to exit zone the temperature
gradually decreases as heat transfer takes place from the flue gas to the furnace walls,
re-heaters, super-heaters and economizer. Economizer is not modelled in this study
due to geometry complications. After the nose of the boiler there is considerable gas
temperature deviation in the platen superheater zone. There has been substantial
research done on gas temperature deviation and different researchers hold different
opinions (Yin et al., 2002). As the general view for temperature deviation in boiler
depends on many parameters, where the amount of combustion air and its
distribution inside the boiler governs lot for combustion efficiency in boiler.
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Figure 5. 1: Temperature distribution along cross-section A, for cases A to E (Y-Y
planes)
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Figure 5. 2: Temperature distribution across various cross-sections B, C and D for
all cases (Z-Z planes)
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Figure 5. 3: Iso-surfaces for different cases representing average burner zone
temperature
62

Low supply of combustion air to the upper part of burners, which are inactive, causes
higher temperatures in the higher part of the furnace. Furthermore, to represent
Furnace exit gas temperature (FEGT) for model, temperature plots shown in Figures
E.11 to E.15. To calculate FEGT in the available model cross-section H is considered
as furnace exit plane, which called cross-over pass in real plant boiler. FEGT is the
most important parameter to quantify the effect of slag deposits on furnace heat
absorption with constant observation. FEGT gets differ according to number of
burner in service or fuel load in the boiler operation. Here, in the simulation result
average FEGT for case A is 1197K, while case D is reported with 1240K. For other
cases FEGT values are almost same. For the ideal boiler operation FEGT must be in
between 1150-1350K according to literature and design values. Validation of current
model values and its discrepancies with literature values are given later in this
chapter. Heat transfer to the furnace walls from the flue gas via radiation causes
temperature to decreases as gas flows upward in the furnace. As temperature level
near walls is also an important parameter, which can affect the slagging potential in
the furnace.
Table 5.1 is given with the summary of mean temperature, peak temperature and
average FEGT for all the calculated cases. Comparison of simulation has been given
afterwards followed by species distribution in this current chapter. Standard absolute
deviations of the predicted results with literature data have also been tabulated,
which are because of simulation accuracy and geometry configuration
Table 5. 1: Summary of mean temperature in burner zone, peak temperature and
FEGT

Cases

Case A
Case B
Case C
Case D
Case E

Mean Temperature
in Burner
Region(K)
1716
1675
1667
1770
1690

Peak
Mean FEGT(K)
Temperature(K)
1815
1760
1667
1920
1804

1197
1176
1160
1240
1162
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5.3 Species Distribution
Appendix F, shows the O2, and CO2 concentration plots for calculated cases on lines
A-A*, B-B*, C-C*, D-D* and E-E*, where line A-A* is a centre line in domain and
line E-E* is taken as exit concentration line. O2 and CO2 are complementary species
in coal combustion as a main product and reactant. O2 concentration is quite high
near the burner quarl, and rapidly decreases after complete combustion of fuel, which
is clearly shown in plots near burner lines B-B*, C-C* and D-D* (see Figures F.1 to
F.8). A steepest gradient in O2 concentration can be seen in Figures F.1 to F.8, which
is due to the rapid consumption of fuel volatile species near the burner zone. The O2
concentration in the furnace is relatively higher near the burner quarl as because the
O2 contained in the air injected into the surface.
On the other side CO2 concentration through out the centre line A-A* is maximum,
and respectively O2 concentration nearly zero (represented in Figures F.9 to F.12).
With the concentration of CO2, one general phenomenon observed that areas with
maximum concentration of CO2 shows higher temperature, where oxygen is
consumed quickly during the combustion process. Analysing species concentration
and temperature distribution in the boiler, can be use to identify the fuel-lean and
fuel-rich regions in the combustor. To evaluate the prediction for species
concentration at cross-over pass line E-E* has been created. O2 and CO2
concentrations are plotted in Figures F.13 to F.16 for the predicted cases. CO2
concentrations in the boiler can also be useful for the prediction and comparison of
NOx formation issues in boiler. NOx formation model is not taken in this study due to
complexity of given problem.

Predicted specie concentration values have been

compared with literature and given in next section of this chapter.
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5.4 Comparison with literature and other Resource
Every research needs to be compared and evaluated to check its practical feasibility.
Hence comparison of present model is provided with literature available. For
comparison of temperature with available design and reference values, case A is
selected. All the values reported here, are taken as mean values across the crosssection A (refer Appendix D, Figure D.1). Temperature is an important parameter to
check in furnace operation. Deviation in furnace temperature with reference to its
design values leads to unnecessary problem in utility operation. For comparison of
different parameters selected literatures are mentioned in Table G.1(Appendix G),
which suits best to the current study for comparison. First temperature comparison is
provided in Figure 5.4 across cross-section A for the current case to the literature (Xu
et al., 2001). Afterwards, comparison has been given for temperature at near burner
region (see Figure 5.5).
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T em p eratu re (K )

1400
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1000
800
Predicted Temperature
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Xu et al., 2001
400
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0
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0

2

4

6

8
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Figure 5. 4: Temperature comparison with reference across cross-section A
(Std.Abs.Dev. < 2.5%)
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Figure 5. 5: Temperature comparison with literature values near burner region
(Std.Abs.Dev. < 8%)
Mostly temperature near burner region predicted and cited in references are quite
nearer, which ever the discrepancies have been reported, can be due to the different
geometry configuration and different model inputs. Also the comparison has been
made for case D, which is excess air case in present study, plotted against literature
over fire air case (see Figure 5.6). Species concentrations also compared at different
locations (Figure 5.7, 5.8 and Table 5.2) and furnace exit temperature values are
mentioned in Table 5.3. Calculated radiation heat flux to the wall in current case is
shown in Figure 5.9, as well as total heat transfer to the furnace walls is reported and
compared in Table 5.4. Comparison of heat flux with real plant data can be made in
future to evaluate the possible improvements in the heat transfer through water walls,
and consequently on boiler efficiency.
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Figure 5. 6: Temperature for case of over fire air according to literature (present
study, excess air) (Std.Abs.Dev. = 3.425%)

0.25

Oxygen Concentration (%)

0.2

0.15

0.1
Xu et al., 2001
Predicted Concentration

0.05

0
-8

-6

-4

-2

0

2

4

6

8

Position (X)

Figure 5. 7: Comparison of O2 concentration through cross-section A (Std.Abs.Dev.
= 0.001%)
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Figure 5. 8: Comparison of CO2 concentration through line A-A* (Std.Abs.Dev. =
2.31%)
Table 5. 2: Species concentration (%)

Current
Study/References
Current Study
(Xu et al., 2001)
(Choi and Kim, 2009)
(Iranzo et al., 2001)
(Belosevic et al., 2008)

Predicted O2 /CO2
(%)
2.1/12.56
1.9/2.61/13.31
7/15

Measured O2 and CO2
(%)
3.5/-

Table 5. 3: Furnace exit gas temperature (K)

Current
Study/References
Current Study
(Xu et al., 2001)
(Choi and Kim, 2009)
(Iranzo et al., 2001)
(Belosevic et al., 2008)

Predicted FEGT (K)
(Std.Abs.Dev. < 10%)
1197
1316
1509
1477
1294.564

Measured FEGT
1287
1485
-
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Front wall

Left wall

Rear wall

Right wall

Figure 5. 9: Radiation heat flux (w/m2) to the walls
Table 5. 4: Heat transfer to walls (W)

Current
Study/References
Current Study
(Xu et al., 2001)

Heat Transfer to the Furnace
Walls(W)
(Predicted)(Std.Abs.Dev<10%)
3.43×105
3.01×105

Measured

3.30×105
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5.5 Flow Fields, Particle Tracks and Areas of Clinker
Formation
5.5.1 Flow fields
The velocity distribution and vectors in cross sections along the furnace height, for
case A are shown in Figure 5.10, where rest of the cases are depicted in Appendix H
(refer Figures H.1 to H.4 for cases B, C, D and E respectively). Schematic of
velocity vectors along six different cross-sections B, C, D, F, G and H (Figure D.1)
are shown for all cases.

CASE A

CS-B

CS-F

CS-C

CS-G

CS-D

CS-H
Vavg:10.31m/s,
Std.Dev.:5.20m/s

Figure 5. 10: Flow fields on different cross-sections for case A
It is observed that the flow enters through the burners and part of the flow goes
downward along the furnace wall into the ash hopper, and then travels upwards
towards the burner region and lastly passing by the nose to platen heaters and exits
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the furnace in crossover pass. The flow fields along the burner region seem very
active compared to other parts of boiler. Dramatic interaction of flow can be seen
from burner region (Figure 5.10 and Figures H.1 to H.4, cross-section B, C and D) to
the nose of boiler, apart from that, when it approaches towards cross-over section of
boiler, flow is becoming more flat with uniform velocity distribution (Figure 5.10
and Figures H.1 to H.4, cross-sections F, G and H). Due to the rigorous turbulent
interaction around burner region of flow is obtained with the maximum velocity in
cases A, D and E in range of 55-60m/s at certain points. Average velocities for all
cases are in the range of 25-28m/s near burner region (plotted in Figure H.5). At the
cross-section H velocity for case A and case D, are 10.31m/s and 10.63m/s with
standard absolute deviation around 5m/s observed cases (see Figure H.6).

5.5.2 Particle tracks and areas of clinker formation
The particle tracks provide further insights in the boiler. Some particle tracks have
been released from selected burners and are shown in Appendix I. Each of the figures
is provided with analysed burner trajectories, which has high propensity for causing
clinker formation on furnace walls. The entire cases have been given the burner
numbers according to the Figure 4.2. Also Table 5.5 is formulated with all the
selected burners for mentioned cases and observed travelling path of particles. For
calculated cases, it has been revealed that particle path inside the boiler differs due to
the changing flue gas path. The particles injected from the lower burners, initially
goes towards ash hopper and bottom of the furnace, eventually travel up through the
high-temperature and swirling flow combustion zone can be seen in Figures 5.11 to
5.15 mostly for burners 11, 12 and 13. While some of the particles from burners 51,
52, 52 and 23 are directly shoots up on the front wall, than redirecting towards centre
burner zone and goes upward. On other side, coal particles from the upper level
burners pass around the burner region travels towards superheater panel (see burners
21, 22, 23, while 32 and 33 in case C). Some of them deviates towards nose and goes
to top of the superheater panel.
The particles representing short residence time can be cause of carbon presence in
the ash at the furnace outlet because they travel very fast from the combustion zone
without complete combustion. The particles from low level burners have higher
residence time compare to the particles fed from the higher level burners. Coal
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devolatilisation and char combustion take place while the coal particles are travelling
around the furnace. The maximum residence time of coal particle observed 42s in
case A, while case B is reported with 48s. Due to the recirculation flow in case C
higher residence time is shown with 60s for particles, which travels to hopper section
after colliding with the incoming flow of opposite burner particles, and make the
flow like spider’s nest. In general, it is known that all fuel species except char are
consumed very quickly in the furnace. However, char burns at a slower rate and is
consumed in the central region of the furnace. In this calculation, the conversion ratio
of the combusting particles is approximately 100%. This dictates that the present
combustion process offer sufficient time even for char conversion.
Table 5. 5: Predicted average residence time and relevant burner numbers for
different cases

Calculated Cases

Case A

Case B

Case C

Case D

Case E

Relevant
Burners*

12 and 13
21 and 22
31 to 35
52 and 53
42 and 43
21 and 22
11, 12 and 13
41, 42 and 43
51 and 52
22, 23 and 24
41 and 42
11, 12 and 13
32 and 33
51 and 52
41 and 42
21, 22 and 23
11 and 12
31, 32 and 34
11 and 12
41 and 42
22, 23 ,24 and 25
52 and 53

Average
Residence Time of
Streams Reaching
Exit Plane (s)
8.43
7.32
4.46
5.52
9.78
7.20
14.40
16.80
7.90
10.80
15.80
13.30
5.10
9.45
14.90
7.89
18
2.34
11
13.40
6.23
7.97

* all the burner numbers are given in the similar fashion as shown in Figures 5.11 to
5.15, from left hand side to right hand side starting from top to bottom, for respective
cases
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Burner 12 and 13

Burner 21 and 22

Burner 31,32,33,34 and 35

Probable zones of
clinker formation

Burner 52 and 53

Burner 42 and 43

Figure 5. 11: Particle trajectories for selected burners for case A
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Burner 21 and 22

Burner 11, 12 and 13

Burner 41, 42 and 43

Probable zones of
clinker formation

Burner 51 and 52

Figure 5. 12: Particle trajectories for selected burners for case B
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Burner 22, 23 and 24

Burner 41 and 42
Probable zones of
clinker formation

Burner 11, 12 and 13

Figure 5. 13: Particle trajectories for selected burners for case C
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Burner 32 and 33

Burner 51 and 52

Burner 41 and 42

Probable zones of
clinker formation

Burner 21, 22 and 23

Burner 11 and 12

Figure 5. 14: Particle trajectories for selected burners for case D
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Burner 31, 32 and 34

Burner 11 and 12

Burner 41 and 42

Probable zones of
clinker formation

Burner 22, 23, 24 and 25

Burner 52 and 53

Figure 5. 15: Particle trajectories for selected burners for case E
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Typically in the opposite wall-fired furnace three types of particle travelling paths
observed in the present study, which causes large deviation in particle trajectories
and modify the coal burnout behaviour. Particles which are coming out from the
lower level burner, shows this effect stronger. In addition, interaction between the
inlet flows from neighbour burners and particles coming out of the opposite burner
and their interaction are significant enough to distort the coal particles trajectories.
The ash melting temperature of coal particles represents the slagging potential in the
boiler. Ash particles in the area of hot spots where melting temperature is reached
can adhere to the wall where initial deposit layer is already exists. At this stage
deposition will depend on the adhered slag viscosity, weather the incoming particle
will stick or bounce off. Particles from some burners come out in combustion zone,
and directly shoot up towards opposite side wall and platen superheater. Particle
behaviour of this type in boiler leads to excessive slagging on furnace wall, burner
‘eyebrows’ and platen superheater surface, leaves power utility to unnecessary
maintenance, ash hopper explosions, tube rupture and large amount of clinkers on the
furnace walls.
Clinkers are mainly a mass formed on furnace walls due to the low fusion
temperature of ash present in coal. Those clinkers are rough and strong-bonded with
surface in appearance. Presence of silica, calcium oxide, magnesium oxides and
other mineral matters in ash lead to a low fusion temperature. These minerals in ash
differ as feed coal changes to other. Fused clinker on the furnace walls has tendency
to grow and generally sticks to the host surfaces rather than cold surfaces. Hence,
clinker accumulation in furnace depends on quality of coal, ash fusion temperature
according to the boiler operating conditions.
Ash melting behaviour is a dominant parameter in generating clinkers as it follows
mineral distribution of coal and existing temperature conditions in the boiler. Hence,
analysing temperature distributions of particle streams in the boiler can prove to be
valuable for power utilities to adopt corrective measures for clinker formation on the
furnace walls. To justify above comments, Figures 5.11 to 5.15, are marked with
areas as identified highly probable zones for clinker formation in different cases,
which are briefly described in Table 5.6 as an outcomes of clinker formation in
power utilities with the average temperature range of particles. Tabulated operational
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difficulties in Table 5.6 for the power utilities, are agreed well with real plant
observation (refer Figure 2.4) and discussion in open literature.
In addition to the probable spots for clinker formation on the furnace walls,
governing parameters for clinker accumulation is provided in Table 5.7. This
information is very useful for power utilities to analyse the areas where particles
have short residence time, or impacting particles and building up clinkers on furnace
walls. Further, it can assist operators to opt for intelligent sootblowing operation by
optimising its frequency.

79

Table 5. 6: Information on probable spots of clinker formation on the furnace walls
Burner
Nos

Relevant Cases

Summary of Observed Particle
Trajectory path

52

cases A, B, D and
E

51

case D

53

case A and E

Most of the streams impacts on front
wall between first and second row
In case A, fewer streams from burner
52 and 53 travel towards ash hopper,
while most of them going upwards to
superheater tubes and after crossing it
gets the exit
Another scenario is seen in case B,
where streams from burner 52 straight
away impacts on opposite burner wall
as well as quarl and rest of them goes
towards boiler nose to superheater
tubes and going out
For case D and E trajectories are same
as case A

(Temperature
range 1160 to
1630K)

43

case A and B

41

cases B, C, D and
E

42

all cases

More streams towards front wall
second burner row and others after
impacting comes back towards rear
wall of the ash pan
Streams from burner 41 coming up to
the centre of the burner and goes
upward, among those streams some
show recirculation after combustion

Predicted Zone
of Clinker
Formation
Clearance
between first
row and second
row on front
wall
Corner of boiler
nose and rear
wall,
superheater
tubes

Directly
towards quarl of
burner 21
Front wall first
two burner rows
Ash hopper
front wall

Operational Difficulties

Damaging burner quarl of the burner rows,
blockage of air and coal flow, forming uneven
situation in burner region
Chances of hanging clinker at the corner of boiler
nose and superheater tubes

Can block the burner and big clinker formation
chances, leads to ash hopper explosions, and distort
the flame stability
Chocking of ash hopper and burner quarl
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12

(Temperature
range 1230 to
1580K)
all cases

11

all cases except
case A

13

cases A, B and C

31 to 35

(Temperature
range 1430 to
1680K)
case A

32 and
33

case D

31, 32
and 34

zone near front wall
Overall path of streams for all cases
remains mostly the same except case
C, where half of the streams going
towards ash hopper
Many streams directly goes to ash pan
wall on the rear wall, after that moves
around burner zone chaotically due to
recirculation flow
All the cases represents streams with
same travel path, except case C,
where some of the streams going
towards burner 41 and 42

On the ash pan
rear wall and
around eyebrow
of burner 41
and 42

High velocity of particles can cause abrasion of
surface

All the streams travels straight up
with the rear wall and impinge on
nose of furnace, and again deviates
towards superheater tube bank on
front wall, and goes up to the wall of
boiler drum and last exits the domain.

On the nose
surface, corner
of nose wall and
rear furnace
wall

Particles with high temperature can accumulate and
form initial slag, as consequence loss of heat
transfer and corrosion to the wall

Some of the streams in case A shows
recirculation, where case D and E are
same without recirculation paths

Puncture of
superheater
tubes and wear
of upper wall

Particles with high velocities towards superheater
tubes can cause piercing

case E

(Temperature
range 1080 to
1450K)
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21 and
22

cases A, B, and D

23

cases C, D and E

24

case C and E

25

case E
(Temperature
range 1090 to
1360K)
Specifications:
Front wall

Rear wall

Mostly all the streams travels in
similar fashion, parallel to the front
wall, and collides to the furnace tubes
Another path observed in case B and
E, where few particle streams directly
hits to the upper wall of furnace
Instead of going in parallel to the
front wall, in case C and E, a group of
particle streams flows towards rear
wall first and than to corner of boiler
nose and travel through superheater
tube bank to the exit
First Row – (11 to 15)
Second Row – (21 to 25)
Third Row – (31 to 35)
First Row – (41 to 45)
Second Row – (51 to 52)

Tubes of platen
superheater
Abrasion of
upper wall of
boiler nose
Corner of boiler
nose

Deposition between tube spacing, sometimes tube
rupture due to particle impingement and loss to
steam production.
Wear on boiler upper plate and damaging leftover
tubes in cross-over pass, where particle velocities
are high

(Mounted through +Y to –Y axis in constructed domain)
(Provided temperature range is based on the average values of the
particle streams)

Note:
Refer Figure 2.4, photographs of clinkers in actual plant operation, which justifies the above predicted results.
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Table 5. 7: Governing parameters for clinker accumulation on probable surface of furnace walls
Probable Spots of Clinker on the Furnace Walls
Clearance between first row and second row on front
wall
Corner of boiler nose and rear wall, superheater
tubes
Directly towards quarl of burner 21
Front wall first two burner rows
On the ash pan rear wall and around eyebrow of
burner 41 and 42
On the nose surface, corner of nose wall and rear
furnace wall
Puncture of superheater tubes and wear of upper
wall
Tubes of platen superheater
Abrasion of upper wall of boiler nose
Corner of boiler nose

Governing Parameters For Clinker Accumulation
Temperature at walls nearer to ash fusion temperature and
stickiness of incoming particles
Stickiness of adhered layer on the furnace walls, deviation of
particle streams velocity, which leads trapping in the ash pan
region
Temperature of particles and particle streams sensitive to burner
levels due to burner aerodynamics (Boyd and Kent, 1994)
Particle size distributions and their relevant impaction rate and
angle to the surface as well as particles in reducing environment
Particle impaction on the surface having initial deposit layer,
temperature and thickness of deposit and particle residence time

Short residence time of particles, higher local temperature
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Chapter 6
Conclusions and Recommendation
6.1 Conclusions
Optimisation of pulverised coal combustion is vital in today’s global climate, due to
stricter emission policies imposed by government across the globe and boiler
maintenance requirements. Clinker formation on furnace walls is the foremost issue
faced by many power utilities in present times. According to the various power
utilities’ experience and survey, deposition in coal-fired furnaces leads to billions of
dollars in maintenance around the world. Hence, in the present study the CFD code
has been used to model the utility boiler with the aim to identify the regions of wall
of furnace with high propensity to clinker accumulation and conclusions drawn from
the current study are given below.

6.1.1 Model development and simulation for different operational cases

 For this purpose, 3D model of boiler has been created with actual plant
dimensions.

 The simulation run has been carried out with a boiler in five different
scenarios with various burner configurations as well as fuel loads.

 Calculations for these five different operational cases have been done in the
accordance with real plant process data.

 Calculated air flow and feed coal are almost same to the received industrial
data.

6.1.2 Model results and validation
Temperature distributions, species concentration and heat transfer

 Different parameters like temperature distribution near the burner, at the exit
and on the superheater panel, species concentration and heat transfer to the
furnace walls have been observed.

84

 Some phenomena have been visualised in different cases in terms of
temperature distributions. Temperature distribution in boiler is a very
important parameter which influences ash deposition on furnace walls and
radiation zones. Due to uneven temperature distribution there are chances of
excessive ash deposition and which can dominate big clinker formation on
furnace walls.

 Detail phenomena of coal combustion in large scale boilers have been
understood through CFD simulations and its practical implications to power
utilities have been discussed to mitigate utility problems.
Comparison of predicted results with literature data

 At present, due to lack of real plant data, calculated data have been compared
with literature values. Comparisons are made with important process
parameters like temperature, species concentration, FEGT and heat transfer to
the furnace walls, which are congruent with literature values.

 The calculated values from the present model are consistent with the
comparison of parameters depicted in the available literature. Standard
absolute deviation is less than 10% for all results, where temperature profiles
near the superheater region showed some discrepancies as the models of
superheaters and reheaters have not been considered as a heat sink.

 Detailed descriptions of particle path lines are provided for calculated cases
with different air flow configuration; there have been dramatic changes
visualised in cases with higher air flow compared to lower air flow. There are
three main types of flow patterns observed in this current study which is
discussed in previous chapter. Main variations have been viewed in the
particles streams which are coming out from the lower level burner, and these
streams can be responsible for uneven flow distributions in the boiler.

6.1.3 Identification of clinker formation regions

 Analysed particle trajectories and detailed information gives a clear
indication of probable clinker formation spots in the furnace.

 All the flow patterns of the particle’s travelling path dictate the clinker
accumulation faces inside the boiler during different operations.
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 Probable spots of clinker deposition on the furnace walls creates some
operational difficulties like damaging burner quarl, blockage of air and coal
flow, ash hopper explosions and loss to heat transfer, which causes steam
production loss.

 The suggested wall surfaces could be beneficial for power plant engineers to
identify ash deposition mechanism as well as low temperature eutectics from
interaction of mineral matter present in flow gases. This study can provide the
strong platform to study the series of mechanism for clinker formation.

 In the view of this issues arising in boiler, some governing parameters for
them are discovered and mentioned in present study.
Findings from this investigation will give a better understanding of particle travel
path inside a boiler which can provide utility engineers with a means for mitigating
the clinker formation issues as well as possible visualisation of clinker growth on
probable faces inside a furnace during time to time plant operation. This can lead to
further recommendation for making this model very effective in real plant operation.
Nevertheless, CFD modelling is presently quite useful as a utility problem solver, as
investigated in the current study.

6.2 Recommendation
Future work can be done with making the present 3D model more precise with grid
size and using alternative combustion models as well as it can be utilised to study
other important phenomena like NOX-emissions in boiler. Submodels and parameters
like different particle size and air fuel ratio can be changed according to the
industrial process requirement. To develop a model which precisely predicts clinker
formation requires boiler specified data related with ash chemistry which is
unavailable in the present case. There is a possibility to relate this work with those
prescribed ash deposition mechanisms. Predicted gas velocities, particle trajectories
and temperature profile would also be useful to pursue further detailed research on
deposition mechanisms.
Detail chemical analysis of ash and modelling of ash formation could be a leading
way towards the development of submodels for clinker formation and hooking it
with a developed CFD model. Development of clinker formation sub model will
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require, additional experiments to determine the factors such as initial ash deposition
layer, thickness of deposited layer, sintering behaviour of coal particles and its
residence time in boiler.
It is also viable to study the aerodynamics of burners in the present study with the
help of utility engineers. Aerodynamics of burners will show temperature of particles
and particle streams which are sensitive to burner levels. Plant experience from
several similar utilities from firing different coals can also strengthen the model
which is also developed in the current work. This will enable to formulate a
generalised model which will be significant help to practice engineers.
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Appendix A
Model Configuration
13.411

5.15

11.525

Crossover Pass
Heat Exchangers
SH&RH

22.06

44.875

Nose

Furnace

10.9728

14.478

6.14

Combustion Zone

Figure A. 1: Major dimensions (all in meter) reported for created boiler model
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Appendix B
Coal Properties for Coal Type B
Coal Type B
(Griffin Ewington II Mine) (As received in (Wt %))
Proximate Analysis (%)

Average

Range

Moisture

25

23-27

Ash

10.5

8-14

Volatiles

25.5

23.5-27.5

Fixed Carbon

40

36-42

Specific Energy MJ/kg

19.2

18.8-20.5

As received

Ultimate Analysis (%)(d.a.f)
Carbon

75.5

75-76.5

Hydrogen

4.7

4.6-4.9

Nitrogen

1.4

1.4-1.5

Sulphur

0.7

0.6-1.07

Oxygen

17.7

16.8-18.0

Ash Analysis (%)(d.b.)
SiO2

51.4

47-59

Al2O3

33.5

31-36

Fe2O3

7.4

5-10

CaO

1.8

0.4-2.1

MgO

0.86

0.2-1.1

Na2O

0.24

0.02-0.3

K2O

0.33

0.2-0.4

TiO2

0.99

0.4-2.0

Mn3O4

0.07

0.06-0.08

SO3

0.21

0.06-0.35

P2O3

1.60

0.65-2.15

Ash Fusion Temp. (oC)

Average

Minimum
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(Reducing)
-Deformation

>1600

1420

-Sphere

>1600

1470

-Hemisphere

>1600

1540

-Flow

>1600

1560

-Deformation

>1600

>1460

-Sphere

>1600

-

-Hemisphere

>1600

-

-Flow

>1600

-

(Oxidizing)
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Appendix C
Boundary Conditions
Table C. 1: Boundary conditions for case A

CASE A - coal A
Primary Air Flow rate
Secondary Air Flow rate
Total Coal Flow rate

123 kg/s
287 kg/s
43 kg/s

Table C. 2: Boundary conditions for case B

CASE B - coal A
Primary Air Flow rate
Secondary Air Flow rate
Total Coal Flow rate

98.4 kg/s
229.6 kg/s
34.4kg

Table C. 3: Boundary conditions for case C

CASE C - coal A
Primary Air Flow rate
Secondary Air Flow rate
Total Coal Flow rate

73.8 kg/s
172.2 kg/s
25.8 kg

Table C. 4: Boundary conditions for case D

CASE D - coal A
Primary Air Flow rate
Secondary Air Flow rate
Total Coal Flow rate

147.6 kg/s
344.4 kg/s
43 kg/s

Table C. 5: Boundary conditions for case E

CASE E - coal B
Primary Air Flow rate
Secondary Air Flow rate
Total Coal Flow rate

147 kg/s
342 kg/s
51 kg/s
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Table C. 6: Model inputs for all cases

Primary Air Temperature
Secondary Air Temperature
Primary Air Inlet HD (m)
Primary Air Inlet T.I. (%)
Secondary Air Inlet HD (m)
Secondary Air Inlet T.I. (%)
Outlet HD (m)
Outlet T.I. (%)
Wall emissivity
Outlet emissivity

333K
633K
0.15
3
1.03
3
12.83
8-10
0.8
1

Table C. 7: Calculated air and coal flow rates for 330MW power plant using coal
type Aa (case A)

Power Plant Capacity

330MW

Coal Type A

Sub-Bituminous

(WESTERN PREMIER MINE)
Calorific Value of Fuel
Coal Flow Rate
Primary air mass flow rate
Secondary air mass flow rate
Primary Air Velocityb
Secondary Air Velocityb
Coal flow Rate for Injections

5135 kcal/kg
43 kg/s
123 kg/s
287 kg/s
14.21 kg/s
18.66 m/s
1.72 kg/s
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Table C. 8: Calculated air and coal flow rates for 330MW power plant using coal
type Ba (case E)

Power Plant Capacity

330MW

Coal Type B

Sub-Bituminous

(GRIFFIN EWINGTON II MINE)
Calorific Value of Fuel
Coal Flow Rate
Primary air mass flow rate
Secondary air mass flow rate
Primary Air Velocityb
Secondary Air Velocityb
Coal flow Rate for Injections
a

4299 kcal/kg
51 kg/s
147 kg/s
342 kg/s
17 kg/s
22.25 m/s
2.04 kg/s

all the values for flow rates reported in the above table is solely calculated with empirical

formulas.
b

These values is determined for the model input (calculated as a function of mass flow rate,

density and inlet section area).
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Appendix D
Post-Processing Planes and Lines in Simulation Object

CS-G
CS-H

CS-F

CS-D

CS-E

CS-C
CS-B

CS-A

Figure D. 1: Geometry showing different cross-sections for result representations
(CS – Cross-section, specifications of locations are given in Table D. 1)
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Line E-E*

A*

Line D-D*
Line C-C*
Line B-B*

D*

D
C

C*
B*

B

A
Line A-A*
Figure D. 2: Geometry showing different lines for result representations
(Specifications are given in Table D. 2)
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Table D. 1: Specifications for different cross-sections and lines in geometry

Cross-Sections
CS-A
CS-B
CS-C
CS-D
CS-E
CS-F
CS-G
CS-H

Appropriate Specification in
Geometry
Plane on Y-axis, X=0 and Z=0
Crossing first burner row on both sides,
Z=8.301786m
Crossing second burner row on both
sides, Z=11.44313m
Crossing third burner row on front wall,
Z=14.31513m
After combustion zone, Z=16.37938m
Near boiler nose, Z=29.30338m
Crossing superheater tubes, Z=37.24625
Measurement of FEGT, X=7.187184m

Table D. 2: Specifications for different cross-sections and lines in geometry

Lines
Line A-A*
Line B-B*
Line C-C*
Line D-D*
Line E-E*

Appropriate Specification in
Geometry
Vertical line from ash hopper to
combustion zone, Z=0 to 20m
Z=8.35m
Z=11.35m
Z=14.35m
X=7.187184m,Z=39.131m
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Appendix E
Temperature Distributions
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Figure E. 1: Temperature distribution for case A on line A-A*
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Figure E. 2: Temperature distribution for case B on line A-A*
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Figure E. 3: Temperature distribution for case C on line A-A*
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Figure E. 4: Temperature distribution for case D on line A-A*

98

2000
1800
1600

Tem perature (K )

1400
1200
1000
800
600
400
200
0
0

5

10

15

20

25

Position (m)
Temperature Distribution (Line A-A*)

Figure E. 5: Temperature distribution for case E on line A-A*
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Figure E. 6: Temperature distribution for case A on three lines near burner
99

2000
1800
1600

Tem perature (K )

1400
1200
1000
800
600
400
200
0
-8

-6

-4

-2

0

2

4

6

8

Position (m)
line B-B*,Z=8.35m

line C-C*,Z=11.35m

line D-D*,Z=14.35m

Figure E. 7: Temperature distribution for case B on three lines near burner
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Figure E. 8: Temperature distribution for case C on three lines near burner
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Figure E. 9: Temperature distribution for case D on three lines near burner
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Figure E. 10: Temperature distribution for case E on three lines near burner
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Figure E. 11: Temperature distribution for case A on CS-H
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Figure E. 12: Temperature distribution for case B on CS-H
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Figure E. 13: Temperature distribution for case C on CS-H
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Figure E. 14: Temperature distribution for case D on CS-H
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Figure E. 15: Temperature distribution for case E on CS-H
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Appendix F
Species Concentration
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Figure F. 1: % O2 on line B-B* for cases A, B, C and D
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Figure F. 2: % CO2 on line B-B* for cases A, B, C and D
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Figure F. 3: % O2 on line C-C* for cases A, B, C and D
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Figure F. 4: % CO2 on line C-C* for cases A, B, C and D
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Figure F. 5: % O2 on line D-D* for cases A, B, C and D

%CO2, line D-D*
0.3

0.25

(% ) M ass Fraction

0.2

0.15

0.1

0.05

0
-8

-6

-4

-2

0

2

Position (m)
Case A

Case B

Case C

Case D

Figure F. 6: % CO2 on line D-D* for cases A, B, C and D
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Figure F. 7: % O2 on line B-B*, line C-C* and line D-D* for case E
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Figure F. 8: % CO2 on line B-B*, line C-C* and line D-D* for case E
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Figure F. 9: % O2 on line A-A* for cases A, B, C and D
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Figure F. 10: % O2 on line A-A* for case E
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Figure F. 11: % CO2 on line A-A* for cases A, B, C and D
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Figure F. 12: % CO2 on line A-A* for case E
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Figure F. 13: % O2 on line E-E* for cases A, B, C and D
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Figure F. 14: % O2 on line E-E* for case E
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Figure F. 15: % CO2 on line E-E* for cases A, B, C and D
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Figure F. 16: % CO2 on line E-E* for case E
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Appendix G
Selected Literature for Model Comparison
Table G. 1: Summary of literatures, taken as reference for comparison of present
model

No.

Literature Citation

1

(Xu et al., 2001)

Modelling/
Experiment
Validation
Real plant

2

(Hashimoto et al., 2007)

Experimental

3

(Belosevic et al., 2008)

Real plant

4

(Choi and Kim, 2009)

Real plant

5

(Iranzo et al., 2001)

Real plant

Utility Scale

300MW,
front-wall
furnace
100kg/h,
experimental
furnace
350MW,
tangentiallyfired furnace
500MW,
tangentiallyfired furnace
350MW,
front-wall fired

Type of Coal

-

Bituminous

Serbian lignite
KostolacDrmno
Bituminous

Subbituminous
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Appendix H
Flow Fields along Various Cross-sections

Figure H. 1: Flow fields on different cross-sections for case B

Figure H. 2: Flow fields on different cross-sections for case C
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Figure H. 3: Flow fields on different cross-sections for case D

Figure H. 4: Flow fields on different cross-sections for case E
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Figure H. 5: Flow fields for all cases on cross-section B
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Figure H. 6: Flow fields for all cases on cross-section H
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