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Preface

Pulverized coal fired boilers have been and will be the mainstay of coal-
based power generation worldwide. Such pulverized coal boilers are com-
plex chemical reactors comprising many processes such as gas-solid flows,
combustion, heat transfer (conduction, convection, and radiation), and phase
change simultaneously. Conventional pulverized coal fired boiler designs
have been continuously improved upon and even today new combustion
technologies are being developed. Improving the efficiency of pulverized
coal (PC) fired boilers has been the focus of considerable efforts by the utility
industry since it leads to several benefits (reduced emissions and consump-
tion of coal per MWe). Typically, a one percent improvement in overall effi-
ciency can result in a nearly three percent reduction in CO, emission.

Efficiency of these PC boilers depends on several issues such as flow and
mixing, inter-phase and intra-particle heat and mass transfer, and homo-
geneous and heterogeneous reactions. Some specific issues are critical in
determining overall efficiency of such boilers. These are coal composition
(proximate and ultimate analysis), characteristics of pulverized coal parti-
cles (shape and size distributions), reactivity of coal (devolatalization and
combustion kinetics of coal), boiler design and configuration (size and shape
of combustion chamber, burner design, number and locations of burners),
excess air used, mixing of air and coal, flow mal-distribution, generation of
fly and bottom ash particles, radiative heat transfer, heat recovery, and so on.
Any efforts in improving the effective operating efficiency of these boilers
therefore rest on fundamental understanding and control of the underlying
flow, mixing, heat transfer, and reactions.

Computational modeling offers an excellent way to develop such funda-
mental understanding and to develop an ability to optimize boiler perfor-
mance. However, through our interactions with industry, we realized that
there is insufficient help available to practicing engineers for harnessing
state-of-the-art computational modeling tools for complex, industrial boiler-
like applications. Many boiler engineers either consider the complexities of
industrial PC boilers impossible to simulate or expect miracles from off-the-
shelf, commercial modeling tools. These two diverse views arise because of
inadequate understanding about the role, state of the art, and possible limita-
tions of computational modeling.

This book is aimed at filling this gap and providing a detailed account
of the methodology of computational modeling of pulverized coal boilers.
The book attempts to develop and discuss an appropriate approach to model
complex processes occurring in PC boilers in a tractable way. The scope is
restricted to the combustion side of the boiler. The rest of the components of
PC boilers are outside the scope. Even for the combustion side, the scope is
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restricted to the burner/excess air entry points to the exit of flue gases (and
fly ash) from the heat recovery section. Milling and conveying of coal par-
ticles as well as further processing of flue gas beyond heat recovery sections
(electro-static precipitators and so on) are beyond the scope of the present
work. We have written this book with an intention to describe the individual
aspects of combustion and heat recovery sections of PC boilers in a coherent
fashion that may be useful to further improve design methodologies and
optimize boiler performance. The intended users of this book are practic-
ing engineers working in utility industries and in boiler design compa-
nies, as industrial consultants, in R & D laboratories, as well as engineering
scientists/research students. Some prior background of reaction engineering
and numerical techniques is assumed.

The information in the book is organized in mainly six chapters: the first
chapter provides a general introduction. The second chapter discusses the
overall approach and methodology. Kinetics of coal pyrolysis (devolatiliza-
tion) and combustion and methods of its evaluation are discussed in Chapter
3. Computational flow modeling is discussed in Chapter 4. This chapter cov-
ers modeling aspects from the formulation of model equations to simula-
tion methodology. Typical results obtained with computational flow models
are also discussed in this chapter. Computational flow models provide a
framework for developing a deeper understanding of the underlying pro-
cesses in PC boilers. These models also provide a quantitative relationship
between boiler hardware and operating protocols with boiler performance
and efficiency. Phenomenological models or reactor network models are dis-
cussed in Chapter 5. These models require significantly less computational
resources than computational flow models and therefore can be used for
boiler optimization. A brief discussion on practical applications of compu-
tational modeling is included in Chapter 6. An attempt is made here to pro-
vide specific comments to connect modeling with real-life applications. Key
points are summarized in the last chapter (Chapter 7) along with some com-
ments about the path forward.

Though many of the examples are for the older generation 210 MWe boiler,
we have made an attempt to evolve general guidelines that will be useful for
solving practical problems related to current and future generations of PC
boilers. The material presented here can be extended to model larger boilers
based on conventional, super-critical, or ultra-super-critical technologies as
well as based on oxy-fuel technologies. The material included in this book
may be used in several ways: as a basic resource of methodologies or in mak-
ing decisions about applications of computational modeling in practice. The
content could be useful as a study material for an in-house course on pulver-
ized coal boilers, for example, design and optimization or a companion book
while solving practical boiler-related problems. We hope that this book will
encourage chemical engineers to exploit the potential of computational mod-
els for better engineering of pulverized coal boilers.
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1

Introduction

Pulverized coal (PC) fired boilers have been the mainstay of coal-based
power generation worldwide for almost 100 years. This is not surprising
as coal is the most abundant and widely distributed fossil fuel, with global
reserves of about 1,000 billion tons (IEA, 2010a). Coal fuels more than 40%
of the world’s electricity. The percentage of coal-based electricity is much
higher in some countries, such as South Africa (93%), Poland (92%), China
(79%), Australia (78%), Kazakhstan (75%), and India (69%). The growing
needs of developing countries are likely to ensure that coal remains a major
source of electricity in the foreseeable future despite climate change policies
(IEA, 2010 a, b).

Electricity generation from coal appears to be a rather simple process.
In most coal-fired power plants, coal is first milled to a fine powder (pul-
verized coal). Fine particles of coal have more surface area and therefore
burn more effectively. In these systems, called pulverized coal (PC) com-
bustion systems, the powdered coal is fed to the combustion chamber of
a boiler. Coal particles burn in this chamber and generate a fireball (high-
temperature zone) and hot gases. The energy released in radiative and
convective form is used to convert water (flowing through the tubes lin-
ing the boiler walls) into steam. The high-pressure steam is passed into
a turbine, causing the turbine shaft to rotate at high speed. A generator
is mounted at one end of the turbine shaft where electricity is generated
(via rotating coils in a strong magnetic field). The steam exiting from the
turbines condenses, and the condensed water is recycled to the boiler to
be used once again. A schematic of a typical PC fired boiler is shown in
Figure 1.1.

The PC fired systems were developed in the 1920s. This process brought
advantages that included a higher combustion temperature, improved
thermal efficiency, and a lower requirement of excess air for combustion.
Improvements continue to be made in conventional PC fired power station
design, and new combustion technologies are being developed. The focus
of considerable efforts by the coal industry has been on improving the effi-
ciency of PC fired power plants. Increasing the efficiency offers several ben-
efits (Burnard and Bhattacharya, 2011):

* Lowercoal consumption per megawatt (MW) (i.e, resource preservation)

® Reduced emission of pollutants (e.g., SOx [sulfur oxides], NOx [nitro-
gen oxides], etc.)
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® Reduced CO, emission (greenhouse gas): a one percentage-
point improvement in overall efficiency can result in ~3% reduction
in CO, emissions

e Existing power plant efficiencies in developing countries are gener-
ally lower. The coal use in these countries for electricity generation
is increasing. The improvements in efficiencies of PC fired boilers
will therefore have a significant impact on resource conservation
and reduction in emissions of CO, per megawatt (MW). There is a
huge scope for achieving significant efficiency improvements as the
existing fleet of power plants is replaced over the next 10 to 20 years.

In recent years, considerable progress has been made in the development
of more efficient coal-based systems such as supercritical (SC) and ultra-
supercritical (USC) steam cycles. These also include systems based on coal
gasification (such as IGCC: integrated gasification combined cycle). However,
while there are several proposals for further commercial demonstrations of
IGCC and some are being constructed, PC combustion-based plants con-
tinue to dominate new plant orders. It may be possible that IGCC will pen-
etrate the market on a large scale only where the co-production of power and
chemicals can be economically demonstrated.

Considering the dominance of PC fired systems for electricity generation,
several efforts have been made to enhance the overall efficiencies of these
systems. The efficiency of a PC fired boiler depends on a variety of factors:

e Plant design (milling, burner, heat recovery systems, and so on)
* Operating conditions (pressure/steam conditions)

® Quality of coal

e Turbine efficiencies

* Ambient conditions

® Operating protocols

¢ Maintenance practices

In this book we restrict the scope of our discussions to the combustion side
of the boiler. The components of the PC fired boiler other than the combus-
tion side are outside the scope of this book. Even for the combustion side,
the scope is restricted: from burner/excess air entry points to the exit of flue
gases (and fly ash) from the heat recovery section. The milling and convey-
ing of coal particles, as well as further processing of flue gas beyond the heat
recovery section (electrostatic precipitators, etc.), are beyond the scope of the
present work. The scope of this book is clearly marked over a schematic of
a power plant shown in Figure 1.1. Therefore, in the context of this book, PC
boiler and PC boiler efficiency essentially refer to the combustion chamber of
the PC fired boiler and thermal efficiency, unless stated otherwise.
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Several developments on higher-temperature (and -pressure) systems—
namely, SC and USC pulverized coal fired boilers—have been realized
in recent years (or are being realized). While sub-critical plants achieve
overall efficiencies of 32% to 38% (on an LHV [lower heating value] basis),
state-of-the-art USC boilers are expected to realize overall efficiencies
of 42% to 45% (LHV basis). Single-unit capacities of these plants have
reached 1,100 MWe (megawatt electrical). Parallel developments are also
being made in oxy-fuel technologies to facilitate CO, capture. Efforts have
been made to reduce other emissions, such as NOx, SOx, and particulates.
Significant research is being done in areas such as new emission control
technologies, state-of-the-art boiler designs, and low-temperature heat
recovery systems for improved plant efficiencies; systems for improved
ash disposability and reduced waste generation; and optimum system
integration and plant controls. These research areas are still reinventing
themselves.

Key components of efficiency improvement initiatives depend on a bet-
ter understanding of the burning of coal and subsequent heat transfer for
converting water into steam. The overall performance of the boiler critically
depends on our understanding as well as our ability to manipulate the fol-
lowing key processes:

* Gas-solid flow (through ducts, burner nozzles, combustion chamber,
heat recovery systems, electrostatic precipitators, etc.):

e Gas: air/flue gas
e Particles: coal/ash

e Combustion:
e Volatile combustion
e Char combustion

¢ Pollutant formation and role of furnace aerodynamics

e Radiative and convective heat transfer

Technology advancements in PC fired boilers require a thorough and
quantitative understanding of these aspects. Anyone interested in enhanc-
ing boiler performance will want to establish quantitative relationships
among fuel (coal) characteristics, hardware design of boiler, and operat-
ing protocols with boiler efficiency. Such a quantitative relationship can
then be used to optimize fuel mix and design as well as operating prac-
tices. Computational modeling, particularly computational flow modeling
(CFM), plays a crucial role in developing such an understanding as does
the ability to tailor the design and operating protocol to enhance overall
performance.
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Over the years, computational fluid dynamics (CFD) tools have evolved
as powerful design and predictive tools to simulate complex equipment
(Ranade, 2002). Computational fluid dynamics (CFD) is a body of knowledge
and techniques to solve mathematical models (primarily based on conserva-
tion of mass, momentum, and energy) on digital computers. The develop-
ment of high-performance computers, advances in the physics of fluids, and
advances in numerical techniques and algorithms has made it increasingly
possible to use CFD models for complex reacting systems such as PC fired
boilers. It is, however, necessary to adapt CFD techniques and develop an
appropriate CFM approach for meaningfully applying them to complex sys-
tems like PC fired boilers.

This book is written with the intention of assisting practicing engi-
neers and researchers in developing such an approach. It describes the
methodology to formulate a CFD model for simulating PC fired boilers.
Although most of the results included here are for an old-generation 210-
MWe unit, the methodology can be extended in a straightforward way
to model advanced supercritical, ultra-supercritical, and oxy-fuel combus-
tion systems.

CFD models/simulations of PC fired boilers are usually computationally
expensive and time consuming. Therefore, even if these models/simula-
tions provide extensive insight into processes occurring in PC fired boilers,
they are not very suitable for real-time optimization (which requires much
quicker response times). A complementary approach called reactor network
modeling (RNM) is therefore developed and presented in this book. The
RNMs are essentially lower-order computational models (typically with a
few hundred variables, in contrast to a few million or more variables used
in CFD models) that can be used for overall optimization and even for real-
time process control. The methodology and process of developing an RNM
based on data extracted from detailed CFD models of PC fired boilers are
discussed here. Efforts are made to provide guidelines for

® Characterizing coal using a drop-tube furnace and a thermogravi-
metric analyzer (TGA)

e CFD modeling of a PC fired boiler
¢ Developing reactor network models (RNMs)

e Applying computational models to industrial practice

The presented results and discussion will also provide insight into the com-
plex processes occurring in PC fired boilers. The basic information and key
issues of coal fired boilers are discussed in Section 1.1. Key aspects of CFM
with reference to potential application to coal fired boilers are then dis-
cussed in Section 1.2, and the organization of the book is briefly discussed
in Section 1.3.
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1.1 Coal Fired Boilers

Worldwide, coal fired generating capacity is expected to reach approxi-
mately 2,500 GW (gigawatt) by the end of 2020. This is an increase of nearly
60% since 2008, and more than 55% of the projected new generating capac-
ity is expected to be in Asia (Mcllvaine, 2009). The capacity enhancement is
based on the addition of advanced low-emission boiler systems. Continuing
efforts are also being made on existing power plants to achieve higher effi-
ciency, reliability, and availability with low maintenance, while complying
with stringent emissions regulations for CO,, SOx, NOx, and particulates.
Coal fired boilers have undergone major innovations in order to satisfy both
economics and increasing stringent environmental regulations. In principle,
solid-fuel combustion technologies are divided into three categories:

1. Bed or grate combustion
2. Suspension or pulverized combustion
3. Fluidized bed combustion

The traveling grate stoker was the early coal combustion system for power
generation. Traveling grate stokers are capable of burning coals over a wide
range of coal rankings (from anthracite to lignite). The typical particle sizes
are 1 to 5 cm (centimeter) with residence times of 3,000 to 5,000 s (second).
The flame temperature is around 1,750K (Essenhigh, 1981). Stoker firing is
not able to scale beyond 50-MWe unit capacities. The boiler efficiency gets
suppressed by the high excess air (about 40%) that was required for accept-
able coal burnout.

In 1946, Babcock and Wilcox introduced the cyclone furnace for use with
slagging coal (i.e., coal that contains inorganic constituents that will form a
liquid ash at temperatures of ~1,700K or lower); this was the most significant
advance in coal firing since the introduction of pulverized coal firing (Miller,
2005). A cyclone furnace provides the benefits obtained with PC firing and
also has the advantages of utilizing slagging coals and reducing costs due
to less fuel preparation (i.e., fuel can be coarser and does not need to be pul-
verized). In slagging combustion, the boiler tubes in the lower part of the
furnace are covered by a refractory to reduce heat extraction and to allow the
combustion temperature to rise beyond the melting point of the ash. The tem-
perature must be sufficiently high for the viscosity of the slag to be reduced
to about 150 Poise, which is necessary for removal in liquid form. The most
notable application of slagging combustion technology in the United States
is the cyclone furnace, in which about 85% of the coal ash can be removed in
molten form in a single pass without ash recirculation. Because of the high
temperature and the oxidizing atmosphere, slagging furnaces produce very
high NOx emissions and therefore fell into disfavor in the 1970s.
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Fluidized bed boilers for utilizing coal were originally developed in the 1960s
and 1970s; they offer several inherent advantages over conventional combustion
systems, including the ability to burn coal cleanly by reducing SO, emissions
during combustion (i.e,, in situ sulfur capture) and generating lower emissions
of NO,. In addition, fluidized bed boilers provide fuel flexibility as a range of
low-grade fuels can be burned efficiently. In fluidized bed combustion (FBC),
crushed coal of 5 to 10 mm (millimeter) is burned in a hot fluidized bed of 0.5- to
3.0-mm-sized inert solids. The typical particle residence time is around 100 to
500 s (Essenhigh, 1981). Less than 2% of the bed material is coal; the rest is coal
ash and limestone, or dolomite, which are added to capture sulfur during the
course of combustion. The bed is cooled by steam-generating tubes immersed
in the bed to a temperature in the range of 1,050K to 1,170K (Baranski, 2002).
This prevents the softening of the coal ash and the decomposition of CaSO,,
which is the product of sulfur capture. The heated bed material, after com-
ing into direct contact with the tubes (heating by conduction), helps improve
the efficiency of heat transfer. Because this allows coal plants to burn at lower
temperatures, less NOx is emitted. This technology, however, was limited to
small industrial-sized fluidized boilers and was not useful for very large steam
capacities like those of PC fired units unless use of high pressures.

Circulating fluidized bed (CFB) boilers were developed to enhance the flex-
ibility of using a wider range of fuels. CFB boilers involve a circulating fluid-
ized bed of inert material with a hot cyclone to recirculate solids particles.
Usually, combustion in CFB boilers takes place at temperatures from 1,075K
to 1,175K, resulting in reduced NOx formation compared with conventional
PC fired boilers. Another advantage of CFB combustors is their ability to
handle low calorific value fuels, in situ sulfur capture, no need to pulverize
the fuel, and comparatively lower capital costs than PC boilers. The thermal
efficiency of CFB boiler units is lower by 3 to 4 percentage points than that
for equivalent-sized PC boilers (Western Governors” Association, 2008). CFB
boilers represent the market for medium-scale units (typically <300 MWe) in
terms of utility requirements. They are used more extensively by industrial
and commercial operators in small to medium range sizes (50 to 100 MWe),
both for the production of process heat and for on-site power supply.

Pulverized coal (PC) combustion became a widely accepted combustion
system for power generation in the period between 1900 and 1920. This was
the major development in order to take advantage of the following:

e Higher volumetric heat release rates of pulverized coal (MW/m?)

¢ Increased system efficiencies using superheaters (heat-exchange sur-
face to increase the steam temperature), economizer (heat-exchange
surface to preheat the boiler feed water), and combustion air pre-
heaters (heat-exchange surface to preheat combustion air)

* Improved material of construction, which will allow for higher pres-
sures in the steam generator (>83 barg [bar gauge])
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The development of the superheater, reheater, economizer, and air pre-
heater played a significant role in improving overall system efficiency by
absorbing most of the heat generated from burning the coal. The sepa-
ration of steam from water and the use of super-heaters and reheaters
allowed for higher boiler pressure and larger capacities. Hence, the pul-
verized coal combustion system became widespread due to increased
boiler capacity, and improved combustion and boiler efficiencies over
stoker-fired boilers. The PC fired boiler was found to be the most suitable
for utility power plants and contributes to more than 50% of the world’s
electricity demand.

Advances in materials of construction, system design, and fuel firing have
led to increased capacity and higher steam operating temperatures and pres-
sures. There are two basic PC-fired water tube steam generators: (1) subcriti-
cal drum-type boilers with nominal operating pressures of either 131 or 179
barg, and (2) once-through supercritical units operating at 262 barg. These
units typically range between 300 and 800 MW (i.e,, produce steam in the
range of 900 to 3,000 tons/hour). Ultra-supercritical units entered into ser-
vice in 1988. These units operate at steam pressures of 310 barg and steam
temperatures of 838K, with capacities as high as 1,300 MW. This book, as
mentioned earlier, focuses on developing a better understanding of the vari-
ous processes occurring in the most widely adopted PC fired boilers. Some
aspects of these tangentially PC boilers are discussed here.

A typical tangentially fired PC boiler is shown in Figure 1.2(a). There are
three major parts of the boiler: furnace, crossover pass, and second pass. In
a tangentially fired furnace, the burners generate a rotational flow in the
furnace by directing the jets tangent to an imaginary circle whose center is
located at the center of the furnace. The resultant swirling and combusting
flow generates a fireball at the center of the furnace, where the majority of
combustion occurs (Figure 1.2(b)).

In PC combustion, the coal is dried and crushed into fine particles, and
the powdered coal is pneumatically transported to the burners. Typical
particle sizes used in PC boilers range from 10 to 100 um (micrometer). The
design of the combustion chamber must provide sufficient residence time
for the coal particle to complete its combustion, and for the fly ash to cool
down to below its “softening temperature” to prevent the build-up of ash
deposits on heat exchanger surfaces. A typical residence time of particles
in PC boilers is approximately 10 s (Essenhigh, 1981). The transport air that
carries the coal from the mill to the burners must be maintained at around
373K to avoid ignition hazards. This transport air (also called fuel air [FA])
is about 40% to 50% of the total air injected into the boiler. The remaining
air other than the FA enters the PC boiler via secondary air (SA) inlets and
over fire air (OFA). The air entering through these other inlets is usually
preheated to 550K.
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FIGURE 1.2

Tangentially fired furnace of pulverized coal fired boiler. (Figure 1.2 (a) reprinted with permis-
sion from Fang, Q., Musa, A.A.B., Wei, Y., Luo, Z. and Zhou, H., Numerical simulation of multi-
fuel combustion in a 200 MW tangentially fired utility boiler, Energy & Fuels, 26, 313-323. (2012);
© 2012 American Chemical Society.)

The design of the furnace is influenced by the type of burner system adopted
in the design, such as a wall-mounted circular type or a corner-fired rectan-
gular shape. Circular burners are usually positioned perpendicular to the
combustion chamber walls, while the vertical nozzle arrays are in the corners,
firing tangentially to the circumference of an imaginary cylinder in the mid-
dle of the combustion chamber. Wall-mounted burners can also be designed
to provide tangential entry to the coal and air, forming a rotating fireball in
the center of the furnace. The majority of boilers in countries such as India are
tangentially fired and use rectangular slotted burners. The pulverized coal, air
mixture (primary air), and secondary air are injected from sixteen to twenty-
four burners located in the four corners of the furnace (Figure 1.2(b)).

The heat generated due to the combustion reactions is radiated and trans-
ported to the water walls of the boiler to generate steam. This steam is fur-
ther superheated in superheaters at the crossover pass by radiative and
convective heat transfer. The last few percentages of residual carbon in the
char burns in an environment of depleted oxygen concentration and reduced
temperature before the fly ash leaves the combustion chamber and enters the
pass of convective heat exchangers. In the majority of cases, most of the fly
ash formed in PC combustion is removed from the flue gas in the form of dry
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Particle-level processes during coal combustion.

particulate matter, with a small portion (about 10%) of the coal ash falling off
the tube walls as semi-molten agglomerated ash, which is collected from the
bottom hopper of the combustion chamber (“bottom ash”). Pulverized coal
fired boilers offer high combustion intensities (~1 MW/m?®) and high heat
transfer rates (~1 MW/m?).

The coal particles injected in PC fired boilers get heated. Moisture and vol-
atile materials are released during the drying and devolatilization stage. The
char content of the particles eventually burns, and the remaining ash can
exit the boiler in the form of fly ash (finer particles) or bottom ash (coarser
particles). These processes are schematically shown in Figure 1.3. Pyrolysis
or devolatilization results in a vast array of products such as CO, tar, H,, H,0,
HCN, hydrocarbon and gases, etc. These products react with oxygen in the
vicinity of the char particles, depleting oxygen and increasing the tempera-
ture. These complex reaction processes are very important in controlling the
nitrogen oxides, formation of soot, stability of coal flames, and ignition of
char. The char combustion may then occur along with the combustion of
the volatile species in the gas phase. After the completion of char combus-
tion, the inorganic constituents remain as ash. Typically, ash contains SiO,,
AlLQ;, Fe,0,, TiO,, CaO, MgO, Na,0, K,O, SO,, and P,0; (primarily the first
3 compounds). Ash composition varies with the rank of the coal. The ash
material may further decompose to form slag at high temperatures (beyond
the ash fusion temperature). Nitrogen is released from the coal and forms
nitrogen oxides (NOx). The sulfur released during coal combustion forms
sulfur oxides (SOx).

The process of char combustion is of central importance in industrial PC
fired boiler applications. However, despite extensive investigations over the
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past half-century, the mechanism of the char/oxygen reaction is not com-
pletely understood because of a number of factors, including the reaction
due to pore growth and mass transfer effects (Williams et al., 2001). It is fur-
ther complicated by the influence of particle size distribution, char mineral
content, and fragmentation of the char particle. The rate-limiting step in the
combustion of a char particle can be chemical reactions, or the diffusion of
gases into the particle, or a combination of these factors.

The furnace is a key part of the boiler where turbulent mixing, two-phase
flow, exothermic reactions, and radiative heat transfer dominate. Preliminary
calculations shows that combustion of a typical 70 um coal particle require
nearly 1 s at typical furnace temperatures. The industrial data, however,
confirm the presence of unburned carbon in fly ash (~5%) as well as in bot-
tom ash, which affects the thermal efficiency of the boiler and the salabil-
ity (value) of the ash. Turbulent and recirculating flow affects the mixing
of the fuel and oxidants, and thereby the rate of the combustion reaction.
Understanding the behavior of coal fired boilers and translating this under-
standing into computational models for simulating such boilers is compli-
cated by the existence of turbulent, multi-phase recirculating flows, coupled
with chemical reactions and radiative heat transfer. The existence of a wide
range of spatiotemporal scales (chemical reactions occurring on molecular
scales to micron-size particles to tens of meters of boiler; reaction time scales
on the order of microseconds to particle residence time on the order of a few
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seconds) often complicates the matter further. The thermo-fluid interaction
processes between neighboring burners and between the burners and the
furnace as a whole are complex and not yet well understood.

As mentioned earlier, significant efforts have been made and are still
being made to enhance the performance of PC fired boilers. Possible ways of
enhancing the performance of such boilers (see Figure 1.4) may be broadly
grouped into two types:

1. On-line monitoring and process control. These methods are usually
based on data-driven models and can be effectively used for opti-
mizing the operation of a PC fired boiler over a narrow range of
parameters.

2. Establishing the relationship between performance and hardware/
operating protocols. These methods may be further classified into
two subtypes:

* Based on physical modeling, data and empirical correlations,
experience, and heuristic relationships

e Phenomenological modeling: representing the behavior of a PC
fired boiler using conservation equations of mass, momentum,
and energy

In this book we mainly restrict our scope to the discussion of phenom-
enological models. Considering the complexity of PC fired boilers, most
phenomenological models of PC boilers require the help of a digital com-
puter for their solution. The combined set of underlying phenomenologi-
cal models, initial and boundary conditions, numerical methods, and their
computer implementation is broadly called a “computational model.” This
book essentially deals with the development and application of such com-
putational models for simulations and for performance enhancement of PC
fired boilers.

The performance of PC fired boilers operating with high-ash coal (like
Indian coal) faces some special challenges. These include problems of ash
handling, slagging, ash deposition on heat exchanger surfaces, as well as
unburned char in the fly ash. With emission norms becoming more strin-
gent and increasing pressures on enhancing overall efficiency of PC fired
boilers, it is essential to develop relationships among the availability,
performance, and reliability of these boilers with factors such as burner
design, operational protocols, coal quality, age of boiler, furnace hardware
configuration, etc.

Computational modeling offers an excellent way to develop such relation-
ships and to develop an ability to optimize boiler performance. Some aspects
of computational flow modeling are discussed in Section 1.2.
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1.2 Computational Modeling

Computational models attempt to represent processes occurring in PC fired
boilers with the help of conservation equations of mass, momentum, and
energy. A generic conservation equation for any conserved quantity ¢ can
be represented as

accumulation of  rate of change of rate of change of rate of change of
component ¢ = componentpdue + componentpdue + componentpdueto
to convection to dispersion reaction / mass transfer

(L1)

If there are any additional modes of transport for ¢, corresponding addi-
tional terms may appear on the right-hand side of Equation (1.1). This
general balance equation can be mathematically represented in a variety
of forms, depending on various underlying assumptions. One can use a
classical chemical reaction engineering (CRE) approach and develop a
RNM to represent the PC fired boiler. Alternatively, one can use a CFD-
based framework to represent the PC fired boiler. The term “computa-
tional modeling” essentially covers the selection of a modeling approach,
development of model equations and boundary conditions, development
of numerical methods to solve model equations, mapping of numerical
methods on digital computers to generate solutions of model equations,
verification of developed computer implementation and validation of the
underlying phenomenological model, carrying out simulations to gain a
better understanding, and using that gained understanding to enhance
performance in practice.

Computational modeling of PC fired boilers therefore requires broad-based
expertise in the various aspects of PC combustion and an in-depth under-
standing of various aspects of computational modeling (CFD and CRE), along
with a generous dose of creativity. Ranade (2002) has discussed the application
of computational flow modeling for a variety of chemical reactors. The discus-
sion is very relevant for modeling and simulating the PC fired boiler as well
and is therefore recommended for further reading. Computational modeling
requires relatively few restrictive assumptions, can handle complex configura-
tions, and can incorporate a variety of processes simultaneously. Simulations
based on such computational models often serve as a bridge between theory
and reality. Computational models allow switching on and off the various
interactions included in the model in order to understand the relative con-
tributions of each individual process, which is extremely difficult—if not
impossible—to achieve in experiments. These advantages of computational
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models are conditional and may be realized only when the model equations
capture key underlying processes and are solved accurately. This is easier said
than done, especially for complex equipment like the PC fired boiler. It must
be remembered that simulated results based on computational models will
always be approximate. There can be various reasons for differences between
computed results and “reality.” Errors are likely to arise from each part of the
process used to generate computational simulations:

* Model equations

¢ Input data and boundary conditions
¢ Numerical methods and convergence
e Computational constraints

¢ Interpretation of results, etc.

It is indeed necessary to develop an appropriate methodology to harness
the potential of computational modeling for engineering analysis and design
despite some of the limitations. In this book we discuss such a methodology
for applying computational modeling to PC fired boilers.

Recent advances in understanding multiphase flows, turbulence, and com-
bustion, coupled with advances in computing power and numerical methods,
provide an opportunity to develop a better understanding and better compu-
tational models for simulating coal fired boilers. The development of advanced
industrial burners, furnaces, and boilers with the improved performance of
higher efficiency and lower pollutant emissions is the major goal of combus-
tion researchers, furnace designers, and manufacturers. To realize the goal, on
the one hand, the new technical concepts and novelties for different combus-
tion routes and processes must be continuously developed. On the other hand,
more efficient and economic tools, such as computer simulation using CFD
technology, are also extremely important to develop and apply to the design
process and performance simulation of the new, more advanced furnaces.

In recent decades, compared with traditional experimental methods and
physical modeling methods, computer simulation with numerical methods
is considered a more attractive effective design tool. With recent advances
in our understanding of the physics of flows and the availability of large
and powerful computational resources, comprehensive computer simulation
has become possible even for very complicated applications in industry. The
influence of burner design on flame stability and temperature distribution
within the furnace, and hence its effect on overall performance of the boiler,
can now be investigated by state-of-the-art CFD technologies (Park et al.,
2013; Modelinski, 2010; Choi and Kim, 2009; Belosevic et al., 2006; Pallares
et al.,, 2005; Yin et al., 2002; Fan et al., 2001; Eaton et al., 1999; Boyd and Kent,
1986).

The development and application of comprehensive, multidimensional com-
putational combustion models are increasing at a significant pace all over the
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world. These combustion models are becoming more readily accessible as fea-
tures in commercially available CFD computer codes. A number of commer-
cial CFD codes have been developed and are used in practice. Ranade (2002)
has listed some of the commonly used CFD codes and tools. Updated informa-
tion can be found on the websites of the various vendors. There are also open-
source CFD codes available to potential users. A partial listing of available
CFD resources can be found at www.cfd-online.com. Simulations made with
such computer codes offer great potential for use in analyzing, designing, ret-
rofitting, and optimizing the performance of fossil-fuel combustion and con-
version systems. However, CFD is expensive in terms of computational time
and resources. A few researchers have tried in the past to develop phenom-
enological models to simulate PC fired boilers where key information about
the sizing of zones and fluid flow is extracted from CFD simulations (Diez et
al., 2005; Falcitelli et al., 2002). This is a very useful approach as these models
require orders of magnitude lower computational resources and thereby can
be integrated with the on-line optimization and process control platforms. An
attempt is made in this book to provide adequate information to the reader
for developing an RNM for a PC fired boiler. Discussion on applying compu-
tational models to practice is included in a separate chapter. The details of the
organization of this book are briefly discussed in Section 1.3.

1.3 Organization of the Book

This book is organized to facilitate the development of modeling tools com-
prised of computational fluid dynamics (CFD) and phenomenological mod-
els to simulate various processes occurring in typical PC fired boilers. Most
of the presented results are for the typical 210-MWe tangentially fired PC
boiler. All the key aspects necessary to establish computational models such
as the following are included:

e Devolatilization and char combustion of high-ash Indian coal

* Models to interpret drop-tube furnace data

e Development of CFD models

¢ Influence of operating conditions on performance of 210-MWe boilers

¢ Development of phenomenological/reactor network models (RNMs)

A chapter-wise outline of the book is provided below:

e Chapter 1 introduces the topic and provides the background, moti-

vation, and scope of the book.

® Chapter 2 discusses the approach toward the computational model-
ing of PC boilers. The role of computational models is discussed and
a brief review of different modeling approaches is provided. Key
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issues while applying computational models in practice and some
tips for facilitating their application are highlighted.

Chapter 3 focuses on the characterization of coal based on thermo-
gravimetric experiments (TGA), as well as the drop-tube furnace
(DTF). The chapter emphasizes the importance and use of 2D axi-
symmetric CFD models over conventional 1D models in estimating
kinetic parameters.

Chapter 4 provides a systematic approach for the development of a
detailed CFD model for tangentially fired pulverized coal boilers. A
brief review of computational modeling of PC boilers is included. The
methodology and presented results will be useful in understanding
gas flow, particle trajectories, the extent of char burnout, gas tem-
perature, and species concentration field within a typical boiler. The
crossover pass characteristics (uneven distribution of flow and tem-
perature) of tangentially fired boilers and other key issues are dis-
cussed with the help of the computational model. The utility of the
developed model to quantify the sensitivity of boiler performance on
operating parameters is demonstrated. And the influence of param-
eters that can be varied during boiler operation, such as excess air and
burner tilt on boiler performance, is discussed. A sample of simulated
results is presented in an effort to understand boiler performance
when high ash content Indian coal is blended with low ash and highly
volatile lignite coal in various ratios.

Chapter 5 discusses the development of a state-of-the-art reactor
network model based on off-line interaction with the analysis of
the results obtained with the CFD model. This model framework
translates the information gained from the detailed CFD model to
a readily usable engineering scale model for actual plant implemen-
tation. The model is based on the reactor network (RN) approach,
comprised of networked multiple zones representing key sections
of the boiler. The positioning and size of different zones depend on
the underlying fluid dynamics. The effect of key operating protocols
such as burner tilt is accounted for through appropriate correlations
developed from CFD simulations. Application of the model is illus-
trated for a typical 210-MWe PC fired boiler. The results obtained
with the RNM are compared with the overall CFD results.

Chapter 6 summarizes the work and results presented in Chapters 2
through 5. It also discusses judicious use of mathematical models in
practice, along with common pitfalls, and provides guidelines for
the effective use and enhanced utility of mathematical models.

Chapter 7 provides an overall summary and key conclusions. Some
comments and suggestions for possible extensions and the path for-
ward are also included in this final chapter.
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Toward the Computational Modeling
of Pulverized Coal Fired Boilers

A pulverized coal (PC) fired boiler is a complex chemical reactor consisting
of many complex processes, such as gas-solid flows, combustion, heat trans-
fer (conduction, convection, and radiation) and phase change, all in one piece
of equipment. Key features of PC fired boilers were discussed in Chapter 1.
In order to design and operate PC fired boilers in the best possible way, sev-
eral design variables and operating parameters must be optimized. Some of
these include

e Size and configuration of the boiler

* Design, number, and location of the burners

e Characteristics of the fuel (coal)

e Particle size/size distribution of the pulverized fuel
e Extent of excess air to be used

e Feed temperature (of air and coal particles)

Design and operating engineers are interested in maximizing the ther-
mal efficiency of boilers by eliminating or minimizing unburned carbon in
fly ash and bottom ash. Internal heat exchangers and the fluid dynamics
of the furnace must be designed to maximize efficiency on the one hand
and minimize downtime of the boiler on the other hand (often required for
cleaning deposits on internal heat exchangers and water walls of the boiler).
Through years of design and operating experience, significant expertise and
guidelines have been developed by practicing engineers. However, as dis-
cussed in Chapter 1, it is always desirable to complement this accumulated
experience with computational models and simulation tools. Computational
models allow design and operating engineers to gain better understanding
and carry out virtual experiments to evaluate new and innovative ideas. The
inherent complexities of PC fired boilers, however, make the task of com-
putational modeling these boilers quite complex and nontrivial. This book
essentially discusses the details of computational modeling of PC fired boil-
ers. This chapter discusses the overall approach toward developing compu-
tational models of PC fired boilers.

The first step toward developing “tractable” computational models of
a complex system such as a PC fired boiler is to develop an appropriate
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approach. The following two guidelines should be considered while devel-
oping such an approach:

1. Occam’s razor: It is futile to do with more what can be done with less.

a. Simple/conventional models may provide an adequate solution.
In such a case, there is no point in using more complex models
without corresponding gains in accuracy or reliability.

b. Often, the combination of multiple models works better than a
single monolithic model.

2. One should always try to make things as simple as possible but not
simpler (sentence attributed to Einstein).

a. Simplifications are essential for developing tractable models of
real-life processes. However, it is important to understand and
to identify the difference between making things simple and
simpler. If key controlling subprocesses are not considered ade-
quately while modeling, it may defeat the purpose of modeling.

b. It is therefore essential to match the complexity of the problem
with the analysis tool. The art of modeling is essentially under-
standing the differences between “simple” and “simpler.”

Anyone interested in attempting the computational modeling of PC fired
boilers should be familiar with some basic concepts in the mathematical
modeling of physical processes (see, for example, books by Denn, 1986; Aris,
1978; and Polya, 1967). The relative importance and roles of governing equa-
tions, constitutive equations, boundary conditions, and input data must be
clearly understood while interpreting the results and drawing engineering
conclusions based on the simulated results. It is also important to recognize
the possibility of employing a hierarchy of models to develop the necessary
understanding and to obtain the required information for achieving com-
plex engineering objectives.

Ranade (2002) has succinctly discussed the need for using a hierarchy of
models with an analogy to the variety of vehicles available for transport
that is reproduced here. Various alternative vehicles—ranging from bicycle,
scooter, car, and helicopter to aircraft—are available for a person who wants
to travel. Each of these vehicles has unique features and a corresponding
range of applications. The availability of powerful alternatives for transport
has not made other, less powerful modes obsolete. More often than not, the
best way to travel the desired distance is based on using different vehicles
for different parts of the journey. Similarly, there will be a hierarchy of math-
ematical models, each having some unique features with a corresponding
range of applications that may be used to construct as complete a picture of
the physical process as possible. Computational flow modeling (CFM) is cer-
tainly a very powerful tool; and, in principle, a self-content, comprehensive
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mathematical model can be constructed to simulate the behavior of indus-
trial PC boilers within the CFM framework. However, it may be inefficient
to use such a complex model to obtain certain information that might be
obtained by relatively simple models.

The overall approach based on using a hierarchy of models is advocated in
this book and briefly discussed in Section 2.1. Ranade (2002) has discussed
previously some aspects of the approach.

2.1 Overall Approach

The first essential step while developing an overall approach toward the
computational modeling of PC boilers (or, for that matter, any other real-life
process) is to clearly identify and define the goals for modeling. This appears
to be quite obvious. Unfortunately, in practice, the causes of many not-so-
successful performance enhancement projects may be traced to inadequate
attention to this step. The goals of computational modeling are usually
linked to the performance of the boiler. It is therefore necessary to clearly
spell out the key performance parameters or “wish list” for a PC fired boiler.
This wish list about the overall performance of the boiler may contain all the
items by which boiler performance will be judged (some of it may also be just
qualitative). This is discussed again in Chapter 6.

The next step is to identify key processes occurring in a PC fired boiler
that control its performance. It is important to relate these key processes to
underlying transport processes. This will help to identify relevant transport
processes with reference to the objectives defined in the “wish list” of key
performance parameters. Example of these two lists in the context of PC
fired boilers can be found in Chapter 1. This process will also help evolve
specific goals for and clearly define expectations from the computational
model. Generic expectations from the computational model include

e Detailed analysis at the early stages in the design cycle for less
money, less risk, and less time

® The capability to make a priori predictions of process performance
with just the knowledge of geometry and operating parameters

e Prediction of what could or would happen as a result of a specific
design, thereby steering the design in promising directions

These generic expectations must be translated into specific modeling goals.
At this juncture, it is important to clearly understand the characteristics of
the “learning” and “simulation” or “design” models. “Learning” models are
developed to understand basic concepts and to obtain specific information
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about some unknown process(es). The results obtainable from such models
may not directly lead to design information but are generally useful in mak-
ing appropriate engineering decisions. “Design” or “simulation” models, on
the other hand, yield information or results that can be directly used for
design and engineering. It may be possible to develop a rigorous computa-
tional model of a simplified case of a PC fired boiler that can be used as a
“learning” tool. For example, complex interactions of turbulence, combus-
tion, and gas-solid flows can be simulated rigorously using the direct numer-
ical simulation (DNS) approach. These simulations can provide a wealth of
information about such interactions and can provide data that are very dif-
ficult to obtain from experiments. Therefore, although such simulations are
restricted to low Reynolds number flows and simple geometry, they can lead
to a better understanding of and insight into the development of better phe-
nomenological models. The objectives for developing such a model, obvi-
ously, will be very different from that developed for simulating the realistic
behavior of industrial PC fired boilers. For the latter case, the computational
model must relate the boiler hardware and operating protocol with the per-
formance using finite computational resources. Several such examples can
be given for the case of PC boilers as the underlying physics is very complex.
A clear understanding and visualization of the expected results and their
proposed use is, therefore, essential for defining the objectives of the com-
putational model.

After establishing specific goals, it is necessary to select an appropriate
level of complexity of the computational models to meet these objectives.
This also includes various other aspects such as the required degree of accu-
racy of predicted results and available resources. It is essential to give suf-
ficient thought to the required degree of accuracy of the predictions of the
computational model right at the first stage. The intended use of the results
of the computational model dictates the required accuracy levels. The avail-
able time, expertise, and computational facilities also should be examined in
order to define realistic goals. Thorough analysis of these issues will allow
one to clearly define the goals of the computational model and, in the pro-
cess, also evolve a methodology for using the results of the flow model to
achieve the performance objectives.

It will be useful to make a few comments about the validation of the simu-
lated results and their use for enhancing the performance of industrial PC
tired boilers. Even before the validation, it is necessary to carry out a system-
atic error analysis of the generated computer simulations. The influence of
numerical issues on predicted results and errors in integral balances must be
checked and ensured to be within acceptable tolerance levels. The simulated
results must be examined and analyzed using available post-processing
tools. The results must be checked to verify whether the model has captured
major qualitative features such as the fireball, temperature imbalances, etc.

Whenever various phenomenological models are used, further quanti-
tative validation of the simulated results is essential. Even if the objective



Toward the Computational Modeling of Pulverized Coal Fired Boilers 23

of the computational model is to qualitatively screen possible alternative
configurations, it is important to validate the simulations quantitatively to
ensure that they have adequately captured the basic phenomena controlling
the performance. In many cases, however, the data of industrial PC fired
boilers are not available and are difficult to measure. Direct quantitative vali-
dation is not possible in such cases. Indirect validation must be carried out
for such cases. Often it may be necessary to independently validate various
submodels and phenomenology incorporated in the overall computational
model. Here again, emphasis should be on verifying whether or not the key
processes are adequately simulated. Prior experience and engineering judg-
ment should be used while interpreting simulation results. More discussion
on this is included in Chapter 6.

Despite some of these limitations, computational modeling can prove
to be a great help in realizing the “wish lists” of the overall performance
enhancement of industrial PC boilers. Typically;, it is useful to develop some
design models to estimate boiler sizing and to evolve preliminary boiler
configurations. Several “learning” models can then be developed to under-
stand the various key issues. The understanding gained by the development
and application of these “learning” models will be helpful in identifying the
need and methodology for developing more sophisticated simulation mod-
els to establish the desired optimal boiler design. Different models/steps of
the overall approach may be listed as

¢ Engineering design models
e Single-particle models (see also Chapter 3)
* Boiler-level models
* Reaction engineering models (see also Chapter 5)
¢ Computational fluid dynamics (CFD) models (see also Chapter 4)

e Methodology of applying mathematical models to practice (see also
Chapter 6)

The interaction of these steps is shown pictographically in Figure 2.1.
The steps in this overall approach are briefly outlined in the following
subsections.

2.2 Engineering Design Models

In simple terms, a boiler is an enclosed vessel that provides a means for
the heat of combustion to be transferred to water until it becomes heated
water or steam. Several design handbooks are available that provide overall
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Computational fluid
dynamics (CFD) models
[Chapter 4]
Focuses on detailed simulation of
flow, heat transfer and reactions,
involves solution of strongly
coupled and non-linear PDEs,
computationally expensive. These
models are useful to evaluate
influence of hardware
configurations such as location and
tilt of burners, swirl at burner,
locations and configurations in
internal heat exchangers,
possibility of air ingress, imbalance
in temperatures of steam drums,
heat transfer effectiveness and so
on. These models provide useful
insights and facilitate
performance
enhancement

Engineering design models
for sizing

Mostly based on guidelines established

from experience/used to evolve or verify

basic configurations/useful for basic

techno-economic feasibility, sizing,

tendering process and so on

Reaction engineering
models [Chapter 5]
Focuses on mass and energy
balances, fluid mechanics is
simplified based on off-line CFD
simulations/experiments or prior
experience. Reactor network
model comprising multiple zones,
integrate particle level models
with approximate flow/mixing,
may be coupled with CFD models.
These models are useful to
evaluate influence of key operating
parameters for a same
configuration of a boiler:
influence of coal composition,
particle size distribution and
flow rate, excess air and so on

™~

Application for performance enhancement [Chapter 6]
Develop strategies and overall work flow, use of multiple models,
model calibration, gain understanding, evolving evaluating and design
options, identifying most promising one for
implementation in practice

article level models [Chapter 3

‘Addresses various particle level processes
like drying, devolatilization and
combustion/typically ODE-based models
focused on developing better
understanding of kinetics and other,
particle level processes

FIGURE 2.1
Modeling of pulverized coal fired boilers.

guidelines for sizing and configuring the boiler (Speight, 2013; Heselton,
2005). Table 2.1 provides a sample of such guidelines.

In principle, it is possible to develop simplified models for understanding
overall behavior. However, as decades of experience have accumulated on
boiler design and operation, more often than not the guidelines established
based on experience are used for sizing and finalizing the overall configura-
tion of the boiler instead of using computational models. These guidelines
and sizing models are not discussed in this book. Once the basic sizing and
configuration of a PC fired boiler has evolved, more sophisticated models
are then used to simulate the behavior of a developed boiler configuration.
These models, as discussed previously, are typically used in parallel fashion
(see Figure 2.1), and this book essentially focuses on these types of models.
Some details of these models are briefly discussed in the following section to
illustrate the overall approach.

2.3 Particle-Level Models

The furnace residence time of pulverized coal particles mentioned in Table 2.1
or used while sizing the PC fired boiler is intimately related to particle-level
processes such as drying, devolatilization, and combustion of carbon in coal
(see Figure 1.3 in Chapter 1). Coal is a complex, heterogeneous mixture of
organic material, moisture, and mineral matter in various compositions.
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TABLE 2.1
Overall Design Guidelines for Sizing the Boiler
Parameter Typical Value/Range Influencing Variables
Maximum net heat input (NHI) ~ ~5 x 10 kcal/hr/m? Feed rate of fuel, GCV (Gross
per unit plan area of furnace Calorific Value) of fuels,
furnace plan area
Maximum heat liberation rate ~1 x 10° kcal /hr/m3 Fuel feed rate, GCV
Maximum burner zone heat ~1 x 10° kcal /hr/m? Fuel feed rate, GCV, burner
release rate zone volume
Maximum heat input per ~5 x 107 kcal /hr/burner Fuel feed rate per burner,
burner GCV
Maximum furnace cooling ~2 x 10° kcal /hr/m? NHI/ effective projected
factor radiant heat absorbing
surface
Maximum furnace exit gas ~60°C below minimum Furnace temperature,
temperature (FEGT)? initial deformation effective emissive in
temperature of ash furnace, ash deformation
temperature
Minimum furnace residence ~2 seconds Particle size, fuel flow rate,
time® excess air, flow patterns
Furnace bottom hopper Designed for a hopper Shape and size of hopper,
that is one-third full of particle size/density of
ash/clinker bottom ash

2 The furnace exit plane shall be defined as the plane above the furnace nose tip or the plane
beyond which the transverse tube pitching is less than 600 mm, whichever is positioned first
in the flue gas path.

b Furnace residence time shall be defined as the residence time of the fuel particles from cen-
ter line of the top-elevation coal burners to the furnace exit planes. For this purpose, the
furnace exit plane shall be defined as the horizontal plane at the furnace nose tip for two
pass boilers.

Pulverizing coal into smaller particles further complicates the characteriza-
tion because of inherent particle size distributions and possible activation
or deactivation in the process of pulverization. It is important to develop a
detailed understanding of particle-level processes, such as

¢ Drying
* Devolatilization: volatiles, tar, decomposition of tar

e Combustion

It is also important to understand and characterize the status of the
remaining ash after char combustion. These particle-level processes depend
on a variety of factors, such as

e Proximate analysis: composition of volatiles, fixed char, moisture,
and ash

¢ Ultimate analysis: elemental composition
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¢ Particle size/size distribution

e Porosity and pore size distribution

¢ Ash composition/composition of minerals present
e Initial moisture content and kinetics of drying

¢ Kinetics of devolatilization

¢ Kinetics of char combustion

Some of these particle-level processes may be quantified and understood by
the physical analysis of coal samples. For example, porosity and pore size
distribution may be quantified using standard methods of measurement of
porosity and pore size distribution (Brunauer—-Emmett-Teller [BET] nitrogen
and carbon dioxide sorption methods). Similarly, there are well-established
methods for quantifying the elemental compositions of coal or for quantify-
ing the minerals present in ash. However, for the remaining particle-level
processes, it is essential to develop and use single-particle models for gain-
ing a better understanding of these particle-level processes (proximate anal-
ysis, kinetics of drying, devolatilization, and combustion). Significant work
on the development of such models has been published. These particle-level
processes and experiments needed to gain a better understanding of these
processes are discussed in Chapter 3. The mathematical models required to
interpret the experimental data and obtain key kinetic characteristics of the
underlying particle-level processes are also discussed in Chapter 3. These
models can then be combined with engineering design/sizing models to
verify some of the established practices based on experience. These models
can also be combined with more detailed boiler-level models.

2.4 Boiler-Level Models

PC fired boiler-level models primarily focus on establishing a relationship
between boiler configuration and operating parameters and boiler perfor-
mance (fireball size and temperature, heat transferred to water walls and
various internal heat exchangers, unburned carbon in ash, etc.). These rela-
tionships are essentially based on an understanding of turbulent mixing,
reactive two-phase flow, exothermic heat generation, and radiative heat
transfer processes taking place in PC fired boilers. The aerodynamics of the
combustion zone must also be understood accurately not only to ensure that
the burner jets reach the center of the furnace at the correct location, but also
to stabilize the flame. The performance of a PC fired boiler is influenced
by different boiler-related parameters such as furnace volume, burner type,
excess air, distribution of coal/air, burner settings, and various coal-related
parameters such as quality of coal, char maceral content, and particle size
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distribution (Hurt et al., 1998; Walsh, 1997; Chen et al., 1992). Recent advances
in understanding multiphase flows, turbulence, and combustion, coupled
with advances in computing power and numerical methods, provide an
opportunity to develop an even better understanding of and better compu-
tational models for simulating coal fired boilers.

Computational models for simulating total boiler performance can be
grouped into two broad categories, namely (1) CFD-based models and (2)
reaction engineering models developed using the insights and data obtained
from the CFD models. The key aspects of these two models are briefly dis-
cussed in Section 2.4.1.

2.4.1 Computational Fluid Dynamics (CFD) Models

The development of advanced industrial burners, furnaces, and boilers
with the improved performance of higher efficiency and lower pollutant
emissions is the major goal of combustion researchers, and furnace design-
ers and manufacturers. To realize the goal, on one hand, the new techni-
cal concepts and novelties for different combustion routes and processes
must be continuously developed. On the other hand, more efficient and
economic tools, such as computer simulation using CFD technology, are
also extremely important for the design and development of new advanced
furnaces. In recent decades, compared with the traditionally experimen-
tal methods and physical modeling methods, computer simulation with
numerical methods is considered a more effective design tool (see Ranade
(2002), which discussed application of computational flow modeling for
several complex industrial multiphase reactors). Over the years, CFD has
evolved as a powerful design and predictive tool to simulate large util-
ity boilers as it can handle multiple complex and simultaneous processes
such as fluid flow, heat transfer, particle trajectories, and chemical reactions
(Baek et al., 2014 ; Park et al., 2013; Modelinski, 2010; Choi and Kim, 2009;
Belosevic et al., 2006; Pallares et al., 2005; Yin et al., 2002; Fan et al., 2001;
Eaton et al., 1999; Boyd and Kent, 1986).

The CFD models represent boiler-level processes occurring in PC boil-
ers with the help of mass, momentum, and energy conservation equations.
Several approaches have been used for developing such models. These mod-
els are essentially developed to carry out detailed simulation of flow, heat
transfer, and reactions occurring in PC fired boilers. These models involve
the formulation and solution of strongly coupled and nonlinear partial dif-
ferential equations. The solution of these models requires significant compu-
tational resources. A systematic methodology must be developed to obtain
useful results from these models and then use the results for realizing per-
formance enhancement in practice. These models are useful in evaluating
the influence of hardware configurations such as location and tilt of burn-
ers, swirl at burner, locations and configurations of internal heat exchang-
ers, air ingress, imbalance in temperatures of steam drums, heat transfer
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effectiveness, etc. These models provide useful insights and facilitate per-
formance enhancement. The development and solution of these models are
discussed in Chapter 4.

2.4.2 Reactor Network Models

As mentioned above, CFD-based models are computationally demand-
ing. The major demands on computational resources derive from the solu-
tion of momentum conservation equations. The flow in PC fired boilers
spans length scales over a large range, thus necessitating a large num-
ber of computational cells for acceptable resolution of these characteristic
length scales. Detailed CFD models are therefore not used for understand-
ing and evaluating the performance of PC fired boilers over large space
parameters simply because of the constraints on time and other resources
required for carrying out CFD simulations. Thus, significant efforts have
been made to develop lower-order phenomenological models that will
require significantly lower computational resources than those required
for CFD models.

Such phenomenological models typically solve mass and energy con-
servation equations without solving momentum conservation equations.
This greatly reduces the demand on computational resources. However,
the models therefore will have to make significant approximations about
the underlying flow processes occurring in the PC fired boiler. Typically,
the development of phenomenological models is based on the understand-
ing gained about flow processes, either from experimental measurements or
from CFD simulations. Considering the large size as well as distinctly dif-
ferent regions in a PC fired boiler, usually these phenomenological models
represent the PC fired boiler as a network of interconnected ideal reactors
and they are therefore called “reactor network models” (RNMs).

The number, location, size, and interconnectedness of these zones or
reactor networks are often based on CFD simulations. For each of these
zones/reactors, mass and energy conservation equations are developed
and solved. Particle-level processes can also be incorporated into these
models with the desired level of detail. For a given boiler configuration,
once such an RNM is formulated, the models can be used to evaluate the
influence of key operating parameters, such as the influence of coal com-
position, particle size distribution and flow rate, excess air, etc. Because
the computational demands are much lower than for the CFD models,
the RNM can be used to explore a wider parameter space. It is custom-
ary to use RNM for exploring a wider parameter space in order to short-
list the most promising operating window, which can then be evaluated
more rigorously using the CFD-based models. The details of the formu-
lation and solution of an RNM are discussed in Chapter 5. In principle,
it is also possible to automate the formulation of an RNM from the CFD
models and even couple the RNM with the CFD model so that it can
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be formulated on-line. Some comments on this possible automation and
coupling with the CFD model are also included in Chapter 5.

2.5 Applying Computational Models to Practice

In addition to the development of appropriate models, solution methodol-
ogy, and tools for implementing the solution methodology so as to gener-
ate simulated results, it is important to develop a systematic methodology
for using those simulated results. Some of the key purposes of carrying out
simulations are to

¢ Gain a better understanding of underlying processes.

e Establish relationships between the operating parameters and pro-
tocols with performance.

¢ Establish relationships between hardware design and configuration
with performance.

e Evolve and evaluate ideas (operation or design domain) for perfor-
mance enhancement.

* Fine-tune the most promising idea to facilitate its implementation in
realizing performance enhancement.

All these points look obvious. However, it is often not very straightforward
to execute these steps. Considering the complexity of PC fired boilers, com-
putational models developed to represent such boilers invariably involve
several submodels. These submodels and models involve several parame-
ters that must be obtained from independent experiments. More often than
not, in practice, the resources required for this (in terms of time, facilities,
and funds) are not available to the project team. The team has to identify a
smaller set of parameters that may have to be calibrated to establish a corre-
spondence between simulated results and reality. The guidelines for model
calibration are not readily available and need to be evolved based on experi-
ence and engineering judgment.

Typical performance enhancement projects involving computational mod-
eling start with clearly identifying performance enhancement objectives.
These objectives will guide what kind of models should be used. In most
cases in practice, it is also essential to use multiple models to achieve key
objectives. These models are used to first ensure that they capture the exist-
ing scenario with acceptable accuracy. After establishing this (if necessary,
with the help of calibration), the models are then used to gain better insight
into and evolve new ideas of performance enhancement, as mentioned
at the beginning of this section. The overall approach of using different
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computational models, solving these models using digital computers, and
extending the benefits of these models to realize performance enhancement
in practice are discussed in Chapter 6.

2.6 Summary

Judicious use of computational models allows design and operating engi-
neers to gain a better understanding of complex systems such as PC fired
boilers. The understanding gained through this modeling usually facili-
tates the evolution of creative ideas for possible performance enhancement.
Computational models allow numerical experiments to evaluate such new
and innovative ideas as well as identify the most promising option for imple-
mentation in practice. However, the inherent complexities of PC fired boilers
make the task of computational modeling these boilers quite complex. This
chapter discussed the overall approach for computational modeling of PC
tired boilers, which consists of multiple models, namely models for sizing/
selecting configuration of PC boilers (outside the scope of this book), boiler-
level models based on chemical reaction engineering (reactor network mod-
els), and computational fluid dynamics and particle-level models. Key aspects
of these different models were briefly outlined. The overall approach and cor-
responding organization of this book are shown in Figure 2.1. The approach
discussed here, combined with the details of three models as well as with
the methodology of applying these models (Chapter 6), will hopefully lead to
performance enhancement in practice and will further stimulate the devel-
opment and application of computational modeling of PC fired boilers.
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3

Kinetics of Coal Devolatilization and
Combustion: Thermogravimetric Analysis

(TGA) and Drop-Tube Furnace (DTF)

Coal is a heterogeneous mixture of organic material, moisture, and min-
eral matter in various compositions. The composition of coal varies widely,
depending on the time history under which the coal has undergone exposure
to heat and pressure (the process is called coalification). Coals are ranked
according to the coalification stage achieved and primarily are grouped into
four major types in ascending order of their rank: lignite, subbituminous,
bituminous, and anthracite.

The primary characterizations performed on coal—or any solid fuel—
are proximate, ultimate, and ash analyses along with an estimation of the
gross calorific value (GCV). The proximate analysis provides overall quan-
tification of the volatiles, fixed char, moisture, and ash present in the coal.
The ultimate analysis provides information about the carbon, hydrogen,
oxygen, nitrogen, and sulfur (CHONS) present in the coal. The ash analy-
sis provides details about ash constituents such as the oxides of silicon,
aluminum, calcium, iron, magnesium, potassium, sulfur, etc. The GCV
provides the total heat content of the coal along with the heat of condensa-
tion of water in the combustion products. The GCV is primarily estimated
through experiments; otherwise, various empirical correlations such as
Dulong’s formula and its variant can be used (Sarkar, 2009; Parikh et al.,
2005). The net calorific value (NCV), which is the net heat content of the
coal, is calculated from the GCV based on the moisture and sometimes
hydrogen present in the coal (American Society for Testing of Materials
[ASTM] Standard D5865).

The organic matter present in coal is heterogeneous in composition, con-
sisting of different types of macerals (microscopic components). During the
combustion of coal particles, each type of maceral exhibits a different behavior
in terms of swelling, volatiles yield, char structure, and reactivity. Therefore,
more recently coals have also been classified according to the nature of their
microscopic maceral/petrographic analysis. The organic material is divided
into three groups (Speight 2013): vitrinite (woody materials), exitnite (spores,
resins, and cuticles), and inertinite (oxidized plant material). For most coals,
the vitrinite group is the major constituent. Microscopic studies show that
coal may be made up of a single maceral or a combination of macerals (Gupta
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et al, 1999). Due to the optical properties of vitrinite, the vitrinite reflectance
is used as an indicator of rank. Figure 3.1 shows typical characteristics of
various coals. Classification of coal based on vitrinite reflectance indicates
that peat has the lowest vitrinite reflectance (R,,,, = 0.2%), and anthracite has
the highest vitrinite reflectance (R, = 7%) and thus the highest rank. The
other key characteristics, such as moisture content, carbon content, volatiles
content, and gross calorific value, are also indicated in Figure 3.1.

There are coking and non-coking types of coal. Steel industries are the
primary consumers of coking coal, and power utilities as well as other
process industries typically use non-coking coal. The non-coking coals are
classified based on their calorific value. Normally in India D, E, and F coal
grades are available to utility industries; the E grade, which has an ash
content greater than 35%, is commonly fired in most PC boilers operating
in India. Typical characteristics of the Indian non-coking coals are shown
in Figures 3.2, 3.3, and 3.4.

A useful graphical representation of various types of solid fuels can be
obtained from a Van Krevelen diagram. This is essentially based on a rela-
tionship between the ratio of atomic hydrogen to carbon (H/C: hydrogen
index) and the ratio of atomic oxygen to carbon (O/C: oxygen index) present
in coal on a dry and ash-free basis (daf basis). Typically, anthracite has the
lowest oxygen content (max ~0.2), which progressively increases in lignite
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FIGURE 3.1

Typical characteristics of different coals (data from Diessel, 1992). (daf: dry ash-free basis, R,,:

maximum vitrinite reflectance.)
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Ash fusion temperature data of non-coking coal (D, E, and F grade) commonly found in Orissa,
India (data from Kumar and Patel, 2008).

(max ~0.4) and peat (max ~0.5). An approximate relationship between these
ratios (on a daf basis) can be represented as

10(H/C) = 1.2 - 1.4 (O/C) + 0.7 3.1)

Biomass has a higher oxygen content, and the above equation may hold
approximately for biomass as well.

Simple analyses such as proximate, ultimate, and ash analyses discussed
above do not provide any information on the rates of processes such as dry-
ing, devolatilization, and char combustion of coal particles (see Figure 1.3 in
Chapter 1). These processes are quite complex and depend on many factors.
The loss of moisture takes place very rapidly in a typical PC fired boiler. The
kinetics of drying therefore are not discussed here because they are not rel-
evant for the modeling of coal combustion in a PC fired boiler. As discussed
in a previous chapter (Chapter 2), it is important to quantify devolatilization
and combustion kinetics in order to develop a computational model for a PC
fired boiler. Coals with similar properties such as GCV and ash content may
show very different devolatilization and combustion behaviors. The ther-
mogravimetric analyzer (TGA) and drop-tube furnace (DTF) are commonly
used to understand and quantify the rates of devolatilization and char com-
bustion. Particle-level models are used to process TGA and DTF data. The
details of such characterizations using TGA and DTF are discussed in this
chapter. Before that, a general discussion of these processes is included in
Section 3.1.
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Schematic of coal combustion processes. Reprinted from Proceedings of Combustion, 28(2),
Williams, A., Pourkashanian, M. and Jones, ].M. “The Combustion of coal and some other fuels’,
2141-2162(2000) with permission from Elsevier.

3.1 Coal Devolatilization and Combustion

The process of the combustion of pulverized coal particles starts with the
heating of coal particles, followed by loss of moisture (100°C to 150°C),
release of volatile materials (280°C to 350°C), and combustion of char (fixed
carbon). Ash is left behind as a final solid product, with some unburned car-
bon trapped in the ash matrix. The general processes that take place during
coal combustion are schematically shown in Figure 3.5.
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Devolatilization is the thermal decomposition of coal where the volatile
material present in the coal is released in gaseous form, such as CO, CH,,
NH;, H,S, tar, etc. Depending on the temperature and heating rate experi-
enced by the coal particles, the devolatilization products and their yields
can vary. Commonly, TGAs are used to quantify the rates of devolatiliza-
tion. It should be noted that a typical TGA allows for rather low heating
rates (~<1K/s) of coal particles. In real PC fired boilers, particles may experi-
ence orders of magnitude higher heating rates, which may in turn influence
the devolatilization process. Occasionally, fast pyrolyzers, which may allow
high heating rates (up to 10°K/s), are used for quantifying devolatilization
processes. Another widely used experimental set-up for this purpose is the
drop-tube furnace (DTF). The scope of this chapter is restricted to discus-
sions of TGA and DTE. Both of these instruments may be attached to mass
spectroscopy (MS) or gas chromatography (GC) to analyze the reaction prod-
ucts emanating from the devolatilization and combustion processes. An esti-
mation of the kinetics of devolatilization and char combustion using TGA
and DTF is discussed in Sections 3.2 and 3.3, respectively. Some general com-
ments and a brief review of devolatilization and char oxidation (combustion)
models are included here.

There are a number of approaches for modeling the complex devolatil-
ization process (summarized in Table 3.1). The single reaction model (SRM)
and multireaction model (MRM) are two broad categories under which these
models can be categorized. A single first-order reaction is the most com-
monly used SRM, while a distributed activation energy model (DAEM) is the
most widely used MRM. The more exhaustive and advanced methods based
on a functional group approach, such as functional group depolymerization,
vaporization, cross-linking (FG-DVC, Solomon et al., 1988), FLASHCHAIN
(Niksa and Kerstein, 1991), and chemical percolation devolatilization (CPD,
Fletcher and Kerstein, 1992), are quite useful in predicting the volatile yield
and its composition at various heating rates and operating pressures. The
details of each model can be found in the literature cited in Table 3.1. Such
models are supported based on numerous coal structure-level information
and measurements. There are advancements on such models that can inter-
polate devolatilization behavior for any coal based on the existing library of
coal. In the absence of more detailed information, a simple SRM model can
be used.

The process of char combustion is of central importance in industrial PC
fired boiler applications. The overall process of coal transformation is quite
complex and involves many distinct steps. There are many parameters, such
as particle size, char mineral content, and fragmentation of the char particle,
that affect the reaction rate (see Figure 1.3 in Chapter 1). The rate-limiting
step in the combustion of a char particle may be either a chemical reaction,
gaseous diffusion to the particle, or some combination of these two factors.
Generally, three zones are defined, namely
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Zone I: Chemical reaction is the controlling step. It occurs at low tem-
peratures or with small particles. As the chemistry is slow, the gas
species are transported fully inside the coal particle. The char com-
bustion rate shows a reaction order of 0.6 to 1.0 toward oxygen. The
typical temperature is <600°C

Zone II: Both chemical reaction and pore diffusion control. Gas species
are partially transported inside the coal particle. The char combus-
tion rate shows a reaction order of 0.6 to 1.0 toward oxygen. The typi-
cal operating temperature is 600°C to 1,400°C.

Zone III: Bulk mass transfer of oxygen controls, or the particles are of
large size. As the chemistry is fast, the reaction takes place close to
the particle external surface area. The char combustion rate shows
a reaction order close to 1.0 toward oxygen. The typical operating
temperature is >1,400°C.

It has been common practice to relate experimental char burning rates to the
external char surface area, even when pore reactions can occur. The resulting
rate of reaction is called “global” because it incorporates the influence of the
pore surface area.

The commonly used methods for characterizing char oxidation are TGA
and DTF or its variants such as entrained flow reactor, laminar flow reactor,
or wire mesh reactors. A brief summary of these methods is included in
Table 3.2. A review by Solomon et al. (1992) may be referred to for details on
experimental methods to study coal pyrolysis/devolatilization.

The TGA- and DTF-based experiments provide useful information on the
yield of volatile products and rates of devolatilization and char combustion
(reactivity of char). Different basic char burnout models are summarized in
Table 3.3 (from Williams et al., 2000). Numerous enhancements to these basic
models have been proposed (mainly to capture reduced oxidation rates in
the high conversion range) and are summarized below:

* Based on petrography, ash content, and heterogeneity of material
e Thermal annealing

¢ Extinction and near-extinction phenomena

Hurt and co-workers (2003, 1998) developed a statistical model that addresses
the heterogeneity in both reactivity and density. Thermal annealing of the fuel
matrix has also been observed (Hurt and Gibbins, 1995), which may affect
char reactivity. However, this effect is thought to affect primarily the initial
stages where the maximum temperatures are reached, rather than affecting
the final stages of the particle’s combustion history (Sun and Hurt, 2000). The
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Brief Summary of Experimental Techniques for Coal Characterization

Experimental Technique: Thermogravimetric Analysis (TGA)

Refs.

Operating Condtions

Key Features

Sarkar et al.
(2014)

Farrow et al.
(2013)

Yuzbasi and
Selcuk (2011)

Seo et al. (2011)

Sahu et al.
(2010)

Jones et al.
(2005)

Cloke et al.
(2002)

Alonso et al.
(2001)

Morgan et al.
(1986)

Cumming
(1984)

Non-isothermal TGA: Sample mass = 20
mg, heating rate (10K/min) and particle
size (~75 pm), air flow rate = 50 ml/min,
temperature = 1,023K.

DTF: ¢ = 100 mm, L =2,500 mm, and T =
1,273K, 20% excess air.

Pyrolysis heating rate (50 K/min) and
particle size (125-250 um (biomass);
53-75 (coal)), air flow rate = 50 ml/min,
temperature = 1,123K. Oxidation studies
were performed as isothermal
temperature.

DTE: T = 1,173-1,573K, N,/CO,/ oxy-fuel.

Non-isothermal TGA: Sample mass = 12
mg, heating rate (40K /min) and particle
size (<100 pm), N, and CO, = 70 ml/min
(pyrolysis), air flow rate = 45 ml/min
(oxidation), mixed in various proportion
for oxy-fuel combustion studies,
temperature = 1,223K.

Non-isothermal TGA: Sample mass = 800
mg, heating rate (5-30K/min) and
particle size (~60-70 um), air flow rate =
3.01/min, temperature = 1,173K.

Non-isothermal TGA: Sample mass = 20
mg, heating rate (10K/min) and particle
size (~75 um), air flow rate = 50 ml/min,
temperature = 1,023K.

Non-isothermal TGA: Sample mass = 15
mg, heating rate (25K /min) and particle
size (~75-90 um), air flow rate = 50 ml/
min, temperature = 1,173K.

Non-isothermal TGA

Non-isothermal, HR = 25K/min; sample
mass 13 mg; air 50 ml/min (for
oxidation, 1,273K); N, 50 ml/min (for
oxidation, 1,173K).

Standardization of sample mass (~5 mg),
heating rate (20K/min) and particle size
(<75 pm).

Non-isothermal, HR = 15K/min; sample
mass-20 mg; air-75 ml/min.

Co-combustion studies of
sawdust, sawdust char, and
coal in TGA and drop-tube
furnace.

Influence of co-firing of
biomass and coal under
oxy-fuel conditions, sawdust,
pinewood, and a South
African coal in TGA and DTE.

Lignite and olive residue and
their 50-50% blend under
air and oxy-fuel conditions.

TGA experiments on coal
with online gas analyzer.

Co-combustion of coal and
biomass to estimate kinetic
parameters and ignition
index.

Devolatilization
characterstics of 3 ranks of
coal and pinewood blends
(25%-75%).

Intrinsic reactivity of 14 coal
samples.

Effect of vitrinite and
inertinite content on coal
combustion.

Predicted effect of rank on
char reactivity.

Proposed reactivity
assessment via a weighted
mean activation energy.
Tested 22 coal samples of all
ranks.

(Continued)
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TABLE 3.2 (Continued)

Brief Summary of Experimental Techniques for Coal Characterization

Experimental Techniques: Drop-Tube Furnace (DTF)/Entrained Flow Reactor (EFR)/

Laminar Flow Reactor (LFR)

Refs. Operating Condtions Key Features
Wang et al. ¢ =50 mm, L =1,300 mm; T = 1,373K; Experiments on RDE, rice
(2014a) solids fuel rate = 25 g/hr; husk, straw, and coal.
Primary + Secondary air flow rate =221/
min.
Wang et al. ¢ =50 mm (outer), ¢ =38 mm (inner), L= Bituminous coal under three
(2014b) 1,300 mm; oxy-fuel condtions (under

Li et al. (2013)

Haykiri-Acma
et al. (2013)

Chi et al. (2010)

Chen and Wu
(2009)

Jimenez et al.
(2008)

Yoshizava et al.
(2006)

Ballester and
Jimenez (2005)

T =1,373K (max temperature),

¢ =50 mm, L =1,300 mm;
T =1,073K; 1,273K; 1,473K; 1,673K;
N, as inert gas flow rate = 500 ml/min.

& =50 mm, L =720 mm;
T =873K; 973K; 1,073K; 1,173K.

& =500 mm (outer), ¢ = 200 mm (inner), L
= 1,500 mm (ignition section), L = 2,000
mm (burnout section), total length =
3,500 mm;

T =1,123K, and 1,623K (max
temperature);

Fuel feeding rate = 1.2 kg/hr.

T =1,400K, Carrier gas (N,) =2 L/min,
Reactor gas (N,) =2 L/min.

0 =78 mm, L =1,600 mm;

T =1,073K; 1,203K; 1,313K; 1,448K.

O =42 mm, L =800 mm;

T =400-1523K; HR = 10>-10°K/s.
0 =78 mm, L =1,600 mm;

T =1,313K; 1,448K; 1,573K; 1,723K.

0,-CO, gas environment) at
1,100°C. Measured NOx
formation under various
conditons.

Co-pyrolysis behavior of
sawdust and Shenfu
bituminous coal blends in
various ratios were tested.

Low tempeature (600-900°C)
experiments on biomass
oxidation.

Ignition behaviors of
pulverized coals and coal
blends in a drop-tube
furnace using a flame
monitoring system.

Pulverized coal and rice husk
blends.

Devolatilization and
oxidation of pulverized
biomass (Cynara
cardunculus) to estimate
kinetic parameters from
DTF data.

Swelling characteristics of 11
types of coal.

Anthracite coal at various
operation temperatures and
O, concentrations. Proposed
method to estimate the
kinetic parameters from
drop-tube furnace data.
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TABLE 3.2 (Continued)

Brief Summary of Experimental Techniques for Coal Characterization

Experimental Techniques: Drop-Tube Furnace (DTF)/Entrained Flow Reactor (EFR)/
Laminar Flow Reactor (LFR)

Refs. Operating Condtions Key Features
Zhang et al. ¢ =200 mm, L = 2,500 mm; Used AUSM turbulence
(2005) T =1,523K. chemistry model of char

combustion to predict
influence of particle
temperature fluctuation on
char combustion rate.

Cloke et al. T =1,573K; Effect of inclusion of char
(2003) op = 600 ms; 5% O,. morphological data in CBK
model.
Hurt et al. T =1,423K; tp = 500 ms. Char conversion data
(1998) simulated with models
based on CBK and global
rate.
Card and Jones ¢ =25mm, L =2,500 mm; Used light-scattering
(1995) T=1573K;1p=2.5s. technique to study coal

combustion and fly ash
formation in DTE.

Nandi and 0 =25mm, L =1,260 mm; Influence of ash, vitrinite,
Vleeskens T=1,573-1,773K; tp = 1.2 s. and inertinite on char
(1986) burnout in DTE.

Hindmarsh et Wire mesh reactor and entrained flow Comparison of pyrolysis
al. (1995) reactor. carried out in wire mesh

reactor and entrained flow
reactors.

Note: ® and L are internal diameter and length of DTF tube, respectively.

presence of inorganic material may also reduce oxidation rates through differ-
ent mechanisms (Zolin et al., 2001). As char burns, this factor will have increas-
ing influence as the ash content of the particles increases with burnout and
particle residence time. Extinction and near-extinction phenomena may cause
an abrupt decrease in the oxidation rate of individual particles (Zolin et al,,
2001; Hurt et al., 1998; Essenhigh et al.,, 1999), thus contributing to a reduction
in the global conversion rate. The details of such models can be found in Hurt
et al. (1995, 1998, 2000, 2003).

Smith (1982) has proposed generalized expression for the intrinsic reactiv-
ity of char for various types of coal as

42.8

Rate(gm/cm?*/s) = 305 R (3.2)

where T, is the temperature of the particle in Kelvin and R is the universal
gas constant.
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TABLE 3.3

Char Burnout Models

Source and Key Features Data

Baum and Street (1971) E and A vary from

coal to coal

dm. _ —aD*pRT Xo, (Rigly 4R )71
dt Mo,

where m, is the mass of the coal particle, D is diameter of the particle, p
is density of particle, R is the universal gas constant, T is the
temperature, X is the mole fraction of species, M is the molecular
weight of species, R, is the chemical rate coefficient/unit external
surface area, Rris the diffusional reaction coefficient.

In these expressions, the rate of mass loss by combustion depends on
particle density, diameter, and the ratio of reacting surface to external
surface area of the particle.

Intrinsic reaction rates: Smith (1982) E =179.4 k] /mol
161 + 6 k] /mol
Pi = Po/Myo,AZ[C, (1 - X)1"

where p;is the intrinsic reactivity, p, is the observed reactivity, 1 is the
effectiveness factor, yis the characteristic size, o, is the apparent
density, A, is the total surface area, C,is the oxidizer concentration, m
is the true reaction order, and X is the fractional burnout.

Hampartsoumian et al. (1998) E =167.3 k] /mol
R, = exp™) 079 ALOICOITE)
[1.4(vit,, + 0.83vit,s)] - [0.6(Ing + 1.61n8)]

where vit,, and vit, are the fractions of matrix and pseudo vitrinite,
respectively;
Ing and In; are the fractions of low reflectance and high reflectance
inertinite, respectively; and C is carbon content (%).
Hurt et al. (1998) n=0.>5

E =146.3 KJ /mol
R=mAS e E/RT puc,

where A, is the preexponential factor, S is the total surface area/mass,
P, is the oxygen partial pressure, n is the apparent reaction order, and
C is the carbon mass in the particle.

Extended Resistance Equation: Essenhigh and Mescher (1996)

1 1 1 1
—= + +—
Ry kpyox Ekwox €Eks

where R; is the specific reaction rate at the particle surface, kp, is the
oxygen diffusion velocity constant, k, and k, are the adsorption and
desorption velocity constants, respectively, and € is the reaction
penetration factor.

Source: Reprinted from Proceedings of the Combustion Institute, 28(2), Williams, A.,
Pourkashanian, M., and Jones, ].M., pp. 2141-2162 (2000). With permission from
Elsevier.
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Typically, char oxidation studies are performed on a drop-tube furnace
because it resembles the operating conditions of the PC fired boiler, such
as high heating rate and short residence time (excluding turbulence). Many
times, due to the simplicity of the TGA instrument, it is also used for char
oxidation studies. Details of coal characterization using TGA and DTF are
discussed in Sections 3.2 and 3.3, respectively.

3.2 Coal Characterization Using
Thermogravimetric Analysis (TGA)

The thermogravimetric analyzer (TGA) allows a user to monitor the change
in weight of a known quantity of solid sample as a function of time and tem-
perature. The TGA is routinely used to characterize coal and a variety of other
materials, including biomass, medical wastes, waste car tires, printed circuit
boards, and sewage sludge (Gasparovie et al., 2012). Typically in a TGA experi-
ment, a small coal particle is placed on a load cell in an enclosure with a con-
trolled atmosphere. The weight of the particle is continuously monitored while
the particle is either heated at a specified rate or the temperature is maintained
for a desired period of time. Devolatilization is characterized by maintaining
an inert atmosphere (e.g., N,), while char combustion is characterized in the
presence of dilute oxygen (6% to 7%), air, or pure oxygen. Typically, only a
small amount (2 to 20 mg) of sample is required, and the TGA is comparatively
simple to operate. There are two methods used to perform TGA studies:

1. Isothermal, where the sample is maintained ata constant temperature

2. Non-isothermal, where the sample is heated at a constant rate (~10
to 60K/min)

Standards for carrying out proximate analyses for coals using TGA from
both the American Society for Testing and Materials and the International
Organization for Standardization (ASTM D7582-12 and ISO 17246:2010)
have been prescribed. These standards provide proven methods to deter-
mine the components of the coal sample and also to ensure the reproduc-
ibility of results.

Isothermal methods are typically significantly more time consuming and
are usually used to characterize up to the first 50% of weight loss. For exam-
ple, at 500°C and with air as the medium, typical residual unburned char
may take 3 to 4 hr to reach 50% conversion and a further 8 to 10 hr to reach
99% conversion. Non-isothermal methods have the advantage of being able
to achieve complete conversion in a single and shorter experimental time.
This also helps in comparing various types of fuel and their reactivities in a
short period of time. The processing of data obtained from non-isothermal
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experiments is more complex than that obtained from isothermal experi-
ments. The devolatilization and char combustion kinetics are usually esti-
mated from the observed weight loss behavior during the process of heating
the particle at a constant rate (usually with a heating rate of 5 to 20K/min)
from 473K to 1,173K. Virtually all chars of interest for pulverized fuel com-
bustion are converted by 1,173K, which is within approximately 1 to 3 hr.
Thermogravimetric (TG) and differential TG (DTG) curves are generally
analyzed to estimate characteristic temperatures such as peak tempera-
ture at the maximum weight loss rate, temperature at which 50% burn-off
or devolatilization occurs, the burnout temperature where the DTG profile
reaches a 1% combustion rate at tail end of the profile, maximum dw/dt (%/
min), and kinetics of combustion and devolatilization.

3.2.1 Typical Example of a TGA Experiment

A typical TGA experiment and the data obtained from it are illustrated here.
A sample of a typical subbituminous type high-ash coal commonly used in
thermal power plants in India is used for this experiment. The proximate
analysis of the coal was (VM: volatile matter; FC: fixed carbon):

moisture:ash:VM:FC :: 12:41:23:24
and the ultimate analysis of the coal was
C:H:N:S:O :: 37:2.26:0.85:0.33:6.53

The coal sample (~4.8 to 5 mg) in the size range between 70 and 90 um was
selected in order to avoid the influence of mass and heat transfer during the
process of thermal decomposition of the sample (Aboyade et al., 2012). The
sample was placed in a platinum crucible of 100-uL capacity, suspended
from the balance unit on a hang-down hook. The air-cooled furnace with a
maximum temperature of 1,200°C was heated with four infrared (IR) bulbs.
Previous studies have indicated that parameters such as heating rate (5 to
50K/min), mass of sample (<20 mg), flow rate of inert/air to the sample,
etc. do not influence the overall trends of the results (Russell et al., 1998).
Following the suggestion of Morgan et al. (1986) to avoid ignition of the
sample, we used a coal sample of 5 mg that was heated with a 20K/min
heating rate in this illustrative example. A temperature-ramped non-iso-
thermal method as discussed in Russell et al. (1998) was used to character-
ize the coal.

For characterizing devolatilization, nitrogen (N,) gas was passed through
the furnace section over the sample. The N, flow rate was kept at 20 ml/
min for the sample and 40 ml/min for the balance. The sample was heated
with a ramp of 20K/min from a temperature of 30°C to 110°C. It was then
kept at 110°C for 10 min so that the moisture present in the coal evaporates.
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The sample was further heated to 900°C with a ramp of 20K/min so that
the volatile material is released from the coal, leaving behind the char and
ash. For characterizing char oxidation, the furnace was quickly cooled to
400°C in the presence of N,, and then the air flow was purged over the
sample at a flow rate of 100 ml/min and 20 ml/min N, for the balance. The
sample was then heated to 900°C with ramp of 20K/min so that the char
is oxidized. Data analysis was achieved using thermal analyzer software
(Thermal Analyst 5000, TA Instruments, New Castle, Delaware). Typical
TGA data after post-processing are shown in Figure 3.6. Processing this
data to estimate devolatilization and char combustion kinetics is discussed
in Section 3.2.2.

3.2.2 Processing TGA Data

TGA data have been used to extract the kinetics of devolatilization since
the beginning of the twentieth century (Caballero and Conesa, 2005). Then,
the approach mostly consisted of fitting the TGA data via linear regression,
wherein the differential or integral form of the rate equation was manip-
ulated to obtain a straight-line plot from which the unknown parameters
were extracted. As a first approximation, a single first-order step (reaction)
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FIGURE 3.6 (See Color Insert.)
Typical results for devolatilization of high-ash coal (TGA: weight loss, DTG: rate of weight loss).

Moisture:ash: VM : FC :: 12:41:23:24
C:H:N:5:0:37:2.26:0.85:0.33:6.53
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model (one pair of Arrhenius parameters: frequency factor and activa-
tion energy) is fitted to represent the TGA data. Iso-conversional methods
(methods wherein the kinetic parameters are derived without assuming
any reaction mechanism) such as the Kissinger-Akahira-Sunose Model, the
Ozawa-Flynn-Wall model, and the Friedmann method can also be used to
derive the kinetic parameters (Damartzis et al., 2011). If the process cannot be
described adequately by a single first-order reaction model, either n'h-order
single reaction models or multistep (multireaction) models (MRMs) are used.
The most widely used MRMs include the multiple pseudo-component first-
order reactions and the DAEMs.

The basic idea of the DAEM is that there are an infinite number of reactions
occurring simultaneously during the devolatilization/pyrolysis of coal. This
distribution of activation energies corresponding to these infinite reactions
is often represented by a distribution function of activation of energy f(E).
This is a common feature in all DAEMs. Several variants of DAEM are used
in which f(E) and the reaction orders differ. Here, a generalized equation
has been formulated from which variations of various SRMs and MRMs to
simulate the TGA data can be deduced. A typical reaction occurring in a
TGA experiment may be represented as a first-order reaction. Kinetics of
devolatilization of the i*h reaction are represented as

dv;
dt

= ko (Vi = Vi) 33)

where V; is the mass of volatiles released at time ¢, V;* is the total mass of
volatiles originally available for the i reaction, k,; is the kinetic rate con-
stant; the effect of temperature on the rate constant is assumed to follow the
Arrhenius law:

Evi

koo Al (3.4)

The simplest model to process TGA data assumes just one single reaction
and estimates the frequency factor and activation energy using Equations
(3.3) and (3.4). It is also possible to model it using multiple pseudo-compo-
nents, each proceeding with a single activation energy (M-SRM or M-n-
SRM) contributing (with a weightage w;) to the devolatilization. The other
extreme is to represent the devolatilization by infinite parallel reactions hav-
ing activation energies ranging from zero to infinity. In this approach (the
distributed activation energy approach), the amount of volatiles (dV) that
would release having an activation energy between E, and (E, + dE,) can be
written as

Ev+dEy

av=Vv" ﬂ f(E,)d(E,) (3.5)
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A generalized equation representing devolatilization can be formulated
for a non-isothermal TGA experiment conducted at heating rate B (K/min),

Ev

V " G fT ﬂe(’RT)dT
1-V=2wjf e f(E)AE, for n=1 (3.6)
0
£

Ev (1%)
i o T ﬂe('ﬁ) "
1-V Ew,fo 1-A-me™" " f(E)E, for n=1 (37)
=1

_7=
]

where j is the number of reactions, m is the total number of reactions, # is the
order of the reaction, and w is the weighing factor.

For solving Equations (3.6) and (3.7), the distribution function of the acti-
vation energy f(E) must be assumed. Various distribution functions have
been used; some of the most commonly used ones are the Dirac delta dis-
tribution (for SRMs), logistic distribution, and Gaussian distribution. The
Gaussian and logistic distributions with standard deviation ¢ and mean
activation energy E, can be written as Equations (3.8) and (3.9), respectively:

f(E)= ﬁ e 3.8
(-5
fE)=—"— ¢ 2 (39)
O'\/§ 1+ e(_%(E—UEU ))

These distributions are shown in Figure 3.7 for a specific set of parameters to
illustrate their differences.

Using such a generalized formulation, key parameters of devolatilization
occurring in TGA experiments can be obtained by carrying out optimization
to minimize the following objective function:

N

F= Z(yexpz ~Yain. ) (3.10)

zZ=

The quality of fit is gauged by calculating the mean average error according
to Equation (3.11). The standard deviation of the mean average error was also
calculated to compare the quality of fit.

N» —y.
Mean average error (%) :E E ey = Ysin:) 100 (3.11)

=1 yexpz Nz
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FIGURE 3.7
Comparison of Dirac delta, logistic, and Gaussian distribution (E0 = 175 and ¢ = 10 for the latter
two distributions).

Typical application of DAEM to the TGA data obtained from various sources
is shown in Figure 3.8 (taken from Jain et al., 2014).

It should be noted that inherent assumptions in this analysis are that a
change in particle temperature is assumed to be proportional to the heating
rate, and that gas-phase reactions are neglected.

The methodology to solve the DAEM equations can be categorized into
two groups: the first one is a methodology wherein the functional form of
the distribution of activation energy, f(E,), is assumed, and the second is a
method proposed by Miura (1995) and Miura and Maki (1998) in which the
functional form of the distribution of activation energy need not be assumed.
Cai et al. (2011) have recently carried out a critical study of the Miura-Maki
method and concluded that the method may lead to errors in the estimation
of ko. A study by Fiori et al. (2012) pointed out that the Miura-Maki method
could be applied to a restricted range of conversion. Some of the key efforts to
process TGA data using the DAEM approach can be found in Jain et al. (2014).

Despite sophisticated models such as DAEM, more often than not, TGA
data are still processed with SRMs. One of the reasons is that SRMs are rela-
tively straightforward to implement in the more complex models of simu-
lating PC fired boilers (see Chapter 4). In order to improve the fit with the
experimental data, it is often necessary to divide the overall range of tem-
perature used in a TGA experiment into different parts and then fit different
parameters for each sub-range of temperatures. A typical TGA is shown in
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Comparison of published TGA data with the simulated results (Jain et al., 2014).

Figure 3.6, which shows three curves: (i) TG curve plotted as the change in
the normalized weight of volatile (%) with respect to temperature and super-
imposed with (ii) DTG curve (%/sec), and (iii) simulated TGA results. It can
be seen from this figure that the devolatilization starts around 600K, which
was commonly observed for other types of coals. The rate of weight loss
curve (DTG: differential thermogravimetric curve) also confirms the same.
The DTG peak temperature (PT), which represents the temperature at the
maximum rate of weight loss of 0.1812%/s, was found to be 719.4K. The tem-
perature at which the 50% weight loss occurs was recorded as 767.25K.

The TGA model was simulated and fitted to experimental data to obtain
kinetic parameters for devolatilization. The model could not capture the com-
plete section of weight loss profile for devolatilization with a single set of A,
and E,. The overall range was therefore split into three sub-ranges (indicated
by Roman numerals in Figure 3.6). The first sub-range was 600K to 830K, in
which the devolatilization starts and achieves more than 60% weight loss.
The second sub-range of 830K to 940K accounts for ~20% weight loss. The
third sub-range was 940K to 1,100K, where the remaining 20% weight loss
takes place. The kinetic parameters estimated for these three sub-ranges are
listed in Table 3.4. It can be seen from Figure 3.6 that the fit achieved using the
three sub-ranges is quite adequate. For illustration purposes, the splitting of
the overall range into different sections was done manually here. However,
optimization tools can be used to carry out this operation.

For char combustion, further assumptions are needed. Some of these are (1)
the char combustion reaction is based on the external surface area of the coal
particle; (2) char oxidation is first order, with oxygen partial pressure at the sur-
face (which may be taken to be the same as that of the bulk gas); and (3) the size of
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TABLE 3.4
Parameters Obtained from TGA Data

Devolatilization Kinetic Parameters

Temperature Range (K)  Preexponential Factor, A, (1/s) Activation Energy, E, (kJ/mol)

600-830 3282.00 82.42
830-940 32.44 62.48
940-1100 4.48 62.48

Char Oxidation Kinetic Parameters

Preexponential Factor, A, (kg/

Temperature Range (K) m?s.Pa) Activation Energy, E. (kJ/mol)
700-773 8.96E+08 198.16
773-805 1.52E-04 14.09
805-913 4.41E-05 14.09
913-1000 5.33E-03 65.34

the particle remains constant (density of the particle changes) during the experi-
ment. Typical TGA data obtained for char combustion are shown in Figure 3.9.
This figure shows three curves: (i) TG curve plotted as the change in the normal-
ized weight of char (%) with respect to temperature, (ii) DTG curve (%/sec), and
(iii) simulated TGA data. The char was heated from 700K to 1,173K, and it was
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FIGURE 3.9 (See Color Insert.)
Results of char oxidation of a typical high-ash coal (TGA: weight loss; DTG: rate of weight loss).

Moisture : ash: VM : FC :: 12:41:23:24
C:H:N:5:0:37:2.26:0.85:0.33:6.53



Kinetics of Coal Devolatilization and Combustion 53

found that above 980K there was negligible change in the weight loss. This tem-
perature of 980K therefore may be considered the burnout temperature (BT) of
char. Analysis of the DTG curve for char combustion shows two peak tempera-
tures (PT1 and PT2), as shown in Figure 39. The PT1 was observed at 769.1K at a
maximum rate weight loss of 0.4394%/s and PT2 at 872.6K at 0.1064%/s.

The TGA model was simulated and fitted to experimental data to obtain
kinetic parameters for char oxidation (Figure 3.9). Similar to the devolatilization
data, the model could not capture the weight loss profile for char oxidation with
a single set of A, and E.. Therefore, the whole range was divided into four tem-
perature sub-ranges (I-1V) for fitting the data. The first temperature range was
from 700K to 773K, in which almost 40% of the char reacts. The second tempera-
ture range was 773K to 805K, where there was around 20% change in weight
and this was found to be slower than in the first range. The third sub-range was
800K to 913K, in which more than 30% of the char was oxidized. The remain-
ing 10% char was found to oxidize in the fourth temperature sub-range of 913K
to 1,000K. The model parameters in each range are listed in Table 34. It can be
seen that the kinetic parameters for the first range (showing very fast reactivity
of coal) are quite different from the three other temperature sub-ranges. Once
the reactive char is oxidized, the rate of reaction slows down and the same can
be observed for steps II to IV. Sophisticated optimization tools are available to
carry out fitting of the TGA data illustrated here (Deb, 2012; Rao, 2009).

TGA experiments and data processing offer a quick way of characteriz-
ing coal samples and estimating the key kinetic parameters of devolatiliza-
tion and char combustion. TGA experiments and data processing provide
insight into the reactivity of fuels and can be useful in quickly comparing
them. However, TGA data are limited to rather low values of temperature
ramp rate (~1K/s). In real PC fired boilers, coal particles experience much
more rapid heating compared to the temperature ramp rates possible in TGA
experiments. Very rapid heating of coal particles may alter the various physi-
cochemical changes occurring in the process and thus may influence reac-
tivity and therefore kinetics. The kinetics estimated from TGA experiments
therefore may not be directly used while simulating PC fired boilers. It is
possible to achieve reasonably high heating rates of particles in a drop-tube
furnace (DTF). The DTF experiments and corresponding data processing are
therefore expected to provide estimates of kinetics that may be directly used
for simulating PC fired boilers. This is discussed in Section 3.3.

3.3 Coal Characterization Using the Drop-Tube Furnace (DTF)

The quality of coal can be estimated based on proximate and ultimate analy-
ses. As discussed earlier, TGA provides a convenient and quick way to assess
the devolatilization rates and intrinsic (or chemical) char reactivity at rela-
tively low temperatures (and at low heating rates). TGA avoids the spurious
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effects due to diffusion limitations and also provides sufficient time for
accurate measurements (Russell et al., 1998). The heterogeneity of the mac-
eral content of char, which typically shows two peaks in the DTG plot, can
be easily assessed by TGA. However, more often than not, it is essential to
characterize coal, especially char combustion, at higher heating rates. DTF
experiments are used to obtain such data. Because of the high heating rates
offered by DTE, devolatilization is very fast and difficult to characterize via
DTF experiments. Devolatilization for fuels that have very high volatile con-
tent (e.g., biomass) may however be characterized using the DTF (Jimenez
et al., 2008).

The DTF systems are relatively simple and inexpensive (compared with
scaled-down combustion systems) and have the ability to mimic key full-
scale combustion conditions. In DTF or its variants (e.g., laminar flow reactor
or entrained flow reactor), pulverized coal particles and air (with varying
concentrations of oxygen) are fed to a tubular reactor (furnace). The parti-
cles get heated quickly so that devolatilization is almost instantaneous, and
char burning kinetics can be investigated by appropriate data analysis. Feed
rates for DTFs range from only 0.1 to 1.0 g coal per minute. Therefore it may
not be possible to mimic all aspects of full-scale combustion. However, the
DTFs can be configured using key operational parameters to produce results
similar to those observed in a full-scale boiler. Key parameters include gas
temperature, gas velocity, particle residence time, and excess air. It has short
residence times (<5 s), high heating rates (10* to 10°K/s), and varying O, con-
centrations, which represent similar conditions to those in practical systems
such as utility boilers.

The char reactivity obtained from TGA experiments is generally the
intrinsic (or chemical) reactivity of the char, whereas the kinetic parameters
obtained from DTF experiments effectively lump the influence of the inter-
nal ash layer diffusion with intrinsic reactivity and hence represent global/
apparent kinetic rate parameters. These are particularly useful where coal-
related information such as porosity, pore diameter, effectiveness factor, and
the surface area of char are not readily available for a particular type of coal.

3.3.1 Typical Example of a DTF Experiment

Typical data obtained from DTF experiments is carbon burnout or conver-
sion recorded at a few specific intervals along the height of the DTF after the
coal/char particles are injected into the DTF. These experiments are typically
performed at four or five temperatures and also at different outlet oxygen
concentrations, and then the carbon conversion data are recorded. After col-
lection, these data are analyzed to obtain kinetic parameters (A.and E,) as
the oxidation rates are usually represented by Arrhenius-type rate expres-
sions. These estimated kinetic parameters are used as input parameters for
combustion submodels in simulating large-scale PC fired boilers that can be
based on a lumped model approach (Boyd and Kent, 1986) or more recent
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computational fluid dynamic (CFD) models (Gupta, 2011; Pallares et al., 2005;
Yin et al., 2002; Fan et al., 2001).

Here we illustrate coal characterization with a DTF or entrained flow reac-
tor (EFR) using the experiments performed by Ballester and Jimenez (2005).
Ballester and Jimenez (2005) performed experiments using the EFR, consist-
ing of a SiC tube having an internal diameter of 78 mm and total length of
1,600 mm. The SiC tube was heated with the help of electrical heaters placed
uniformly around the tube. Pulverized coal along with the primary air was
injected from the injection gun at the top of the EFR. The injection gun has the
flexibility to vary the height at which the coal particles will be injected into the
EFR (up to the upper half part of the EFR). The coal feeder was a rotary valve
with a variable frequency drive type of motor to adjust the frequency of rota-
tion of the rotary valve. Uniform and pulsation-free coal feeding was ensured
for the experiments. The heated gas was generated using a combustion sec-
tion with a burner mounted on top of the EFR using natural gas and air. The
hot combustion products of the combustor were injected coaxially into the
EFR along with the coal and primary air. The set-up also had the flexibility
of changing the oxygen concentration at the outlet of the DTF. Solid samples
were collected using a sampling probe. The sampling probe and its auxiliary
system included a nitrogen-based system for quick quenching of reactions
occurring at the surface of the sample and a heated filter to avoid condensa-
tion and depositions. This is a typical set-up for DTF and EFR experiments.

Ballester and Jimenez (2005) performed experiments with pulverized
anthracite coal samples sourced from the northern Spain region. The proxi-
mate and ultimate analyses of coal considered in that work (anthracite) and
other operating conditions of the DTF experiments are listed in Table 3.5.
The char unburned data at various heights (0.2 m to 1.6 m) were obtained by
appropriate combination of injection gun and sampling probe. The unburned
fraction was analyzed using TGA.

The processing of DTF data is illustrated in Section 3.3.2 using the experi-
mental data reported by Ballester and Jimenez (2005).

3.3.2 Processing DTF Data

The data obtained from DTF experiments are usually processed using
computational models to obtain the parameters of char combustion kinet-
ics. Traditionally, plug flow models are used to represent processes in DTF
and for fitting the models to experimental data to obtain the desired kinetic
parameters (Tremel and Spliethoff, 2013; Jimenez et al.,, 2008; Ballester and
Jimenez, 2005; Smith, 1973; Field, 1969). The plug flow models are generally
simple and can account for the particle size distribution and combustion his-
tory of the coal particles along the length of the DTF. Examples of the appli-
cation of computational models to process DTF data are discussed here.

A plug flow reactor model (no radial variation in gas/solid velocity, tem-
perature, and concentration fields) was used to simulate coal burnout in the
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TABLE 3.5
Operating Conditions for DTF Experiments

Burner Inlet Fuel Air Heated Gas

Wall 1,313 1,448 1,573 1,723 1,573
temperature
X)

Mass flow 5412 x 10° 3.044 x 10* 3.044 x 10* 3.059 x 10* 3.074x10* 3.141 x 10*
rate (kg/s)

Coal flow rate* (kg/s, db) 8.211 x 10

Inlet stream 298 1,313 1,448 1,573 1,723 1,573
temperature
(K)

Coal inlet 1,313 1,448 1,573 1,723 1,573
stream

temperature
(K)

Mass fraction of inlet stream

O, 0.232 0.0586 0.0586 0.063 0.068 0.112
CO, — 0.1149 0.1149 0.114 0.114 0.111
H,0 0.002 0.094 0.094 0.094 0.093 0.091

O, at the 4 4 4 4 8
outlet of
DTF
(mole%, db)

Source: From Ballester, J. and Jimenez, S. (2005). Combustion and Flame, 142, 210-222.

Note: *Coal characteristics: Proximate analysis [moisture:ash:volatalies:fixed carbon::1.46:19.
17:10.28:69.09]; Ultimate analysis [C:H:N:5:0::70.3: 3.03:1.63:2.28:2.13]; and HHV = 27.59
M]/kg.

DTF. The optimized kinetic parameters reported by Ballester and Jimenez
(2005) were used in this simulation (Table 3.6). It should be noted that usu-
ally it is almost impossible to have a uniform or very narrow particle size
distribution of coal for testing. It is therefore essential to account for particle
size distribution while processing the DTF data. The particle size distribu-
tion (PSD) data were obtained from Ballester and Jimenez (2005) and are

TABLE 3.6
Kinetic Parameters Used with the DTF Model
Devolatilization Char Oxidation
Kobayashi et al. (1977) Ballester and Jimenez (2005)
BH11 type VK4 type Polydispersed Monodispersed

E, A, E, A, E, A, E. A, E.
A,(1/s) (J/kmol) (1/s)  (/kmol) (1/s) (J/kmol) (kg/m*s-Pa) (J/kmol) (kg/m?-s-Pa) (J/kmol)
1.58x10%  1.29x10% 1.26x107 1.48x10% 6x10° 1.44x10%  0.88x10°  9.43x107 0.4x10° 8.3x10+7
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Rosin-Rammler fit to size distribution of particles used by Ballester and Jimenez (2005).

Mean particle diameter = 68 um, spread parameter = 2.557

shown in Figure 3.10. The Rosin—-Rammler distribution function is based on
the assumption that an exponential relationship exists between the particle
diameter, d,, and the mass fraction of particle with diameter greater thand, as

Yy =exp(-d, / d,)" (3.12)

where is d, the mean diameter and 7 is the spread parameter. The Rosin—
Rammler equation was fitted to the PSD of the coal particles with a mean
particle diameter of 68 pm and a spread parameter of 2.557.

The simulations were carried out using monodispersed as well as polydis-
persed particles. Simulated results for two operating temperatures (1,313K
and 1,723K) are shown in Figure 3.11. The results obtained by assuming
monodispersed particles (with a mean diameter Dy; of 52.2 pm) with corre-
sponding kinetic parameters are also shown in this figure. It can be seen that
the model with monodispersed particles over-predicts char burnout. These
results confirm the conclusion of Ballester and Jimenez (2005) that char oxi-
dation kinetic parameters should be estimated by considering polydispersed
particles rather than monodispersed particles.

However, plug flow models do not account for radial variations in veloc-
ity, temperature, O, concentration, or the effects of inlet configuration. These
may influence the predictions of burnout behavior, as the particles at the
same axial distance may experience different oxygen and temperature his-
tories at various radial locations. The particle residence time depends on the
particle trajectory it follows after injection. To account for these effects, in
recent years, multidimensional computational fluid dynamics (CFD) mod-
els have been used to interpret and process data obtained from the DTE.
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Plug flow (1D model) simulations for operating temperatures 1,313K and 1,723K.

PSD: Simulations with particle size distribution shown in Figure 3.10
Mono: Simulations with uniform particles of 52.2 pm [Dy]

Previous studies are briefly reviewed here before discussing an application
of a CFD model to simulate the considered DTF data.

In recent years, substantial progress has been made in the development
and application of comprehensive computational combustion models for
fossil fuels. These models are now accessible as features in commercially
available CFD computer codes. Eaton et al. (1999), in an extensive review
paper, discussed the types of data required to validate the predictions of
a combustion model and the current status of the combustion models and
submodels. Brown et al. (2001) used CFD to model gas and particle flow in
a laminar entrained flow reactor (EFR). Their CFD model did not account
for reactions in the particles, as they were assumed to be nonreactive. It
was also assumed that the impact of solid particles and product gases on
the flow and temperature of the bulk flow is negligible. Marklund et al.
(2003) investigated an entrained flow gasifier with the fuel injections gen-
erating a swirl flow using CFD simulations. The authors highlighted the
complexity of the model and the need for validation with the experimental
results. Meesri and Moghtaderi (2003) evaluated the capability of a CFD
code to predict sawdust combustion conversions. They developed a model
that introduced global kinetic parameters obtained through experiments.
The agreement between predicted and experimental results was very good.
There were also a few attempts to validate the devolatilization or char oxi-
dation characteristics in an EFR using CFD models (Alvarez et al., 2014,



Kinetics of Coal Devolatilization and Combustion 59

2011; Garba et al., 2013; Ghenai and Janajreh, 2010). Considering these stud-
ies and the ability of CFD models to handle complex geometries and simul-
taneous processes such as fluid flow, heat transfer, particle trajectories, and
chemical reactions, CFD models are therefore recommended for analyzing
DTF data.

The model equations and boundary conditions were used to simulate the
experiments of Ballester and Jimenez (2005); numerical solution of these
model equations and simulated results are discussed below.

3.3.2.1 CFD Model Equations

The DTF considered in this work had an internal tube diameter of 78 mm
and a total tube length of 1,600 mm. A detailed description of the DTF and
experimental procedure can be found in Ballester and Jimenez (2005). There
were two inlets: the first one is fuel air (FA) for the injection of transporta-
tion/pneumatic air with the coal particles at the center of the drop tube, and
second is the coaxial entry for the preheated gas stream (shown schemati-
cally in Figure 3.12).

To illustrate the application of the CFD model, a relatively simple two-
dimensional (2D) axisymmetric model is considered here. The methodology

Fuel Air
+ Coal Heated gas

A
14 mm
i
|
|
I 1600 mm
|
!
Axis | Furnace
| wall
|
|
|
|
|
|
N v
—
39 mm

FIGURE 3.12
Two-dimensional axisymmetric domain considered for simulating the drop-tube furnace.
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can be extended to a full three-dimensional (3D) model in a straightforward
manner. The assumption of a 2D axisymmetric computational domain is
adequate for drop-tube furnaces in which flow does not show any significant
variation in the azimuthal direction (Sheng et al., 2004). A schematic of the
2D axisymmetric model is shown in Figure 3.12. The model equations were
formulated with the following assumptions:

¢ Drying of coal particles was assumed to be very fast (compared to
combustion), and therefore dry coal particles were injected from FA.
The moisture present in the coal was added to the fuel air.

e The oxygen first reacts with carbon to form CO, which diffuses into
the gas phase and is subsequently oxidized to CO,.

¢ The shape of the particle is assumed to be spherical. During the
combustion of coal particles, the diameter of the particle remains
constant and the density of the particle changes.

Because the discrete phase (coal) was present in low volume fraction
(<1%), the Eulerian-Lagrangian approach was used to model two-phase
gas-solid flow [see Ranade (2002) for more details on different approaches
to model multiphase flows; a more detailed discussion of the Eulerian—
Lagrangian approach for modeling gas-solid flows is also included in
Chapter 4]. The gas flow in the DTF was laminar (Ng, < 500). The particle
Reynolds number based on the average particle size of 68 um is around
0.13 to 0.16.

For a steady-state 2D axisymmetric model, continuity equations for the
continuous phase can be written as

S priys w5, 613
rar 0z
where p is the density of the fluid, and U and W are the fluid velocity in the
radial r and axial direction z, respectively. The S, is the source term for the
total mass added from the discrete phase.

The species conservation equation can be written as

10 d 10 amk d amk
——\prUm )+ —(pWmy )==—— pDg,7 — pDp——
rar(p k)+az(p k) ror P ar +az P 0z (3.14)

+Ri + S

where m, is the mass fraction of species k, D,,, is the diffusion coefficient for
species k in the mixture, R, is the net rate of production of species k by gas-
phase chemical reactions, and S is the source of species k from the dispersed
phase. The net source of chemical species k due to reaction is computed as
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the sum of the Arrhenius reaction sources over the N, reactions that the spe-
cies participate in:

Nr

Ry = My« 2 Ry, (3.15)

Ry, =(vk, —vk,,)K,l_[ c, " (3.16)
1

where C, , is the molar concentration of each reactant /' species in reaction 7,
1., exponent for each I*" reactant in reaction r, vy, and vy, are stoichiometric
coefficients for the kth species as product and reactant, respectively, and K, is
the kinetic rate constant.

The source term S, from the dispersed phase is written as

5, - L) 617)
1%

Su = Z Sk (3.18)

where 71, is the particle mass flow rate of component k corresponding to
the number of particles that crosses the cell, A is the change in the property
across that cell, and V is the cell volume. The momentum equation for con-
tinuous phase in the radial r and axial z directions can be written as (for
steady-state)

Radial momentum, r:

ML ‘Z—u +E+S. (319
z

190 J 190
L apprU)+ CoWl)= - r s

Axial momentum, z:

10 d 190 oW J oW
——(prdW)+—(pWW)==— r— +— — +E+S5§ .
rar(p )+az(p ) ror ar +az 0z Tt oW (320)

Source term for r momentum:

ap 19 ou d oW 2 U
-t r— 4+ — 5
ar rar ar a0z ar r

Su = (3.21)
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Source term for z momentum:

Lop 1o aU 8 W

Sw = +
dz ror 0z dz dz

(3.22)

The momentum source term F for a particular cell is calculated from every
particle trajectory j crossing that cell:

E- (i) (3.23)
%

where 1, ;are the velocity components of the particle in the i direction (r or 2).
The energy balance for gas phase can be written as

10 T d oT
=—— kr— +— k— +8§
ror or dz 0z " (3.24)

19 d

——(prUh)+ —(pWh

rar(pr )+az(p )
where k is the thermal conductivity of gas and / is an enthalpy. The volumet-
ric source term, S;, is the sum of the heat of the gas-phase chemical reactions
(S4,x») and the heat from the discrete phase (Sy,) and radiation (Sg).

Sh = Sh,rxn + SQ + SR (325)
T

h= Z mkhk hk = f Cpk dT (326)
Tref

The heat released due to chemical reactions is

T

h}?+f Cpde Rk

Tref
Sh,rxn = _Z & Mk

where R, the volumetric rate of creation of species k, and 1 is the formation
enthalpy of species k at the reference temperature T,,. M is molecular weight
of species k.

The heat added from the discrete phase is due to char oxidation:

1- eat 'c Hc .
oy i) )5 -

]

(3.27)

The f,,..; is the fraction of heat absorbed by the particle, and H, is the heat
released during char oxidation.



Kinetics of Coal Devolatilization and Combustion 63

The radiative heat transfer in the DTF was modeled using a discrete ordinate
(DO) model. The DO model is considered more suitable for systems having an
optical thickness (product of characteristic dimension of DTF and absorption
coefficient) less than 1 (Sheng et al.,, 2004). As the optical thickness was found
to be less than 0.06 (0.078 [m] * 0.77 [1/m]) for the DTF considered here, the DO
model was used to model the radiative heat transfer. The DO model solves the
transport equation of radiation intensity I in the direction s and can be writ-
ten as

4n
- . T* o
. I I — 2 (o} 14 - = S )
(Is)+(a+a, +0,)I(7,5)=an T +Ep+—4n L)I(r,s)q)(s,s)d (3.29)

where I is the radiant intensity, 7 is a position vector, ¢(s,5 ) is the scattering
phase function, ¢ is the Boltzmann constant, and a is the absorption coeffi-
cient of the gas phase. Here, isotropic scattering (i.e., scattering that is equally
likely in all directions) was assumed and for isotropic scattering ¢(s,5 ) = 1.
a, is the equivalent absorption coefficient due to the presence of particulates
and is defined as

N

. Apn
a, = 1VJ£%2 e (3.30)

whereg,nand A, are the emissivity and surface area of particle n, respectively.
The equivalent emission E,, is defined as

- oT,
E, = 1Vn£2 s (3.31)

The equivalent particle scattering factor o, is given as

N
. Ay
oy = 1;1%21(1 - o)1) (3:32)

and it is computed during particle tracking. The f,, is the particle scattering
factor associated with the n'h particle.

The discrete phase was modeled using the Lagrangian approach. The dis-
crete-phase momentum balance on a single particle of size j can be written as

du,, ; i
A E:Fl 3.33
dt g (3:33)
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The right-hand side of Equation (3.32) is the sum of the forces acting on the
particle of size j in the i*h direction. If we consider only gravity and drag force
acting on the particle of size j, then we have

Pg 3p; Cp 2
+ *77(11 i~ Ui) (334)
E 8 4p, d,, P

where pp , d]», and u,,;; are the den51ty, diameter, and velocity components,
respectively, of the particle of size j in the it direction (r or z); 4 is the viscos-
ity of the gas phase; g is the gravitational constant and Cj, is a drag coeffi-
cient; and v; is the velocity component of the gas phase (U or W). The particle
Reynolds Number was <0.6. As Morsi and Alexander (1972) correlation cover
this range, it was used to calculate C,.

Different drag laws used in practice are summarized by Ranade (2002) and
may be referred to when extending the approach discussed here to different
ranges of operation or for nonspherical particles.

The trajectory of particles of size j in the radial and axial directions can be
calculated as

=t (3.35)
Species conservation equations for single particles can be written as

(M,

(Tk) =Sy (3.36)

The M, is the mass of species k present in coal.

S, can be formulated by considering various particle-level phenomena
of interest, such as devolatilization and surface reaction—char combustion.
Hence, the S, can be written as

dM, dM.
pk = +
dt dt

(3.37)

where M, and M, are the masses of volatile and char, respectively. As men-
tioned earlier, drying was assumed to be very fast and therefore does not
appear in Equation (3.37). The mass of moisture present in coal is directly
added to the source term.

It has been recognized that the single-step models can successfully predict
the devolatilization of coal provided that the coal-specific kinetic parameters
are known (Jones et al., 2000; Brewster et al., 1995). Hence, the devolatilization
was modeled using a simple single-step Arrhenius-type kinetic rate model.
The coal devolatilization rate for any particle can be written as (Badzioch
and Hawksley, 1970)

aM,

o - Az) e(—EU/RTp)Mv (338)
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where M, is the mass of volatile present in coal particle at any time, A, is the
preexponential factor, E, is the activation energy for devolatilization, and T,
is the temperature of the particle.

The char combustion rate was calculated using the kinetic/diffusion model
(Baum and Street, 1971; Field, 1969). It was assumed that the char is oxidized
to CO by the following reaction:

C(S) +0.5 02 © — CcO ® H° =-110 k]/mol

This model is simple to implement and needs an apparent kinetic rate con-
stant that accounts for both chemical and internal pore diffusion resistance.

The rate of char oxidation for any particle can be written as (Baum and
Street, 1971; Field, 1969):

dt TTK +K,

M, K.K
A - Po, (3.39)

Following usual practice, the kinetic rate constant K, for the char oxidation
reaction can be written as

K, = Ac eEc/RTp) (3.40)

where A, is the preexponential factor and E. is the activation energy for
char combustion.

The bulk gas-phase diffusion coefficient K, for oxidant (Field, 1969) can be
given as

0.75

_5x10™" T, +T, (3.41)
d, 2

Ky

The unburned fraction of coal U after considering the particle size distri-
bution of coal particles can be written as

E Ny, (Mv/f"' M.+ M, ;+ MA,]‘)

Uz (3.42)
ENP,]' (MUO,/' + MCO,]’ + MwO,j + MA(),]')
]

where M, ;M. ;M,;jandM,; are at any time the mass of the vola-
tiles, char, moisture, and ash of particle size j present in the coal;
Moo,j, Mo j, Muo,jand My, ; are the initial mass of the volatiles, char, mois-
ture, and ash of particle size j present in the coal; and N,; is the number of
particles of size j. The number of particles of size j can be calculated as

M,
o0 (d, ) (343)
6

Ny, =
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where M) ; is the initial mass of a single coal particle of size j, pj is the initial
density of the coal particle, and dj ;is the initial diameter of particle of size j.

The interphase mass source term for any species k present in coal is

(it ) = E N,, d(My,) (3.44)
]

dt

and

(1) = 2 (1) (3.45)

where k represents the species present in coal such as volatiles, char, and
moisture.

The volatile material was represented here by single species as Cy;H;Og 13,
which is estimated from the proximate and ultimate analyses of coal. The
approach presented here, however, can be extended to multiple species, if
required, in a straightforward manner.

The following two gas-phase reactions were assumed:

COg +0.50,4—=>COy, H°= -283kJ/mol

C0<1H300‘132 + 0.784 02 ® — 0.1 COz(g)+ 1.5 H, O(g) H’ =-262 k] / mol

The rate of gas-phase reactions of C,;H;0,,3, and CO resulting from the char
combustion can be represented by an Arrhenius-type rate expression:

K, = A, etF/RD (3.46)

The energy balance for a single particle can be written as

M CPP fhmt C H + Qrad + Qconv (347)

Here, M, is the mass of the particle at any time; Cp,, Qrad, and Q,,,, are the
particle specific heat, and radiative and convective heat transfer, respectively.
The particle radiative heat transfer can be written as

de = EpO'Ap (Tlé1 - TI;L) (348)

and the convective heat transfer from the particle can be written as

Qconv = hAP (Tg - TP ) (349)
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TABLE 3.7

Other Parameters Used with the DTF Model

Parameter Value Ref.

Particle emissivity (g,) 0.9 Backreedy et al. (2006)
Particle scattering factor (f,) 0.6 Backreedy et al. (2006)
Swelling factor (S,,) 1.0

Heat fraction (f;,,,) 1.0 Boyd et al. (1986)

Particle density (p,), kg/m? 1700.0 Ballester and Jimenez (2005)
Particle heat capacity (Cp,), J/kg-K 1700.0

Emissivity of wall (silicon carbide wall) 0.96 Modest (2003)

where ¢p is the emissivity of the particle, ¢ is the Stefan—Boltzmann con-
stant (= 5.67 x 10 W/m?K*), Ty, is the radiation temperature = (.L)"*, and h
is the heat transfer coefficient.

3.3.2.2 Boundary Conditions and Numerical Simulation

The devolatilization kinetic parameters of Kobayashi et al. (1977) of BH11
coal type were used in the model (listed in Table 3.6). Char oxidation kinetic
parameters are also listed in Table 3.6.

Two separate inlets were specified for fuel air and heated gas. The pneu-
matic air and particles were injected from the fuel air inlet, and the coaxial
entry of hot gas was introduced from the heated gas inlet (Figure 3.12). The
gas flow inlet was defined by the mass flow rate; the outlet was specified as
the outlet vent. The gas and particle boundary conditions are specified in
Table 3.5. The operating temperature was specified to the wall with emis-
sivity = 0.96 (Modest, 2003). No slip condition was specified to the wall. For
a discrete phase, the coal particles were injected from the fuel air inlet by
specifying it as group injection. The reflect condition was specified for the
particles at the wall, and the escape condition was specified at the outlet. All
other model parameters are listed in Table 3.7.

The simulations were performed at various operating temperatures
(1,313K; 1,448K; 1,573K; 1,723K) and O, concentrations (at the outlet of DTF
= 4 mole%, dry basis and = 8 mole%, dry basis). The higher temperature of
pneumatic air at the smaller FA injection leads to a high jet velocity (e.g.,
~5.3 m/s for 1,723K). Particles were injected at the reactor temperature, and
pneumatic air was injected at room temperature. The hot gas temperature
was assumed to be the same as the reactor temperature.

Commercial CFD solver FLUENT® (of ANSYS, Inc., Canonsburg, Pennsyl-
vania), version 6.2 was used to solve the mass, energy, and momentum gov-
erning equations. The PSD data were obtained from Ballester and Jimenez
(2005) and are shown in Figure 3.10. The influence of the number of computa-
tional cells was studied by performing simulations on uniform grids of size
5,340 (20 x 267) to 83,148 (78 x 1,066). Based on these results, 20,787 (39 x 533)
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cells were considered adequate to capture the burnout profile and therefore
20,787 cells were used in all subsequent simulations. Preliminary numerical
experiments were carried out to evaluate different discretization schemes and,
based on these, a second-order accurate discretization scheme was used for all
subsequent simulations. Velocity and pressure coupling was handled by the
SIMPLE algorithm. The residuals of velocity components, species, energy, and
radiation were monitored. Various criteria, such as an insignificant change
(<1%) in velocity, species, temperature, and combustion profiles at various loca-
tions of the DTFE, were used to decide on the appropriate level of convergence.

3.3.2.3 Application of CFD Models to Simulate DTF Data

The developed CFD model was applied to simulate DTF experiments and
to evaluate the sensitivity of predicted results to devolatilization kinetics.
Different devolatilization kinetics of similar types of coals (Table 3.5) were
used. The simulated results are shown in Figure 3.13. It can be seen that
although the amount of volatiles present in coal was small (10.3 wt%), the
model predictions were sensitive to devolatilization kinetic parameters. The
kinetic parameters reported by Ballester and Jimenez (2005) showed a con-
vex nature up to a 0.6-m distance and did not show the trends observed
in experiments. Simulated results with the kinetic parameters reported
by Kobayashi et al. (1977) captured the trends observed in the experimen-
tal results. Therefore, for further simulations, the devolatilization kinetic
parameters reported for BH-11 coal by Kobayashi et al. (1977) were used.

Initially, the kinetic parameters obtained from the plug flow model were
used in the 2D axisymmetric CFD model. The results for two operating tem-
peratures (1,313K and 1,573K) are shown in Figure 3.14. It can be seen that
these parameters significantly under-predict the combustion profile. The
sensitivity of simulated results to values of the preexponential factor (A) is
shown in Figure 3.15.

The simulated results indicate that it may be possible to obtain multiple pairs
of preexponential factor (A) and activation energy (E) to represent the DTF
experimental data. Simulated results with three different pairs of these parame-
ters are shown in Figure 3.16 for 1,573K. It can be seen that there is no significant
difference in simulated burnout profiles with these three pairs of parameters.

Any of these pairs can therefore be used for subsequent evaluation. The
simulated burnout profiles for four operating temperatures (1,313K; 1,448K;
1,573K; 1,723K) are shown in Figure 3.17. The following kinetic parameters
were used for carrying out these simulations:

Char oxidation kinetic parameters: A, = 2.7 x 10 kg/m?-s-Pa and E,
=943 kJ/mol

Devolatilization kinetic parameters: A,= 1.58 x 1081/s and E,= 1.29
kJ/mol



Kinetics of Coal Devolatilization and Combustion

Unburnt Fraction (U)

FIGURE 3.13

1 a=—
Y —— - Ballester and Jimenez (2005)
08 | X \\\ ——————— Kobayashi et al. (1977): VK4
' N AN — Kobayashi et al. (1977): BH11
SN
0.6 ° T~ -
04 . -
[ ]
0.2 | o
[ ]
° °
0 : : : : : : : :
00 02 04 06 08 10 12 14 16 18

Distance from Entry (m)

Symbol: Experimental data of Ballester and Jimenez, (2005)

Lines: Simulated results based on kinetic parameters listed in Table 3.6

Sensitivity of simulated coal burnout to devolatilization kinetics.

Unburnt Fraction (U)

FIGURE 3.14

1
a 1313K e 1573K
08 | B e 1313 K —— 1573 K
s T
0.6 - . A
A
S A
0.4 1 °
L]
0.2 °
[ ]
b °
0 : : : : : :
00 02 04 06 08 10 12 14 16 1

Distance from Entry (m)

Symbol: Experimental data of Ballester and Jimenez, (2005)
Lines: Simulated results

8

Simulated profiles of coal burnout for A, = 0.88 x 10~ kg/m?-s-Pa and E, = 94 kJ/mol.

69



70 Computational Modeling of Pulverized Coal Fired Boilers

1
e Ac:1 —-—-Ac:2
. 08 1 \:-.:f _____________ Ac:3 Ac:4
=) N
o A - - T
£ 06 N L=~
S A
i A =
£ 0.4 -
=1
al
[=}
)
0.2
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8
Distance from Entry (m)
(a) 1313 K
1
\ ------- Ac:1l — —. Ac:2
_ 087NN ——_Ac:3 Ac:4
=) NN
N\ T
Eo6] oL
B Y XN T
3 DL T
) Nl T
- N
£ 0.4 o X . T
—g \\ \'\ ~~~~~~~~
>~ T~
5 [ \\\ = -
0.2 A S .\\-\,\
<=-¢_ "%
0 T T T T

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Distance from Entry (m)

(b) 1573 K

Ac:1=88x10% 8 2220x10° X8 3.25x10° K8 4274107 K&
m~sPa m~sPa m~sPa m~sPa
Symbols : Experimental data of Ballester and Jimenez (2005)

Lines : Simulated results (E. = 9.43 kJmol)

FIGURE 3.15
Sensitivity of simulated coal burnout profile to A,.

Simulations were also performed at different oxygen concentrations to
gain an understanding of the applicability of these evaluated parameters at
various operating conditions. The simulated results with two different oper-
ating conditions (adjusted such that the oxygen concentration at the outlet
was 4% in one case and 8% in the other case) are shown in Figure 3.18. It can
be seen from Figures 3.17 and 3.18 that the model was reasonably able to cap-
ture the observed combustion profiles at these operating conditions.
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Simulated coal burnout profiles for three sets of char oxidation kinetics (at 1,573K).

Sophisticated optimization algorithms can be used (unlike the ad hoc trial-
and-error method presented here for the sake of illustration) for improving
the fit and identifying optimal kinetic parameters from the DTF data.

To highlight the differences in between the plug flow and 2D axisymmet-
ric CFD models, the contour plots of simulated coal burnout profiles with
plug flow and 2D axisymmetric models are shown in Figure 3.19. It can be
seen from this figure that a significant fraction of the injected particles travel
along the axis after injection with minimal lateral dispersion of the par-
ticles. Consequently, particles travel with a much higher velocity (see con-
tours shown in Figure 3.19(a) indicating that the gas velocity along the axis
is around 0.8 to 0.9 m/s and around 0.1 m/s near the wall region) compared
to that with the plug flow model (with an average velocity of ~0.38 m/s; see
Figure 3.19(b)).

The residence time distributions (RTDs) of particles obtained from 2D axi-
symmetric and plug flow simulations (1D model) are shown in Figure 3.20.
The calculated values of mean residence time for the plug flow model and
2D CFD model were 3.87 s and 1.82 s, respectively. The mean residence time
of the particles for the 2D CFD model was smaller than the 1D model; the 2D



72

Unburnt Fraction (U)

Computational Modeling of Pulverized Coal Fired Boilers

1
a1313K ——1313K
m1448K  --oee- 1448 K
081 Wi e1573K ----1573K
%1723 K == 1723 K
N A
0.6 1 EONEE N A
SN A
N \\\\ ~ . . N
0.4 N el om T .
: N \\\~ L I
N o\\\ LR
0.2 X \'\.\4 \\\\ .\\"“--.__!
S ~.._®
X~ . \\\ ° °
Tax el
0 : : e X x X
00 02 04 06 08 10 12 14 16 18

Distance from Entry (m)

Symbols : Experimental data of Ballester and Jimenez (2005)
Lines : Simulated results

Devolatilization kinetic parameters : Av = 1.58 x 10® 1, Ev=1.29x10°% J

s
Char oxidation kinetic parameters : Ac =2.7 x 10 12<_g
m“sPa

FIGURE 3.17
Simulated coal burnout profiles at different operating temperatures.

Unburnt Fraction (U)

’

kmol

J
Ec=943x10" ——
¢ X kmol

1
00Oy 4vol.% —— Oy 4vol.%
0.8 1 \ 10Oy 8vol% ——-0,8vol%
\
\
\
0.6 | ®
\
\
LN
0.4 | Ne
\
|
N °
N
0.2 N
\\-\ ° .
~ L °
~o - [ ] 5
0 . . . —_—
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Distance from Entry (m)

Symbol: Experimental data of Ballester and Jimenez, (2005)

Lines: Simulated results

Oxygen concentration mentioned in legend indicates volume percent of oxygen at the outlet

FIGURE 3.18
Simulated coal burnout profiles at different oxygen concentrations (at 1,573K).

of DTE.
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(a) 2D axi-symmetric model (1723 K)
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(b) Plug flow model (1723 K)

FIGURE 3.19 (See Color Insert.)
Distribution of char burnout rates (superimposed with velocity magnitude vectors): (a) 2D axi-
symmetric model (1,723K) and (b) plug flow model (1,723K).

CFD model under-predicted the combustion profile when the kinetic param-
eters based on the plug flow model were implemented. Therefore, it is rec-
ommended to use at least 2D axisymmetric CFD models to estimate kinetic
parameters from the DTF experiments. The influence of inlet configuration
on the flow profile is significant in the DTF, and adequate care must be taken



74 Computational Modeling of Pulverized Coal Fired Boilers

120 A —— 2D CFD model

= = Plug flow model

60

Exit Age Distribution, %/s
[}
3

40 -7~

20 A 7’ \

FIGURE 3.20
Residence time distribution (RTD) of coal particles (T = 1,723K) as estimated by CFD models.

to include those influences in the model used for estimating kinetic param-
eters. Sometimes, swirling inlets are used with the DTF and, in such cases,
it may be necessary to use full 3D models to process DTF experimental data
for estimating appropriate kinetic parameters.

3.4 Summary and Conclusions

Coal is a heterogeneous mixture of organic material, moisture, and mineral
matter. The proximate, ultimate, and ash analyses provide the primary char-
acterization of coal. This is complemented with the estimation of gross cal-
orific value (GCV). The proximate analysis (quantification of volatiles, fixed
char, moisture, and ash) and the ultimate analysis (carbon, hydrogen, oxygen,
nitrogen, and sulfur (CHONS) contents) do not provide information about the
reactivity of the coal. Coal reactivity depends on devolatilization, char struc-
tures, and the different types of microscopic components. Thermogravimetric
analysis (TGA) and the drop-tube furnace (DTF) offer convenient and effective
platforms for characterizing coal. TGA is mainly used to characterize devola-
tilization, and the DTF is mainly used for char combustion kinetics. Some of
the key points discussed in this chapter are summarized here:

¢ Single reaction models (SRMs) are often used to fit the TGA data in
order to estimate the devolatilization kinetic parameters. It may be
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necessary to divide the overall temperature range into multiple sub-
ranges to improve the quality of fit with SRMs.

e Multiple reaction models (MRMs) such as distributed activation
energy models (DAEMs) provide a better framework than SRMs
to represent TGA data. However, implementation of these DAEMs
into a commercial CFD framework is more complicated than that
for SRMs.

* TGA offers modest heating rates (up to 1K/s). TGA is suitable for
quickly characterizing and comparing different fuels (coals). It is
also suitable for estimating devolatalization kinetics. However, the
heating rates in real PC fired boilers are orders of magnitude higher
than those that can be realized in TGA.

e The DTF offers much higher heating rates compared to TGA and
therefore offers conditions more relevant to PC fired boilers. The DTF
is therefore suitable for characterizing char combustion kinetics.

e Itis recommended to use multidimensional CFD models to interpret
DTF data for estimating char combustion kinetics.

Modeling of TGA and DTF experiments and data not only provides useful
information and understanding about fuels under consideration, but also
provides an effective basis for undertaking computational modeling of full-
scale PC fired boilers. The CFD models and reactor network models for PC
boilers are discussed in Chapter 4 and 5, respectively.
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4

CFD Model of a Pulverized
Coal Fired Boiler

The pulverized coal (PC) fired boiler is a key piece of equipment governing
the overall energy efficiency of coal fired power stations. The performance of
a PC fired boiler depends on several design and operating parameters, such
as configuration of the boiler; the number, location, and design of burners
(tilt and swirl at burners); the locations and configurations of internal heat
exchangers; coal characteristics (quality (coal rank), sulfur and nitrogen con-
tents, particle size distribution, composition, reactivity and its feed rate);
extent of excess air; possibility of air ingress; imbalance in temperatures of
steam drums; heat transfer effectiveness, etc. It is essential to develop a com-
prehensive understanding of the influence of furnace configuration, burner
design, and different operating parameters on the overall performance of a
coal fired boiler. Information on the temperature field within the boiler and
local heat transfer coefficients at the boiler tubes is of interest. Knowledge of
particle trajectories (bottom ash as well as fly ash) is also one of the key inter-
ests in understanding the long-term performance of coal fired boilers. The
particles may interact with preheater and superheater tubes. Understanding
such interactions is important in estimating erosion rates. Because many of
these parameters are strongly coupled and may influence performance in a
complex way, it is always desirable to develop a computational model that
establishes a relationship between hardware design/operating parameters
and PC boiler performance.

To establish quantitative relationships between hardware/operating param-
eters and performance, it is necessary to adequately model these various pro-
cesses that are occurring in the PC fired boiler. Models need to adequately
account for various key issues, namely turbulent flow and transport processes,
the motion of coal particles, devolatilization, burning of char, combustion of
volatile components, radiative heat transfer, etc. A computational fluid dynam-
ics (CFD) framework offers such a possibility. CFD has evolved as a powerful
design and predictive tool in recent years to simulate complex industrial pro-
cess equipment (Ranade, 2002). It has been successfully used to simulate large
utility boilers (Gupta, 2011; Belosevic et al., 2006; Pallares et al.,, 2005; Yin et al.,
2002; Fan et al., 2001; Eaton et al., 1999; Boyd and Kent, 1986). The CFD models
represent processes occurring inside PC fired boilers with the help of mass,
momentum, and energy conservation equations. A systematic methodology
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must be developed to obtain useful results from CFD models and also for
using these results to realize performance enhancement in practice. The devel-
opment and solution of CFD models and submodels (such as combustion and
heat transfer) for simulating PC boilers are discussed in this chapter.

4.1 Formulation of CFD Model of a PC Fired Boiler

CFD is a body of knowledge and techniques to solve mathematical models
of flow processes on digital computers. Any rigorous analysis of flow pro-
cesses starts with the application of the universal laws of conservation of
mass, momentum, and energy. It is very important to clearly identify and
understand the implications of the underlying assumptions (both explicit
and implicit) while describing physical processes in mathematical equations.
Section 4.1.1 discusses the basic governing equations describing the flow,
heat transfer, and reactions occurring in PC fired boilers. Subsequent sec-
tions discuss various strategies for applying these equations in simulating
PC fired boilers and illustrating the application of the CFD model to a typical
210-MWe PC fired boiler.

The basic governing equations based on the three conservation (mass,
momentum, and energy) laws should be complemented by relevant consti-
tutive equations and equations of state for the fluids under consideration to
close the system of equations. There are two approaches for deriving basic
governing equations: In the Eulerian approach, an arbitrary control vol-
ume in a stationary reference frame is used for deriving the basic govern-
ing equations. In an alternative Lagrangian approach, equations are derived
by considering a control volume (material volume) such that the velocity of
the control volume surface always equals the local fluid velocity. For single-
phase flows, both approaches give the same final form of conservation equa-
tions (see Ranade (2002) for more details). These two approaches, however,
offer different routes to simulate multiphase flow processes.

The Eulerian-Lagrangian approach is usually used and recommended
for modeling dilute gas-solid flows in PC fired boilers. In the Eulerian-
Lagrangian approach, the motion of the continuous phase is modeled
using the Eulerian framework, and the motion of dispersed-phase par-
ticles is modeled using the Lagrangian framework. Averaging over a large
number of particle trajectories is then carried out to derive the required
information for modeling the continuous phase. In this approach, parti-
cle-level processes such as reactions, heat and mass transfer, etc. can be
simulated in adequate detail. In the case of turbulent flows, it is necessary
to simulate very large numbers of particle trajectories to obtain meaning-
ful averages. There have been some attempts to use the Eulerian—-Eulerian
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approach for modeling a PC fired boiler (Li et al., 2003; Zhou et al., 2002;
Guo and Chan, 2000). However, considering the low volume fraction of
dispersed phase, we recommend the Eulerian-Lagrangian approach for
simulating PC fired boilers and therefore the Eulerian-Eulerian approach
is not discussed here. Details of individual modeling aspects of the
Eulerian-Lagrangian approach are discussed in the following, along with
the basic governing equations.

The flow in PC fired boilers is inherently turbulent. Turbulent flows span
a large range of spatiotemporal scales. The demands on computational
resources to resolve all the relevant time and space scales of turbulent
motion may push the computations of turbulent flows in large industrial
equipment such as PC fired boilers beyond the realm of present comput-
ing capabilities. Estimates from various sources differ as to when computer
technology will advance to the point where turbulent flow calculations can
be performed from first principles. It appears that most engineering compu-
tations of turbulent flow processes will have to rely on models for turbulent
flows, at least for the foreseeable future. This is especially true for PC fired
boiler-type applications, where, in addition to turbulence, there are many
other complexities (e.g., chemical reactions, multiple phases, radiation, com-
plex geometry, etc.).

Major efforts in the area of turbulence modeling were and are still
directed toward developing tractable computational models for turbulent
flows with reasonable demands on computational resources. A large num-
ber of models have been developed in the past few decades. These model-
ing approaches can be classified into three categories: (1) direct numerical
simulations (DNS), (2) large eddy simulations (LES), and (3) Reynolds
averaged Navier-Stokes (RANS) equations. As one progresses from DNS
to RANS, more and more of the turbulent motion is approximated and,
therefore, requires fewer computational resources. Flow and other pro-
cesses occurring in a PC fired boiler are usually modeled using the RANS
approach. In this approach, an instantaneous value of any variable is
decomposed into a mean obtained by averaging over an appropriate time
interval and the corresponding fluctuating component. Basic governing
equations are formulated by appropriate averaging. A book by Ranade
(2002) may be referred to for more details on the various approaches for
formulating governing equations, including those for turbulent, multi-
phase, and reacting flows. Here we present the basic governing equations
formulated using the RANS approach.

Typical numerical solution of the model equations is based on an iterative
algorithm. Every iteration consists of solution of the overall continuity and
momentum equations as the first step, which is followed by solution of gov-
erning equations for scalar quantities (species mass fractions, temperature,
etc.). Governing equations for simulating PC fired boilers are therefore dis-
cussed in the same order here.
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4.1.1 Overall Continuity and Momentum Balance Equations

The flow in a PC fired boiler is turbulent. The characteristic velocity scales
are much smaller than the velocity of sound in the gas phase. Therefore, the
flow can be represented without considering full compressibility effects. The
gas-phase overall mass balance equation can be written as

d
a—‘z+ (pu) - Zsk @)

where p is density, U is instantaneous velocity, and S, is the source of species
k for the gas phase from the particle phase. The first term on the left-hand
side is the rate of change of mass with time; the second term on the left-
hand side is the rate of change of mass in the x, y, and z directions; and the
term on the right-hand side is the net source term for the gas phase from the
solid phase. The gas-phase density p can be estimated using the ideal gas
law (density as a function of molecular weight, pressure, and temperature).
Considering low-velocity flows and significantly smaller variation in pres-
sure compared to temperature, the gas-phase density can be estimated using
the reference pressure instead of the local pressure.

In the RANS approach, an instantaneous value of any variable (¢) is
decomposed into a mean obtained by averaging over an appropriate time
interval and fluctuating component (¢) as

¢ =0+¢ 4.2)

The overbar denotes time averaging. The Reynolds average form of the
steady-state mass (overall) conservation equation for the gas phase can be
written as

(ol )= Zsk 4.3)

To simplify the equations, the overbars on quantities are omitted in the sub-
sequent discussion. The variables, by default, indicate Reynolds averaged
variables unless indicated otherwise. The formulation of S, is discussed in
the next section while discussing species conservation equations. Velocity
appearing in the overall conservation equation is obtained by solving
momentum equations.

The Reynolds averaging of the momentum balance equations leads to the
appearance of new terms in the governing equations, which can be inter-
preted as the “apparent” stress gradient and additional sources associated
with the turbulent motion. Hence, it becomes necessary to introduce a “tur-
bulence model” that relates the new unknown terms to known terms in
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order to close the set of governing equations. The RANS-based turbulence
models can be grouped into two classes: one that uses the concept of eddy
or turbulent viscosity and another that does not. The latter class of models
involves algebraic or differential forms of Reynolds stress models (RSMs).
Considering the complexities of flow processes occurring in PC fired boil-
ers, usually RANS models based on turbulent viscosity concepts are used.
The Reynolds averaged momentum equations using the turbulent viscosity
approach can be written as

%(pll) + ~(pUU) =— p- Tp+pg + F 4.4)

where p is the Reynolds averaged pressure, 1, is the effective shear stress
tensor (viscous and Reynolds stresses), and F is the interphase momentum
transfer (external force that arises from interaction with the dispersed phase).

The effective shear stress tensor can be written using the turbulent viscos-
ity concept as

CoU
ou;  dl; _%51,], ( + T)%+pk 4.5)
k

-T, = + +
d ( T) Gx]» aX; 3

where 6ij is the Kronecker delta function (8ij =1 if i =/, and 6ij =0 if i 1 j); n
is the coefficient of viscosity; W, is the turbulent viscosity; and k is the turbu-
lent kinetic energy. U, is the mean velocity in the x; direction.

The turbulent kinetic energy is defined as

1
k = “uw 4.6
5 i (4.6)

The interphase momentum transfer term F can be obtained by simulating
the trajectories of dispersed-phase particles (using the equation of motion
for each dispersed-phase particle). It should be noted that depending on the
degree of coupling (one-way, two-way, or four-way), the solutions of continu-
ous and dispersed phases interact with each other. For one-way coupling,
particle motion is influenced by the continuous phase, whereas the continu-
ous phase is not influenced by presence of the dispersed phase. This is usu-
ally applicable for very dilute flows of inter-solids. For a PC fired boiler, the
solid particles interact significantly with the gas phase and therefore influ-
ence the gas-phase flow field. However, because flows in a PC fired boiler are
rather dilute, particle-particle interactions such as collision and coalescence/
agglomerations (four-way coupling) can be neglected. Gas-solid flow is there-
fore modeled with the Eulerian-Lagrangian framework with two-way cou-
pling. The two-way coupling between the continuous and dispersed phases
occurs through interphase source terms such as F.
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The momentum exchange from dispersed-phase particles to the continu-
ous phase is just the opposite of the momentum transfer rate due to various
forces exerted by the continuous phase on the dispersed-phase particles.
These sources can be computed by summing the changes in momentum (or
enthalpy or mass) of a particle as it passes through the control volume for
the continuous phase, over all the particles passing through that control vol-
ume. This requires simulation of the motion of dispersed-phase particles.
The motion or trajectories of dispersed-phase particles can be simulated
by solving the momentum balance of the dispersed phase. The dispersed
phase momentum balance on a single dispersed particle can be written as
(Auton, 1983):

MP%=F;0+FD+FG+FVM+FL+FH+FO (4:7)

where M, and U, represent the mass and instantaneous velocity vector of the
particle, respectively. The subscript p denotes the particle phase.

The right-hand side of Equation (4.7) is the net force acting on the particle:
F, is the force due to the continuous-phase pressure gradient, Fj, is the drag
force, F is the force due to gravity, Fy,, is the virtual mass or added mass
force (due to acceleration of the continuous phase), F; is the lift force due to
shear or vorticity of the continuous phase, Fy;is the Basset history force due
to the development of a boundary layer around the dispersed particle, and
Fyis other forces, such as thermophoretic and Brownian forces.

The virtual mass force is not significant for gas-solid systems. The lift
force, Basset history force, and other forces are usually much smaller than
the drag, pressure, and gravity forces, and therefore are usually neglected
while modeling flow processes in PC fired boilers. The sum of forces due
to the continuous-phase pressure gradient F, and due to gravity F; can be
written as

Pp+PG=Vp p—pprg (4:8)

where p is the pressure in the continuous phase, g is a gravitational constant,
and p, and V, are the density and volume, respectively, of the particle. The
drag force Fj, can be written as

Fo = Copd} Uy -U'| (Up - UI') 49)

where U’ denotes the instantaneous continuous-phase velocity, d, is the
particle diameter, and Cj, is a drag coefficient. The drag coefficient can be
estimated using a variety of correlations based on the applicable range of
Reynolds number. Some of the widely used correlations for estimating the
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drag coefficient are listed in Appendix A4.2.1 and for multi-particle systems
in Appendix A4.2.2 of Ranade (2002). Once the velocity flow field is calcu-
lated from the above force balance equations, the trajectory of any dispersed
phase particle can be calculated as

dx
T (4.10)

The interphase momentum transfer term F can be obtained using simu-
lated particle trajectories and appropriate area and volume averaging. It is
usually necessary to solve the governing equations of dispersed and con-
tinuous phases iteratively until one obtains the converged solution. More
details on these can be found in Ranade (2002) and references cited therein.

It should be noted that the presence of turbulence will influence particle
trajectories. The gas-phase momentum balance equation also involves an
unknown term, that of turbulent viscosity. It is essential to use appropriate
models to estimate effective or turbulent viscosity as well as the influence
of turbulence on particle trajectories. By analogy with the kinetic theory of
gases, turbulent viscosity can be related to the characteristic velocity and
length scales of turbulence (u; and /;, respectively) as

T XPUr lT (411)

Several different turbulence models have been developed to devise suit-
able methods/equations to estimate these characteristic length and veloc-
ity scales to close the set of equations. Excellent reviews describing the
relative merits and demerits of models pertaining to this class are avail-
able (see Ranade 2002 and references cited therein). For internal flows
where characteristic length scales as well as velocity scales vary within
the domain, it is recommended to use two-equation turbulence models.
There are several different two-equation models proposed in the litera-
ture. All these models employ a modeled form of turbulent kinetic energy
(to estimate the characteristic velocity scale). The choice of the second
model transport equation, from which the length scale is determined, is
the main differentiating factor among these models. The turbulent energy
dissipation rate, €, is one of the most widely used choices for the second
transport variable of the two-equation turbulence models. In the standard
k—e model of turbulence, turbulent viscosity is related to k and ¢ by the fol-
lowing equation:

C pk?
£

@.12)

=

where C is an empirical coefficient.
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To close the set of equations, the local values of k and € are obtained from
the following transport equations of k and € (Launder and Spalding, 1972):

a(puik) 9 ¢ Ak

G-
0X; 0x; O 0X; * pe (4.13)

S T2 L (GG Gope) (4.14)

where G is the turbulence generation term and can be written as

2

c=1, u+( u) 4.15)
2

The model parameters appearing in these equations are not truly universal
but are functions of the characteristic flow parameters.

One of the weaknesses of the standard k—¢ model is that it over-predicts
turbulence generation in regions where the mean flow is highly accelerated
or de-accelerated. In a few cases, the standard k—€ model can predict very
high values of the turbulent viscosity term. This is generally observed to
start from the nose section (FEGT [furnace exit gas temperature] location) of
a PC fired boiler and then proliferates until the outlet of the boiler. Several
attempts have been made to enhance the applicability of the k—& model by
modifying either the empirical parameters or transport equations to suit the
specific requirements of different types of flows. It will not be possible to
discuss all the proposed modifications of the k-¢ model here. There are two
modifications—namely, the renormalized group version of the k—&¢ model
(RNG k-¢ model) and the realizable k-¢ model—that are the most widely
used versions in addition to the standard k—€ model.

The RNG version is formulated using RNG methods that represent the
complex dynamics in terms of so-called “coarse-grained” equations govern-
ing the large-scale, long-time behavior. The term “realizable” means that the
model satisfies certain mathematical constraints on the normal stresses, con-
sistent with the physics of turbulent flows. This is achieved by making the
parameter C, variable instead of a constant. Both versions also modify the
transport equation of the turbulent energy dissipation rate (¢). The details of
these equations are not discussed here for the sake of brevity; the interested
reader can refer to specialized references on turbulence models for further
information; see Ranade (2002) and references cited therein. The RNG form
of the k—e model uses the following equation to estimate the effective viscos-
ity from a knowledge of k and &:

= 1+ \/ka 4.16)
Je
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TABLE 4.1

Brief Review of Turbulence Models used for PC Boiler Simulations

Turbulence Model Ref. Boiler Capacity (MWe)

Standard k—¢ Fang et al. (2012) 200 MW, tangentially fired
Asotani et al. (2008) 40 MW, tangentially fired
Diez et al. (2008) 600 MW, tangentially fired

Belosevic et al. (2006) 210 MW, tangentially fired with
burners mounted on the wall

Kumar and Sahu (2007) 210 MW, tangentially fired

Pallares et al. (2005) 139 MW, front wall fired

Guo (2003) Test combustor

Yin et al. (2002) 600 MW, tangentially fired
RNG k—¢ Fan et al. (1999) 600 MW, tangentially fired
Standard and RNG k-¢ Hao et al. (2002) 600 MW, tangentially fired

Fan et al. (2001) 600 MW, tangentially fired

Fan et al. (1998) 300 MW, W-shaped boiler
Standard and Realizable k¢ =~ He et al. (2007) Tangentially fired

This form allows extension to low Reynolds numbers and near-wall flows,
unlike the standard k—& model, which is valid only for fully turbulent flows.

The standard k—¢ turbulence model and some of its variants, such as
RNG or the realizable k-¢ turbulence model, have been widely used
(Asotani et al., 2008; Belosevic et al., 2006; Pallares et al., 2005; Yin et al.,
2002; Fan et al., 2001). A brief review of the turbulence models used for
PC fired boiler simulations is provided in Table 4.1. Fan et al. (2000) have
evaluated the influence of the turbulence models on predicted velocity
profiles in PC fired boilers. These results are reproduced in Figure 4.1.

k\
AN
Symbols: Experimental data
——: Standard k-e model
——-: RNG k-&¢ model
FIGURE 4.1

Comparison of velocity profiles simulated using standard and RNG k-& model with experi-
mental data. Reprinted from Chemical Engineering Journal, 81 (1-3), Fan, J., Qian, L., Ma, Y., Sun,
p- and Cen, K., Computational modelling of pulverized coal combustion process in tangen-
tially fired furnaces, 261-269 (2001) with permission from Elsevier.
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It was observed that the predictions of RNG k—¢ were more accurate than
the standard k—e model. However, significant experimental data from PC
fired boilers are not available to really discriminate among the various
versions of the k—e¢ model. The turbulence flow field estimated by any ver-
sion of the model can then be used to simulate the influence of turbulence
on particle trajectories.

When the continuous-phase flow field is turbulent, then in order to appro-
priately calculate interphase exchange sources, a sufficiently large number of
particle trajectories must be simulated. In addition to a large number of tra-
jectories, there are many factors that are important to account for turbulent
gas-solid interactions (Shirolkar et al., 1996), such as

¢ Size of the particle and characteristic length scale of the eddy
¢ Density difference between gas and solid
¢ Gas velocity fluctuation around the particle

e Particle integral time scale: time scale for which the particle main-
tains its original velocity before it undergoes a change in velocity
due to the effect of turbulence

¢ Particle relaxation time: rate of the response of the particle to the
relative velocity between fluid and the particle

It should be noted that the instantaneous velocity of the gas phase must
be known for solving the momentum balance of individual particles. The
instantaneous velocity can be estimated as

U=U+u @.17)

where u is a fluctuating velocity component and U is the Reynolds averaged
velocity. Several models have been proposed to estimate the instantaneous
velocity; see, for example, reviews by Sommerfeld (1993) and Gouesbet and
Berlemont (1999). Two of the commonly used models to estimate instanta-
neous fluid velocity from the time-averaged flow field of the continuous
phase are the discrete random walk (DRW) model (Gosman and Ioannides,
1981) and the continuous random walk (CRW) model (Thomson, 1987). These
models differ in the way in which the instantaneous fluid velocity is esti-
mated from a knowledge of gas-phase turbulence.

In the DRW model, which is also called the “eddy lifetime model,” the
fluctuating velocity is added to the mean gas velocity for a constant time
interval given by the characteristic lifetime of gas phase eddies. In this case,
each eddy was characterized by the

¢ Gaussian distributed random velocity fluctuation u
e Eddy lifetime 1,
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The values of u that prevail during the lifetime of the turbulent eddy were
assumed to obey a Gaussian distribution during the lifetime of an eddy and
were estimated as

u=¢ .2k, 4.18)

Here, {is a normally distributed random number and k is the turbulent kinetic
energy. The characteristic eddy lifetime can be defined either as a constant

1. =2T; 4.19
or as a random variation about T:
1, =-T; log(r) (4.20)

where 7 is a random number from 0 to 1.0. T is the integral time scale of tur-
bulence and can be estimated from knowledge of the turbulent kinetic energy
(k) and turbulent kinetic energy dissipation rate (€) as (Michaelides, 1997)

T, =0.15% @. 21)
€

The solid particle is assumed to interact with the fluid-phase eddy over
this eddy lifetime. When the eddy lifetime is reached, a new value of the
instantaneous velocity is obtained by applying a new value of { in Equation
(4.18). The DRW approach leads to reasonable results and is widely used
for a number of applications (see, for example, Chen and Crowe, 1984;
Sommerfeld, 1990).

In the CRW model, the instantaneous fluid velocity is obtained by solv-
ing the Langevin equation (Thomson, 1987), which may provide a more
realistic description of turbulent eddies, but at the expense of greater
computational effort. These models correlate the velocity fluctuation
experienced by a particle at the new location with the fluctuation at the
previous location using an exponentially decaying correlation func-
tion (the Langevin velocity correlation function). In inhomogeneous tur-
bulence, however, it was found that the Langevin model fails and may
lead to the accumulation of fluid particles in the region of low turbulence
(Sommerfeld, 1993). Berlemont et al. (1990) have proposed a more sophis-
ticated approach, the so-called “correlation slaved approach,” to estimate
instantaneous velocity. They considered a correlation matrix that evolves
along the trajectory (also see Gouesbet and Berlemont, 1999). Their model,
however, needs much larger computational resources than the above two
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approaches. Most PC fired boiler simulations typically use either DRW- or
CRW-like models.

Once the instantaneous velocity is obtained, particle trajectories can be
simulated. To introduce two-way coupling, it is necessary to calculate the
source terms in the balance equations of mass, momentum, and energy for the
continuous phase. With such source terms, the continuous-phase flow field
needs to be solved again, which is later used to calculate new trajectories. For
strongly coupled flows such as in PC fired boilers, convergence may be quite
difficult to reach, and appropriate care and special precautions should be
taken to steer simulations toward convergence (see Kohnen et al., 1994). More
details and further discussion on these topics can be found in Ranade (2002),
Gouesbet (1998), and Shirolkar (1996). In the Eulerian-Lagrangian approach,
dispersed-phase particle size distributions can be conveniently accommo-
dated. In large complex systems such as PC fired boilers, it is usually not pos-
sible to track all the injected particles. Representative particles are therefore
tracked, with each tracked particle representing multiple particles.

While simulating trajectories of dispersed-phase particles, appropriate
boundary conditions must be specified. Inlet or outlet boundary conditions
require no special attention. At impermeable walls, however, it will be nec-
essary to represent collisions between particles and the wall. A particle can
reflect from the wall via an elastic or inelastic collision. Suitable coefficients
of restitution representing the fraction of momentum retained by the particle
after the collision must be specified at all wall boundaries. In some cases,
particles may stick to the wall or may remain very close to the wall once they
collide with the wall. Special boundary conditions should be developed to
model these situations.

4.1.2 Species Balance Equations

The steady-state species conservation equation can be written as

(pUmy) = - pka+S—* M +Ry + Sy 4.22)
C

t

The term on the left-hand side is the rate of change of mass of component k.
The first term on the right-hand side is the rate of change of the mass of
component k due to molecular and turbulent diffusion; the second term is
the rate of consumption or generation of component k due to gas-phase reac-
tions; and the third term is the rate of consumption or generation of compo-
nent k due to the solid phase.

In Equation (4.22), m, is mass fraction of species k, Dy, is the diffusion
coefficient for species k in the mixture, Sc, is the turbulent Schmidt number
(5¢; = p—fﬁt where is the turbulent viscosity and D; is the turbulent mass dif-
fusivity; a typical value of Sc, is 0.7); R is the net rate of production of species
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k by all gas-phase chemical reactions; and S, is the source of species k trans-
ferred from the dispersed phase to the continuous phase.

The turbulent Schmidt number measures the relative diffusion of
momentum and mass due to turbulence and is on the order of unity in all
turbulent flows. The majority of CFD modeling studies have used Sc,=0.7,
as recommended by Spalding (1971). On the other hand, Launder (1978)
pointed out that Sc, shows a value of 0.9 for turbulence near the wall. A
few researchers have used Sc, = 1.3 for simulating PC fired boilers (see,
for example, Guo, 2000; Fan et al., 1999, 1998). The formulation of R; and
S, follows.

The volatile matter released from coal reacts with oxygen present in the
gas phase. A typical volatile material has many components, such as light
gases, tar, CH,, etc. There are sophisticated models such as CPD (chemical
percolation devolatilization), FG-DVC (functional group depolymerization,
vaporization, cross-linking), and FLASHCHAIN for estimating the yield
and composition of volatile products released from coal (refer to Chapter 3,
Table 3.1). These models, however, often require large input parameters that
are seldom available. In the absence of such data, the volatile can be repre-
sented by C,H,O,, and a stoichiometric balance for it can be obtained for
oxidation of the volatile material. The values of x, y, and z can be obtained
from the proximate and ultimate analyses of coal. To illustrate this approach,
a specific Indian coal was characterized, and the volatile material from this
coal was represented by a single species as CH, ;3 O, 35. The following lumped
gas-phase reactions were assumed:

CO + 0.5 0,4 —>COyq H°= -283kJ/mol

CH2'0800.38 ©) +1.33 02 ©® — COz(g)+ 1.04 Hz O(g) H° =-271 k]/mol

Carbon monoxide (CO) is released from the char oxidation reaction (a het-
erogeneous reaction). The generated CO is diffused out of the pores of the
char-ash matrix and then released into the surrounding bulk gases where it
reacts with the oxygen to produce CO,. The source of species k due to hetero-
geneous reactions, S, is discussed after discussing the formulation of rates
of homogeneous reactions (R;) of species k.

The homogenous gas-phase reactions are treated using a species trans-
port approach with either the kinetics or mixing controlled reaction rates
(Li et al., 2003; Zhou et al., 2002; Fan et al., 2001). Alternatively, these can
also be modeled using a single or two-mixture fraction approach (He et
al.,, 2007; Pallares et al., 2005; Yin et al., 2002). A species transport and finite
chemistry-based model solves (1-1) conservation equations for n species in
the defined problem and accounts for the diffusion, interphase mass trans-
fer, and generation/destruction of species in the gas phase. The rate of gas-
phase combustion at low temperature is kinetic rate controlled. Once the
flame is ignited and the temperature is high, the reaction rate may become
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mixing limited. This can be captured by an Arrhenius-type kinetic rate/
eddy dissipation model. The gas-phase reaction rate is evaluated based on
the minimum of the reaction rate estimated by the Arrhenius-type kinetic
rate model and the eddy dissipation model. The eddy dissipation model is
based on the work of Magnussen and Hjertager (1976) and describes the
turbulence—chemistry interaction. The net rate of production of species k
due to reaction r, R, ,, is given by the smaller (i.e., limiting value) of the two
expressions below:

' € . YR
Rk,r = Uk,,Mw,kApfmm E E—
k R UR,er,R

: . E JYp
Rk,r = Uki,er,kABpE N . (424)
Ej 'U]'/erl]'

where Y, is the mass fraction of any product species p, Yy is the mass fraction
of a particular reactant R, A is an empirical constant =4.0, and B is an empiri-
cal constant = 0.5. In these equations, the chemical reaction rate is governed
by the large-eddy mixing time scale, k/e, as in the eddy-breakup model of
Spalding (1970).

The molar rate of creation/destruction of species k in reaction r in Arrhenius
form can be written as

4.23)

Rk,r = (Uk,r = Uk,r )Kr H[Clr ]"WV (425)
1

where C, , is the molar concentration of each reactant /*" species in reaction
1, M, is the exponent for each I*" reactant in reaction 1, v, and vy, are stoi-
chiometric coefficients for k' species as product and reactant, respectively,
and K, is the kinetic rate constant for any reaction r and can be expressed
as

K, = A, e F/RD (4.26)

Here, A, and E, are the preexponential factor and activation energy for the
gas-phase reaction 7, T'is the gas temperature, and R is the universal gas con-
stant. The gas-phase reaction rate is evaluated based on the minimum rate
obtained from the above three equations (Equations (4.23) to (4.25)).
Another approach to handle this complex chemistry is mixture fraction
based, in which a single conserved scalar (mixture fraction) is solved instead
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of transport equations for individual species. The reacting system is treated
using either chemical equilibrium calculations or by assuming infinitely fast
reactions (mixed is reacted approach). In this approach, transport equations
are formulated for the time-averaged mixture fraction and time-averaged
variance of the mixture fraction. Based on these two values, individual mass
fractions of fuel and oxidants (see Toor, 1975; Jones and Whitelaw, 1982) can
be obtained. To calculate the time-averaged values of species concentrations,
the probability density function (PDF) approach is used. Several mathemati-
cal functions have been proposed to express the PDF. The presumed PDF
methods assume a form for the PDF rather than computing it. Such methods
also have been extended to nonadiabatic flow processes such as coal combus-
tion. In nonadiabatic processes, the local thermochemical state is also related
to enthalpy, and then it is necessary to employ a joint PDF for mixture frac-
tion and enthalpy. Most of the literature on simulating PC fired combustion
has adopted or presumed a PDF approach. Case studies on the PDF-based
mixture model can be found in Vuthaluru and Vuthaluru (2006), Sheng et al.
(2004), and Yin et al. (2002). Here we use the species transport approach while
illustrating application of the CFD model to simulate a typical 210-MWe PC
tired boiler. This illustrative application and the results are discussed in the
next section.

The source of species k due to the dispersed phase is calculated by solving
species conservation equations for the particle phase. Species conservation
equations for the discrete phase can be written as

dM;
a "

4.27)

where M, is the mass of species k present in the particle. The particle source
term of species k, S, can be formulated by considering various particle-level
phenomena of interest, such as devolatilization and surface reaction-char
combustion. Hence, S, can be written as

aM, dM.
+

S, =
T g T odr

4.28)

where, M, and M, are the mass of volatiles and char, respectively, in a
coal particle.

The combustion of pulverized coal has two distinct processes occur-
ring after entering the furnace: devolatilization and char oxidation.
Devolatilization of coal in a PC fired boiler is quite fast and accomplished
within a fraction of a second. Char oxidation is a comparatively slower step.
The source terms were formulated using various types of devolatilization
and combustion models discussed in Chapter 3. For coal devolatilization,
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a single-step reaction-based simple model provided by Badzioch and
Hawksley (1970) is widely adopted as

d{% = — A, PRI M, (4.29)
where M, is the mass of volatile present in coal particle at any time, A,
is the preexponential factor, E, is the activation energy for devolatiliza-
tion, and T, is the temperature of the particle. The devolatilization kinetic
parameters are typically obtained from TGA (thermogravimetric analysis)
experiments.

Char combustion is commonly assumed as char is oxidized to CO via the
following reaction:

C(S) +0.5 02 © CcO © H’ =-110 k]/mol
The rate for this reaction is typically expressed as
Rate = K.A, Py, (4.30)

where the kinetic rate constant (K, for the char oxidation reaction is repre-
sented as

K, = A, eE/RD) (4.31)

where A, is the preexponential factor and E. is the activation energy for char
combustion. A, is the area of the particle, Py, is the partial pressure of oxy-
gen, and 7 is the order of reaction with respect to oxygen. The kinetic param-
eters for char combustion are usually obtained via DTF (drop-tube furnace)
(see Chapter 3 for more details). Char combustion is often influenced by gas-
solid mass transfer. The rate of char oxidation based on the apparent kinetic
parameters for any particle can be written as (Baum and Street, 1970; Field,
1969)

aM, A K.K,

i TTK +K,

P, 4.32)

where M, is the mass of char present in coal at any time. The bulk gas-phase
diffusion coefficient for the oxidant (Field, 1969) can be given as

0.75

_5x10™2 Ty+T,
d, 2

K, 4.33)
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Different approximations about how particle size and particle density
vary during devolatilization and combustion processes have been reported
(see, for example, Smith, 1971). Here, for the sake of simplicity, the particle
size was assumed to remain unchanged during devolatilization as well as
during combustion processes. The particle density was varied to account
for changes in particle mass during these processes. The methodology pre-
sented here, however, can be extended in a straightforward manner to incor-
porate more complex approximations.

The overall combustion process includes moisture vaporization, devola-
tilization, char oxidation, and homogeneous gas-phase reactions. Various
models available to calculate volatile yield include the constant rate
model (Baum and Street, 1970; Pillai, 1981), the single-step (Badzioch and
Hawksley, 1970) and two-step Arrhenius kinetic rate models (Kobayashi
et al., 1977), the CPD model (Fletcher et al., 1992), and more. It has been
recognized that single-step models can successfully predict the devolatil-
ization of coal, provided that the appropriate coal-specific kinetic param-
eters are known (Jones et al., 1999; Brewster et al., 1995). The char oxidation
has been computed mainly using the global/apparent kinetic rate equation
(Baum and Street, 1970) that couples the effect of internal ash layer diffu-
sion with intrinsic reactivity. Recently, more advanced combustion models,
such as the char burnout kinetic (CBK) model, that can predict the effects of
heterogeneity in maceral content, thermal deactivation, and ash inhibition
in the late stages of combustion have been used for predicting unburned
char in ash (Pallares et al., 2005; Hurt et al., 1998). Global/apparent kinetic
models are particularly useful where coal-related information such as
porosity, pore diameter, the effectiveness factor, surface area of char, etc.
is not readily available. Several efforts have been made to improve the pre-
diction capabilities of the present CFD combustion models for obtaining
quantitative predictions of char burnout (Pallares et al., 2005; Backreedy et
al., 2005; Hurt et al., 1998).

By simulating trajectories and variation of mass fractions and mass of
injected particles along the trajectories, corresponding sources of the gas
phase can be formulated. Formulation of continuous-phase sources from
particle-level sources is discussed by Ranade (2002).

4.1.3 Energy Balance Equations

The energy balance equation for the gas phase can be written as

PUR) = (kg T)- - thjk +S, (4.34)

where } is an enthalpy and k, is the effective thermal conductivity of the
gas. The term on the left-hand side represents the change in enthalpy due to
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convection. The terms on the right-hand side represent changes in enthalpy
due to conduction, diffusive mass fluxes (j,), and volumetric sources of
enthalpy (due to, say, chemical reactions and/or the dispersed phase). The
changes in enthalpy due to pressure and viscous dissipation are neglected
in this balance equation because they are very small in the case of PC fired
boilers.

The volumetric source term S, is the sum of the heat of chemical reactions
(Sj,4n) Occurring in the gas-phase, source term because of the discrete phase
(So), radiation (Sg), and heat sink to water walls and heat exchangers (Sg), and
may be written as

Sh = Sh,rxn + SQ + SR - SE (4:35)
The heat added from the discrete phase is:

dM,
(1_fheut) WNP HC+Qrad+Qconv

S = E 7 I (4.36)

The f,,.,, is the fraction of heat absorbed by the particle, M. is the mass of car-
bon present in coal, N, is number of paticles (refer Equation (3.43)), H, is the
heat released during char oxidation, and Q,,; and Q.,,, are the radiative and
convective heat transfers between gas and particle, respectively.

Thermal radiation in the furnace of a boiler is the dominant mode of heat
transfer. The flue gas composition in the furnace (particularly the CO, and
H,O concentrations) affects the absorption coefficient, emissivity, and there-
fore the radiative heat transfer. The underlying assumptions about the gray
or non-gray gas, specular or diffusive surfaces, and isotropic or anisotropic
scattering play an important role in effective heat transfer. The contribution
of absorbing and emitting participating media (such as coal, char, ash, and
soot particles) is also important in determining overall radiative exchange.
The variation in surface properties of the tube walls due to particle deposi-
tion and aging also affects the radiative heat transfer. Therefore, capturing
radiative heat transfer in a PC fired boiler is one of the most complex prob-
lems due to the participation of non-gray gases, the presence of particulates,
and the three-dimensional (3D) complex geometry. Estimation of radiative
heat transfer has two basic parts:

1. Solution to radiative heat transfer equation (RTE)

2. Estimation of the radiative properties of the gases and particles

The accuracy of the radiation model depends on how accurately the
above two aspects are captured. If the gas phase in a PC fired boiler is
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assumed as non-gray, then the intensity of radiation within the medium
becomes a strong function of the spectral variation, and integration of the
RTE becomes too complex. This requires that the RTE be solved multiple
times for each wavelength, thus leading to large demands on computational
resources. Therefore, more often than not, large combustion systems such
as PC fired boilers use the gray gas assumption; that is, the emissivity of
the gas does not depend on wavelength. A large body of literature exists on
various aspects of radiative heat transfer (see, for example, Modest (2003),
Howell and Siegel (2002), Viskanta (1987), Hottel and Sarofim (1967), Coelho
(2007)). Eaton et al. (1999) have reviewed radiative heat transfer, particu-
larly in combustion systems. It will be useful to consult these papers and
reference cited therein. Here we briefly discuss and present some govern-
ing equations.

The RTE in a participating gray medium is the change in intensity of ther-
mal radiation at position r along the directions ® and for steady state (as the
speed of light is several magnitudes faster than the underlying time scale of
the process), it can be written as

dl(r, ) _ —(a+0)(r,w)+al,+— [ I(r,0)Pdw (4.37)
ds 4t ) 4x

where I(r,m) is the intensity of radiation at position r and direction w, a is
the overall absorption coefficient , 6 is the scattering coefficient, and @ is the
scattering phase function.

The first term on the right-hand side of Equation (4.37) represents the
intensity of radiation loss due to absorption and scattering in the path
length ds of the medium containing gas and particles. The second terms
represent emissions added to the radiation intensity from the path length
ds, and the third term represents radiation intensity added from internal
scattering.

Equation (4.37) is integrated to provide the radiative source term (Q,) in the
energy balance equation as

Q =a, [ Ido-4E, 4.38)

4n

where E, is the blackbody emissive power of the gas.
For the gray approximation, the blackbody emissive power is expressed as

E, = oT; (4.39)

where ¢ is the Stefan Boltzmann constant = 5.67 x 108 W/m2-K*, and Tg is the
local gas temperature.
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Exact solutions of the RTE for practical problems such as radiative heat
transfer in a boiler are not available (Modest, 2003; Howell and Siegel, 2002).
Following are the main approaches to solve RTE:

® Monte Carlo (MC) or statistical method (Howell and Siegel, 2002): This
method tracks the history of a large number of photons generated
from a volume or surface as they are transported in the solution
domain until the intensity of the photons reduces to a pre-described
level. It is one of the most accurate and rigorous methods to simu-
late radiation. However, it is computationally very expensive due
to tracking a very large number of photons.

e Hottel zone method (Hottel and Sarofim, 1967): The computation
domain is divided into a number of zones having uniform tem-
perature and radiation properties. The radiation heat exchange
between each zone with all other zones is estimated based on the
direct exchange areas. This approach is described in Chapter 5 and
generally is more suitable for phenomenological-type models hav-
ing a small number of zones/volumes.

e Flux methods: These methods assume that the intensity of radia-
tion is uniform over defined intervals of the solid angle. This sim-
plification reduces the current RTE (integro-differential) form to
ordinary differential equations that can be easily solved using the
current CFD framework in an efficient manner. The discrete ordi-
nate (DO) method is one example.

The commonly used radiation approaches for boiler or combustion furnaces
are listed in Table 4.2.

Approximate radiation models such as the P-1 harmonic series and
DO models have been widely adopted in CFD codes for solving radia-
tive heat transfer equations for specific application to PC fired boilers.
These models have sufficient generality and conformance with control-
volume formulations and can account for particulate effects (particle
scattering). These approximate methods are preferred over more accu-
rate methods such as MC methods because approximate methods are
computationally quite efficient in estimating the radiative source term
in reaction-turbulence coupled processes that are solved iteratively. P-1
is considered more suitable for combustion systems having a thick opti-
cal thickness (that is, a X L > 3, where a is the absorption coefficient and
L is width or depth of the furnace). The DO model is also used, and fur-
ther information on the DO model can be obtained from Yin (2002) and
Zhou et al. (2002) for its application to PC fired boilers. Here we present
a brief discussion of the P-1 and DO radiation models for their applica-
tion to PC fired boilers.
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TABLE 4.2

Brief Review of Radiation Models Used for PC Fired Boiler Simulations

Radiation Boiler

Model Refs. Capacity (MWe)

P-1 Asotani et al. (2007) 40 MW tangentially fired
Vuthaluru et al. (2006) 500 MW, wall fired
Backreedy et al. (2006) 1 MWth burner testing

Discrete ordinate (DO) model  He et al. (2007) Capacity not available,

tangentially fired

Discrete transfer model

Monte Carlo model

Six-flux model

Yin et al. (2002)

Zhou et al. (2002)

Diez et al. (2007)

Xu et al. (2001)

Lee and Lockwood (1981)

Fan et al. (2001)
Hao et al. (2002)
Marakis et al. (2000)

Belosevic et al. (2006)

609 MW, tangentially fired
600 MW, tangentially fired
600 MW, tangentially fired
300 MW, wall fired

Method demonstrated for general
combustor

300 MW, wall fired
600 MW, tangentially fired

Cylindrical furnace; compared
P-1 and MC and found
predictions comparable

210 MW, tangentially fired

4.1.3.1 P-1 Radiation Model

The P-N model (Modest, 2003) is based on the expansion of the local radiation
intensity in terms of orthogonal series of spherical harmonics, with trunca-
tion to N terms in the series and substitution into the moments of the dif-
terential form of the RTE. In the present study, the simplest and lowest-order
P-1 approximation is discussed, which is adequate for most PC fired boiler

applications.

The radiation transport equation for the P-1 model can be written as

4
AT G)=(a+a,)G-4n a%w,,

The quantity I'is T" =

- 3(a+a,+0,)

(4.40)

1 4.41)

where G is the incident radiation and equal to 46T, G is the Stefan-Boltzmann

constant, a is the absorption coefficient of the gas phase, and a

, is the equiva-

lent absorption coefficient due to the presence of particulates and is defined as

4.42)
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The equivalent emission E,, is defined as

N

=lim ) ¢,,A
p = prdpn
o=

oT,,
nV

E

4.43)

where ¢,,, A,,, and T, are the emissivity, projected area, and temperature of
the particle 7, respectively. The summation is taken for all particles present
in the volume V.

The equivalent particle scattering factor o, is given as

N

o, =lim ) (1- f,.)(1- e,,,,)A‘;" (4.44)

V=0
1
where f,, is the scattering factor associated with the n'" particle. The equiva-
lent particle scattering factor 0, is computed during particle tracking.
The expression for V(I'VG) can be directly substituted into the energy
equation to account for heat sources (or sinks) due to radiation.

4.1.3.2 Discrete Ordinate (DO) Radiation Model

The DO radiation model (Modest, 2003) solves the RTE for a finite number of
discrete solid angles, each associated with a vector direction s fixed in the
global Cartesian system (x, , and z). The DO model transforms the transport
equation for radiation intensity in the spatial coordinates (x, y, and z). The
DO model solves as many transport equations as there are directions s. The
solution method is identical to that used for the fluid flow and energy equa-
tions. The DO model considers the RTE in the direction s as a field equation.
Thus, Equation (4.37) is written as

4n

.(1(7,§)§)+(a+os)1(?,§)=a1b+4‘;[01(?,5') (55)d @45

The DO model also allows the non-gray gas approach, and Equation (4.45)
can be written for each wavelength (A) of radiation.

If g;, is the total radiant intensity on the walls, then some part of it is
reflected diffusely and specularly, depending on the diffuse fraction f; of the
wall. Some of the incident radiation is absorbed at the surface of the wall,
and some radiation is emitted from the wall surface. This can be broadly
grouped as

e Emission from the wall surface = ¢, 0T,

e Diffusely reflected energy = fa(l1-€4)qin
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e Specularly reflected energy =1~ f)qin
e Absorption at the wall surface = f&,4:

where f, is the diffuse fraction. For a purely diffused wall, f; is equal to 1 and
there is no specularly reflected energy. For a purely specular wall, f, is equal
to 0 and there is no diffusely reflected energy. A diffuse fraction between 0
and 1 will result in partially diffuse and partially reflected energy.

There are four approximate approaches proposed for predicting the radia-
tive properties of gases (Eaton et al., 1999; Modest, 2003; Viskanta, 1987):

1. Line-by-line approach: It depends on a detailed knowledge of every
single spectral line, and an absorption coefficient is calculated for
each single line. Such information is obtained from the HITRAN96
database, which is experimentally generated at atmospheric condi-
tions, and the HITEMP database, which is an extrapolation of the
HITRANDY96 database to high temperature. As all combustion pro-
cesses are at high temperature and HITEMP is an extrapolated data-
base, its accuracy is not proven. Also, computation based on this
method will require very large computations resources.

2. Narrow band approach: This approach gives an average absorption
coefficient and intensity over a narrow spectral range, instead of the
actual individual spectral line.

3. Wide band approach: This approach integrates the narrow band results
across an entire band.

4. Global approach: Look-up tables for the properties are created based
on the above three approaches. Based on the composition of the
gases, and the operating pressure and temperature, the desired
property is derived based on assigning a weighting factor to each
gas species. The weighted sum of gray gas model (WSGGM) and its
further extensions are the commonly adopted for engineering pur-
poses and are based on the global approach.

Some numerical experiments were performed to understand the differ-
ence in the predictions of the P-1 and DO models. Instead of solving com-
bustion, a simple numerical experiment of passing hot flue gas through the
boiler was performed. The simulated values of overall heat transferred to the
water wall in the furnace section, superheater, and the temperature profiles
obtained using the P-1 and DO models were compared. A sample of this
comparison is shown in Figure 4.2.

These numerical experiments were performed in a typical geometry of a
210-MWe PC fired boiler with a gas absorption coefficient of 0.5 and a scat-
tering coefficient of 0. The wall emissivity was set to 0.6, and the wall tem-
perature was set to 600K. It can be seen that the simulated values of overall
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FIGURE 4.2

Comparison of P-1 and DO radiation models: (a) heat transferred to water wall and (b) heat
transferred to platen superheater.

energy absorbed by the water walls or other internal heat exchangers
are not significantly affected by the choice of radiation model. Therefore,
either of these two models can be used to simulate radiative heat transfer
in boilers.

The radiation model has parameters such as the absorption coefficient,
scattering coefficient, and emissivity of the heat exchangers, and the sen-
sitivity of such parameters can be also studied to understand their rela-
tive importance. The numerical experiment described above was therefore
extended to investigate the sensitivity of the simulated results with other
relevant parameters of radiative transport. The absorption coefficient of
gas is a key parameter. The intensity of the incident radiation is attenu-
ated because of absorption by the gas through which the radiation trav-
els. The absorption leads to an exponential decay of incident radiation.
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Therefore, the transmissivity of the homogeneous isothermal gas layer can
be written as (Siegel et al., 1972)

T=e" (4.46)

where S is the thickness of the gas layer, and the proportionality constant g,
is known as the absorption coefficient and has units of reciprocal of length
(1/m). The absorption coefficient, in general, is a function of the tempera-
ture, pressure, composition of material, and wavelength of incident radia-
tion, which can be estimated (Modest, 2003) by the weighted sum of gray
gas model (WSGGM). The WSGGM allows calculation of the local value
of the absorption coefficient as a function of local mass fractions of water
vapor and carbon dioxide (or of any other species). The simulated values of
heat transferred to the furnace water wall and platen superheater for dif-
ferent values of absorption coefficients (0, 0.5, and 1 as constant values) and
WSGGM based (composition, temperature, pressure dependent) are shown
in Figure 4.3. All simulations were performed with a wall emissivity of 0.6
and a temperature of 600K.

When a = 0 is assigned to the absorption coefficient, the medium becomes
completely transparent to the incident radiative energy due to which the gas
shows low absorption and emittance. This leads to low heat being trans-
ferred to the water wall in the furnace zone and more heat is transferred
to the platen superheater. The results show that the heat transferred to the
water wall was about 250 MW when a =0. When a = 0.5, 1, and WSGGM, the
simulations predict that the heat transferred to the water wall will be 415,
380, and 355 MW, respectively. Variation of the local absorption coefficient
predicted using the WSGGM is shown in Figure 4.4. Considering the wide
variation in local composition and temperature in the PC fired boiler, the
WSGGM model is recommended and was used in subsequent simulations of
coal combustion in a boiler.

When a photon (or an electromagnetic wave) interacts with a gas mol-
ecule, it may be scattered, which results in a change in the direction of
travel of the photon. It can be defined as the inverse of the mean free path
traveled before the photon undergoes scattering. The influence of the scat-
tering coefficient (c,) on predicted heat transfer is shown in Figure 4.5. It
can be seen that with the P-1 radiation model, the value of the scattering
coefficient has a marginal influence on the heat transferred to water walls
and other internal heat exchangers such as platen superheaters. The emis-
sivity of the wall was set to 0.6, and the absorption coefficient was set to 0.5
in these simulations. The scattering coefficient was therefore set to zero for
further simulations.

Emissivity is a measure of a material’s ability to absorb and radiate energy.
The emissivity of water wall tubes decides the heat that will be absorbed in
the furnace zone. Ash deposition is one major factor that affects the emis-
sivity of water walls. The influence of the variation in emissivity on heat
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FIGURE 4.3

Influence of absorption coefficient on heat transfer in a typical 210-MWe PC fired boiler:
(a) heat transferred to water wall and (b) heat transferred to platen superheater.

transfer on the water wall and platen superheater is illustrated Figure 4.6
using the numerical experiment described previously.

The emissivity of the water wall adopted for boiler simulations ranges from
0.6 to 0.85. Asotani et al. (2008) have used 0.6 as the water wall emissivity for
a 40-MWe boiler, and 0.85 was used by Diez et al. (2008) and Backreedy et al.
(2006) for a 600-MWe boiler. It should be noted that, typically, the actual geo-
metric details of the water walls such as shape, size, and pitch of the tube are
usually not accounted for in the CFD model (to simplify the grid generation);
the emissivity of water walls is treated as an adjustable parameter that can

be tuned to obtain the right FEGT, and the heat transferred in the furnace
section to the water wall.
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FIGURE 4.4 (See Color Insert.)
Simulated distribution of absorption coefficient (1/m) using WSGGM: (a) horizontal plane
passing through burner and (b) a vertical mid-plane.

Thermal radiation in the furnace is primarily modeled by the P-1 model
(Asotani et al.,, 2008; Vuthaluru et al., 2006; Backreedy et al., 2006) or the DO
model (He et al.,, 2007; Yin et al.,, 2002; Zhou et al., 2002). Other approaches,
such as the six-flux model (Belosevic et al., 2006), Monte Carlo model (Fan et
al., 2001; Howell, 1968), and discrete transfer model (Xu et al., 2001; Lockwood
and Shah, 1981), have also been used. The heat absorbing walls were mod-
eled as constant-temperature walls (Yin et al.,, 2002; Zhou et al., 2002). The
heat exchangers were modeled either by the porous volume approach (He et
al,, 2007; Yin et al., 2002) or by the constant-temperature double-sided walls
approach (Yin et al., 2002).

The energy balance for the discrete phase can be written as

aM,
dt

M C P fheat C ern + de + Qconv Hfg (447)

Here, Cp,, H,,,, Q.0 and Q,,,, are the particle specific heat, heat of char oxida-
tion reaction, and radiative and convective heat transfer, respectively. The
fheat 18 the fraction of heat absorbed by the coal particle during char oxidation,
Hy, is the latent heat of evaporation of the volatile/moisture, and i s the
rate of evaporation of volatile/moisture.

The particle radiative heat transfer can be written as

de =€p0O Ap (T'Ié1 - Tlgl) (4:48)
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FIGURE 4.5

Influence of scattering coefficient on heat transfer in a typical 210-MWe PC fired boiler: (a) heat
transferred to water wall and (b) heat transferred to platen superheater.

where €, is the particle emissivity, ¢ is the Stefan-Boltzmann constant
(=5.67 x10° W/m?K*), Ty is the radiation temperature (ﬁ)m ,and & is the
heat transfer coefficient.

Backreddy et al. (2006) have proposed a value of 0.9 for particle emissivity.
Asotani et al. (2008) and Lockwood et al. (1986) have proposed the following

correlation: €, = 0.4 UBC + 0.6 for estimating particle emissivity (where UBC
is unburned carbon).

The convective heat transfer can be written as

Qconv = hAP(Tg - TP) (449)
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Influence of wall emissivity on heat transfer in a typical 210-MWe PC fired boiler: (a) heat
transferred to water wall and (b) heat transferred to platen superheater.

The heat transfer coefficient 1 was evaluated using the correlation of Ranz
and Marshall (1952) as

%= 2 + 0.6(Re,)"* (Pr)" (4.50)
8

Further details of heat and mass transfer correlations can be found in
Appendix 4.3 of Ranade (2002).

This completes the formulation of the basic governing equations for simu-
lating processes occurring in a typical PC fired boiler. Before we discuss
simulations using these basic governing equations, it will be useful to dis-
cuss two additional topics in the formulation of model equations that are
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quite relevant in practice, namely (1) simulating the formation of pollutants
(NO, and SO,) and (2) deposition of particles on internal walls.

4.1.4 Formation of NO, and SO,

The combustion of coal in PC fired boilers is accompanied by the for-
mation and emission of gases harmful to the environment, such as NO,
and SO,. The volume of sulfur in exhaust gases is strictly correlated with
the sulfur content of the combusted coal, unlike NO,, which may form
from the inherent nitrogen content of the air fed to the PC fired boiler. A
detailed discussion of the modeling of NO, and SO, formation in PC fired
boilers is outside the scope of this book. In this section we briefly discuss
key issues and cite some references that may be consulted for obtaining
further details.

Most of the sulfur contained in fuels (more than 95%) is oxidized to form
SO,. This may further react with hydroxyl radicals and form SO,. The SO,
may then react with water drops in clouds and result in acid rain. The mech-
anisms of the release of sulfur compounds from coal and subsequent oxida-
tion to SO, are influenced by many factors, including coal type, content and
characteristics of the sulfur-containing compounds, and combustion condi-
tions. In general, organic sulfur compounds are less stable than inorganic
sulfur compounds. Organic sulfur usually is released during the devola-
tilization process, forming sulfuric species. However, a certain fraction of
the organic sulfur remains trapped in the char and is therefore released
subsequently during char burnout (see Muller et al. (2013) and references
cited therein for more details). Significant efforts have been made to develop
computational models to simulate SO, formation and thereby evolve ways
for possible reductions in the formation of SO,. It should be noted that the
sulfur content in Indian coal is much lower (<1%) compared to that in coal in
the United States (Visuvasam et al., 2005). Because the focus of this book is
on modeling PC fired boilers using high-ash-containing Indian coal, further
discussion on modeling SO, formation is not included here. More details
may be found in Krawczyk et al. (2013) and references cited therein.

Unlike SO, formation, which is related to the sulfur content of coal, NO,
can form via two possible sources: (1) reaction of nitrogen in air with oxy-
gen to form NO, (which is temperature dependent) and (2) oxidation of fuel
nitrogen present in volatile and char (fuel dependent). There is increasing
emphasis on reducing pollutants such as NO,. Several ways, such as stag-
ing of the combustion air or low NO, burners, are currently practiced by
boiler manufacturers to reduce NO, emissions. Computational models play
a very important role in simulating and thereby evolving ways for reduc-
ing NO, emissions. Several mechanisms and models have been proposed to
represent the formation of thermal NO, and fuel NO, (see Dean and Bozzelli
(2000) and references cited therein). Some of these aspects are discussed
briefly here.
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Formation of NO, via a thermal mechanism (Zeldovich mechanism)
is important when the local temperature in the flame increases to more
than 1,800K. The rate expressions and kinetic parameters for thermal NO,
formation have been extensively studied and reported in the published
literature (see, for example, Hanson and Salimian (1984)). The available
information indicates that formation of a nitrogen atom is the rate-lim-
iting step. Therefore, it is generally assumed that the rate of production
of NO is the same as the rate of generation of nitrogen atoms. Usually,
the quasi-steady-state assumption is invoked to simplify rate expres-
sions. These quasi-steady-state-based rate expressions involve concentra-
tions of radicals that may be correlated with molecular concentration by
assuming that

¢ Equilibrium for [O] and neglecting [OH] radicals
e Partial equilibrium for [O] and [OH]

The equilibrium approach may cause as much as a 25% under-prediction of
NO, values in the flame zone. The contribution of thermal NO, is generally
less than 10% to 15% of the total NO, formed (Stanmore and Visona, 2000).
The remainder typically originates from fuel.

Most of the nitrogen found in coal is embedded as aromatic nitrogen com-
pounds such as pyridine (CsH;NH), pyridone (C;H,NH(O)), and pyrrole
(C,H,NH). The low-ranked (less mature and high oxygen containing) coals
generally contain pyridone as a major compound; and as the coal becomes
more mature, the pyridone loses its oxygen and transforms into pyridine
(Speight, 2013). During this thermal transformation, the nitrogen present
in the parent coal is distributed into volatile matter and char. It is reported
that the volatile nitrogen accounts for nearly 45% to 80% of the total NO,
emissions for fuel-lean conditions and ~10% for fuel-rich conditions (Diez
et al., 2008; Spitz et al., 2007). Distribution of the nitrogen and the types of
nitrogen compounds affect NO, formation in PC fired boilers (Speight, 2013;
Davidson, 1994). Other factors such as thermal history and an oxygen-rich
environment due to improper furnace and burner design may promote NO,
formation in the boiler.

The volatiles may undergo secondary pyrolysis to release nitrogen (N,),
hydrogen cyanide (HCN), ammonia (NH;), and amine compounds that may
oxidize to form nitric oxide (NO) and nitrous oxide (N,O). Fuel nitrogen
transformed into HCN and NH; will contribute to major NO, formation.
Low-rank coal produces ten times more NH; than HCN, while bituminous
coal produces only HCN (Winter et al., 1996; Naruse et al., 1995). The forma-
tion of HCN or NH; in the volatile matter is a function of coal rank and also
the oxygen available in the vicinity. An oxygen-lean environment promotes
N, formation while an oxygen-rich environment promotes NO, formation.
Spinti and Pershing (2003) have suggested that the char-N conversion to NO,
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FIGURE 4.7
Schematic representation of NO, formation during coal combustion.

for a typical PC fired boiler is 50% to 60% for low-rank coals and 40% to
50% for bituminous coals. Williams et al. (2001) have proposed that char-N
amounts to about 80% of the total NO formed. In contrast to this, Rostam-
Abadi et al. (1996) have indicated a 20% to 30% contribution from char-N. A
typical representation of the NO, process from pulverized coal is shown in
Figure 4.7.

Fuel NO, forms via the oxidation of volatile-nitrogen and char-nitrogen
and may proceed according to one of the following routes:

e Char-N and volatile-N form HCN or NHj,, or both.

e Char-N directly oxidizes to NO due to pore reactions, and volatile-N
forms HCN or NH,, or both.

Typically, conversion of char-N to NO, is slower compared to the conversion
of volatile-N. Assumptions about the relative formation of HCN and NH; are
important because this affects NO, formation. For low-rank coal, NH; is the
primary product, while for high-rank coal (e.g., bituminous coal), HCN is the
major product.

The brief discussion in this section can be used to select appropriate mod-
els for representing NO, and, if necessary, SO, formation in PC fired boilers.
The formulated model equations can be assimilated with the species bal-
ance equations discussed previously by appropriately selecting effective rate
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expressions. The references cited in this section should be consulted for fur-
ther details.

4.1.5 Particle Deposition on Walls and Heat
Transfer through the Deposit Layer

Deposition of the ash on the surface of the heat exchanger is one of the criti-
cal problems for any solid fired combustion system such as a PC fired boiler
because it impacts the heat transfer efficiency of the system. Generally, soot
blowers are used to remove these depositions from the surface of the heat
exchanger. Steam is used to blow the depositions. High steam consumption,
fire-side corrosion of metal tubes, frequent maintenance, and sometimes
unwarranted shutdowns are key operational issues in PC fired boilers. Such
problems become more severe for high-ash-containing coal. The problem is
even more severe with typical Indian coals because the ash content in these
coals is more abrasive due to the high quartz (silica) content. In typical cases
where coal is co-fired with biomass, fouling issues are quite critical. Biomass
ash contains low-melting salts that may lead to severe fouling issues in the
boiler. Salts such as those based on Na, K, and S (e.g., Na,SO,, K,SO,) vapor-
ize above 750°C and condense on steam-cooled tube surfaces where they
form sticky deposits. Particle deposition on any heat transfer surface will
significantly influence heat transfer rates. It is therefore important to develop
appropriate models to capture possible particle deposition in PC fired boil-
ers and to account for the influence of particle deposition on effective heat
transfer in such boilers.

Two terms quite commonly used are slagging and fouling. Slagging
mostly occurs in the radiant furnace zone of PC fired boilers where the
coal particle temperature exceeds the melting point of the ash. The depo-
sition surface temperature influences the microstructure of the deposit
(see Zhou et al., 2014). The melted ash forms a sticky viscous mass and
deposits over the water walls of the furnace. Therefore, the slagging
depositions are mostly viscous sticky liquid layers on the tube surfaces
of the furnace. The fouling occurs in the upper section of the furnace
where superheaters and reheaters are suspended in the flow path of the
flue gas. The flue gas entering this zone is at a comparatively lower tem-
perature (<1000°C). The condensable species in the flue gas condense out
on the heat exchanger surfaces (<600°C) and form dry deposits, unlike
slag. Typical photographs illustrating fouling in PC boilers are shown in
Figure 4.8.

There are differences in the deposition within the furnace and on the super-
heater surfaces in terms of their composition and thickness of deposit layer.
The thicknesses of deposits on the superheater are reported in the range of
25 to 30 mm over a period of 6 to 9 months. The first 25 mm grows quickly
over the superheater surface. The rate of deposition then slows down and
only a few millimeters of growth is observed in the next 6 months (Tomeczek
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FIGURE 4.8 (See Color Insert.)

Fouling observed in PC fired boilers: deposit build-up on superheater after 1 week of co-firing
(coal + straw). Reprinted from Progress in Energy and Combustion Science, 31 (5-6) Zbogar, A.,
Flemming, J.F, Jensen, P.A. and Glaborg, P, Heat Transfer in Ash Deposits: A Modelling Tool
Box 261-269 (2005) with permission from Elsevier.

et al., 2004). The composition of the deposits on superheater surfaces mainly
contains Al,0;25i0,, SiO,, Fe,0,, CaO, and MgO. Alkalis such as Na,SO,,
K,S0O,, KCl, and NaCl account for less than 2%. There is almost no carbon in
these deposits. The growth of deposits at the end of 3 months of operation in
a typical PC fired boiler is shown in Figure 4.9.
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FIGURE 4.9

Deposit growth on PC boiler tubes at the end of 3-month operation. Reprinted from Fuel, 83(2),
Tomeczek, ]. Polugniok, H. and Ochman, J., Modelling of deposit formation on heating tubes
in pulverized coal boilers, 213-221, (2004), with permission from Elsevier.
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There are four main modes in which particle deposition occurs on the sur-
face of the wall:

1. Inertial impaction due to inertia and drag (particle size >10 um)
2. Thermophoretic attraction (particle size < 10 um)
3. Condensation (particle size < 1 um)

4. Heterogeneous reaction between particle and wall surface (particle
size <1 um)

These parameters are affected by the hydrodynamics of the furnace and tur-
bulent interaction (eddy and particle) between gas and solid particles. The
overall approach of modeling particle deposits is shown schematically in
Figure 4.10.

The rate of particle deposition (N,) is given as

N, =]nin, 4.51)

where | is the flux of particles, 1, is the impact efficiency, and 1, is the sticking
efficiency.

The probability of particle impact with the heat exchanger surface is called
the impact efficiency. Larger particles have higher particle relaxation times
and hence will have a larger probability of colliding with the surface. The
small particles with smaller particle relaxation times will follow gas flow
and have a lower probability of impact with surfaces. The impact efficiency
is usually expressed as a function of the Stokes number, which is the ratio of
the particle relaxation time (1) to particle flow characteristic time. Detailed

CFD simulations of a PC fired
boiler [T 7T A

Gas phase turbulence, Particle tracking and
velocity and temperature/composition
temperature profile history

.

Particle dispersion model (PDM)

Particle/fly ash
composition and
properties

- Estimate impact efficiency
- Estimate particle sticking efficiency -
- Estimate heat transfer through deposit

and its surface temperature
- Estimate deposit growth over time

FIGURE 4.10
Overview of modeling of the ash deposits on the surface of tube heat exchanger.
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expressions for estimating the impact efficiency can be found in Huang et al.
(1996) and Baxter (1990).

All the particles that collided with the walls of internal heat exchang-
ers may not deposit on the walls. It is therefore essential to consider the
probability of a particle sticking to the surface. This depends on particle
properties such as the temperature of the particle, composition, angle of
approach, and kinetic energy, as well as tube properties such as tempera-
ture, roughness, and composition of any already-coated ash layer. To quan-
tify this probability of sticking, the critical viscosity (of the slag) based
model is generally adopted. The probability of a particle sticking to the
surface is equal to the ratio of critical viscosity to particle viscosity with a
maximum value of 1. The typical value of the critical viscosity of slag is 104
Pa-s (Hao et al., 2002; Huang, 1996; Richards et al.,, 1992). A few research-
ers have adopted a value for the critical viscosity of 10° Pa-s (Lee and
Lockwood, 1999; Wang and Herb, 1997), and others have suggested a broad
range of values from 10* to 108 Pa-s (Walsh et al. (1990) and Srinivasachar et
al. (1990)). Various expressions used to estimate particle viscosity are sum-
marized in Table 4.3.

Another approach for estimating the sticking efficiency was proposed
by Tomeczek (2004); it is based on the particle temperature and the particle
melting temperature. Based on estimations of impact efficiency and sticking
efficiency along with the flux of the particle simulated using the CFD model,
the effective rate of deposition can be estimated as a post-processing of the
CFD results.

Once the thickness of the deposit is estimated, the influence of the deposit
on heat transfer must be accounted for in the CFD model. Heat transferred
through ash deposition is the net result of the heat convected and radiated

TABLE 4.3

Summary of Estimation of Particle Viscosity

Ref. Correlations for 1| (Poise) Remarks

Watt and Fereday (1969); 107 m m = 0.00835[SiO,] + 0.00601
Huang (1996); log(10 )= (T 1507 *° [ALO,]-0.109

¢ =0.0415[SiO,] + 0.0192 [ALO,] +
0.0276 [eq. Fe,O5] + 0.016 [CaO] -3.92

[SiO,] + [ALO;] + [eq. Fe,O;] + [CaO]
=100 wt%

Urbain (1981,1982) Inm=InA+InT+10°B/T-  Equation for slag viscosity.
Depending upon the silica in the
slag the values of constant varies.

Lucas (2001) s 2 S: silica ratio; T is in K

Inm=4.468 10

4
+1.265 1% -7.44
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Q = Qconvection
+ Qradiation
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Qreflected = Qradiation x p
Qemitted = Qradiation x €

FIGURE 4.11

Heat transfer to and through ash deposits. Reprinted from Progress in Energy and Combustion
Science, 31 (5-6), Zbogor, A., Flemming, J.F,, Jensen, P.A. and Glaborg, P., Heat Transfer in Ash
Deposits: A Modelling ToolBox, 261-269 (2005), with permission from Elsevier.

to the deposit and the heat radiated and emitted by the deposit (shown sche-
matically in Figure 4.11):

and = Qconv + de - me - Qemm (4.52)

where Q,,,,; is the heat conducted through the porous deposit to the heat
exchanger surface, Q,,,, is the heat convection to the deposit from the flue gas
(W(T, = T))), Qyuq is the heat radiated from the gas and other emitting bodies
(€ 0°T), Q,yis the radiation reflected back from the deposit ( -€ o-Ty), and
Q..i is the heat emitted by the deposit (e;-o-T;/). Wherein, / is the convective
heat transfer coefficient between the flue gas and the deposit, T, is the flue
gas temperature, T, is the temperature of the deposit, € is the emissivity of the
flue gas or other emitting bodies, ¢ is the Stefan—-Boltzmann constant, ¢ is the
reflectivity of the deposit, and ¢, is the emissivity of the deposit.

If the deposits on the tube surface are of cylindrical shape (and uniform
along the periphery), the heat of conduction for a cylindrical pipe can be
written as
T.-T

Qcond =4 a1
2nkg lanr

(4.53)

where T, is the tube metal temperature, d, is the outer diameter of the deposit,
d, is the outer diameter of the tube, and k, is the conductivity of the deposit.
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The temperature of the deposition (T)) can be estimated using Equations
(4.52) and (4.53).

The conductivity and emissivity of the deposit depend on the particle size,
composition, and thickness of the deposition. An extensive review of particle
deposition and heat transfer has been presented by Zbogar (2005) and may
be referred to for more details.

This completes the formulation of model equations. The next step is to use
appropriate numerical methods to solve the model equations and then apply
the computational model to simulate PC fired boilers. This is illustrated here
with an example of a typical 210-MWe PC fired boiler.

4.2 CFD Simulations of a PC Fired Boiler

In recent years, significant efforts have been made to carry out CFD simula-
tions of different types of PC fired boilers (wall or corner fired). CFD simula-
tions have been performed to understand key aspects of the flow processes
occurring in PC boilers and also gain insight, which quite often measure-
ments alone may not practically provide. Most of the previous CFD stud-
ies were simulated gas flow field, temperature and species distribution, and
particle trajectories within the boiler; see, for example, Yin et al. (2002) and
Fan et al. (2001, 1999). Efforts have also been made to simulate NO, produc-
tion in PC fired boilers (and to evaluate alternatives for reducing the same;
see, for example, Backreedy et al. (2005), Stanmore et al. (2000), and Xu et al.
(2000)).

There were attempts to predict the temperature deviation that occurs in
the upper furnace zone (crossover pass) near the superheaters (Yin et al.,
2002; Xu et al., 1998). It has been shown that residual swirl is the primary
cause of the observed temperature deviation in the boiler. Ash deposition
on the heat exchangers is a common phenomenon in PC fired boilers, and
models have been developed for simulating the ash deposition on the heat
exchanger walls (Zhou et al., 2002; Fan et al., 2001). The fuel-to-air ratio plays
an important role in determining the overall oxygen concentration and tem-
perature profiles, residence time of the particles in the furnace, unburned
char remaining in ash, and NO, formation. Operational parameters such as
a reduction in boiler heat load from standard operating conditions have an
influence on boiler performance. Xu et al. (2001) have performed simulations
to understand the effect of heat load on boiler performance for a 300-MWe
wall fired boiler. More recently, Belosevic et al. (2008) performed numerical
studies to understand the effect of operating conditions on the performance
of a 350-MWe wall fired boiler (for lignite coal). Here we illustrate applica-
tion of the CFD model discussed in the previous section to a 210-MWe tan-
gentially fired PC boiler. The methodology, however, can be extended in a
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straightforward manner to any PC boiler, including current-generation PC
fired boilers.

Key steps in the application of the CFD model for simulating PC fired boil-
ers and a systematic methodology for it are discussed in Chapter 6. It is rec-
ommended to read that chapter before going through the remainder of this
chapter. It may be necessary to read these two chapters iteratively to facili-
tate a better understanding of the salient aspects of applying computational
models to PC fired boilers. In this chapter, key steps discussed in Chapter 6
are illustrated with the case of a typical 210-MWe PC fired boiler. The geom-
etry considered here broadly follows the configurations used by many of the
Indian utility companies. The considered PC boiler is fired with medium-
volatile, high-ash-content subbituminous type coal. The commercial CFD
solver FLUENT® version 6.2 (ANSYS, Inc., Canonsburg, Pennsylvania) was
used to solve the mass, energy, and momentum governing equations for
gas and particles. Before the results of an illustrative application of the CFD
model to a considered PC boiler, some comments on grid generation and
simplifying considerably the geometry of a PC boiler are included in the
next section. The illustrative results obtained by applying the computational
model are then discussed for the following cases:

* Cold air velocity tests

* Base case simulation

¢ Influence of key design and operating parameters
e Burner tilt
e Excess air
e Turndown (coal feed rate)

e (Coal blends

4.2.1 Numerical Simulation and Simplifying the
Geometry of PC Fired Boilers

The model equations discussed in Section 4.1 are strongly nonlinear and
coupled partial differential equations. These model equations must be
solved numerically. In general, numerical solution of the governing trans-
port equation replaces continuous partial differential equations by discrete
information contained in a set of algebraic equations. The set of algebraic
equations (called discretized equations) involving the unknown values
of dependent variables is derived from the governing partial differential
equations. Some assumptions about how the unknown dependent variables
change between grid points are necessary for such derivation. Generally,
piecewise profiles are assumed that describe variation over a small region
around the grid point in terms of values at that grid point and the sur-
rounding grid points. To facilitate this, the solution domain is divided into
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a number of computational cells (the process is called grid generation) so that
a separate profile assumption can be associated with each computational
cell. Various different methods are available for deriving the discretized
equations. Most commercial CFD tools applicable to turbulent, multiphase,
and reacting flows are based on the finite volume method (Patankar, 1980;
Ranade, 2002). The discretized equations formulated using the finite vol-
ume method are then iteratively solved using suitable algorithms for treat-
ing pressure-velocity coupling. Special algorithms are needed to solve
multiphase flows. The radiation transport equation also demands differ-
ent and special treatment because of its different intrinsic character. It will
not be possible to discuss the details of numerical solution here. The reader
is referred to the book by Ranade (2002) and references cited therein. The
approach of numerical solution and some of the key steps are highlighted
here for the sake of completeness.

After selecting the numerical method, it is necessary to generate an appro-
priate grid, that is, a discrete representation of the solution domain and dis-
crete locations at which variables are to be calculated. Two types of grids,
namely structured and unstructured grids, are used in practice. In a struc-
tured grid, there are families of grid lines following the constraint that grid
lines of the same family do not cross each other and cross each member of
the other families only once. The position of a grid point within the solution
domain is, therefore, uniquely identified by a set of three indices. It is thus
logically equivalent to a Cartesian grid. The properties of a structured grid
can be exploited to develop very efficient solution techniques. One major
disadvantage is the difficulty in controlling the grid distribution. In a struc-
tured grid, concentration of grid points in one region for more accuracy may
unnecessarily lead to small spacing in other parts of the solution domain.
A block-structured grid is used to eliminate or reduce this disadvantage.
In a block-structured grid, the solution domain is divided into a number of
blocks that may or may not overlap. Within each block, a structured grid is
defined. This kind of grid is more flexible as it allows local (block-wise) grid
refinement. For very complex geometries, unstructured grids, which can fit
an arbitrary solution domain boundary, are used. In this case, there is no
restriction on the shape of the control volume and number of neighboring
nodes. Triangles and quadrilaterals in two dimensions (2D) and tetrahedral
or hexahedral in three dimensions (3D) are the most widely used grid shapes
in practice. Unstructured grids can be refined locally and allow more control
of the variation of aspect ratio, etc. The advantage of flexibility is often off-
set by the disadvantage of the irregularity of the data structure. The solvers
for algebraic equation systems of unstructured grids are generally slower
than those for structured grids. Several excellent texts on grid generation are
available; see, for example, Thompson et al. (1985) and Arcilla et al. (1991).
Some commercial grid generation tools are summarized by Ranade (2002),
along with a few tips on generating suitable grids for simulating complex
industrial flow processes.



CFD Model of a Pulverized Coal Fired Boiler 121

4.2.1.1 Grid Generation for a PC Fired Boiler

A PC boiler is a huge structure mainly comprised of tubes. The overall
structure and several internal heat exchangers were discussed in Chapter 1.
Appropriate modeling of internal heat exchangers such as the superheater,
reheater, and economizer is important in predicting the flue gas tempera-
ture profile, velocity profile in the boiler, and the heat transferred to each
unit. Each of these internal heat exchangers has many tubes, with each
tube extending to several tens of meters. The characteristic size of an indi-
vidual tube is very small compared to the overall size of a PC fired boiler.
If an individual tube must be resolved while generating the grid, the total
number of computational cells will escalate very rapidly, and the simula-
tion may become intractable. Therefore, the internal heat exchangers are
often represented by a porous block that has characteristics similar to those
of an internal heat exchanger. This approach simplifies the overall geom-
etry and therefore the process as well as the quality of grid generation (see
Figure 4.12).

Flow along
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FIGURE 4.12 (See Color Insert.)
Representation of actual tube bundle of internal heat exchanger as a porous volume.
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The porosity, pressure drop, and heat transfer characteristics of the porous
block must be defined in such a way as to mimic the real characteristics of
the internal heat exchanger. The characteristics of an internal heat exchanger
can be obtained either from experiments or from separate CFD models. Here
we illustrate the use of separate CFD models to characterize the internal heat
exchanger. The characteristics of the internal heat exchangers are then speci-
tied to the porous blocks representing the heat exchangers in the overall CFD
model for a PC boiler.

4.2.1.2 Characteristics of Porous Block Representing
Internal Heat Exchangers

Flue gas, after leaving the furnace section of the boiler, approaches the
tube bundles suspended in the flow path. The flow area within each tube
bundle is partially occupied by the tubes. Hence, the velocity of the flue
gas increases when it passes through the channel between two tubes. To
capture this change in velocity, information about the volume occupied by
the heat exchanger tubes is required, and this information can be estimated
based on the outer diameter (OD) of the tube, its length, and the number of
tubes present in each tube bundle. Based on such information, the volume
porosity (ratio of the volume occupied by the fluid to the total volume of
the tube bundle) can be estimated and specified for all the porous blocks
representing the internal heat exchanger. This methodology takes care of
the flue gas velocity within the tube bundle. It is possible that there may be
variation in this porosity value within the tube bundle, especially at the lat-
eral ends near the walls where the tube-to-wall distance may be different.
For such cases, multiple porous blocks can be used to represent internal
heat exchangers, and appropriate values of porosity may be set for these
porous blocks.

Based on their geometric configuration, such as tube OD, pitch between
the tubes, etc., internal heat exchangers offer an extra pressure drop to flow.
The porous block representing these internal heat exchangers should mimic
these characteristics. This can be achieved by specifying an appropriate
momentum sink within the porous block. Typically, such a momentum sink
is defined by specifying suitable viscous and inertial resistances as

ar _ Co U+GC lpu2 4.54)
dz 2

where AP/L (or dP/dz) is the pressure drop per unit length (Pa/m)/volumetric
momentum sink, C, is the coefficient of viscous resistance (1/m?), C, is the
coefficient of inertial resistance (1/m), U is the gas velocity (m/s), and p is the
gas viscosity (kg/ms).

The C, and C, are functions of geometric parameters such as tube OD,
the pitch between two tubes, pitch pattern, etc. A unit cell approach can
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be used to obtain suitable values of C, and C, (see Gunjal et al. (2005a) and
Ranade et al. (2011) for more details). In the unit cell approach, end effects are
ignored, and a periodic section of a tube bundle is considered for simulating
flow and heat transfer. Flow through closely packed tubes has been observed
to become periodic. This means that flow around any tube in the bundle may
be assumed to be same, and therefore information obtained from the peri-
odic unit cell can be used for the entire tube bundle after appropriate scaling.
The concept of the unit cell is illustrated in Figure 4.12(b), which shows a 3D
unit cell with a single tube. The three arrows indicate the direction in which
the flow will approach the unit cell/tube bundle.

To illustrate this approach, some representative results are presented here.
Periodic unit cells were formulated to represent configurations of all the
internal heat exchangers in a typical 210-MWe PC fired boiler. The flow and
heat transfer in such a periodic unit cell are then simulated over a range of
velocities in all three directions. Typical values of the simulated pressure
drop for various values of superficial velocity are shown in Figure 4.13.

The values of the viscous and inertial resistance coefficients (C, and C,)
can be obtained by fitting Equation (4.54) to the simulated values of pressure
drop. The values obtained for porous blocks representing typical internal
heat exchangers of PC fired boilers with such a unit cell approach are listed
in Table 4.4.

The unit cell approach also allows one to simulate periodic heat transfer.
Heat transfer simulations of such unit cells are usually carried out with a
constant wall temperature boundary condition. The wall temperature can be
specified as the average temperature of the inlet and outlet of steam/water
for each tube bundle. Typical simulated results of simulations of heat trans-
fer in the form of temperature contour plots are shown in Figure 4.14. Heat
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FIGURE 4.13
Simulated results for pressure drop across a typical platen superheater.
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TABLE 4.4

Typical Pressure Drop and Nusselt Number Coefficients for Heat Exchangers

Pressure Drop Coefficients

dar -C, v+GC, 1 pv? Nusselt Number Coefficients
dz 2 Nu = ¢ Rem Pr033
Approximate  Approximate
Viscous Inertial
Resistance Resistance
Sr. Coefficients Coefficients
No. Heat Exchanger (Cy, 1/m?) (C,, 1/m) c m
1 Platen SH 1.5-2x10° 0-1 0.4 0.61
2 Front and Rear - 1-2 0.24 0.63
Reheater
3 Final SH 1.5-2 x 10° 8-10 0.42 0.61
4 LTSH 1.5-2 x10° 8-10 0.42 0.61
5 Lower and Upper 5-5.5x10* 8-10 1.27 0.52
Economizer

transfer coefficients can be calculated from the simulated results. The values
of the heat transfer coefficient obtained from such unit cell simulations are
usually correlated in the form of the Nusselt number as

Nu = cRe" Pr'/® (4.55)
hD
Nu = Tt (4.56)

where & is the local heat transfer coefficient, D is the characteristic dimension
(outer diameter of the tube), and k is the conductivity of the flue gas. Anillus-
tration of fitting the simulated values of Nusselt numbers using Equation
(4.55) is shown in Figure 4.15. The fitted values of c and m for a wide range of
Reynolds numbers (Re) for typical internal heat exchangers of PC fired boil-
ers are listed in Table 4.4.

Once the resistance and heat transfer coefficients of the tube bundle are
obtained from such a unit cell approach, user-defined functions (UDFs) for

FIGURE 4.14 (See Color Insert.)
Simulated temperature distribution across a tube of a typical platen superheater.
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FIGURE 4.15
Simulated heat transfer coefficient for a typical platen superheater.

providing the appropriate momentum and heat transfer sink can be formu-
lated in a straightforward manner. Almost all commercial CFD solvers allow
users to include such user-defined sources/sinks while formulating a com-
putational model.

With the use of the porous block approach for representing internal heat
exchangers, geometry modeling and grid generation for a PC fired boiler
become drastically simplified. A typical 210-MWe PC fired boiler with over-
all dimensions of 25 m x 14 m x 52 m (see Figure 4.16) was considered for
this illustration. The furnace (consists of furnace and nose), crossover pass
(consists of platen superheater, reheater, and final superheater), and rear pass
(consists of LTSH, lower and upper economizer) were considered in the solu-
tion domain. Four operating fuel air (FA) burners (injecting primary air and
coal) and five auxiliary air (AA) burners (injecting secondary air) were con-
sidered at each corner of the furnace (arranged alternatively).

The air and coal are projected from the nozzles at an angle of o or B degrees
with respect to the Y axis at a particular Z plane (Figure 4.16(b)). The burners
were represented as flat surfaces.

The grid has a significant impact on the rate of convergence (or even lack
of convergence), solution accuracy, and CPU (central processing unit) time
required. The mesh quality for good solutions depends on grid density, adja-
cent cell length/volume ratios, and skewness. The mesh density should be
high enough to capture all relevant flow features. The geometry was meshed
with hexahedral cells and tetrahedral mesh at some parts. Figure 4.17 shows
the generated grid at the cross-section of the furnace. Initially, the geometry
was meshed with 0.87 million cells. The grid was further refined to generate
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Schematic of 210-MWe tangentially fired PC boiler: (a) boiler and (b) burner projections.
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(b) Furnace cross-section

Computational grid used to illustrate the application of a CFD model for a PC boiler: (a) boiler

and (b) furnace cross-section.
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1.4 million and 2.0 million cells to evaluate the influence of grid size on the
predicted results.

This computational grid and resistance coefficients obtained previously
were used to formulate a computational model. As a first step, the applica-
tion of such a computational model to simulate cold air velocity tests is dis-
cussed in the following section.

4.2.2 Simulation of Cold Air Velocity Tests (CAVTs)

Single-phase air flow simulation was performed with different computa-
tional cells to quantify the influence of computational cells on the predicted
results. The gas flow inlets for fuel air (FA) and auxillary air (AA) were
defined as the velocity inlet. The outlet was specified as the pressure out-
let. A no-slip condition was specified at all the walls. The predicted velocity
magnitude profiles are shown in Figure 4.18 for three different cases (with
0.87,1.4, and 2.0 million cells). It can be seen that the predicted results indicate
a small influence due to the number of computational cells (Figure 4.18). It
can be seen that no significant change in velocity magnitude can be observed
between the results predicted with 1.4 and 2.0 million cells. Therefore, all
subsequent simulations were carried out with 1.4 million computational
cells (i.e., 1,465,013 grid cells).

Because the flow in a coal fired boiler is turbulent, it is important to select an
appropriate turbulence model. Two-equation turbulence models were found
to be most appropriate and widely used in the literature for simulating PC
fired boilers. Numerical experiments were performed to understand the influ-
ence of different two-equation turbulence models, namely the (1) standard k—¢
model, (2) renormalization group (RNG) version of the standard k—e model,
and (3) realizable k—€ model. The simulated results are shown in Figure 4.19.
The predicted results at L3 in the crossover pass (Figure 4.19(a)) indicate no
significant influence of turbulence models such as standard, renormalization
group, or realizable on the predicted velocity profiles. The predicted results
of different turbulence models were also compared in the furnace zone where
flow is swirling in nature. As a sample of such a comparison, predicted velocity
profiles with three turbulence models at L1 are shown in Figure 4.19(b).

It can be seen that predicted results of the standard k—e model and the RNG
k—€ model of turbulence agree with each other quite well. The results pre-
dicted with the realizable k—e model show some deviation from these results.
There is no adequate data available to discriminate between these models.
The RNG k-¢ model was used for subsequent simulations. The model was
then extended to simulate a typical PC boiler.

4.2.3 Simulation of a Typical 210-MWe High-Ash Coal Fired Boiler

The same geometry and computational grid used for simulating CAVTs is
used for simulating a typical 210-MWe PC fired boiler. Flow-related boundary
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FIGURE 4.18
Influence of the number of computational cells on simulated profiles of velocity magnitude:
(a) Line L2 and (b) Line L1.

conditions were the same as those used for the CAVT. Formulation of various
additional boundary conditions and other aspects of defining coal particles
and reaction parameters are briefly discussed below.

For the discrete phase, the coal particles were injected as a surface injec-
tion. The reflect condition was specified for the particles at the wall, and the
escape condition was specified at the outlets. Particles were modeled as dis-
crete phase with particle size distribution (PSD) specified in terms of Rosin—
Rammler (RR) parameters (see Equation (3.12) in Chapter 3). Specific operating
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FIGURE 4.19
Influence of turbulence models on simulated profiles of velocity magnitude: (a) Line L3 and
(b) Line L1.

conditions used for carrying out the simulations of a base case are listed in
Table 4.5.

Appropriate momentum and heat sink terms were added to represent all
the internal heat exchangers. The emissivity of heat exchanger tube bundles
was specified as 0.6, and the tube wall temperature was estimated from the
average value of the input and output temperatures of the steam. The emis-
sivity of the water walls was specified in the range of 0.6 to 0.8. Appropriate
kinetic parameters for devolatilization and char oxidation were obtained



130 Computational Modeling of Pulverized Coal Fired Boilers

TABLE 4.5
Operating Conditions Used for Simulating a Typical PC Fired Boiler
168 126
(20% (40%
Operating Heat Load (MWe) 210 Turndown)  Turndown)
Excess Air (%) 20 10 5 20 20
Fuel air mass flow rate (kg/s); 75 69 66 60 45
(Temperature 350K)
Auxiliary air mass flow rate 149 135 129 119.2 89.4
(kg/s); (Temperature 553K)
Coal flow rate (kg/s)?; 39 31.2 234
(Temperature 350K)
Burner tilt (degree) 0 0 0

2 Proximate analysis [moisture:ash:volatiles:fixed carbon::12:41:23:24], Ultimate analysis
[C:H:N:S:0::37:2.26:0.85:0.33:6.53].
* Particle size distribution (wt.%) of coal.

Sample Mass Fraction Rosin—-Rammler Parameters
=75  -150pum  -300um 300 um Mean Spread Parameter
um to to Particle

+75um 4149 ym Diameter
(hm)
Subbituminous  0.75 0.166 0.078 0.006 60 1.156

from the open literature. The composition of coal considered in these simu-
lations is provided in Figure 3.6 in Chapter 3. Kinetic parameters for devola-
tilization and char oxidation as well as gas-phase homogeneous reactions
are listed in Table 4.6. The other model parameters used in these simulations
are listed in Table 4.7.

The simulation results for a 210-MWe CFD model are discussed below. The
predicted results were compared with the few global boiler design param-
eters obtained from power plants, such as CO,, H,O, and O, concentrations
at the economizer outlet, unburned char in ash, heat transferred to heat
exchangers and water walls, FEGT, and the temperature at the inlet of each
heat exchanger and at the economizer outlet.

TABLE 4.6

Kinetic Parameters for Devolatilization, Char Oxidation, and Gas-Phase
Homogeneous Reactions

Devolatilization
(Sheng et al., Char Oxidation Volatile Combustion CO Oxidation
2004) (Sheng et al., 2004) (Guo et al., 2003) (Kim et al., 2000)
Av Ev Ac Ec Aval E‘vol ACO ECO

(1/s) (J/kmol) (kg/m?sPa) (J/kmol) (m*kmols)  (J/lkmol) (m*kmols) (J/kmol)
2x10° 6.7x107 0.0053 8.37x107 2.56x 101" 1.081x10% 8.83x10“ 9.98 x 107
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TABLE 4.7
Model Parameters Used for Simulation of Base Case
Parameter Value Ref.
Particle emissivity 0.9 Backreedy et al. (2006)
Particle scattering factor (f,) 0.6
Wall emissivity 0.6 Gupta (2011)
Swelling factor (S,,) 1
Heat fraction (f,,,) 1 Boyd and Kent (1986)
Particle density (p,, kg/m? 1,400
Particle heat capacity (Cp,, J/kg K) 1,680
Number of particle streams 10,240
tracked
Gas absorption coefficient WSGGM

4.2.3.1 Gas Flow

A typical simulated flow field in the Y plane (y = 6.5 m) is shown in
Figure 4.20(a) in the form of vector plots. Four distinguished high-gas-veloc-
ity jets (20 to 25 m/s) are observed in the burner section of the furnace, repre-
senting the combusting mixture of fuel air and coal. It can be seen that most
of the gas has upward movement, and a small fraction of gas flows down-
ward toward the ash hopper. The flow moves upward toward the platen

'26

21
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5 L..

(a) Vertical mid-plane (b) Horizontal plane passing through
midpoint of the top most burner

S ———

~

FIGURE 4.20 (See Color Insert.)
Simulated gas flow field (velocity shown in m/s): (a) vertical mid-plane and (b) horizontal plane
passing through the midpoint of the topmost burner.
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superheater and bends around the nose of the furnace to enter into the cross-
over pass. From the crossover pass, the flow bends toward the outlet of the
boiler. The flow field on the horizontal plane cutting one row of the burners
is shown in Figure 4.20(b). It can be seen that the four jets coming from the
burners form a strong counter-clockwise circulatory flow. The gas jet, when
it enters the furnace, is pushed toward the wall by another jet that is com-
ing from the adjacent wall. This structure is repeated at the four corners
that form the rotating fireball at the center. Tangential burners generate rota-
tional flow in the furnace. The swirling nature of the flow continues until the
nose section of the furnace is reached. This can be observed in Figure 4.20(a)
where, in the upper part of the furnace, the gas has a higher velocity near
the walls than that near the center of the furnace. The swirling nature of
the flow starts breaking down due to the presence of the suspended platen
superheater.

Part of the flow moves toward the front side wall of the boiler, which is
still rotational in nature, and then leads to horizontal entry into the platen
superheater (SH). While passing through the heat exchangers that are porous
volumes, the local velocity of the flue gas increases due to restrictions offered
by the heat exchangers. The flow in the crossover pass and rear pass does
not show the swirling nature. The gas flow field was also inspected by sim-
ulating trajectories of massless particles. The path length distribution and
residence time distribution estimated from these simulated trajectories are
shown in Figure 4.21(a) and (b), respectively. The mean residence time and
traveling length of the flue gas within the boiler was estimated at 11.2 s (stan-
dard deviation =4.5 s) and 73.8 m (standard deviation = 18.6 m), respectively.

4.2.3.2 Particle Trajectories

Trajectories of injected coal particles were also simulated and (colored by z
velocity of particles) are shown in Figure 4.22. Because injected coal particles
are rather small and the flow is very dilute, most of the particles follow the
gas-phase motion and leave the solution domain (boiler) with flue gases. The
trajectories show complicated 3D flow characteristics that promote the mix-
ing of the air and coal particles. The initial simulated results show that only
~2% of the ash in the fed coal was recovered as bottom ash (i.e., from the bot-
tom outlet of the furnace) and the remaining ~98% ash was carried away by
flue gas as fly ash.

The flue gas and coal particles injected from the lower burners initially cir-
culate in the bottom of the furnace and ash hopper, and eventually travel up
through the high-temperature and swirling-flow region (so-called “fireball”)
formed in the central region of the furnace (Figure 4.22(a)). The flue gas and
coal particles from the higher burners pass directly upward from the fireball
region (Figure 4.22(b)). The simulated results indicate that nearly 86% of the
char and 100% of the volatile material were released in the burner section
itself. Of the remaining 14% char, 10% was oxidized in the section above the
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FIGURE 4.21
Simulated distribution of flow path lengths and residence times at the boiler exit.

burner and 4% was oxidized in the bottom section of the burner. The residence
times of the flue gas and coal particles injected from the higher burners are
shorter in comparison with the flue gas and coal particles injected from the
lower burners. The mean residence time of the particles coming out with flue
gas is approximately 11 s (standard deviation of 5 s), and that falls down as bot-
tom ash has a mean residence time of around 8 s (standard deviation of 13 s).

4.2.3.3 Temperature Distribution

Simulated values of temperature distribution on a typical vertical plane
(plane Y, y = 6.5 m and plane Z, z = 25 m) are shown in Figure 4.23. The
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(a) Injected from last fuel air burner

(b) Injected from first fuel air burner
FIGURE 4.22 (See Color Insert.)

Simulated trajectories of coal particles colored by z velocity (m/s) of the particle.
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Typical temperature (K) distribution within a PC fired boiler.
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burner section is distinguished by a hot zone in the Y plane. Higher local
temperatures (1,500K to 1,800K) are observed in the zone where major
combustion reactions are taking place. The temperature distribution on a
constant Z plane passing through the fuel air burner port at 25 m is shown in
Figure 4.23(b). The cold air jets (350K to 400K) can be observed near the inlets
at the corner. The jets get heated due to the heat liberated by combustion
reactions along the path. The FEGT (z = 41 m) was found to be approximately
1,327K. As the flue gas flows from the furnace exit to the boiler exit, the tem-
perature gradually decreases due to the heat transfer from the flue gas to the
furnace walls, reheaters, superheaters, and economizer. The estimated heat
flux to the water walls in the burner section was ~121 kW/m? and 90 kW/m?
in the sections above and below the burner zone, respectively. The estimated
gas-side heat transfer coefficient to the water walls at the burner zone was
~130 W/m?K and around 150 W/m?K for the sections above and below the
burner zone, respectively. The average flue gas temperature at the boiler exit
(after lower economizer) was 665K.

4.2.3.4 Species Profile

The predicted concentration distributions of oxygen (O,) and carbon diox-
ide (CO,) over a typical vertical plane are shown in Figures 4.24 and 4.25,
respectively.
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FIGURE 4.24 (See Color Insert.)
Typical distribution of O, mass fraction within a PC fired boiler: (a) vertical mid-plane and
(b) horizontal plane passing through the midpoint of the topmost burner.



136 Computational Modeling of Pulverized Coal Fired Boilers

0.25 0.25
" Iy
- 0.20

0.21 —
0.15 '
0.17
0.10 ;
0.14 k ‘ 0.05
S A
0.10 = 1 I 0.00 < &A
Y
1 L.
0.06 X
X
(a) Vertical mid-plane (b) Horizontal plane passing through

midpoint of the top most burner

FIGURE 4.25 (See Color Insert.)
Typical distribution of CO, mass fraction within a PC boiler.

It can be seen that the O, concentration is high near the burner tip and
rapidly decreases as volatile material and char react with O, (Figure 4.24(b)).
An opposite trend to this was observed for the CO, concentration distribu-
tion (Figure 4.25(b)). The value of CO, increases from zero at the burner tip to
nearly 24% to 25% along the length of the burner jet (Figure 4.25(b)). The O,
mass was ~4 (mole%) and 3.4 (mole%) at the furnace and boiler exit, respec-
tively. Combustion performance in the boiler is quantified by evaluating
unburned char. The model presented here indicates that nearly 95% of the
char is reacted in the boiler (see Table 4.8).

4.2.3.5 Heat Transfer to Heat Exchangers

Heat generated due to coal combustion reactions is transferred to the water
wall and the suspended superheater and reheater. The predicted heat trans-
ferred to internal heat exchangers is listed in Table 4.8, which shows that
nearly 40% of total heat transferred is absorbed by the water wall, and the
remainder is transferred to the heat exchanger tube bundles. The furnace
section of the boiler is primarily radiation dominated; convective heat trans-
fer plays a small role in the overall heat transfer. Quantification of the same is
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TABLE 4.8
Summary of Simulated Results for a Considered 210-MWe PC Fired Boiler

(a) Heat Transferred to Heat Exchangers

Relative Contributions to Heat Transfer

Total Heat
Heat Exchangers Transferred (%) Convective (%) Radiative (%)
Water wall 39 11 89
Platen SH 22 34 66
Front RH 13 40 59
Rear RH 5.5 45 57
Final SH 35 59 41
LTSH 8 37 63
Upper ECO 6 50 49
Lower ECO 3 45 56

(b) Unburned Char in Ash

Mass flow rate of fly ash (kg/s) 15.52
Mass flow rate of bottom ash (kg/s) 0.3
Total unburned char (%) 5

Note: Total heat transferred is 540 MW.

given in Table 4.8, which shows that nearly 89% of the total energy absorbed
by the water wall is via radiative heat transfer.

4.2.3.6 Characteristics of the Crossover Pass

Tangentially fired PC boilers can be operated using a wide variety of coals.
In this type of firing system, the fireball formed within the furnace delivers
thermal energy to each of the furnace walls. A feature unique to tangentially
fired boilers is the ability to regulate furnace heat absorption for steam tem-
perature control, which is done by tilting the fuel and air nozzle assemblies
up or down. Superheater (SH) and reheater (RH) temperatures can thus be
controlled with minimal plant heat rate impact. Global furnace aerodynam-
ics provides effective furnace volume utilization for higher heat absorption
and lower bulk gas temperatures compared to wall-fired boilers. Complete
combustion is assured by the combination of maximum residence time and
vortex turbulence. However, rotational flow of the tilted tangential firing
system affects the thermal load distribution in the convection horizontal gas
passage (crossover pass), which increases the thermal load deviation. The
development of high-capacity utility boilers, operating at high temperatures
and pressures, results in an increased thermal load deviation of the boiler
in the lateral direction with horizontal gas passage. Despite its many advan-
tages, this thermal load deviation is inherent in the tangentially fired system
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and cannot be eliminated completely. The extreme steam temperature devia-
tion experienced in the SH and RH of a utility boiler can seriously influence
its economic and safe operation. This temperature deviation is one of the
root causes of boiler tube failure (BTF), which causes about 40% of the forced
power station outages (Xu et al.,, 2000). The steam temperature deviation is
mainly due to the thermal load deviation in the lateral direction of the SH
and RH. This variation is difficult to measure in situ using direct experimen-
tal techniques. Significant efforts have been expended to predict BTF and
determine the mechanisms responsible for BTF by utility boiler companies,
boiler manufacturers, and academic researchers (Yin et al.,, 2002; Dooley and
Chang, 2000; Chen, 1997; Xu, 1994; Liu, 1993; Abbott et al.,, 1992; Yang, 1989,
1991; and Bian, 1987). The developed CFD model was used to quantify the
extent of temperature deviation in the crossover pass section. The results are
discussed below.

The simulated velocity and temperature field in a crossover path (at a hori-
zontal plane passing through z = 47 m) are shown in Figure 4.26. The flow
from the furnace section enters the platen superheater from the front wall,
and the vector plot shown in Figure 4.26(a) indicates the tendency of flow
going toward the right side wall. This is natural for a boiler with counter-
clockwise firing.

Figure 4.27 shows the velocity plots on the isolines drawn at various
(heights) Z locations (z = 47 m, 49 m, 51 m) at a particular X distance: (a) x
= 8.9 m (before FRH), (b) 11.2 m (before RRH), and (c) 14.2 m (before Final
SH) from the front wall. When the flow passes through the platen SH, the
flow is guided (due to the presence of the tube bundle) and starts aligning
between the right and left walls. However, the effect of imbalance in flow is
carried forward to the reheater. The high-velocity zone can be observed in
Figure 4.27(b) at the right side wall. When flow comes out of the reheater and
goes to the Final SH, the temperature deviation between left and right well
diminishes.(see Figure 4.27(c)).

The effect of this mass imbalance leads to higher temperatures on the right
side wall and comparatively cooler temperatures on the left side wall. The
temperature distribution over an isoplane at height Z = 47 m is shown in
Figure 4.26. Similar to velocity, the temperatures were plotted at various iso-
lines and are shown in Figure 4.28. These results clearly show a compara-
tively hotter gas contact with right side wall tubes than left side wall. The
quantification of the imbalance of flow was achieved by plotting the temper-
ature deviation along any X isolines. The two temperature values at nearly
the same location from the right and left walls were compared, and the dif-
ference between right side wall and left side wall temperatures was termed
a “temperature deviation.” The calculated values of this temperature devia-
tion for various X isolines are shown in Figure 4.29. The effect was promi-
nently observed at the entry of the Front RH and Rear RH, which shows the
temperature deviation as high as >150K (maximum ~166K) at height Z=47 m
(Figures 4.29(a) and (b)). As we move up toward the roof of the boiler, this
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FIGURE 4.26 (See Color Insert.)
Simulated results at crossover pass. (z = 47 m).

deviation decreases. When the flow reaches the entry of the Final SH, it was
observed that the deviation decreased to <50K from the right side wall. The
simulated value of maximum temperature deviation shows good agreement
with the literature value of 150K for 210 MWe (Yin et al., 2002).

4.2.4 Influence of Operating Parameters on Boiler Performance

CFD simulations of 210-MWe PC fired boilers as discussed in the previous
section have led to various insights into the behavior of complex processes
occurring within the boiler. The model was able capture various key fea-
tures such as temperature and species profiles, unburned char in ash, heat
transfer, and crossover pass characteristics of the boiler. The model may
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be refined further using systematic calibration and validation studies. The
methodologies for these are discussed in Chapter 6. Here we will try to illus-
trate additional applications of the CFD model to understand the influence
of various operating parameters on boiler performance.

The overall performance of a boiler depends on many factors, including
operating conditions such as local oxygen concentration, coal quality and
its properties, burner positions, thermal load, etc. The quantity of coal and
air can be monitored before feeding to the boiler. The next monitoring point
is the furnace exit gas temperature (FEGT, at height z =41 m in the furnace
for the considered case), which is a major indicator of boiler performance
and reliability. Management of the FEGT is linked to the optimum con-
trols to be exercised in operating parameters. Undesirable conditions, such
as increased slagging/fouling/corrosion rates of the water wall and heat
exchanger tubes, occur if there is a deviation in the desired FEGT value.
Higher FEGT values will also enhance creep damage and loss of efficiency.

In this illustrative example, sensitivity studies were performed with
respect to excess air, coal feed rate, burner tilt, and coal blends. The simula-
tion results are discussed here.

4.2.4.1 Excess Air (i.e., Fuel/Air Ratio)

The optimum excess air, or fuel/air ratio, fed to the boiler is an important fac-
tor as it affects unreacted char and pollutant formation. The excess air also
absorbs part of the combustion energy to attain the combustion temperature.
To illustrate the influence of excess air, the magnitude of excess air was var-
ied from 5% to 20% over the base case discussed previously. The operating
conditions are listed in Table 4.5.

The effect of excess air on the temperature distribution along the height of
the furnace is shown Figure 4.30. The results show that the cross-sectional
average temperature across the furnace height increases by 50K to 100K
when excess air changed from 20% to 5%. The effect can be observed even
more prominently in the bottom section of the furnace (below the burner
zone). The FEGT temperature changed from 1,327K to 1,338K when excess
air changed from 20% to 5%.

The observed effect on the oxygen concentration was more profound; see
Figure 4.31, where the cross-section average mass fraction of O, is shown
along the height of the furnace. At the furnace exit, the O, mass fraction
changed from 0.04791 to 0.0267 when the excess air changed from 20% to
5%. The O, mass fraction at the plane Z = 15 m at the top of the hopper
changed from 0.095 to 0.047 when the excess air changed from 20% to 5%.
The reduction in O, concentration affects the CO level in the furnace, and
it was observed that the CO level at the FEGT increased from 1,448 to 2,753
ppm (Figure 4.32). The excess air affects the combustion efficiency of the
boiler, and it was observed that the total unburned char (UBC) in the ash
increased from 5% to 8.5% when excess air was reduced from 20% to 5%
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Influence of excess air on cross-sectional averaged profiles of temperature.

(Figure 4.32). Please note that the exact quantitative influence of excess air
on unburned char will be significantly influenced by the coal characteris-
tics and corresponding kinetics of char combustion. The results here are for
illustration purposes, and appropriate care should be taken to select suitable
char combustion kinetics to reliably simulate the influence of excess air on
unburned char.
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FIGURE 4.31
Influence of excess air on cross-sectional averaged profiles of O, mass fraction.
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FIGURE 4.32
Influence of excess air on CO concentration (ppm) at furnace exit and unburned char at the
boiler exit.

4.2.4.2 Burner Tilt

Aerodynamics are crucial in the performance of PC fired boilers and can be
drastically influenced by the position and tilt of the burner jets. Burner tilting
results in synchronizing the movement of air nozzles in the vertical direction
(upward/downward) at an angle 6 generally less than +20° (Figure 4.33). The
position of the flame in the furnace can be changed to adjust the superheat
and reheat temperatures. This is useful in changing the combustion condi-
tions for different types of fuel and the heat release rate in the burner area,
and in decreasing slagging and overheat temperature. It should be noted that
there is the danger of creating a serious ash slag in the ash hopper when the
nozzles tilt downward. It is therefore important to quantitatively character-
ize the influence of burner tilt on the performance of PC fired boilers. The
influence of burner tilt on boiler performance was systematically quantified
in terms of the overall heat transferred to different sections of the water wall
in the furnace and coal burnout for the case of the typical 210-MWe PC fired
boiler considered here.

The effect of burner tilt was simulated by changing the inlet flow veloc-
ity conditions such that the fuel air, coal particles, and auxiliary air were
injected at an angle of +20°, +10° in the upward direction, and —10° —20° in the
downward direction with reference to the horizontal position. The change in
burner tilt shifts the combustion zone in an upward or downward direction,
affecting overall flow characteristics of the boiler. Simulated velocity fields
(as a vector plot at the Y plane, y = 6.5 m) for burner tilts +20° 0°, and —20° are
shown in Figure 4.34. It can be seen that flow also is tilted toward the upper
section or hopper section as per the positive or negative tilt of the burners.
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Schematic showing burner tilt.

Simulated temperature fields (at plane of y = 6.5 m) are shown in Figure 4.35.
The results clearly show that the combustion reaction zone tilts as per the
burner, and therefore heat transfer to water wall characteristics of the fur-
nace are affected. The effect on the heat flux distribution to the water walls
above and below the burner section is shown in Figure 4.36. The results show
that the heat transfer to the water wall section above the burner (height from
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FIGURE 4.34 (See Color Insert.)
Influence of burner tilt on simulated velocity field (m/s) at vertical mid-plane.
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Influence of burner tilt on simulated temperature distribution (K) at vertical mid-plane.

z =27 m to 52 m) increases from 87 to 101 MW, and for the section below the
burner (height from z =9 m to 20 m) it decreases from 53 to 23 MW when the
burner tilt changes from —20° to +20° respectively.

The influence of burner tilt on unburned char (UBC) is shown in
Figure 4.37. It was observed that for the base case of zero tilt, the UBC was
~5%. As discussed above, the burner tilt changes the overall dynamics of
gas and solid flow, temperature, and species profile in the boiler. It has a

120
100 A
=
2
E 80 1 -4~ Zone above burners
~§ —8— Zone below burners
Z 60 -
. s
g T
T AR
40 A e
\\\A‘\
TTa
20 T T T T T
-30 -20 -10 0 10 20 30

Burner Tilt (degree)

FIGURE 4.36
Influence of burner tilt on heat transferred to water wall.
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FIGURE 4.37
Influence of burner tilt on total unburned char (UBC) at boiler exit.

significant impact on the residence time of particles in the combustion
zone and also the local history of the temperature and oxygen that the
particles experience while moving through the furnace. It was observed
that the total UBC decreases when the burner tilt is shifted either up or
down (Figure 4.37). The results for the +20° tilt showed the lowest UBC
of any tilt.

The plane average temperature (T,,) and O, concentration (O,,,,) profiles
along the height of the furnace when the burner tilt was shifted from 0° to
+20° are shown in Figure 4.38 and Figure 4.39, respectively. The combus-
tion or hot zone was identified using these plots of temperature and oxygen
mass fractions. The lower coordinate of the combustion zone was marked at
a point at which the average plane temperature decreases and the O, mass
fraction increases sharply. The lower bound for the 0° tilt case was found
to be 19 m. A similar approach was useful in the upper section, where the
average furnace temperature starts decreasing; it was marked as the upper
bound of the reaction/hot zone and observed to be at 27 m. For 0° tilt, the
reaction/hot zone was found in the burner section where an array of physical
burners (FA and AA) as injecting coal and air into the furnace. Following a
similar approach, the lower and upper coordinates of the combustion zones
were identified for different burner tilts. The movement of the combustion
zone with respect to burner tilt is shown in Figure 4.40.

The influence of burner tilt on the movement of the upper and lower
boundaries of the furnace zone may be related to the burner tilt as follows:

¢ The shift of top plane of the hot zone:

Zr=a;0+by 4.57)
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e The shift of bottom plane of the hot zone:
Zy=0a50+Dby (4.58)
where Z; and Z; are the locations of the top and bottom faces of the fur-

nace zone, respectively; 0 is the burner tilt angle, in degrees (generally —20°
to +20°); and a and b are corresponding coefficients, which can be obtained
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FIGURE 4.41
Influence of turndown on profiles of cross-sectional averaged temperature.
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using the simulated results. In the illustrative case considered here, these
coefficients were obtained as a;= 0.225, a;=0.125, and b;= 29, b, = 20.

Such correlations will be useful in developing lower-order models (reactor
network models) of PC fired boilers. Development of such models is dis-
cussed in Chapter 5.

4.2.4.3 Effect of Boiler Load

The influence of boiler load reduction from normal operating conditions of
210 MWe has been numerically examined. The load was decreased by reduc-
ing the coal flow rate (and corresponding air flow rates) by 20% first and then
by 40%, distributing evenly to each burner in the operation. The operating
conditions are listed in Table 4.5.

Theaverage furnace exit temperature (FEGT) changed from 1,327K (standard
operating condition) to 1,252K for the 40% turndown condition (Figure 4.41).
Compared with the full load, the cross-sectional average temperature for
40% turndown decreases by nearly 100K. The turndown decreases the gas
and particle velocities in the boiler, which increases the residence time of the
particles. The mean residence times of the particles for full load and 20%
and 40% turndown were found to be 11, 13, and 19 s, respectively. The cor-
responding extent of char combustion was found to be 95%, 97%, and 97.7%.
Figure 4.42 shows the influence of turndown on the heat transferred to the
water wall and platen superheater. The total heat transfer to the water wall in
the furnace section decreases from 181 to 141 MW; and for platen superheater,
the heat transfer decreased from 120 to 74 MW.
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FIGURE 4.42
Influence of turndown on heat transferred to water wall and platen superheater.
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Influence of share of imported coal in the blend on unburned char.

4.2.4.4 Coal Blends

Blending various types of coal in utility boilers may have a beneficial impact
on economics as well as on the environment. It gives better control over pol-
lutant emissions, coal quality, and ash deposition. It is useful in improving
combustion behavior, enhancing fuel flexibility, mitigating operational prob-
lems (e.g., ash deposition), and reducing fuel costs. Power plants may also
passively use blended coals provided by coal suppliers and use coal blending
to make a cheaper coal or to modify the properties of a coal with a known
problem, such as slagging, sulfur content, volatile content, and/or burnout
problems. In past decades, extensive studies were performed to character-
ize the combustion of coal blends (Sheng et al.,, 2004; Su, et al., 2003, 2001;
Carpenter, 1995). It has been recognized that the properties related to fuel
composition (e.g., proximate and ultimate analysis data, heating value, etc.)
remain additive after blending, while many characteristics related to com-
bustion exhibit non-additive (i.e., synergistic) behavior. For example, igni-
tion, flame stability, slagging, and fouling cannot be predicted by additivity.
Previous studies showed that the combustion behavior of a coal blend is
more complex than that of a single coal, and its effects on boiler performance
are imperfectly understood.

Experimental approaches have been employed to assess the combustion
performance of pulverized coal blends fired in boilers based on bench-scale
(Milenkova et al., 2003; Rubiera et al., 2002; Peralta et al., 2002, 2001; Arenillas
et al,, 2002; Su et al., 2001; Artos, 1993; Beeley et al.,, 2000; Haas et al., 2001),
pilot-scale (Ikeda et al., 2003; Su et al., 2001; Beeley et al.,, 2000; Maier et al.,
1994), and full-scale (Helle et al., 2003; Beeley et al.,, 2000) data. From the
experimental data, some empirical indices, using parameters such as vola-
tile matter content, fuel ratio, and maceral composition, were also derived to
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empirically predict the ignitability, flame stability, and combustion of coal
blends. However, in bench-scale experiments, it was difficult to reproduce the
combustion of coal blends prevailing in a practical PC furnace. Investigation
of the combustion characteristics of blends via experimental methods is typi-
cally expensive and can be labor intensive. There is also a degree of uncer-
tainty involved in extrapolating pilot-scale data directly to full-scale boiler
scale. The conclusions are often difficult to extrapolate to unknown coals and
blends. The empirical indices, validated by a limited number of experimental
data, hence may not be very reliable (Sheng et al., 2004).

It may be possible to use CFD models to understand and simulate the
combustion behavior of blends of different rank coal and of high and low
ash content coals before actually firing them in a boiler. Recently, significant
efforts have been made on the numerical simulation of coal blends and co-
tiring with biomass (Pranzitelli et al., 2013; Taha et al., 2013; Black et al., 2013;
Ghenai and Janajreh, 2010; Shen et al,, 2009; Backreedy et al.,, 2005; Sheng et
al,, 2004; Arenillas et al., 2002; Beeley et al., 2000). The focus of these stud-
ies was to predict the deposition rate of ash particles on the surface of heat
exchangers due to slagging and fouling when biomass was used as a co-fuel.
Beeley et al. (2000) modeled the combustion of coal blends in a pilot-scale
test furnace based on two separate and distinct coal streams with inputs of
individual component properties. Arenillas et al. (2002) evaluated the applica-
tion of CFD to model the combustion of binary coal blends in a bench-scale
drop-tube furnace (of internal diameter 20 mm and length 1,420 mm) to pre-
dict NO, emissions and char burnout. In their simulation, one mixture frac-
tion/PDF (probability distribution function) approach was used to model
the combustion process, and the blend was represented only as a single coal
with properties obtained by weighted averaging relevant properties of the
component coals, without adequate description of the chemical and physical
interactions between components. Consequently, the non-additivity, particu-
larly from widely different rank coals, was not captured. Sheng et al. (2004)
have simulated PC combustion in a pilot-scale furnace (150-kW down fired
furnace), and the predictions were compared against the measurements of
ignition, burnout, and NO, emission. Backreedy et al. (2005) demonstrated
with experimental validation that the computational models could be applied
successfully to both an entrained flow reactor (of internal diameter 40 mm
and length 2,000 mm) and an industrial furnace (350 MWe) operated with
coal blends. Shen et al. (2009) have simulated pulverized coal combustion in a
blast furnace and successfully validated the coal burnout with experimental
data. These are encouraging developments over recent decades where CFD
models were used to simulate pulverized coal combustion in furnaces.

To illustrate the influence of blends, the CFD model was used to simu-
late the considered 210-MWe tangentially fired boiler with coal blends of
subbituminous coal (high ash, medium volatile) and lignite (low ash, high
volatile). The properties of the coal are listed in Table 4.9. The kinetic param-
eters required for coal combustion were adopted from literature and are
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TABLE 4.9
Coal Properties for Blends Considered Here for Illustration
Subbituminous Lignite
Proximate Ultimate Proximate Ultimate
Wt. Wt. Wt. Wt.
Components (%) Components (%) Components (%) Components (%)
Fixed carbon  26.9 C 37.2 Fixed carbon  44.1 C 62.3
Volatiles 21.7 H 2.4 Volatiles 413 H 3.8
Ash 47.5 N 0.67 Ash 45 N 1.18
Moisture 39 S 0.15  Moisture 10.1 S 1.15
O (by diff.) 8.18 O (by diff.) 17.0
HHV 3260 HHV 5840
(kcal/kg) (kcal/kg)
Kinetic Parameters
* Refer to Table 4.6 for kinetics of Devolatilization Char Oxidation (Visona
devolatilization and char combustion (Zhang et al., 1991) et al., 1999)

of subbituminous coal and kinetics of

gas-phase reactions 4, E, 4 E.
(1/s) (J/kmol) (kg/m?sPa) (J/kmol)
1.34x10° 7.41x107 0.0042 7.55 x 107

also listed in Table 4.9. The considered operating conditions are shown in
Table 4.10.

CFD simulations were performed to predict the burnout behavior of
these blends when fired in a full-scale 210-MWe boiler. Simulated results
of the UBC for different fuel blends are shown in Figure 4.43. It can be seen
that the simulations do not show any systematic trend in UBC with an
increase in the share of imported coal (up to 30% of the total blend). The
simulated values of UBC were found to be in the range of 3.5% to 5.5%.

TABLE 4.10

Operating Conditions Used in Simulations for Illustrating Influence of Blends
Case A B C D
Blends of subbituminous and lignite coal (%) 100-0 90-10 80-20 70-30
Fuel air (kg/s); (Temperature 350K) 74.304 74.10 73.945 73.81
Auxiliary air (kg/s); (Temperature 550K) 146.839 14644  146.129  145.87
Coal flow rate (kg/s); (Temperature 350K)

Subbituminous 38.05 32.12 26.9 22.25

Lignite (imported) 0 3.56 6.9 9.5
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Simulated temperature distributions on two planes (y = 6.5 m and
z = 21 m, FA burner) of the PC boiler are shown in Figures 4.44 and 4.45,
respectively, for the A and D blends (and operating conditions) listed in
Table 4.10. The simulated temperature distributions were found to be
quite different from those for the single coal. This may be because of the
different composition as well as different devolatilization and char com-
bustion rates for each type of coal. The maximum flame temperature in
the furnace cross-section was found to increase from ~1,850K to 2,112K
(see Figure 4.45). This can be expected as the imported coal has a large
volatile content (41.3%) that burns faster as compared to char, thus leading
to more localized heat generation.

4.3 Summary and Conclusions

Computational fluid dynamics (CFD)-based models offer the possibility of
gaining deeper insight into processes occurring in PC fired boilers. Judicious
development and use of CFD models may allow one to establish qualitative
and quantitative relationships between the performance of a PC fired boiler
and various design and operating parameters. The CFD model allows one
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to carry out computational experiments to gain a better understanding by
simulating the influence of parameters (such as configuration of the boiler;
number, location, and design of burners [tilt and swirl at burners]; locations
and configurations of internal heat exchangers; coal characteristics [such as
quality [coal rank], sulfur and nitrogen content, particle size distribution,
composition, and reactivity and its feed rate]; extent of excess air; possibil-
ity of air ingress; imbalance in temperatures of steam drums; heat transfer
effectiveness, etc.) on boiler performance.

Formulation of model equations for representing flow processes occurring
in PC fired boilers was discussed in detail. Flow processes in a PC fired boiler
involve turbulent gas-solid flow with homogeneous and heterogeneous chem-
ical reactions along with heat transfer (including radiation). Key issues in mod-
eling these processes and various options available for modeling these were
discussed. The model equations for the following choices were presented:

e Turbulence: two-equation turbulence models (the standard k—e model)

* Gas-solid flow: the Eulerian-Lagrangian approach, DRW model for
simulating turbulent dispersion

e Radiation: P-1 radiation model

* Homogeneous chemical reactions: finite rate/eddy dissipation rate
model for gas phase combustion

* Heterogeneous chemical reactions: single-step kinetic devolatiliza-
tion and kinetic/diffusion controlled char oxidation
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Some aspects of NO, formation and particle deposit formation on boiler
internals were also discussed.

An illustration of the application of a developed CFD model to simulate a
typical 210-MWe tangentially coal fired boiler is included. Methodology for
simplifying PC fired boiler geometry using the porous block approach was
presented. A unit cell approach to obtain representative characteristics of
such porous blocks was discussed and illustrated. The simulated results of
boiler performance at normal operating conditions were then presented. The
different characteristics, such as temperature profile, species concentration,
flow field, and uneven temperature distribution, in the crossover pass were
predicted. The computational model was able to simulate the influence of
key operating parameters such as

e Excess air: The total unburned char (UBC) in the ash increased from
~5% to ~8.5%, when excess air was reduced from 20% to 5%, and the
CO level at the furnace exit increased from 1,448 to 2,753 ppm.

e Burner tilt: The effect of burner tilt is quantified in the form of a cor-
relation to predict the shift in the hot combustion zone according to
the movement of the burner.

e Thermal load: The average furnace exit temperature decreased by
almost 75K for a 40% turndown condition compared to the standard
operating condition.

e Coal blends: The model was able to capture the influence of coal
blends on char burnout.

The computational model was also able to capture the temperature deviation
at the crossover pass and the heat received by various internal heat exchang-
ers of PC fired boilers, including water walls. The models and methodology
discussed in this chapter can be used to simulate industrial PC fired boilers.
Application of such CFD models for performance enhancement is discussed
in Chapter 6. The simulated results of the CFD model will also provide a
sound basis for developing “reactor network models” (RNMs) of PC fired
boilers. Formulation of RNMs for PC fired boilers is discussed in Chapter 5.
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5

Reactor Network Model (RNM) of
a Pulverized Coal Fired Boiler

Computational fluid dynamics (CFD)-based models of pulverized coal (PC)
fired boilers require large computational resources and turnaround times.
Therefore, such models are generally not appropriate for quick analysis or
for on-line optimization (and are also not intended for such). Classical chem-
ical reaction engineering (CRE) approach-based models rely on simplified
assumptions about flow and mixing in the reactor, and focus on the solu-
tion of mass and energy conservation equations. In these models, because
momentum equations are not solved, demands on computational resources
are orders of magnitude lower than for CFD models. These models also offer
quick turnaround times and therefore have the potential for use with on-line
optimization. However, for complex reactors such as PC fired boilers where
flow, heat transfer, and chemical reactions are intricately coupled, it is rather
difficult to make a priori assumptions about the flow and mixing for formu-
lating CRE models.

It is therefore logical to apply detailed flow and mixing knowledge from
CFD to formulate CRE models. One approach that is usually used for lig-
uid-phase reactors is to carry out nonreactive CFD simulations and use the
simulated results to formulate a CRE model as well as quantify parameters
related to flow and mixing in CRE models. The reduced-order CRE mod-
els typically use multiple zones or a network of ideal reactors to represent
complex systems. The number of such zones or reactors in a network is typi-
cally on the order of hundreds as compared to millions of computational
cells used in CFD models. The size, location, and mass exchanges among the
zones/reactors are usually specified using the simulated results of the CFD
model. A more general approach, however, is to integrate fully reactive CFD
models directly with computationally efficient, reduced-order reactor net-
work models (RNMs). There may be different levels of integration between
CFD and RNM models. In this chapter, development of RNMs for PC fired
boilers is discussed. An overall approach toward the development of RNMs
is discussed in Section 5.1. An illustration of the application of this approach
to develop RNMs for a typical 210-MWe PC fired boiler is then discussed in
subsequent sections.
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5.1 Approach to Develop Reactor Network Models

Reactor network models (RNMs) represent an actual reactor as several inter-
connected, idealized zones (or reactors). These idealized reactors are typically
chosen to be completely mixed or tubular reactors. For a realistic description
of real reactor behavior, RNMs must be formulated based on prevailing flow
patterns and mixing within the reactor. In the early years, chemical engineers
used concepts such as residence time distribution (RTD) and state of mixed-
ness to account for non-ideal flow and mixing in reactors. Experimental infor-
mation and intuitive understanding of flow also have been used to formulate
RNMs. Mann and co-workers have developed models based on 200 to 400
completely mixed zones or cells with finite exchange between neighboring
zones reactors connected in such a way as to represent the actual flow gener-
ated by impellers (Mann and Mavros, 1982; Wang and Mann, 1992). In these
models, they used experimental measurements of velocity data for prescrib-
ing the flow through different zones. They were reasonably successful in sim-
ulating reactor performance for fast, mixing-controlled reactions. However,
an approach that relies either on RTD data and a qualitative understanding
of the flow patterns, or on experimental measurements of flow, to establish an
RNM has obvious limitations for general application.

Several significant efforts were made in subsequent years to develop and
apply RNMs. The most notable contributions have been made by the groups
of Ray (Ray and Wells, 2005 and references cited therein) and Pantelides
(Bezzo et al,, 2003 and references cited therein). Both groups have devel-
oped and evaluated various approaches for formulating RNMs using the
simulated results of the CFD model. Pantelides and co-workers developed a
general approach for determining flow quantities from nonreactive CFD sim-
ulations and applying them for formulating RNMs. Ray and co-workers pro-
posed various methodologies to use spatial segregation of the temperature
or composition for formulating RNMs. Mujumdar and Ranade (2009) used
CFD simulations to manually formulate RNMs for simulating rotary cement
kilns. Gupta (2011) and Gupta and Ranade (2008) have similarly developed
RNMs from detailed CFD simulations of PC fired boilers. Concepts similar
to RNMs were also used for simulating complex heat transfer; see, for exam-
ple, the zone model by Hottel and Sarofim (1967), and the Monte Carlo model
by Gosman (1973) and Howell (1968). These models solve for the heat transfer
using intuitive information about the gas flow pattern (Lowe et al., 1975).

Recent advances in computing resources, numerical techniques, and our
understanding of turbulent, reacting multiphase flows have made CFD sim-
ulations of complex systems such as PC fired boilers not only possible, but
also increasingly common. Illustration of the development and application
of CFD models for PC fired boilers was provided in Chapter 4. Automated
formulation of RNMs from CFD simulations is very appealing because it can
establish strong and sound relationships between CFD models and RNMs.
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However, based on our experience using RNMs for a variety of different
complex reactors—for example, para-xylene oxidation in stirred reactors,
hydrogenation in bubble columns, hydro-desulfurization in trickle beds,
rotary cement kilns, and PC fired boilers (Ranade et al.,, 2011; Ranade and
Mujumdar, 2009; Ranade, 2002)—here we prefer not to use automated for-
mulation of RNMs from the CFD simulations despite the natural appeal of
that option. Instead, we have used an approach that relies on loose coupling
between CFD and RNMs. It may be noted that CFD simulation of a com-
plex system such as a PC fired boiler is complicated and may have several
uncertainties associated with various submodels used within the overall
CFD model. These uncertainties associated with the various submodels are
not always quantifiable and may be quite uneven across various submodels.
Rigorous error analysis is virtually impossible for simulations of industrial
PC fired boilers with the usual allocated resources for CFD simulations. In
light of this, our experience indicates that manual intervention at the formu-
lation stage of RNMs from CFD simulations is useful. Eventually, automated
formulation of RNMs from CFD simulations may be practically feasible and
better than the approach proposed here. However, at present and in the near
future, we believe that manual intervention in the formulation of RNMs is
optimal from the application-to-practice point of view. Various approaches
to formulate RNMs and the present approach are shown schematically in
Figure 5.1.
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FIGURE 5.1
Overall approach to develop reactor network model (RNM).
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The methodology for formulating RNM from CFD results is discussed in
Section 5.2.

5.2 Formulation of Reactor Network
Models from CFD Simulations

As mentioned previously, RNMs represent PC fired boilers using a network
of ideal reactors/zones. Detailed information on flow, heat transfer, and
reactions (distribution of species concentration) within the PC fired boiler
obtained using CFD simulations is used for formulating a network of reac-
tors to represent the PC fired boiler. Mass and energy conservation equa-
tions are then developed for the established reactor network. Appropriate
solution methodology and simulation strategies are then developed to allow
quick simulations using RNMs. The developed RNM can then be used for
exploring a wider parameter space or for on-line optimization and process
control. In this section, the formulation of reactors/zones and connections
among these reactors (network) are discussed.

5.2.1 Formulation of Reactors/Zones in a PC Fired Boiler

In this step, the considered solution domain of a PC fired boiler is divided into
anumber of ideal reactors (completely mixed reactor or plug flow reactor). It is
also essential to understand the various parameters that may change the num-
ber, size, and locations of these identified reactors/zones. For example, in PC
fired boilers, multiple burners are used. The reactors (number, size, and loca-
tion) representing PC fired boilers may vary, depending on how many burn-
ers are active (and their locations). The tilt of the burners can also be varied
during boiler operation. Variation in burner tilt also influences the number,
size, and locations of reactors included in the RNM. It is therefore necessary
to account for this while formulating the RNM. The overall steps in identify-
ing zones/reactors within PC fired boilers can therefore be written as follows:

e Divide the PC fired boiler region into different zones.

® Develop criteria to identify distinct ideal zones/reactors within each
of these regions.

e Use heuristics and/or CFD results for defining the location, shape,
and size of zones/reactors.

¢ Identify variables such as coal flow rate, excess air, burner tilt,
etc. and capture their influence on identified locations and sizes
of zones/reactors.
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These steps are discussed in this section. Use of CFD results to connect iden-
tified zones for establishing a network is discussed in Section 5.2.2.
The PC fired boiler has three major regions:

1. Furnace
2. Crossover pass (CP)
3. Second pass (SP)

These regions are shown in Figure 1.1in Chapter 1 and Figure 5.6 in this chapter.
The furnace region has a complex flow structure, especially in the burner
zone (see Figures 4.20, 4.22, and 4.23 in Chapter 4). Air and (or) a coal jet from
the burner are injected at a predefined angle into the furnace and form a
rotating flow pattern in the cross-sectional plane of the furnace; this is called
a fireball. Coal, air, and combustion products travel along the length of each
burner jet and discharge the same into the fireball. This mechanism creates
a swirling flow inside the furnace that then travels upward to the exit of the
furnace. As most of the reactions take place in the burner zone, it can also be
called a combustion zone. The furnace region is first characterized, and differ-
ent zones within this region are identified as a primary step toward devel-
oping an RNM. The combustion zone is an important section of the boiler
where the coal and air are injected; it is shown schematically in Figure 5.2.

W
. 2 Combustion top
"\ Burnerjet |y
V Coal + Air T
! Burner Jet =
Fireball X 16 FA + 20 SAjets [  Fire
D freba = 36 jets Ball
Fireball Fireball l
Gap Gap
Fireball gap
Burner jet 3 i
= Combustion top Combustion
X Bottom
(a) Cross-section of the furnace (b) Representation in RNM

[FA: Fuel air; SA: Secondary Air]

FIGURE 5.2
Schematic of combustion zone: (a) cross-section of the furnace and (b) representation in an
RNM (FA = fuel air, SA = secondary air).
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The combustion zone has significant variations in concentration and tem-
perature, and therefore may have to be further divided into distinct zones.
To illustrate this, a typical 210-MWe PC fired boiler was considered. There
are sixteen fuel-air burners used in this boiler. Each of the fuel-air burners
is sandwiched between two secondary air inlets. In many PC fired boilers,
over fire air (OFA) inlets may also be used for manipulating the formation
of pollutants such as NOx. However, for the particular case considered in
this illustrative example, OFA inlets were not used. Therefore, there were
a total of thirty-six jets (sixteen FA [fuel air] + twenty SA [secondary air]
jets) injected from the four corners of the furnace. Based on the simulated
flow, temperature, and species field in the combustion zone (see Chapter 4),
the combustion zone can be subdivided into burner jet, fireball, and fireball
gap zones (see Figure 5.2). From CFD simulations it is evident that all these
burner jets join in a central zone called the fireball. In principle, it is possible
to consider and define thirty-six burner jet zones to account for all these
jets. Instead, more practical approaches would be to consider four burner
jet zones corresponding to each corner of the furnace, or to merge all these
thirty-six jets into a single burner jet zone. In this illustrative case study, the
latter option was selected. If the interest is to also understand the influence
of the possible maldistribution of gas and solid flow at each corner, then each
corner jet may have to be modeled separately or even each jet may have to be
modeled separately.

After identifying the burner jet zone, the next step is to establish the dimen-
sions (width, depth, and height for rectangular shape assumption) of this
zone. A simplest approximation would be to consider the dimension as that
of the burner slit (refer to Figure 5.2). Another approach would be to analyze
the contour plots of the gas velocity, species concentration, and temperature
for a plane passing through any burner that is injecting coal plus air (refer
Figures 4.20, 4.22, 4.24, and 4.25 in Chapter 4). Based on an analysis of these
data, it is also possible to estimate the width of the burner jet. For the illustra-
tive example here, the burner jet dimension was assumed to be the same as
the burner slit. All the jets were represented by a single jet, and therefore the
cross-sectional area of the single burner jet is the sum of the cross-sectional
area of all thirty-six burner ports/slits. The length of the burner jet depends
on the dimensions of the fireball (refer to Figure 5.2). The dimensions and
shape of the fireball must be defined. The fireball can either be assumed as
rectangular (brick shape in three dimensions [3D]) or circular (cylindrical
shape in 3D).

For the rectangular fireball, the width and depth must be defined (Xand Y
as shown in Figure 5.2(a)). Once the values of X and Y are obtained, the height
of the fireball can be set equal to the height of the combustion zone. Using
the dimensions of the fireball, burner, and combustion zone, the dimensions
and volume of the fireball gap can be estimated. The values of X and Y can
be obtained from CFD results in a variety of ways, including
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¢ Iso-surfaces of temperature in the furnace region
e Iso-surface of oxygen mass fraction in the furnace region

* Profile of temperature along x and y axes on the plane passing
through the center of the fuel burner

e Profile of oxygen mass fraction along x and y axes on the plane pass-
ing through the center of the fuel burner

* Profile of temperature deviation along the x and y axes (difference
between local temperature and average temperature across the line)
on the plane passing through the center of the fuel burner

e Profile of deviation of oxygen mass fraction along x and y axes (dif-
ference between local oxygen mass fraction and average oxygen
mass fraction across the line) on the plane passing through the cen-
ter of the fuel burner

* Profile of some combination of deviation of oxygen mass fraction
and temperature deviation (e.g., product of these two deviations)
along x and y axes on the plane passing through the center of the
fuel burner

It may be difficult to decide a priori which way is better suited for a given
configuration of a PC fired boiler. For the illustrative case considered here, iso-
surfaces of temperatures in a typical 210-MWe PC fired boiler are shown in
Figure 5.3. It can be seen that depending on the choice of temperature, the size

|

(a) Front view of the boiler (b) Top view of the furance

FIGURE 5.3 (See Color Insert.)
Iso-surface of temperature in furnace zone (1,550K): (a) front view of the boiler and (b) top view
of the furnace.
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FIGURE 5.4
Estimation of the dimensions of a fireball.

of the fireball will change. The shape of the iso-surface also appears to deviate
from a rectangular box. As an example of an alternative, the product of the tem-
perature deviation and the deviation in oxygen mass fraction from the average
along the x and y axes are shown in Figure 5.4. Once the profile of the desired
variable (from the list given above or otherwise) is obtained, the boundaries of
the fireball can be identified by defining some criteria. For example, the width
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or depth of the fireball can be defined as when the deviation values go beyond
a certain range. Using the profiles shown in Figure 5.4 and selecting the range
of +5 to -5, the boundaries of the fireball can be obtained by identifying points
denoted by X1,X2 and Y1,Y2. Such an exercise can be repeated for several iso-
lines at constant x and constant y values on the z plane passing through the
center of the fuel burner, and average width or depth based on these several
pairs of X1,X2, and Y1,Y2 can be estimated. Based on such an analysis, the
average values for X and Y were estimated as X =2.26 m and Y = 3.98 m (cor-
responding fireball dimensions therefore are 548 m by 6.04 m).

The temperature of the fireball region may be more or less similar to that
of the burner jets. However, the O, concentration in the fireball will be lower
than that in the jets as it is continuously depleting in the jets. Generally, it is
observed that the fireball width and depth cannot be captured adequately
using only temperature or only O, mass fraction profiles. Some combination
of temperature and oxygen mass fraction often provides better estimates of
tireball dimensions.

It should be noted that as the number of active burners or the burner tilt
changes, the location of the combustion zone will also change. The change
in active burner positions will simply move the z position of the combus-
tion zone accordingly. The position of the combustion zone and therefore the
burner jet, fireball, and other connected zones will depend on burner tilt in
a complex way. The upward or downward tilt of burners will correspond-
ingly move the combustion region, and corresponding fireball zone, in the
respective direction. The movement of the fireball position with burner tilt
is quantified from the CFD results and is shown for the illustrative case con-
sidered here in Figure 5.5.

The position of the combustion zone is adjusted as per the position of the
fireball zone. The volume remaining in the combustion zone after subtract-
ing the volumes of the burner jet and the fireball is called the fireball gap
(Figure 5.2(a)). The walls surrounding the gap zones are the water walls. The
heat transfer area for each section of the water wall is obtained from geomet-
ric details available in the boiler manual. The fireball gap can be modeled
either as four zones (attached to four water walls) or as a single zone. For
applying an RNM to the illustrative case considered here, we used the latter
option. This completes the process of zoning the combustion zone, which
provides the basis and starting point for continuing the process of defining
zones for other parts of the PC fired boiler.

CFD results show that the gas flow coming up from the combustion zone is
swirling in nature, and hence the top section of the combustion zone is rep-
resented by two coaxial zones, and a similar assumption is extended to the
zone below the combustion zone as shown in Figure 5.6. The width and depth
of the central volume were assumed to be the same as the fireball. The area
and volume for zones such as the nose and above that were estimated from
the geometric details of the boiler. It should be noted that the dimensions of
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FIGURE 5.5 (See Color Insert.)
Effect of burner tilt on fireball zone.

zones such as the “burner top” and “burner bottom” depend on the dimen-
sions of the combustion zone. The height of the combustion zone was esti-
mated from the burner tilt correlations obtained from CFD simulations (refer
to Chapter 4, Figure 4.40). According to the change in burner tilt, the height
of the combustion zone changes as discussed in Chapter 4, and therefore
the dimensions of the zones above and below the combustion zone will
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FIGURE 5.6 (See Color Insert.)

Reactor network model for tangentially fired PC boiler.

1: HOPPER;

2: COMBUSTION BOTTOM (CB) GAP; 3: COMBUSTION BOTTOM (CB) CORE;
4: FIREBALL GAP; 5: FIREBALL; 6: BURERJET;

7: COMBUSTION TOP (CT) GAP; 8: COMBUSTION TOP (CT) CORE;

9: NOSE; 10 TO 13: PRE PLATEN; 14 TO 17: PLATEN;

V1: VIRTUAL VOLUME; 18 TO 21: FRONT RH; 22 TO 25: REAR RH;

V2: VIRTUAL VOLUME; 26 TO 27: FINAL SH;

28: PASS2TOP; 29; LTSH; 30: U-ECO; 31:L-ECO

change (Figure 5.5). For example, if the burners are tilted 20° upward, then
the combustion zone will move toward the combustion top, and this change
in height of the combustion zone due to burner tilt is estimated from the tilt
correlations discussed in Chapter 4 (Equations (4.67) and (4.68)). These equa-
tions provide new height and location of the combustion zone based on how
much the combustion top zone height is reduced and combustion bottom
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FIGURE 5.7 (See Color Insert.)
Schematic of a reactor network for the bottom section.

1: HOPPER;

2: COMBUSTION BOTTOM (CB) GAP; 3: COMBUSTION BOTTOM (CB) CORE;
4: FIREBALL GAP; 5: FIREBALL; 6: BURERJET;

7: COMBUSTION TOP (CT) GAP; 3: COMBUSTION TOP (CT) CORE

zone height is increased in order to keep the total volume of three zones con-
stant (refer to Figures 5.5 and 5.7). This effect is reversed if burners are tilted
in the downward direction.

The crossover pass and second pass zones (platen, reheater, final SH, LTSH,
and economizer) have heat exchanger bundles. Radiative and convective heat
are transferred from the flue gas to these tube bundles. It is a common observa-
tion in tangentially fired PC boilers that there is a higher temperature toward
one side of the boiler than on the opposite wall (temperature deviation). This
happens mainly because of the uneven flow distribution in the crossover pass.
The detailed CFD analysis of such uneven flow distribution and the corre-
sponding temperature deviations were discussed in Chapter 4. To capture the
temperature deviation effect in an RNM, the zones in the crossover pass can
be divided into four sections: top left, top right, bottom left, and bottom right
zones (Figure 5.6). This configuration can be used for the crossover pass up
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to the reheater section. For the final SH, only the top and bottom sections can
be considered because it was observed in CFD simulations that the deviation
effect diminishes when flue gas reaches the final SH (Chapter 4, Figure 4.29).
The remaining sections of the second pass, such as the LTSH and economizer,
can be considered as mixed zones reactors in series.

The reactor network shown in Figure 5.6 can be subdivided further into
smaller zones if desired. The zones, such as burner top, burner bottom,
reheater, LTSH, etc., can be represented as multiple reactors/zones in series.
The reactor network can also be constructed with built-in flexibility to select
an appropriate number of reactors/zones. The formulated reactor network
can be fine-tuned with the help of CFD simulations. After establishing the
reactors/zones, the next step is to establish a connecting network and estimate
related quantities for these connections. This is discussed in Section 5.2.2.

5.2.2 Formulation of Reactor Network from the Identified Zones

The network and corresponding flow rates/mass exchanges among the for-
mulated zones should be established using the CFD results. To illustrate this,
simulated CFD results for a typical 210-MWe PC fired boiler are used. These
results were discussed in Chapter 4.

The simulated CFD results clearly point out that the burner jets feed com-
busting material to the fireball. The vector plot shown in Figure 4.4 indicates
that part of the flow moves down toward the hopper section, and the remain-
ing flow moves toward the top section of the furnace. The flue gas that flows
down from the fireball enters the combustion bottom (CB) gap zone. Here it
further divides into flow toward the hopper and the CB-core. The flue gas
that comes to the hopper then moves upward through the CB-core and then
through the fireball gap. The flue gas that comes to the CB-core from the
CB-gap also moves upward through fireball gap. Based on this analysis, the
reactor network for the bottom section is shown in Figure 5.7.

The distributions of the z velocity at the bottom plane of the combustion
zone (below the lower-most operating FA burner) and at the top plane of the
hopper zone are shown in Figure 5.8. The mass flow rate of flue gas flowing
downward was determined on clip planes of negative z velocity. Based on this,
information about the distribution of flow at these locations was obtained.

The burner tilt also affects the flow distribution in the furnace. CFD results
obtained at different burner tilts were therefore analyzed (see Figure 59).
It can be seen that there is a significant influence of burner tilt on the flow
distribution in the lower part of the furnace. The influence of burner tilt on
the percentage of total flue gas mass flow rate toward the lower part of the
furnace may be correlated as

FBC % = Aapc * 0+ bBC (51)

Fry (%) = ary -0 + bry (5.2



178 Computational Modeling of Pulverized Coal Fired Boilers

T—V X (a) Top plane of HOPPER zone
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(b) Bottom plane of COMBUSTION zone

FIGURE 5.8 (See Color Insert.)
Region showing downward flow at two horizontal planes below the combustion zone (con-
tours of z velocity, m/s).

where F is the percentage of total air (mass flow rate) at the inlet of the boiler,
and 0 is the burner tilt angle (in degrees) with respect to the horizontal axis.
The subscripts BC and TH indicate bottom plane of the combustion zone and
top plane of the hopper zone, respectively. The coefficients a and b appear-
ing in Equations (5.1) and (5.2) are obtained from the simulated flow field
(Figure 5.9). Equations (5.1) and (5.2) can therefore be used to quantify the
influence of burner tilt on the flue gas distribution in the zones below the
combustion zone.

The flue gas from the combustion zone moves upward toward the nose
of the boiler through the combustion top (CT) zone. The structure of the
CT is the same as CB, and was split into two parts as CT-core surrounded
by CT-gap. The dimensions of the CT-core were assumed to be the same as
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FIGURE 5.9
Influence of burner tilt on mass flow distribution in the lower part of furnace.

the fireball. The flue gas that moves upward splits into these two coaxial
zones and for each zone, the mass flow rate was estimated from the flow field
obtained using the CFD model. It was observed that around 30% of the total
flue gas flow goes to the CT-core. The flow distribution in each of these zones
was estimated from CFD simulations. The section above the CT is the nose,
and it can be modeled as a single mixed reactor. It collects the mass from the
CT-gap and CT-core. The flue gas from the nose moves toward the crossover
pass of the boiler. The zone above the nose can be split into two equal vol-
umes: the pre-platen and platen zones. The reactor network of this part of the
PC fired boiler is shown in Figure 5.10.

The influence of burner tilt on the flow distribution at the crossover pass
was also analyzed based on CFD simulations (see Figure 5.11). It can be seen
that there is a negligible influence of burner tilt on the flue gas mass flow rate
distribution toward the right side zone (including top and bottom) of the
front reheater (front RH). Therefore, for this illustrative example, the RNM
model ignored the influence of burner tilt on flow distribution in the cross-
over pass. Itis, however, possible to develop correlations similar to Equations
(5.1) and (5.2) to account for the influence of burner tilt.

The platen zone has a platen SH tube bundle, whereas the pre-platen was
a void space between the tube bundles and boiler water walls. Part of the
flue gas coming from the nose enters this zone. For a typical counter-current
tireball observed in a tangential PC fired boiler, it was observed through
CFD simulations that in the upper furnace zone, the fluid has a tendency to
move toward the right side wall of the boiler. As discussed earlier, this leads
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FIGURE 5.10 (See Color Insert.)

Reactor network for fireball-CT-nose section.
4: GAP;

5: FIREBALL;

6: BURERJET;

7: COMBUSTION TOP (CT) GAP;

8: COMBUSTION TOP (CT) CORE;

9: NOSE;

10 TO 13: PRE PLATEN;

14 TO 17: PLATEN

to a temperature deviation in the upper furnace zone and crossover pass
zone on the left and right side walls. Zones such as the pre-platen, platen,
and front and rear reheaters were split into four subzones as top-left, top-
right, bottom-left, and bottom-right. Because the influence of this deviation
diminishes after the reheater, the final superheater was modeled as two sub-
zones (top and bottom). The mass flow distribution for each of these zones
can be estimated from the CFD results in a straightforward way. The flow
network from platen onward is shown in Figure 5.12. The fluid from the final
superheater passes toward the PASS2TOP, LTSH, UECO, and LECO. Each
zone may be further divided into “n” internal reactors if necessary. From the
platen to the LECO zones the gas exchanges heat with the water wall/steam
wall and heat exchangers. There are two virtual volumes provided that act
as a flow mixer/splitter for the next zone. The V1 virtual volume collects the
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FIGURE 5.11
Influence of burner tilt on mass flow distribution in the crossover pass (front RH).

flow from all four platen SHs (zones 14 to 17) and redistributes the flow into
the next four zones of the front reheater (zones 18 to 21) based on the outlet
tlow fraction assigned to V1. Introduction of such virtual volumes is useful
because flow redistribution/realignment occurs due to the resistance offered

Pre DPlaten Front Rear Final
Platen SH RH RH SH

PASS2TOP

Flue gas

FIGURE 5.12 (See Color Insert.)
Reactor network for platen superheater to economizer section.

9: NOSE; 10 TO 13: PRE PLATEN; 14 TO 17: PLATEN;

V1: VIRTUAL VOLUME; 18 TO 21: FRONT RH; 22 TO 25: REAR RH;
V2: VIRTUAL VOLUME; 26 TO 27: FINAL SH;

28: PASS2TOP; 29: LTSH;30:U-ECO;31:L-ECO
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by the tube bundles. Based on the CFD results, appropriate outlet flow frac-
tions can be assigned to these virtual volumes.

Particle motion in PC fired boilers should also be represented adequately
in the RNM. Appropriate equations for simulating particle-level processes
such as heating, devolatilization, and reaction can be formulated using the
Lagrangian framework. However, because flow of the continuous phase is
not solved in the RNM, appropriate information regarding continuous-phase
velocity must be specified. A critical analysis of simulated particle trajecto-
ries from the CFD model was carried out. The motion of particles through
the different zones of the RNM was quantified, and an average residence
time spent in each of the zones was analyzed. Typical trajectories through
zones of the RNM and mean residence time values in different regions of the
PC fired boiler are listed in Table 5.1.

Particles enter the domain through burners and leave the domain either
via the bottom hopper (bottom ash) or from the LECO zone (fly ash). The
mass flow distribution of the particles that are moving down from the com-
bustion zone toward the bottom of the furnace was estimated from the CFD
results. A typical fraction of particles moving down toward the bottom of

TABLE 5.1
Motion of Injected Coal Particles through Various Zones of a PC Fired Boiler
Particle Stream 1 Particle Stream 2 Particle Stream 3 Particle Stream 4
Residence Residence Residence Residence
Zone Time (s) Zone Time (s) Zone Time (s) Zone Time (s)
6 0.5 6 0.5 6 0.5 6 0.5
5 1.0 5 1.0 4 2.0 5 1.0
7 2.0 8 2.0 2 1.0 4 1.0
9 0.7 9 0.7 3 1.0 2 3.0
10 0.1 13 0.3 5 1.0 1 2.0
13 0.2 17 0.5 8 1.0 Total 7.5
17 0.5 19 1.0 9 0.5
19 1.0 21 1.0 12 0.5
26 2.0 26 1.0 14 0.5
28 1.0 28 1.0 18 0.5
29 0.5 29 0.5 20 0.5
30 0.5 30 0.5 24 0.5
31 1.0 31 1.0 28 0.5
Total 11 Total 11 29 0.5
30 0.5
31 0.5
Total 11.5

Note: Zone numbers and residence times predicted from CFD simulations of the illustrative
case considered here. Please refer to Figure 5.1 for zone locations (1: bottom; 6: burner
inlet; 31: flue gas exit).
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FIGURE 5.13
Influence of burner tilt on downward motion of particles (fraction of total particles moving
toward bottom section of the furnace).

the furnace at z = 20 m as a function of burner tilt is shown in Figure 5.13.
The simulation results can be used to obtain suitable correlations to estimate
the influence of burner tilt on the particle mass flow rate distribution in the
bottom section of the furnace.

Information on the distribution of particles and mean residence times
in different zones of the RNM is used while simulating particle-level
processes. This completes the basic formulation methodology for the
RNM; the model equations for each zone are described in Section 5.3. In
this section, the reactor network is formulated manually using the CFD
results. As discussed previously, eventually an algorithm along the lines
proposed by Ray and co-workers or Pantelides and co-workers may be
implemented to automate the formulation of the reactor network from the
CFD simulations.

5.3 Model Equations and Solution

Each zone in the RNM formulated to simulate a PC fired boiler consists
of two phases: the continuous gas phase and the discrete solid phase (coal
particles). Mass and energy conservation equations must be developed for
both phases over each of these zones/reactors. Particle-level processes can
be modeled using the Lagrangian framework. Here, the coal devolatiliza-
tion and char oxidation reactions were modeled following the practices
used in the CFD simulations (Chapter 4). Homogenous gas-phase reactions
were modeled using the eddy dissipation concept. Radiative heat transfer
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was modeled based on the Hottel Zone method (Hottel and Sarofim, 1967).
It should be mentioned here that although this section discusses a specific
set of model equations corresponding to the illustrative example considered
herein, the approach is quite general. The approach can be extended in a
straightforward manner to include additional reactions or to replace some
of the approximations used while formulating these model equations. The
model equations are presented in the following subsections. Each zone
is made up of “n” internal reactors, which help to divide each zone into a
number of zones/internal reactors. In this current illustration to keep the
approach simple, the zones such as the fireball, gap, hopper, pre-platen,
platen, RH, and final SH are assumed to be single internal reactors; that is,
each zone will have a single well-mixed reactor. Other zones, such as the
burner jet, combustion bottom, combustion top, LTSH, and economizer, have
the ability to increase the number of internal CSTRs to a user-defined value.
Nevertheless, any of the above zones can be further split into a larger num-
ber of internal reactors to provide better resolution of parameters such as
temperature, species composition, etc.

5.3.1 Continuous Phase

The continuous gas phase was modeled using the Eulerian approach. Each
zone (refer to Figure 5.6) will be represented by the superscript k and, as dis-
cussed in the above paragraph, each zone can be further split into a number
of internal reactors/CSTRs, which is represented by the superscript n. Hence,
the following conservation equations are written for each n'" reactor of the
kth zone.

e QOverall mass balance:

dletv) (o)t T 63

dt
]

where 7 is any internal reactor of the kth zone, i is any zone other than
k, and j is any gas component. F is the mass flow rate (kg/s) coming
into/going out of the CSTR, and ®** provides details about which
zone’s outlet will be connected to the current k* zone as an inlet. Its
value varies between 0 and 1 and provides the fraction of total gas
flow coming out of any other zone and the same will become an inlet
to the current k' zone.

e Component balance: The species conservation equation for the n'h
internal reactor of k" zone can be written as

d(pk,nvk,nmlr;,n )

dt B 2 mi @ FEl — mf ER + R + St 54

1=
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where pt" is the gas density of the k™ zone and n'" internal CSTR
(kg/m3), V is the volume of n*" internal CSTR of the k" zone (m?®), m,,
is the mass fraction of species m, R, is the net rate of production or
consumption of species m by chemical reaction (kg/s), and S,, is the
source of species m from the dispersed phase (kg/s).

e Energy balalnce: The enthalpy conservation equation for the n't
internal reactor of k' zone can be written as

d k,nd,nhk,n ) )
ot vt " ). 2 M@ gt = Baii Fo' + Sgis-ron + Sty + Spid. (5.5)
where £ is the enthalpy:
hk,n _ Emicn,nhrl;,n (56)
]
where 1, is the enthalpy of the m' species defined as
Tk,n
" = by, + f CpmdT (.7)

T
where hj, is the standard heat of formation of species j (J/kg), Seas-ren
is the source term of heat of chemical reactions (W), S,,, is the heat
transfer by radiation from all other zones (W), and S, is the source
term for discrete-phase char oxidation (W).

char

The heat released due to chemical reactions is

Sut = 2 H-R}" (.8)
The heat of reaction, AH, is defined as
H= EU,‘ hf,i (59)

where v; is stoichiometric coefficient of species i and /; is heat of formation
of species i. Summation is over all species participating in a reaction. Heat
transfer to the water wall and heat exchangers of the each reactor due to
convection is

St = WA (T, = T )" + Wi Al (Tg =Ty )™ (510)

Heat transfer coefficients for convective heat transfer to heat exchangers
were estimated using correlations of the Nusselt number (see, for example,
Equation (4.55)). The parameters of the correlation were taken from Table 4.4.
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The heat transfer coefficient for the water walls was estimated from the simu-
lated (from CFD model) results of the total convective heat transferred to water
walls. More details of the modeling of homogeneous gas-phase reactions and
radiation are discussed in Sections 5.3.3 and 5.3.4. The surface area of water
wall was estimated from the outer diameter, length, and number of the tubes
passing through each section of the furnace. Similarly, the surface area of the
heat exchanger for each zone was estimated from the characteristic dimen-
sions of the tube bundle present in each zone. Information about the tube outer
diameter, tube length, and number of tubes in each tube bundle required for
estimation of surface area can be obtained from the boiler manual and engi-
neering drawings, which are generally available from the boiler supplier.

5.3.2 Discrete Phase

The discrete phase was modeled using the Lagrangian approach. To reduce
the burden on computational resources, the mass flow rate of the coal at the
burner inlet is represented by a small number of finite streams. Information
about the motion of these particles from different zones and their mean resi-
dence time in different zones was obtained from CFD simulations of the PC
fired boiler. Particle trajectories simulated using the CFD model were also
used to estimate particle flow rate fractions (of the total coal mass flow rate
at the inlet) in each stream. For example, the motions of four such particle
streams through different zones of the RNM and their corresponding mean
residence times in different zones are listed in Tables 5.1 and 5.2, respectively.

Because the motion and mean residence times of the representative parti-
cle streams are obtained from the CFD model, it is not necessary to solve par-
ticle momentum equations within the RNM. For each particle stream, mass
and energy balance equations are formulated and solved. It is essential to
account for particle size distribution while formulating these balance equa-
tions. As discussed in Chapter 4, the particle size distribution was described
using the Rosin-Rammler equation (see Equation (3.12) in Chapter 3 and
Figure 5.14). The considered particle size distribution in this illustrative
example is shown in Figure 5.14.

For the illustrative case considered here, the Rosin-Rammler parameters
were a mean particle diameter of 60 ym and a spread parameter of 1.156

The mass and energy balance equations for the discrete phase (coal par-
ticles) are discussed next.

5.3.2.1 Particle Mass Balance

The change in mass of a particle of size j is the mass loss due to devolatiliza-
tion, and char oxidation may be represented as

M, ; dM,,; dM.;

- + G.11)
do 4o~ do
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FIGURE 5.14
Particle size distribution data (shown by symbols) represented using the Rosin-Rammler dis-
tribution (mean particle diameter is 60 um, and the spread parameter is 1.156).

where 6 is the time spent by the particle in each zone, and it was assumed
that all particles spend the same amount of time in the reactor, irrespective
of their particle size or density. M, ; is the mass of fixed carbon present at any
time in the particle of size j, and M, is the mass of volatiles present at any
time in the particle of size j. The mean time spent by particles in each zone
was estimated from the CFD simulations by tracking the particles at the inlet
and outlet of each concerned zone (see Table 5.1). The devolatilization and
combustion were modeled as follows:

e Devolatilization: The coal devolatilization rate for a particle of size j can be
written as (Badzioch and Hawksley, 1970)

M,
do

__ Av e(_Ev/RTP'/)Mv,j (512)

where M, ; is the mass of the volatile in particle of size j at any time
(kg), E, is the activation energy for devolatilization (J/kmol), A, is the
preexponential factor for devolatilization (1/s), and T, is the tempera-
ture of the particle (K).

In the devolatilization phase, the particle diameter was assumed
to remain constant and the particle density was allowed to
decrease to account for the reduction in particle mass due to the
devolatilization.
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® Surface reaction-char oxidation: The char combustion rate was calcu-
lated based on the assumption that the char is oxidized to CO by the
following reaction:

C(S) +0.5 Oz(g) —- CO © H°’ =-110 k]/mol

The rate of char oxidation can be written as (Baum and Street, 1970;
Field, 1969):

Me; KKy,
0 K +Ky;

P, (5.13)

The kinetic rate constant (K) for the char oxidation reaction is
K. = A, e E/RID) (5.14)

where A, is a preexponential factor for char combustion (kg/m?-s-
Pa), and E, is the activation energy for char combustion (J/kmol).

The bulk gas-phase diffusion coefficient (K,) for the oxidant (Field, 1969)
can be given as

0.75

_ 5x1071° Tg + Tp,j
d,,; 2

K, (5.15)

The change in density of the coal particle of particle size j can be written as
follows (Smith, 1971):

Pp,j = Ppo,j (U] )ﬁ (516)

dps = dyo i (U;)° (5.17)

where 3o+ B =1
U is the overall unburned fraction of coal and can be written as

v,] c,j w,j M i
U=2Uj= M+ M.+ M, + My (5.19)
: : MvO,j+ McO,j+MzuO,j +MA0,]‘

where M, ; M. ;, M, ;,and M, ; are the mass of volatile, char, moisture, and
ash present in the particle at any time, and the subscript “0” indicates the
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mass of volatile, char, moisture, and ash initially present in the coal particle.
In this illustrative case, the size of the particle during char oxidation was
assumed to remain unchanged. Therefore, values of 0. and 3 were set to zero
and one, respectively, in Equations (5.16) and (5.17). The particle density var-
ies as the fixed char present in the particle is oxidized.

5.3.2.2 Particle Energy Balance

An energy balance over a dispersed phase can be written as

dT,,;
Mp,jCPp L (fhzathhm,j ) + de,j + Qconv,j (519)

dae
where Cp,, H,,, Q.0 and Q,,,, are the particle specific heat, heat of char oxi-
dation reaction, and radiative and convective heat transfer, respectively. The
fheat 18 the fraction of heat liberated during char oxidation (Q,,,), which is
absorbed by the particle.

dM., ;

Qcha‘r,j = WJ Hchar—rxn (520)

The radiative heat transfer can be written as

Quuaj = er0 Ay, (T = Ty)) (5.21)

where ¢p is the emissivity of the particle, ¢ is the Stefan-Boltzmann con-
stant = 5.67 x 10 W/m>K, A, ;is the particle surface area of size j (m?), and
T, is the gas-phase temperature (K).

The convective heat transfer can be written as

Qconv,j = hc,jAp,j (Tg - Tp,j) (522)

The heat transfer coefficient /i, was evaluated using the correlation of Ranz
and Marshall (1952) as

% =2+0.6(Re, )" (Pr)** (5.23)

8

where /1 is the heat transfer coefficient for gas and solid flow (W/m?-K), k,is
the conductivity of the gas (W/m-K), Re, is the particle Reynolds number,
and Pr is the Prandtl number.

The particle-level processes represented in the balance equations dis-
cussed above will provide source or sink terms to the continuous phase.
For example, the rate of consumption of oxygen by a heterogeneous reaction



190 Computational Modeling of Pulverized Coal Fired Boilers

with coal particles will provide a sink term to the continuous-phase oxygen
balance equation. Therefore, the mass source term from the discrete phase
can be written as

Tf 1

Sk,n =f (Rv + Rc )de (524)

0

where R, and R, are the rate of devolatilization and char oxidation, and T,
is the residence time of the particle in any n'" internal reactor of the k' zone.

N N
M, ; M. ;
Rv = JZNp,j d@ 7 Rc = /ZNp,j de (525)

where N is the number of size classes used for representing the particle size
distribution, and N, is the total number of particles of size class j. In an
illustrated example, four particle streams were tracked, and the mass distri-
bution to each stream was assumed based on a simulated distribution of the
fly ash and bottom ash generated in the boiler. The particle trajectory of each
stream is provided in Table 5.1, where particle streams 1, 2, and 3 are for fly
ash and stream 4 is for bottom ash. The particle size distributions for each
stream were assumed to be identical and were obtained from the Rossin—
Rammler function.

5.3.3 Homogenous Gas-Phase Reactions

Homogeneous gas-phase reactions can be modeled using the species trans-
port model discussed in Chapter 4. The effective rate of mixing can be esti-
mated using the values of turbulent kinetic energy (k) and turbulent energy
dissipation rates (€) obtained from CFD simulations. The net source of chem-
ical species j due to reaction is computed as the sum of the rate of reactions
over the N, reactions that the species participate in as

Nr

R; =V Muw, E R;, (5.26)

r=1

The volatile material was represented by single species as CH, 3O, 3; based
on proximate and ultimate analyses of the coal. The following homogenous
gas-phase reactions were considered:

CO(g) +0.5 Oz(g) nd COz(g) H’= -283 k]/mol

CHZ'OSOOSS @ Tt 1.33 Oz(g) g COz(g)+ 1.04 Hz O(g) H’ =-271 k]/mol
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The molar rate of creation/destruction of species j in reaction r can be writ-
ten as

ni,r
Rrxnj,r = (U/',r - Uj,r )Kr H [Cl,r] (527)
1

where C, , is the molar concentration of each reactant in reaction » (kmol/m?;
1, is an exponent for reactant in reaction r; Vj,,0j, are the stoichiometric
coefficients for the jt species as product and reactant, respectively in reaction 7;
K, is the kinetic rate constant for reaction 7, where K, = A, e“5/%0) (m3/kmol-s);
A, is a preexponential factor for gas-phase reaction r (m3/kmol-s); and E, is
the activation energy for gas-phase reaction r (J/kmol).

The effective rate of gas-phase combustion under the conditions prevail-
ing in PC fired boilers may not be equal to the intrinsic kinetic reaction rate
because of possible limitations imposed by mixing. When the intrinsic rate
of gas-phase reactions is much higher than the rate of mixing of oxygen and
combusting species, then the effective rate is controlled by the rate of mixing.
Magnussen and Hjertager (1976) have proposed the eddy-dissipation model
to represent the interaction between turbulent mixing and intrinsic chemical
reactions. Using this model, the rate of production of species j due to reaction
1, Repuyjr, 18 given as

Y
Repuj, = Ap%mm - Y (5.28)

Ir

where Y, is the mass fraction of the oxidant and Yy, of the fuel reactant. In
Equation (5.28), the chemical reaction rate is governed by the large-eddy mix-
ing time scale, k/g, as in the eddy-breakup model of Spalding (1969). The gas-
phase reaction rate is evaluated based on the minimum of the reaction rate
estimated by an Arrhenius-type kinetic rate model and the eddy-dissipation
model.

Rjr‘r = mm(Rrxnj,r ’ REBU]"" ) (529)

The values of the mixing time scale (k/e) were obtained from CFD simu-
lations, and a typical distribution of the same in a PC fired boiler is shown
in Figure 5.15. The zone-specific representative values of k/e required to
estimate effective rates in each zone can be obtained either by using a
point value at the center of the zone or by applying suitable averaging
(line, area, and volume) over the simulated distribution obtained from
the CFD model. In the illustrative example discussed here, the values of
k/e at the center of each zone were used for evaluating the effective rate
using Equation (5.28).
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FIGURE 5.15 (See Color Insert.)
Typical contour of k/e in a PC fired boiler from CFD simulation results.

5.3.4 Radiation

The most usual numerical methods for analyzing radiative heat transfer are the
Monte Carlo method, heat flux method, and zone method [see Viskanta and
Menguc (1987), Gosman et al. (1973), Howell (1968), Hottel and Sarofim (1967),
and Hottel and Cohen (1958)]. In this study, the zone method was employed
for predicting the temperature and heat flux on the water walls of the boiler.
Hottel and Cohen (1958) developed this method for analyzing the radiation
heat transfer in an enclosure containing gray gas with certain properties.
Later, Hottel and Sarofim (1967) used this method for more complex geome-
tries. This model has been widely used by researchers for modeling industrial
radiative enclosures such as boiler furnaces (Diez et al., 2005; Batu and Selguk,
2002). In this method, the whole space of the furnace is split into zones, and the
enclosure’s walls are divided into finite surface zones. The main assumption is
to associate and use uniform temperatures and properties within the volume
and surface zones. The heat transfer between a pair of zones depends on coef-
ficients called heat exchange areas (see following discussion). The radiative
source term is a balance between total heat exchanged by any zone with other
surface and volume zones and total emission from the existing zone.
The net radiative heat source for any zone k can be written as

Sradx = 2@155,{ + EGkGiEg,i - 4K, Vi Ex (5.30)
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To evaluate the radiative exchange between the zones, it is necessary to cal-
culate the total exchange areas G;S; and GiG;. Hottel and Sarofim (1967)
have discussed a detailed method to determine the total exchange area. The
E, and E, are the black emissive power of the gas and surface, respectively.
The total exchange areas are evaluated from the direct exchange areas. The
direct exchange area can be calculated as

K cosH; =)
9iSj = f f oy dVidA, (5.31)
A Vi g
KZ (=knkj)
g = f f dv,dv; (5.32)

The total exchange for one zone with all other zones is given by

nggi +2 ng]‘ = 4KVg,k (533)

In these equations, 7;; is the center-to-center distance between two zones, 6 is
the angle between the normal vector of the surface element and the above-
mentioned vector, and K is the absorption coefficient of the gas. The values of
Kwere taken from CFD results or can be estimated using the WSGGM based
on the composition, temperature, and pressure. Details about the WSGGM
model were discussed in Chapter 4.

The flow rate and the temperature of air and coal at the inlet are listed in
Table 4.5 in Chapter 4. The kinetic parameters for gas-phase reactions are
listed in Table 4.6 in Chapter 4. The other details of a typical PC fired boiler
considered here (i.e., heat exchanger surface area, tube emissivity, porosity of
each heat exchanger zone, etc.) are discussed in Chapter 4.

5.3.5 Solution of Model Equations

RNM equations are solved to obtain the steady-state performance of PC fired
boilers. The balance equations for the continuous and particle phases are
written in the form of ordinary differential equations (ODEs) in time. For the
network, the reactor domain was broken down into zones, and each zone was
further divided into a series of internal reactors. The number of internal reac-
tors for each zone will be defined by the user. For the illustrative case con-
sidered here, the equations solved for the established RNM were as follows:

* Gas phase:
* Number of ODEs for each internal reactor = 6 (5 species + Energy)
e Total zones = 31 (Fixed)
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¢ Internal reactors in each zone = N; (User input)
e Total number of ODEs (gas phase) =6 x * N;

® Particle phase:
e Number of particle sizes = 10
* Number of ODEs for each size class = 4 (3 species + Energy)
e Number of trajectories = 4
¢ Total number of ODEs (particle phase) = 160 (= 10 x 4 x 4)

Any suitable ODE solver can be used to solve these ODEs of the RNM.
In this illustrative example, the modified Gear’s method implemented
in ODEPACK was used to solve ordinary differential equations using
the LSODE (Livermore Solver for Ordinary Differential Equations)
subroutine.

It should be noted, however, that the interest lies in the steady-state solu-
tion; the particle phase modeled in the Lagrangian framework will never
exhibit steady state. The steady state will, however, be established in terms
of the continuous phase. This particular aspect and strong interaction
between the particle and the continuous phase require the development of
a specific algorithm to realize effective and optimal steady-state solution of
an RNM. The algorithm used for solving this illustrative example is shown
in Figure 5.16.

The preprocessor reads all the relevant input data and formulates model
equations of the RNM. Initial composition and temperature field are then
specified for all zones. The particle-phase equations are then solved for
all the considered particle streams. Please note that these equations are
solved up to a specified residence time for each particle stream in all zones.
Based on the simulated trajectories, the source terms for each zone of the
RNM, because of the particle phase, are then calculated (for example, using
Equation (5.24)). The continuous-phase governing equations are then solved
using the sources calculated from the solution of the particle-phase equa-
tions. To reduce the burden on computational resources, the particle-phase
sources are not updated at each time step; rather, they are updated after
every time interval of 1. The value of 7; can be optimized to enhance the
overall effectiveness. The solution of continuous-phase equations for time
interval 1; is called one iteration of the continuous phase. After completing
an iteration of the continuous phase, a check is made to examine whether
or not steady state has been achieved. Various convergence criteria based
on root mean square (RMS) error in the gas temperature, heat transfer to
heat exchangers, and mass as well as heat balance across each zone/reactor
were examined for establishing the steady state. If the steady state is not
achieved, particle phase equations are solved for updating particle-phase
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User Inputs: Boiler geometry, Inputs from CFD
coal and air flow rates, simulations: flow and
particle size distribution, Pre Processor: related information from
kinetics, time steps for formulation of RNM, read CFD simulations: particle
particle and gas phases, time all the input data streams (motion,
interval for updating particle residence time, k/ etc.)
sources () ¢

Initialize: set initial values of
gas phase flow, temperature
& composition

Solve particle phase: using the
gas phase field, particle flow
information and time step
defined for particle phase

I

Update particle phase sources: by
using the known residence times and
particle phase solutions, set local time

for continuous phase t’ as zero

<

\4

Solve continuous phase: using
the updated sources of particle
phase, time step defined for
continuous phase till T,

Post processing: heat
received by various
internal heat exchangers,
unburnt carbon in fly ash

FIGURE 5.16
Solution methodology.

sources. The next iteration of continuous-phase equations is then executed
using the updated particle-phase sources. In this illustrative example, we
set 7; as the mean residence time of the gas phase. The steady-state solution
was achieved in typically fifteen to twenty iterations. A typical reduction
in the RMS error in temperature with respect to the number of iterations is
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FIGURE 5.17
Convergence plot for RMS error in the temperature of zones.

shown in Figure 5.17. It can be seen that about ten iterations are adequate to
obtain converged results.

After establishing the model equations and corresponding solution meth-
ods, the model was converted to an easy-to-use software tool called BOST
(Boiler Simulation Tool) by Gupta (2011). An illustrative application of BOST
to a typical 210-MWe PC fired boiler is discussed in Section 5.4.

5.4 Application of the RNM to a Typical
210-MWe PC Fired Boiler

The BOST was used to simulate a typical 210-MWe boiler used for illustrat-
ing application of the CFD model in Chapter 4. The underlying RNM was
formulated using the CFD results. The model equations and solution method
presented in this chapter were used first to simulate the base case considered
for the CFD simulations. Some of the results predicted using the RNM are
compared with the CFD results. The RNM was then used to simulate the
influence of burner tilt to illustrate possible applications. The temperature
distribution within the boiler is the key parameter of interest for simulating
the performance of PC fired boilers. The simulated results of temperature
within the PC fired boiler are therefore discussed here.

Unlike the CFD model, which results in a detailed prediction of the tem-
perature field within the PC fired boiler (typically represented by contour
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Gas temperature along various zones of a PC fired boiler.

plots as shown in Figure 4.23), the RNM provides the mean temperatures of
different zones. The predicted temperatures of various zones in the consid-
ered PC fired boiler are shown in Figure 5.18. Some of the results obtained
from the CFD field are also included in this figure. For zones in which the
internal number of reactors was greater than 1, the number average of tem-
peratures of internal reactors in that zone was estimated and plotted in
Figure 5.18.

The first zone is the hopper, which shows a temperature of 1,221K. The
second and third zones are the gap (2) and core (3) below the combustion
zone. Zones 4 and 5 have temperatures of 1,630K and 1,654K, respectively.
The combustion zone has the highest temperature, as expected. Beyond
the combustion zone, the mean temperatures of subsequent zones gradu-
ally decrease until boiler exit. It can be seen from Figure 5.18 that the RNM
adequately captures the trends observed from the CFD simulations with sig-
nificantly less computational effort.

Part of the flow from the combustion zone travels downward from zone
4 to 2 and is further redistributed into zones 3 and 1. The predicted tem-
perature profiles within the zones below the combustion zone are shown in
Figure 5.19. The corresponding results obtained with the CFD model are also
shown in this figure. It can be seen that a comparison of the results simulated
using the CFD model and RNM is adequate.

The simulated temperature profiles in the combustion zone are shown
in Figure 5.20(b). It can be seen that temperatures in this zone are between
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Gas temperature profiles in the combustion bottom zone.

1,450K and 1,750K. The temperature of the burner jet has increased from
the inlet feed temperature to 1,444K in the first reactor, indicating that a
significant portion of the reactions is taking place in the first reactor of
zone 6. The temperature has finally increased to 1,756K. This compares
well with the localized temperature across the burner jet predicted in CFD
simulations (i.e., around 1,750K). The results obtained with the RNM can
therefore be said to be in good agreement with those obtained with the
CFD model.

The temperature profiles for zone 7 and 8 (zones above the combustion
zone) are shown in Figure 5.20(a). The furnace exit gas temperature (FEGT)
was measured at the outlet of the nose zone (9) as 1,432K, which is in broad
agreement with the predictions of the CFD model (area weighted plane aver-
age temperature at furnace exit location).

After establishing the basic temperature distribution in and around the
combustion zone, it is of interest to examine whether the RNM can capture
the temperature deviation typically observed at the crossover pass of a tan-
gentially fired PC boiler. This temperature deviation occurs mainly because
of the imbalanced mass flow distribution in the crossover pass of the boiler
as discussed in Chapter 4. Based on the CFD analysis, the imbalance in the
mass flow rate was estimated and the same distribution was incorporated in
the present RNM. The predicted temperature deviation in the crossover pass
is shown in Figures 5.21(a) and (b). The temperature deviations in the cross-
over pass estimated using CFD and RNM models are compared with each
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other in Figure 5.21(c). It can be seen that the agreement between the values
predicted using CFD and RNM is good and adequate. The results can be also
improved by increasing the number of internal zones (in parallel direction to
flow) of the crossover pass.

The temperature profile of the second pass zone from the LTSH to the
lower economizer is shown in Figure 5.22. Each of these zones has five inter-
nal reactors, and the gas temperature along the flow direction for each inter-
nal reactor is shown in Figure 5.22. The boiler exit temperature was found to
be 540K. The predicted values of heat transferred to various heat exchangers
are listed in Table 5.2.
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Typical temperature profiles and temperature deviation predicted at the crossover pass using
the RNM: (a) top zones, (b) bottom zones, and (c) a comparison of the average temperature
deviation predicted by CFD and the RNM. (continued)

A comparison shows some deviation among the values of heat transferred
to individual heat exchangers predicted with an RNM and CFD model.
Possible reasons for this deviation, in addition to that inherent to the model
formulation, could be some differences in the surface area calculations incor-
porated in the CFD model and the RNM. As discussed in Chapter 4, for CFD
simulations, the water walls were modeled as a flat surface, and the emissiv-
ity was adjusted to obtain the required FEGT. In the RNM, the surface area
for heat exchange in each zone was estimated from the actual dimensions of
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the tubes of membrane panels available from engineering drawings and the
boiler manual. However, the emissivity value was the same as that used in
CFD simulations, and it was not tuned. In light of the different effective heat
exchanger areas considered in the RNM, appropriate tuning of the effective
emissivity of the tube surfaces considered in the RNM may lead to better
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Temperature profile of the second pass of a boiler LTSH (zone 29), UECO (zone 30), and LECO
(zone 31).
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TABLE 5.2

Simulated Values of Heat Transferred to Internal Heat
Exchangers of a PC Fired Boiler

Percentage of Heat Transferred

Heat Exchanger CFD RNM (BOST)
Water wall 39 49
Platen SH 22 20
Front RH 13 8
Rear RH 6 4
Final SH 4 2
LTSH 8 11
Upper ECO 6 4
Lower ECO 3 2

Note: Total heat transferred: CFD = 540 MW; RNM (BOST) = 538 MW.

agreement. Despite some of the observed differences, the RNM can be con-
sidered successful in capturing the overall behavior of PC fired boilers.

To illustrate possible applications of the RNM, it (implemented in BOST)
was then used to evaluate the influence of burner tilt on the overall perfor-
mance of the PC fired boiler. The influence of tilt was tested at two conditions:
+20° and —20° burner tilt. The predicted results are shown in Figure 5.23. It
can be seen that the model was able to predict the movement of a hot zone as
a function of tilt. For zero tilt, the burner top and boundary limits are 19 and
28 m and have a temperature of 1,654K. For +20° tilt, the hot zone has shifted
in the upward direction to 22 and 33 m. This influence can be observed on the
numbered average temperature of the bottom section in Figure 5.23(a), which
shows that the zone 3 temperature will decrease by 126K when the burner
tilt is changed from —20° to +20° The results obtained with the RNM are
compared with those obtained with the CFD model in Figure 5.23(b). It can
be seen that agreement between the RNM and the CFD model is adequate
for engineering purposes. The RNM can therefore be used to evaluate the
influence of various key operating parameters on the overall performance of
PC fired boilers. The computational time required for obtaining steady-state
solution for the RNM is typically at least one order of magnitude (more likely,
two orders of magnitude) lower than that required for the CFD model. The
turnaround time of the RNM results may be further reduced using faster
ODE solvers and better linearization of the particle source terms.

The accuracy of the RNM depends on the results of the CFD model on
which the RNM is developed. Information about the flow distribution, par-
ticle residence time, tilt correlation, etc. used in the RNM is specific to a par-
ticular geometric configuration and operating conditions of a PC fired boiler
(i.e., generation capacity of the boiler). The proposed approach and method-
ology to develop the RNM can be extended and used in a straightforward
manner for other configurations (and generation capacity) of boilers provided
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Influence of burner tilt on temperature profiles in the combustion bottom zones: (a) combus-
tion bottom zone and (b) a comparison of CFD model and RNM results.

that corresponding CFD results are available. The methodology for obtain-
ing these CFD results for any new PC fired boiler is discussed in Chapter 4,
and for developing the RNM based on these results is discussed in this chap-
ter. In some cases, even when CFD results are not available, and assuming
generic development of the RNM for a particular type of boiler, RNM can
be used as a first-cut simulation to explore a wide range of parameter space.
Once a suitable process window is identified via these first-cut simulations,
a detailed CFD model can be developed to obtain CFD results. This, in turn,
can be used to carry out post-facto verification of the approximations used
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while developing the RNM or suitably modifying those approximations to
develop the RNM. Application of models and methodologies discussed in
this and the previous chapter to practice is discussed in Chapter 6.

5.5 Summary and Conclusions

Reactor network models (RNMs) of PC fired boilers require lower compu-
tational resources and offer quick turnaround compared to CFD models
of PC fired boilers. In this chapter, development of the RNM based on the
simulated results obtained with the CFD model was discussed. In the pre-
sented approach, the development of the RNM was based on experience,
engineering judgment, and a detailed understanding of the CFD results. It
requires manual inspection of the CFD results and manual formulation of
zones/reactor network because at this stage it may be difficult to fully auto-
mate the formulation of the RNM. Eventually, automated formulation of the
RNM from CFD simulations may be practically feasible and better than the
approach proposed here. The relevant references for possible development of
such automated formulations of the RNM from CFD simulations were cited.

The suggested approach for developing an RNM was illustrated by consid-
ering the case of a typical 210-MWe boiler. The CFD results for this system
were discussed in Chapter 4. Using these results, RNM development was
discussed here. The developed RNM was shown to predict key features of PC
tired boilers with reasonable accuracy. Temperature deviation, which is one of
the key factors in reducing thermal efficiency, was captured quite adequately.
The RNM predictions can be further improved based on rigorous calibration
with CFD results/measured point value data of gas-phase temperatures. The
number of reactors needs to increase across the flow path of the gas in the
crossover pass. Such an effort can provide the correlation to appropriately
quantify the temperature deviation observed in PC fired boilers.

The RNM was also shown to capture the heat transferred to various inter-
nal heat exchangers reasonably well. It is possible to tune the apparent emis-
sivity of the water wall and heat exchanging surfaces of the tube bundles and
further refine the modeling of radiation included in the presented RNM to
improve agreement with CFD results and plant data. The existing structure
of an RNM can be improved upon by developing methodologies to automate
the creation of zones from CFD simulation results, estimate the radiation
exchange area coefficients using the Monte Carlo method, and further rigor-
ous validation of plant data.

The RNM was also shown to capture the influence of burner tilt on com-
bustion zones, and the overall performance was quite adequate. The RNM
therefore has the potential to be used as a model-based on-line optimiza-
tion and a process control platform. The RNM can also be used to quickly
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explore and evaluate large parameter spaces to identify useful “windows” of
parameters offering better PC fired boiler performance. The RNM can also
be used to evaluate possible changes in fuel composition (different grade
coal or blends of different grade coals). The RNM, if wrapped in a user-
friendly tool such as BOST, may reveal excellent benefits for computational
modeling, even to the non-expert user. We hope that the discussion here will
stimulate further development of such “industry-deployable” tools that will
eventually facilitate the realization of performance enhancement of PC boil-
ers in practice. Further discussion of application of CFD models and RNMs
to simulate industrial PC fired boilers is included in Chapter 6.
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6

Application to Practice

The objective of this chapter is to provide guidelines to practicing engi-
neers on how to develop and use computational models of pulverized coal
(PC) fired boilers. Previous chapters discussed computational flow dynam-
ics (CFD) as well as phenomenological models in detail. The scope here
is restricted to offering additional comments for facilitating applications
of these models to practice. An attempt is also made to include common
pitfalls while developing and applying computational models to PC fired
boilers.

6.1 Performance Enhancement Using Computational Models

Typical performance enhancement using computational models consists of
the following steps:

1. Clearly identify specific performance enhancement objectives.

2. Relate the performance objectives to underlying processes and
determine “performance-controlling” processes (sometimes the
objective of modeling is to determine performance-controlling pro-
cesses: “learning” models as discussed in Chapter 2).

3. Set up a “wish list” for computational models.

4. Formulate computational models (model equations, boundary con-
ditions, etc.).

5. Map the computational model to a “solver” in order to enable
simulations.

6. Verify and validate using limiting solutions/available industrial data.

7. Apply computational models to gain an understanding of existing
scenario.

8. Use that understanding to evolve creative solutions for realizing
performance enhancement.

207
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9. Use the models to evaluate alternative solutions and identify the
most promising one.

10. Implement the solution and verify performance enhancement. If not
satisfactory, go to Step 2.

Identifying “performance-controlling” processes (Step 2) and then set-
ting up the “wish list” (Step 3) for the computational model are the most
important steps. The success of the application of mathematical (or oth-
erwise) modeling in any performance enhancement project depends on
setting up such “wish lists”; they act as a map or a guide for the selection
and application of relevant models. The results obtained by these vari-
ous models are then used to evolve suitable performance enhancement
solutions.

A typical wish list for enhancing the performance of PC fired boilers could be

Increase efficiency (less coal/MWe).

Get more throughput per unit volume (compact boiler).
e Have a more environmentally friendly operation (lower NOx and SOx).

Reduce downtime of boiler (by reducing cleaning time and frequency).

The next step is to translate this performance enhancement wish list into
a quantitative form and establish a relationship between items on this wish
list and the degrees of freedom available (boiler hardware and operating
protocols). It may often turn out that some of the items on the wish list
require contradictory options of hardware and operation. In such a case,
a careful analysis of the different items on the wish list must be made to
assign priorities. Operability, stability, and environmental constraints often
take precedence over efficiency and throughput when such conflicting
requirements arise. With these general comments, specific guidelines for
using computational flow modeling (CFM) and phenomenological models
in practice are discussed in the following two sections.

6.2 Application of CFD Models to PC Fired Boilers

The development and application of CFD models to PC fired boilers (or, for
that matter, to any equipment) requires several steps. These may be broadly
grouped into four categories:

1. Formulation of a CFD model (pre-processing)

2. Solution of model equations (solver)
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3. Examinationand interpretation of simulated results (post-processing)

4. Use of simulated results for performance enhancement (application)

The key aspects of these categories are briefly discussed in the following.

6.2.1 Formulation of CFD Models
6.2.1.1 Selection of a Solution Domain

The first step in formulating a CFD model of a PC boiler is to decide the solu-
tion domain to consider and then model the geometry of the selected solution
domain. The selection of the solution domain itself is not easy. The solution
domain should be selected in such a way that it captures the key region of
interest and allows specification of the influence of the outer environment
(not considered in the model) on the boundaries of the selected solution
domain.

In most PC fired boilers, part of the air fed to the boiler is actually fed
to the mills from which air entrains PC particles and carries them to the
boiler. Therefore, it may be tempting to consider the solution domain right
from the mills (see “Solution Domain A” shown schematically in Figure 6.1).
However, more often than not, the solution domain of a typical boiler simu-
lation excludes mills and inlet ducts, and usually starts from the burner faces
opening into the boiler furnace. If there is specific interest in quantifying the
behavior of the inlet ducts, it is recommended to formulate a separate CFD
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model for carrying out flow simulations from the mill to the burner face
opening into the boiler furnace (see, for example, Bhasker, 2002).

It is also important to appropriately select the outer boundary of the solu-
tion domain. If the interest is restricted to the furnace, it may be in principle
possible to reduce the size of the solution domain by excluding most of the
superheaters and other heat exchangers embedded in the PC fired boiler (see
domain B shown in Figure 6.1). The other extreme is to consider the solu-
tion domain right up to the inlet of downstream equipment, such as filters
and/or electrostatic precipitators. However, the solution domain C shown in
Figure 6.1 is usually recommended. This domain includes embedded super-
heaters and other heat exchangers because their presence significantly influ-
ences flow and heat transfer within the boiler. It ends after the economizers,
as shown in Figure 6.1. This choice of solution domain not only covers all the
regions of interest, but also allows the formulation of appropriate boundary
conditions at the boundaries of the solution domain in a relatively straight-
forward way.

If the specific objectives of developing a CFD model are different from the
overall simulation of a PC fired boiler, it may be essential to select different
solution domains. These different cases are not discussed here for the sake
of brevity. However, an overall approach can be used to select appropriate
solution domains with reference to the objectives.

6.2.1.2 Geometry Modeling and Mesh Generation

After identifying the solution domain, the next step is to computationally
model the geometry of the considered domain. Anyone familiar with the
fabrication drawings of a PC fired boiler will know the geometrical com-
plexity of the boiler. It contains thousands of tubes, supports, bolts, louvers,
welded joints, manholes, platforms, etc. It is almost impossible to capture all
these details in a single computational geometry. Fortunately, it is not essen-
tial to consider each and every component/geometrical complexity while
formulating a CFD model of a PC fired boiler.

It is possible and usually necessary to simplify the geometrical complexity.
The usual rule of thumb is to ignore the geometrical intricacies if they are
not influencing the flow and heat transfer processes of interest. However, for
modeling PC fired boilers, there are several areas where geometrical intrica-
cies will influence the flow and heat transfer, and must still be simplified
in order to keep the model computationally tractable. It is then essential to
account for these simplifications in the model formulation. It is therefore rec-
ommended not to start directly from the fabrication drawings of the boiler.
Rather, it is advisable to make conscious decisions about possible simplifica-
tions and build the boiler geometry from scratch as per those simplifications.
Some usual and useful simplifications are briefly outlined here.

Water walls of the boiler: The furnace walls of a PC fired boiler are
lined with water tubes in which steam is generated. The dimension of such
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tubes (60 to 90 mm) is usually quite small compared to the overall width
of the furnace (10 to 25 m). Resolution of each individual tube therefore
will enormously increase the demands on computational resources. It is
therefore advisable not to resolve individual tubes and model water walls
as a flat surface. It should, however, be mentioned that the effective heat
transfer area of the modeled domain will be much smaller than the real
heat transfer area. This must be accounted for while formulating the flow
and heat transfer model. One of the ways to adjust this is with the help of
the apparent emissivity of the water wall (this value is adjusted to account
for changes in real and modeled heat transfer areas). This is discussed in
Chapter 4.

Embedded heat exchangers in the boiler: There are several heat exchang-
ers in the typical solution domain of the boiler. The diameters tubes used
in such heat exchangers are, quite small compared to the size of the over-
all solution domain. Therefore, it is recommended to model these internal
heat exchangers as porous volumes rather than resolving individual heat
exchanger tubes. This approach was discussed in Chapter 4. The charac-
teristics of the hypothetical porous volumes representing internal heat
exchangers must be formulated in such a way that the formulation accurately
captures the flow and heat transfer characteristics of actual heat exchangers
(see Chapter 4 for more details).

In addition to these and similar approximations, it is recommended to
account for mesh generation requirements while modeling the geometry of
PC fired boilers. It is recommended to split the geometry into several dif-
ferent volumes to provide appropriate control of mesh generation, as well
as to facilitate the formulation of region-specific models to account for local
approximations. Usually, PC fired boiler geometry is modeled by defin-
ing distinct regions such as the bottom hopper, combustion chamber, nose,
crossover pass, superheater, economizer, etc. Each of these regions may have
to be split into different slices. For example, the combustion chamber may
contain several subregions that represent different burners and other air
inlets. Aligning the dimensions of such subregions with the dimensions of
the burners and other smaller openings of the tangentially fired boiler helps
during the process of mesh generation.

After simplifying and modeling the geometry of the considered solution
domain, the next task is to generate the appropriate mesh. Critical analysis
of the prevailing characteristic velocity, length, and space scales within the
considered solution domain is a prerequisite for initiating mesh generation.
Quantification of these characteristic scales will provide generic guidelines
for selecting the appropriate number of computational cells. A typical rule
of thumb is that the size of the computational cells should be smaller by at
least one order of magnitude than that of the smallest relevant length scale of
interest. Characteristic length scales of course may vary within the solution
domain, and therefore an estimation of this variation is useful for exploring
possible ways to reduce the mesh count.
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After broadly estimating demands on the resolution of different regions,
generally it is possible to begin the meshing process from any section of
the geometry. For PC fired boilers, the combustion zone is more complex
as it has many burners, a complex flow structure, and the majority of heat
release takes place in this region. Therefore, it is usually recommended to
start meshing from the burner regions. Almost all state-of-the-art CFD tools
allow the use of unstructured grids. However, it is still recommended to
use hexahedral meshes (rather than tetrahedral meshes) wherever possible.
Recent versions of CFD tools also accept the use of polyhedral meshes. Mesh
generation in and of itself is a vast subject area, and several excellent books
and reviews on this are available (for example, please see Frey and George,
2008; Thompson et al.,, 1997; and Liseikin, 2010). Readers are referred to these
resources and references cited therein for more details. Here we include only
a few generic comments.

Despite the challenges in keeping the mesh count to a reasonable num-
ber, users should take care to avoid extremes of aspect ratios, skewness, and
volume ratios of adjacent computational cells. Typical numbers of computa-
tional cells used in recent studies are listed in Table 6.1. It is recommended
to spend significant time and effort on grid generation to save time and
resources at later stages in the simulations/project. It is also necessary to
formulate grid sequencing and refinement strategies to understand the influ-
ence of grid spacing/distribution on simulated results. More often than not,
it will be difficult to obtain truly grid-independent solutions for PC fired
boilers. Systematic grid sequencing studies may help to derive maximum
benefit from the simulated results, despite the nonavailability of the truly
grid-independent solution. The grid sequencing also helps in convergence
and overall resources required for simulations. Most state-of-the-art mesh
generation tools allow parametric grid generation. These facilities can be
used to reduce the time spent on mesh generation. Quite often, some refining
operations on generated mesh are needed to facilitate convergence. Some of
these include (1) grid smoothing (includes operations that adjust node loca-
tions while maintaining element connectivity) and (2) grid clean-up (opera-
tions that change element connectivity). It is worthwhile to spend the effort
on understanding tools for grid refinement and tools for assessing the qual-
ity of the generated grid to generate desired meshes.

6.2.1.3 Formulation of Boundary Conditions

After meshing the geometry, the next step is to define boundary condi-
tions on all the boundaries of the solution domain. This is not as simple as
it sounds.

Air inlets/burner inlets: Air entering the burner is usually divided into
three groups; primary air (PA), secondary air (SA), and over fire air (OFA).
It is important to specify the velocity, composition, and temperature of the
incoming streams. In a typical tangentially fired boiler, jets entering the
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TABLE 6.1
Number of Computational Cells Used for Simulations of PC Fired Boilers
Boiler Tangential (T)/ Furnace Number of
Capacity ~ Wall Fired (W)/ Dimensions Computational
Ref. (MWe) W-Shaped (WxDxH) Cells
Fang et al. (2012) 200 T-fired 11.92x10.8x44.6 809,868
Gupta (2011) 210 T-fired 10x13x52 1,465,013
Diez et al. (2008) 600 T-fired n. a. 517,000
Asotani et al. 40 T-fired 5.5x5.5x17.5 278,640
(2008)
Yin et al. (2002) 609 T-fired n. a. 454,776
Al-Abbas et al. 550 T-fired wall- 17.82x17.82x98.84 559,006
(2012) mounted burners
Tian et al. (2009) 375 W-fired 15.9x15.9x77.5 950,000
Belosevic et al. 350 T-fired wall- 15.1x15.1x43 549,250
(2008) mounted burners
Vuthaluru and 500 W-fired 19.5x18x58 192,950
Vuthaluru
(2006)
Coda and 320 W-fired 10x10x30 (furnace 64,750
Tognotti (2000) height)
Xu et al. (2001) 300 W-fired 15x11.43x47 140,700
Fan et al. (2001) 300 W shaped 21x15.6x43 292,400
Xu et al. (2000) 350 W-fired 17.13x10.67x48.7 108,630
Fan et al. (1999) 600 W-fired 17x18x57.075 185,185

Note: n.a.:not available.

boiler are not necessarily horizontal. It is therefore essential to obtain the fol-
lowing information to specify these inlet boundary conditions:

e Distribution of air flow rates as PA, SA, and OFA (note that flow rates
will be calculated by considering the appropriate pressure and tem-
perature at the inlet).

¢ Distribution of each type of air into the burner slot mounted on the
corner. Due to the ducting layout, it is possible to have nonuniform
distribution of the air into each burner located at the corner of the
furnace. It is also possible to formulate a separate CFD model of
ducts in order to estimate possible maldistribution. In the absence of
this information, uniform distribution of air may be assumed at the
first instance. At a later stage, sensitivity studies can be performed to
estimate the impact of possible maldistribution.

¢ Angle at which these jets are injected into the boiler from the corner
of the furnace.
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After obtaining this information, three velocity components of air at each
inlet face are calculated and specified to the CFD solver. It is important to
note that appropriate temperature and pressure values estimated at the inlet
faces must be used for converting mass flow rates to volumetric flow rates/
velocities. In addition to these, many times swirling flow is used in burn-
ers to create effective turbulent mixing near the burner tip, which enhances
combustion of the volatiles and char. The swirl components must be speci-
tied accurately while formulating inlet boundary conditions. If necessary, a
separate CFD model that resolves all the details of burner vanes may have to
be developed to estimate the extent of swirl accurately.

In addition to characteristics of the air, it is also essential to specify appro-
priate boundary conditions for the coal particles. Key characteristics required
to be specified include

* Mass flow rate of coal (and volume fraction of coal particles in
some cases)

e Particle size/size distribution of coal particles
e Inlet velocity of coal particles
e Temperature of coal particles

¢ Composition of coal particles

It should be noted that coal particles generally get heated because of grind-
ing. It is important to understand key characteristics of pulverizing mills
for correctly specifying boundary conditions for the coal particles. Usually,
coal particles are assumed to enter the boiler with the same velocity as that
of the air. The particle size distribution of coal particles entering the boiler
is often represented by a Rosin-Rammler distribution. It is often necessary
to capture the particle size distribution (PSD) accurately. If the PSD is not
adequately represented by a Rosin-Rammler distribution, alternative distri-
butions such as log-normal may have to be used to represent coal particles
(see Crowe et al., 2012, for more details on different distribution functions
that can be used for representing PSD).

Water wall boundary conditions: As mentioned earlier, water walls are
usually modeled as a flat surface, and an appropriately corrected value of
the emissivity must be specified at these walls. As water flowing through
the water walls is almost at saturated condition, the inlet and outlet tempera-
tures of fluids passing through the water wall remain constant. Hence, the
input condition to the water wall can be specified as a constant-temperature
wall. This assumption simplifies the overall formulation of boundary condi-
tions. Another key boundary condition at water walls is regarding coal par-
ticles. The usual approach is to specify a restitution coefficient at the walls,
which will ensure that impinging particles will rebound from the walls. On
some occasions, depending on the temperature of the wall as well as the
composition of the particle, it may be possible that impinging particles will
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stick to the walls. Appropriate boundary conditions using specially devel-
oped, user-defined functions may have to be implemented in such cases.

Outlet boundary conditions: Usually, a constant-pressure outlet bound-
ary condition is used. It should be remembered that, in reality, the boiler
operates under a slight vacuum. This vacuum may result in ingress of
ambient air from the surroundings if there are any leaks. It is important
to examine and estimate this possibility of air ingress to ensure that simu-
lated boundary conditions represent reality. For solid particles, a standard
escape boundary condition may be specified at the bottom hopper as well
as at the outlet. Data about distribution of the ash in the bottom and top of
the boiler are usually available from the plant or from the boiler manual.
The specified boundary conditions and implemented model should be able
to correctly represent this known distribution of ash (bottom ash and fly
ash). If the simulated results indicate lower particle capture in the bottom
than that observed in the plant, then boundary conditions at the bottom
hopper may have to be adjusted (adjust the area through which particles
are exiting the solution domain from the bottom hopper). This correction
is very important as it can directly affect the thermal efficiency prediction
of the model.

In addition to specifying boundary conditions at the real boundaries, it is
also essential to specify the appropriate characteristics of porous volumes (to
estimate pressure drop and heat transfer coefficients) representing various
internal heat exchangers. These parameters can be estimated by carrying
out separate CFD simulations, as discussed in Chapter 4. These estimated
characteristics can then be provided to each heat exchanger block using a
user-defined function (UDF).

6.2.1.4 Specifying Physical Properties

It is important to specify appropriate auxiliary equations to estimate—as
accurately as possible—the physical properties and their dependence on
temperature as well as composition. Most commercial CFD codes solve
enthalpy equations and calculate temperatures from enthalpy values using
specified auxiliary equations for specific heats. Errors in the estimation of
specific heats may result in inaccurate estimations of the temperature. This
will lead to significant errors in radiative heat transfer as well as in rates of
some of the chemical reactions. Every effort should therefore be made to
develop and specify accurate auxiliary equations to estimate the effective
heat capacity, density, conductivity, etc. Because the flow is usually turbu-
lent, estimation of the molecular viscosity is not as critical as estimation of
the heat capacity. Usually, the ideal gas law provides adequate estimation of
gas-phase density.

In addition to heat capacity, another important property is the absorption
coefficient and emissivity of the gas. For a correct representation of the tem-
perature field, the local absorption coefficient should be estimated based on
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the concentrations of water and CO, as well as the temperature of the gas. The
weighted sum of gray gas model (WSGGM) is recommended for estimating
the absorption coefficient, which provides an optimum option between the
simplified gray gas model and the banded gray gas model. Our numerical
experiments have shown that there is no significant influence of the value of
the scattering coefficient on the overall heat transfer in the boiler. The value
of the scattering coefficient may therefore be set to zero. The wall emissivity
value is generally set in the range of 0.6 to 0.8 for PC boiler simulations.

6.2.1.5 Turbulence and Two-Phase Models

The overall flow in the boiler is turbulent. Appropriate turbulence models
therefore must be specified. A brief summary of typical turbulence mod-
els used for the CFD simulation of PC boilers was presented in Chapter 4.
Usually, the standard k-€ model is used to simulate turbulent flow in PC boil-
ers at least at the first instance. If there is significant swirl at the burners, an
RNG or realizable k-¢ model may be recommended.

As discussed in Chapter 4, the Eulerian-Lagrangian approach is usually
used for simulating PC boilers. Appropriate inlet boundary conditions,
including realistic particle-size distribution (represented by, say, the Rosin—-
Rammler distribution), need to be specified. Details of choosing different
submodels within the Eulerian-Lagrangian framework are discussed by
Ranade (2002) and may be referred to for selecting appropriate settings.

6.2.1.6 Chemical Reactions

Key gas-phase and gas-solid reactions taking place in PC fired boilers were
discussed in Chapters 3 and 4. Most commercial CFD codes provide vari-
ous options/models for specifying homogeneous and heterogeneous reac-
tion kinetics. Reaction kinetics are often related to the rank/type of the coal.
Generally, such data are difficult to obtain from the open literature. Key reac-
tion parameters (at least for devolatilization) can be obtained from thermo-
gravimetric analysis (TGA) or drop-tube furnace experiments, as discussed
in Chapter 3. For combustion reactions, different approaches have been used
to formulate kinetic models such as global kinetics (Baum and Street, 1970),
intrinsic kinetics (Smith, 1971), and coupled extinction phenomena-based
(Suuberg, 1991 and Hurt et al., 1998) approaches. Generally, simple Arrhenius-
type kinetic models are used. The parameters of such models can be obtained
from drop-tube experiments (Gupta, 2011, Williams et al., 2002; Arrenilas et
al,, 2002; Backreedy et al., 1999).

Gas-phase reactions are modeled using either a finite-rate chemistry
model or a mixture fraction/probability density function-based approach.
The finite-rate chemistry-based approach solves transport equations for the
reactant and product concentrations where the chemical reaction mechanism
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is specifically defined. Gas-phase reactions in a boiler occur at high tempera-
tures and therefore the effective reaction rate is often influenced by turbulent
mixing. A simple eddy-dissipation approach, presented by Magnussen and
Hjertager (1976), is often used in CFD simulations. In this approach, rates
estimated based on intrinsic kinetics and turbulent mixing are compared,
and the slower of the two is selected for simulations. This approach thus
naturally implements intrinsic kinetics at lower temperatures, and uses tur-
bulent mixing beyond a certain critical temperature. Measurements of the
tireball temperature (and the size of fireball) in the PC boiler, if available, can
be used for indirect validation of specified kinetic models.

6.2.1.7 Heat Transfer

The heat generated due to all the reactions discussed above should be trans-
ferred to the heat exchangers provided to the furnace of a boiler in order to
control the gas and particle temperatures. In the combustion zone, radia-
tion is the predominant mode of heat transfer. Radiation may account for
almost 70% of the heat transfer in a PC fired boiler. Accurate modeling of the
radiation is therefore crucial to capture flow, temperature, and composition
distribution in the boiler. It is important to include the influence of partici-
pating media (e.g., ash and coal particles) on radiative heat transfer. For large
systems such as PC fired boilers, P-1 and discrete ordinate (DO) models are
usually used.

The selection of an appropriate thermal radiation model for a PC fired
boiler depends on the model’s capability of efficient handling participating
media and the localized heat source, and being computationally efficient for
optically thick media. The P-1 model works well for systems with a large
optical thickness (>3 m). Optical thickness is a product of the absorption coef-
ficient and characteristic length scale. The DO model works across the range
of optical thicknesses. However, it is computationally more expensive than
the P-1 model. A comparative study performed on a 160-MWe boiler indi-
cates that the DO model with forty-eight flux directions (accuracy increases
with an increase in flux directions) will take approximately twice the time
that a P-1 model will take for convergence (Filkoski, 2010). The simulated
results, however, do not show a significant difference in the predictions of
these two models. The discussion and some results presented in Chapter
4 also indicate that there is no significant variation in the simulated results
with either the DO or P-1 model. The P-1 model is therefore generally recom-
mended for simulating PC fired boilers.

Convective heat transfer is estimated based on the boundary conditions
provided to the water wall in the simulation. Because the water walls are
modeled as constant-temperature heat sinks, the local heat transfer coef-
ficients are estimated during the solution. For the suspended heat exchang-
ers, the heat transfer coefficient is estimated based on the correlation for
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convective heat transfer. Such correlations are estimated based on the
periodic heat transfer studies performed on unit cells. For estimating con-
vective heat transfer to these porous volumes, the effective temperature
difference is calculated using the gas temperature of the current cell and
tube metal wall temperature which is calculated as an average of the inlet
and outlet temperature of the steam water of the particular heat exchanger
can be considered.

Similarly, the radiative heat transfer to porous volumes is also modeled
using the gas temperature of the current cell and tube metal wall temperature.
In reality, the heat exchanger surface can exchange heat with multiple sur-
faces and gas volumes at distant locations based on the view factor, and can
interact with reflected and scattered rays as well. However, because these heat
exchangers are modeled as porous volumes and not as tube bundles, there are
limitations to calculating such radiative heat transfer rigorously. Nevertheless,
it is possible to write user-defined functions that can account for such intrinsic
details if someone is interested in estimating the wall temperatures of embed-
ded heat exchangers. This will, however, significantly enhance convergence
difficulties. The deposition on the heat exchanger surface increases the surface
temperature of the deposits and hence reduces the effective heat transfer to
the heat exchangers. This also increases the flue gas temperature exiting the
boiler. Implementation of a particle deposition model can predict the surface
temperature due to particle deposition; and based on these inputs, CFD simu-
lation can be re-run with revised boundary conditions for the heat exchangers.

6.2.2 Solution of Model Equations

After formulating model equations and boundary conditions, the next impor-
tant task is to select appropriate numerical methods and algorithms to solve
the model equations and specify various numerical parameters required to
apply selected methods and algorithms. In addition to these, it is also impor-
tant to carry out simulations sequentially:

¢ From coarse grids to finer grids

e From simplest single-phase isothermal flow to multiphase flow with
combustion and heat transfer

The overall methodology is shown in Figure 6.2. It is recommended to start
with isothermal simulations on a coarse grid. The influence of the number
of computational cells and turbulence models on simulated flow fields can
be examined from these simulations. In many cases, cold air velocity data in
the boiler under consideration are available. Such data can be used to iden-
tify the appropriate mesh count and turbulence model. Other measurable
parameters such as pressure drop can also be obtained from such simula-
tions, which can be used to evaluate developed CFD models.
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FIGURE 6.2

Overall solution methodology.

Once the flow field is established, the particles under isothermal condi-
tions can be injected into the furnace. This helps establish particle trajecto-
ries in the furnace/boiler. It is important to ensure that an adequate number
of particle trajectories are simulated for a sufficient time in order to ensure
that most of the particles injected into the boiler exit the solution domain.
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After establishing particle trajectories, reactions can be activated. It may be
useful to patch approximate temperatures and compositions to initiate reac-
tive simulations.

The convergence of combined simulations of flow, heat transfer, and reac-
tions is tricky. Several tricks, as well as a systematic methodology, should be
developed to achieve convergence quickly. Some of the key tips are outlined
in the following:

e Initiate simulations with coarse grids and first-order discretization.
Switch to higher-order discretization schemes after obtaining rea-
sonable convergence.

e Specify appropriate under-relaxation parameters: it is often useful to
have lower under-relaxation parameters for momentum equations
so as to reduce errors in the continuity equations. It should be noted
that errors in continuity equations may result in spurious sources or
sinks in the species conservation equations. Therefore, even at the
expense of a slower rate of convergence, it is recommended that one
use lower than usual under-relaxation parameters for the momen-
tum equations (that is, 0.1 to 0.2).

* The time step used in simulating particle trajectories should be cho-
sen in such a way that particles generally cross, at most, one cell
within one time step.

e Source terms, because of the particle-level processes, should be
under-relaxed as well. More importantly, these sources must be
linearized appropriately while implementing in the CFD model to
ensure smooth convergence.

® Source terms representing embedded heat exchangers may also
have to be linearized and under-relaxed appropriately.

To obtain a better understanding of and insight into radiative heat
transfer, sometimes numerical experiments can be performed by assum-
ing that all the energy content of the injected coal is already liberated at
the inlet and by setting a corresponding temperature of the gas at the
inlet. Such numerical experiments may allow for a quick check of key
parameters of the radiative heat transfer and may also facilitate selection
of appropriate models. Submodels for estimating absorption (constant or
WSGGM), scattering coefficients, and wall emissivity can also be tested
with such studies.

For simulating the combustion of injected coal particles, it may be use-
ful to initially patch a high-temperature zone in the furnace region (e.g.,
1,200°C to 1,300°C). This provides the necessary activation temperature to
initiate the combustion reaction and may facilitate convergence as well as
a steady-state solution. Initiation of solid combustion generates very large
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source terms for mass as well as for energy equations of the gas phase. It is
therefore advisable to use smaller under-relaxation factors (URFs) for solid
particle source terms and radiation equations at the beginning of particle
combustion simulations. As the solution progresses, each of these URFs
can be increased to higher values (eventually close to 1). Another impor-
tant parameter that determines stability and overall convergence rate is the
frequency at which the particle source term is updated while solving the
gas-phase equations. Usually, computation of solid-phase sources requires
significantly large computing resources (as they are based on simulations
of several particle trajectories). It is therefore recommended that particle
source terms are updated after a few iterations of the gas-phase equations
(on the order of ten iterations at least, and typically may be thirty to fifty
iterations).

Determining the convergence is also crucial. In general, it is recommended
to use nondimensionalized residuals of the equations being solved as one of
the criteria. Most of the CFD codes, by default, report normalized residuals
that are often not a very good indicator of errors. In addition to residuals, it
is also essential to monitor certain macroscopic quantities to judge the extent
and approach to convergence. Errors in macroscopic mass and energy bal-
ance, mass weighted furnace exit gas temperature (FEGT), and heat trans-
ferred to water walls and to various heat exchangers embedded in the PC
tired boiler are natural choices for monitors. After establishing that the itera-
tive solution of model equations is converged, various post-processing tools
can be used to inspect the simulated results. Some of these aspects are out-
lined in Section 6.2.3.

6.2.3 Examination and Interpretation of Simulated Results

Each simulation of a PC fired boiler generates tens of millions of numbers.
It is important to develop effective post-processing strategies and method-
ologies to make the best use of these simulated results. The key purpose of
CFD simulations is to gain insight, rather than just to get some numbers. It
is therefore important to start developing post-processing strategies by reit-
erating the objectives behind carrying out simulations and key questions on
which insight is expected. The state-of-the-art CFD tools offer several excel-
lent post-processing tools consisting of the following;:

e Contour plots: These are mainly used to examine and display the
distribution of various scalar quantities such as temperature, veloc-
ity magnitude, species concentrations, etc. on any plane within the
solution domain. These are quite useful in quickly exhibiting key
features of the solution.

e Vector plots: A velocity field is conventionally inspected via vector
plots where the velocity field is represented by arrows. The length
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of the arrows is proportional to the velocity magnitude, and arrows
point in the direction of the velocity.

e [so-surfaces: Most post-processing tools provide several additional
features beyond contour and vector plots. An iso-surface is a three-
dimensional surface within the domain representing loci of constant
values of relevant variables.

Particle trajectories: Particle trajectories can also be inspected to understand
the motion of particles within the domain.

Most of these post-processing features allow various combinations and
overlays to display more information via a single picture. For example, par-
ticle trajectories (variation in particle coordinates with respect to time) may
be colored by, for example, the temperature of the particle or the remain-
ing carbon content of the particle. Such combinations often reveal signifi-
cant information that otherwise is unavailable. Particle trajectories can also
be colored using the gas-phase variables, such as oxygen concentrations in
the gas phase. This type of analysis can clearly bring out regions in which
oxygen might be deficient (than the stoichiometric requirement). Similarly,
iso-surfaces can also be colored by a variety of gas-phase and particle-phase
variables.

The general methodology is to take slices of the three-dimensional (3D)
model at various heights from bottom of the boiler to the top of the boiler and
plot contours of the desired variables on each of these planes. Such sectional
plots can also be observed at the center of the furnace depth. The burner
section temperature plots can provide information about the temperature
profile of the jets entering from each burner. Significant efforts are usually
spent on understanding the intricacies of flow, heat transfer, and reactions in
PC fired boilers, especially in the fireball region (furnace). Observations on
the release of combustion products while coal particles travel in the jet are
also important. This information is useful in locating temperature hotspots
in the combustion zone. Sources of impurity generation within the solution
domain can be examined using either contour plots or iso-surfaces of impu-
rity mass fractions or impurity generation rates. The FEGT is an important
parameter; it is a function of furnace design and is generally kept between
100°C and 150°C below the ash deformation temperature. Hence, this tem-
perature can be monitored using the mass average of a plane at the nose exit
of the furnace.

Most post-processes associated with CFD tools also allow users to probe
the simulated results, either by reviewing alphanumeric data or using tra-
ditional two-dimensional (x-y) plots. Classical x-y plots are often useful in
evaluating the possible influence of numerical aspects of simulations. Model
calibration and validation are often carried out using such x-y plots. A
large variety of alphanumeric data can be inspected. Apart from the main
variables used and stored by the CFD solver, it is also possible and quite
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useful to define and examine “user-defined” variables while post-process-
ing. Macroscopic balances of mass, species, and energy are very useful for
understanding the overall behavior of simulated PC fired boilers. The use
of some of these post-processing tools was demonstrated in Chapter 4 while
discussing a sample of results simulated using the CFD model described in
that chapter.

The particle residence time distribution and average particle residence
time in the furnace can be obtained from particle trajectory data. The resi-
dence time in the different zones of PC fired boilers, along with the variation
in particle composition, can also be inspected. These results may provide
better insight into particle-level processes and their interactions with gas-
phase flow. The information on the distribution of solids in the bottom and
top of the boiler is useful in estimating the relative ratios of fly ash and bot-
tom ash.

The post-processing of simulated results is carried out first to ensure that
simulations are not unduly influenced by numerical issues and do cap-
ture reality. Further analysis of simulated results focuses on developing a
better understanding of the various processes occurring in PC fired boil-
ers. The gained understanding is expected to facilitate an evolution of cre-
ative ideas on performance enhancement. The models can then be used to
further evaluate these ideas and identify the most promising options for
practical implementation. Some aspects of such applications of simulated
results for performance enhancement are outlined in Section 6.2.4.

6.2.4 Application of Simulated Results for Performance Enhancement

After obtaining converged results and inspecting them via a variety of post-
processing tools as discussed in the previous section, the next step is to
verify and validate the obtained results. A classical analyst’s paradox states
that “everyone believes an experiment except the experimentalist and no one
believes an analysis except the analyst.” The onus of establishing the ade-
quacy and usefulness of computational modeling is therefore on the modeler
(or analyst). Verification is ensuring the “right” solution of model equations;
it does not depend on the equations being solved. It is mainly based on trun-
cation errors: the numerical solution should represent the exact solution as
mesh size tends to zero. Validation is ensuring that the “right equations” are
solved; it addresses questions such as

* Do the equations being solved truly represent the physical system
under consideration?

® Are there any assumptions that are physically incorrect?
¢ Isthenature of flow (compressible, transient, etc.) represented correctly?
® Are the size of the domain and boundary conditions appropriate?
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Verification and validation.

This is illustrated in Figure 6.3. The computational flow modeling is never
one pass unless prior fine-tuning is made. Even for a well-converged case,
based on the information available in post-processing, the analyst often goes
back to the grid or solver for

e Higher-order schemes/refined mesh: to quantify discretization errors

¢ Post-facto verification of adequacy of mesh, wall treatment, and bound-
ary conditions

e Evaluating some of the underlying assumptions made while formu-
lating model equations

In the true sense, a numerical analysis can only be validated with experi-
ments. The objective of performing validation is to estimate errors in simu-
lated results, taking into account all the associated factors. The definitions
of the errors and uncertainties associated with numerical simulations have
been the subject of significant research. Interested readers can refer to Freitas
(2002), Oberkampfa and Trucano (2002), and Roache (1997) for more details.

More often than not, systematic error and uncertainty analysis may not
be practical for large and complex applications such as PC fired boilers
because of several constraints on available resources (time, experimental
data, computing resources, cost, etc.). Appropriate strategies therefore must
be developed to make meaningful inferences from the simulations and to
use the simulated results for realizing performance enhancement in prac-
tice. Usually, the first step in evaluating simulations of a PC fired boiler is to
compare simulated values of macro-characteristics with the available data/
boiler design manuals. Typically, key variables include FEGT, gross heat
transferred to each heat exchanging tube bundle, temperature at a few local
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points in the crossover pass and second pass, and oxygen concentration after
the economizer obtained from simulations are evaluated. Any furnace-level
data on the temperature distribution within the furnace and combustion sec-
tion (can be measured with charge-coupled device [CCD] infrared camera), if
available, are very useful in evaluating computational models.

If some critical differences (differences larger than possible error bars asso-
ciated with data and numerical analysis) are observed between simulated
results and plant data, the first step is to “verify” that the simulations are
correctly solving the equations. Although full rigorous methods for verifica-
tion may not be practically feasible for PC fired boiler simulations, strategies
such as grid sequencing and extrapolation to zero grid size are often used.
After verifying that the solution is correct, attention then focuses on whether
the equations being solved are correct. The underlying physics used for for-
mulating models to simulate PC fired boilers are very complex, and there-
fore ideally one should individually validate the various submodels used
in the overall computational model. However, resources for carrying out
this exercise are very rarely available. Knowledge and insight based on past
experiences and engineering judgment are therefore used for developing the
models. With the limited degree of freedom available to develop models, the
alternative approach, albeit with limited validity, is to “calibrate” the model.

Model calibration focuses on identifying the correct parameters for the
chosen model equations. Computational models of complex systems such as
PC fired boilers use several different model parameters (see, for example, the
models described in Chapter 4). The values of these parameters often influ-
ence the simulated results. The appropriate choice of such model parameters
is therefore very crucial. The art of modeling lies in identifying a smaller
set of model parameters that can be adjusted to reduce the observed gap
between the simulated results and reality. One of the ways to select these
parameters is to carry out systematic sensitivity analyses with respect to var-
ious parameters and identify the most relevant parameters based on these
results. Usually, an attempt is made to identify independent parameters
to adjust for differences observed in the key variables of interest. Possible
choices of adjustable parameters for reducing the gap between simulated
results and plant data in the case of PC fired boilers are listed in Table 6.2.

After establishing reasonable agreement between simulated results and
available plant data/experience, the computational model can then be used
to gain better insight. For example, aspects of fireball formation, its shape
and size, peak temperature, etc. can be investigated in detail. The tem-
perature gradients experienced by injected particles in the furnace region
(temperature—time history) can also be examined. The temperature devia-
tion observed in the crossover pass can be quantified. This deviation occurs
mainly because of the mass flow imbalance at the entrance to the crossover
pass due to swirling flow. The insights gained through critical analyses of
simulated results can be used to evolve ideas for performance enhance-
ment. For example, for eliminating or reducing temperature deviation (in
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TABLE 6.2

Possible Choices for Model Calibration

Observed Differences in

Parameters that May Be Adjusted

No. Simulated Results and Data to Reduce This Gap

1 Overall pressure drop, Turbulence models, porous volume

pressure drop across internal representation of internal heat exchangers
heat exchangers (porosity, viscous and inertial coefficients)

2 Heat transferred to internal heat ~ Absorption coefficient, scattering coefficient,

exchangers parameters of WSGG model, surface emissivity
or effective surface area (for porous volume
approach), surface temperatures of internal heat
exchangers (given as inputs from water side
calculations), heat loss via bottom ash (please see
point 5 for this), Nusselt number parameters for
convective heat transfer rate

3 Heat transferred to water walls Emissivity of water walls and appropriate
effective surface area, absorption coefficient of
gases, heat loss via bottom ash, heat loss to the
atmosphere

4 Local hot spots Heat capacity of gases

5 Distribution of ash (fly ash to Particle restitution coefficient, particle boundary

bottom ash) conditions (rebound, escape, trap, and so on)

6 Unburned carbon in ash Kinetic parameters, kinetic models (possibility to
account for extinction phenomena), possibility of
air ingress, extent of excess air

7 Shape, size, and temperature of ~ Burner geometry, turbulence model, kinetics of

fireball char combustion, homogeneous reactions in gas
phase, extent of excess air

8 Pollutant concentration Fireball temperature (see points 3 and 6), NO, :
Sensitivity of parameters like N, distribution in
the volatiles & Char and N, into HCN & NH;

9 Temperature deviation at Burner geometry, turbulence models + see points 4

crossover path and 5

10 Flue gas compositions Air ingress, extent of excess air, kinetic parameters,
pollutant formation

1 Overall thermal efficiency See points 2 to 7

other words, mass imbalance) in the crossover pass, ideas such as modifying
the geometry of the boiler nose (location, size, and shape) or superheater
(changing the length or tube pitch) may be evolved and evaluated. Various
ideas for reducing undesired pollutants by making certain changes in the
furnace region, such as staging of air, tilting of burners, or changing the type
of burner, extent of excess air and its distribution, etc., may evolve and be
evaluated using the calibrated models. Some of these ideas may appear obvi-
ous in hindsight. However, it has been proven again and again that detailed
information available through computerized simulations provides the most
effective way of gaining insight, evolving ideas, and evaluating these ideas
to shortlist the most promising ones for implementation in practice.
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6.3 Application of Reactor Network Models to PC Fired Boilers

The CFD-based models require large computing resources for simulating PC
tired boilers. Various aspects of development and application of such models
for PC fired boilers were discussed in the previous section. The CFD models
provide an excellent platform for gaining better insight and stimulating ideas
for performance enhancement. However, a CFD model is not an optimal plat-
form for exploring parameter space over a wide range. Second, CFD models
are also not very convenient to use for on-line optimization of PC fired boilers.
It is essential to develop a lower-order model that requires much less comput-
ing resources and time and therefore is more convenient to use for on-line
optimization as well as to explore a large parameter space. Development of
such lower-order models (called reactor network models (RNMs)) is discussed
in Chapter 5.

RNMs may help boiler designers estimate the basic furnace dimensions
quickly and perform sensitivity studies on various aspects such as con-
figuration, heat exchanger area, burner tilt, fuel properties, fuel blends, etc.
RNMs allow the exploration of a wider parameter space in an effective
manner. Such preliminary simulations can provide first-cut designs for a
boiler that can further be explored and studied later in detail using the
CFD model. This approach is better than simply relying on the rules-of-
thumb or general guidelines for the sizing of the boiler. In recent years,
“model-based” on-line process control has been increasingly practiced.
Considering the ever-increasing emphasis on maintaining and improv-
ing PC fired boiler efficiencies, it is essential to develop computational
models that can be integrated with on-line process control applications.
RNMs, with their lower computational requirements, can be conveniently
used with on-line process control platforms. It is important to use a sys-
tematic methodology to develop and use RNMs to realize such objectives
in practice.

RNMs do not solve momentum equations. Usually, the PC fired boiler
is represented by a network of reactors that exchange heat and mass with
each other. The information concerning the flow (of gas as well as particles)
within the PC fired boiler is either assumed based on actual measurements
and experience or on simulated results obtained from the CFD model. The
development and application of RNMs to PC fired boilers (or, for that matter,
to any equipment) requires several steps. These may be broadly grouped into
four categories:

1. Formulation of reactor network (number, size, location of reactors,
and network of connections among them)

2. Formulation of model equations for the established reactor network
(mass and energy balance equations for gas and particle phases)
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3. Solution of model equations

4. Use of simulated results either to explore a new parameter space or
for on-line control and optimization of a PC fired boiler

The key aspects of these categories are briefly discussed here.

The formulation of a reactor network is key for developing a useful RNM.
In a typical CFD model, the geometry of the PC fired boiler is modeled with
millions of computational cells (as discussed in Chapter 4). To reduce the
demand on computational resources, RNMs typically represent the geome-
try of PC fired boilers with about 100 computational cells (i.e., with a network
of about 100 reactors). The number, size, and location of the reactors are the
basic factors to consider while developing an RNM. It should be noted that
each of the reactors considered in an RNM is treated like a completely mixed
zone. It is therefore essential to ensure that the reactors do not encompass
regions where there is significant nonuniformity (of temperature or compo-
sitions). Either actual measurements or simulated results of the CFD model
can be used to identify such pseudo-homogeneous regions within PC fired
boiler geometry to facilitate formation of the RNM. The methodology of for-
mulating an RNM based on CFD models is discussed in Chapter 5. It is usu-
ally adequate to formulate a network of thirty to eighty reactors to represent
a PC fired boiler.

The next important step is to establish connections among the formulated
reactors (to create a network of reactors). This is usually done either using
gross mass balance based on certain assumptions or using simulated results
of a CFD model. There are various methodologies for coarse-graining CFD
simulations to formulate reactor network models (see discussion in Chapter 5
and Gupta (2011), Diez et al. (2005), and Bezzo et al. (2003)). Appropriate care
should be taken while establishing mass flow rates along the reactor net-
works. It is recommended to carry out a degree-of-freedom analysis care-
fully to identify which variables will be considered free variables.

After establishing the reactor network, it is relatively simple and straight-
forward to develop basic mass and energy balance equations for the
established reactor network. The particle phase is usually modeled in the
Eulerian-Lagrangian framework. See Chapter 5 for details of the formula-
tion of equations. These governing equations are usually ordinary differ-
ential equations (ODEs), and many standard methods as well as solvers are
available to solve a set of ODEs and algebraic equations. Considering the
strong coupling between the solid phase and the gas phase, explicit methods
are not recommended. Appropriate tolerances must be specified and care
must be exercised to ensure that simulated results are not sensitive to any
numerical issues (viz. tolerances, time step for gas and particle phase, etc.).

The size of the simulated results of RNMs is orders of magnitude smaller
than that of CFD models. The post-processing of RNM results is therefore
usually carried out with conventional x-y plots. Very often, RNM-based
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simulations are carried out in an automated fashion to cover a wide range of
parameters, and the processing of results is also usually automated using the
standard tools such as MATLAB® or MS Excel®. Occasionally, contour plots
(as discussed in the previous section) can also be used to examine results of
the RNMs.

In view of the fact that an RNM requires significantly less computational
resources to run, it is tempting to use it for quantifying the influence of vari-
ous parameters over a wide range. It should, however, be kept in mind that
meaningful results from an RNM can only be obtained as long as the under-
lying assumptions used while formulating the reactor network are valid over
the considered range of parameters. The RNM can also be directly coupled
with a model-based process control platform for on-line control and optimi-
zation. As on-line process control usually optimizes PC fired boiler opera-
tion by manipulating adjustable variables over a narrow range, RNMs work
very well. In case there is any doubt about whether or not the underlying
assumptions of an RNM are valid, it is advisable to use CFD-based models to
assess the validity of the underlying assumptions or reconfigure the reactor
network to suit the conditions of interest. It is also possible to couple an RNM
with a CFD model and use the hybrid model for variety of applications.

An RNM or CFD model and combinations of the two offer a significant
potential to develop better insight and to realize performance enhancement
in practice. It is important to be aware of some of the common pitfalls in
the application of computational modeling to practice. In the Section 6.4, we
attempt to identify potential pitfalls in computational modeling and provide
suggestions on how to avoid them.

6.4 Common Pitfalls in Computational Modeling

Various steps in developing and applying computational models were briefly
discussed in Section 6.1 (as Steps 1 through 10). The starting point of the com-
putational modeling cycle is typically a need for performance enhancement
or a real-life problem that must be resolved (Step 1 in Section 6.1). The next
step in the development of computational models essentially involves iden-
tifying key aspects of the target system after removing all irrelevant aspects
of reality. An appropriate complexity level is selected and the corresponding
model equations are formulated. Based on the model and desired objectives,
the model is implemented on a computer and numerical simulations are car-
ried out. The results of the simulation experiments are analyzed with respect
to the set objectives. The results and conclusions are communicated to the
stakeholders for implementation in practice. Usually, this process takes place
iteratively with subsequent refinements to earlier model versions. Our experi-
ence of using computational modeling for a variety of industrial applications
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indicates that the entire exercise of computational modeling appears to be
prone to a variety of common pitfalls in practice. In this section we would
like to share some of those pitfalls that we have experienced. Recently, Barth
et al. (2012) nicely summarized some of the pitfalls in modeling and simula-
tion based on their experiences from armed forces and business. Although
the subject we are discussing here is quite different from those discussed by
Barth et al. (2012), we have borrowed their structure for discussing pitfalls in
computational modeling of PC boilers.

Developers and users of computational modeling of PC fired boilers might
encounter common pitfalls in the following stages:

Defining objectives of the computational model

Formulating the computational model

Implementing the computational model

Interpreting the simulated results

¢ Accepting the recommendations drawn from the simulated results

It is tempting to define broad and grand objectives for the computational
model while developing the project proposal. However, it is important to
clearly conceive and formulate the project with specific objectives. If the
objectives are not clearly specified, addressing general objectives typically
requires enlarging the part of the reality to be modeled. This might make
the model structure complex and may therefore have to carry baggage in
excess of that required for addressing specific objectives. It is therefore rec-
ommended to stay focused and stay away from generating a “mother-of-all”
computational model or simulation. For example, it is much better to state
the objective of the computational model of a PC fired boiler as “understand
the causes of unburned carbon in fly ash and develop ways to minimize it”
rather than “understand flow, heat transfer, and reactions in a PC fired boiler
and develop a comprehensive platform for simulating the PC fired boiler.”
The latter objective may be set as a goal of an academic research group where
a large number of Ph.D. students and post-doctoral fellows might work sev-
eral years to take steps toward this goal. It is, however, not a suitable objec-
tive for realizing performance enhancement in practice.

The next common pitfall concerns selecting the appropriate level of com-
plexity of the model to be developed. Model development is an iterative pro-
cess, and there may be two approaches to arrive at the appropriate level of
complexity; start with the simpler model and add complexity if the evidence
suggests that the model is not adequate for capturing key features dem-
onstrated in reality. Alternatively, start with the more complex model and
remove some complexity if evidence suggests that specific features in the
model are not relevant to the objective at hand. Selecting an undue complex-
ity level leads to many other issues related to model structure, quantity and
quality of input data, and required resources. As emphasized previously, a
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skilled modeler must understand the difference between “simple” and “sim-
pler” models. The model must represent reality sufficiently well for the sim-
ulation to yield applicable results. However, including all the physics known
up to the time of model development bears the risk of drowning in details
and losing sight of the “big picture.” Sometimes, this complexity even causes
a simulation project to fail. The balancing act between simplification and
exact representation is therefore very crucial. Simplifications involve uncer-
tainty about modeling decisions, and people who would like to avoid such
decisions are prone to this pitfall.

The main goal of a computational model is to be as realistic as possible
without jeopardizing “tractability.” The computational model should be
judged as “useful” or “not so useful,” rather than “right” or “wrong.” It is
therefore important to stay focused on the core cause-and-effect relation-
ships when creating a model. It is always useful to look for possibilities to
simplify the model structure in order to avoid putting its tractability and
analysis at risk. The flow, heat transfer, and reactions occurring in PC fired
boilers offer plenty of opportunities to trap users into this pitfall. For exam-
ple, the gas flow in PC fired boilers is turbulent. Several turbulence models of
different complexities are available (see Ranade, 2002). It is, however, prudent
to select two-equation turbulence models for many practical applications
related to PC fired boilers rather than selecting more sophisticated Reynolds
stress models or large-eddy simulation models at least at the first instance.

Implementation of a computational model that involves appropriate selec-
tion of computer and software platforms to implement numerical methods
for solving model equations offers the next set of common pitfalls. The cost
and time pressures often propel users toward these pitfalls. The time and
cost required to learn a new modeling platform or programming language
can be quite high. Instead of selecting computer and software platforms that
suit the problem at hand, often the existing computer and software platforms
are used to implement the computational model.

After completing and testing an implemented computational model, users
are prone to losing their critical attitude while analyzing the simulated
results. This may lead to undiscovered model errors or reduced efforts in
validation. It also should be remembered that a model is a simplified rep-
resentation of reality. It is only expected to provide valid results within the
context of underlying assumptions. Going beyond that context faces the dan-
ger of inappropriate or even false conclusions. For example, if the objective
of the computational model of a PC fired boiler is to quantify heat trans-
ferred to various internal heat exchangers, it is usually adequate to represent
the char combustion with rather simple models. Once such a computational
model is developed, it will be inappropriate to use that model to understand
and quantify possible unburned carbon in fly ash. That objective will require
different and more sophisticated char combustion models than those that
are adequate for the heat transfer applications.
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To avoid this kind of pitfall, simulated results should be critically ana-
lyzed to evaluate their plausibility and to find alternative explanations for
the results. It is also preferable to involve a third party (other than the user
carrying out the simulations) to execute this critical analysis.

Even after carefully executing the computational modeling project and
providing specific recommendations, there is a possibility that the real stake-
holders will not accept these recommendations. The more complex the simu-
lation model, the more skeptical they tend to be about the results. We have
observed a typical dilemma: if the simulated results agree with the expec-
tations, the results are termed “trivial.” If the results are unexpected, then
the computational model is termed “questionable.” The only way to reduce
the impact of this kind of pitfall is to carry out systematic verification and
validation exercises, as well as avoid the impression of a “black box”-type
computational model.

The common pitfalls that can be encountered while applying the compu-
tational models of PC fired boilers to practice are listed in Table 6.3. Some
comments to avoid these pitfalls are also included in this table. We hope that
the suggestions included in this table, and an awareness of common pitfalls
and methodology/suggestions discussed in this chapter, will be useful to
the readers.

6.5 Summary

An attempt was made in this chapter to provide guidelines to practicing
engineers on how to develop and use computational models of PC fired
boilers. Computational models, if used judiciously, often provide most
effective ways for gaining insight, evolving ideas, and evaluating these
ideas to shortlist the most promising ones for implementation in practice.
Identifying “performance-controlling” processes and then setting up the
“wish list” for the computational model is one of the most important steps.
Details of the CFD model and the RNM were discussed in Chapters 4 and 5,
respectively. Additional comments on the application of these models for
realizing performance enhancement in practice were included in this chap-
ter. Some common pitfalls were highlighted as well. Hopefully, these com-
ments will be useful to practitioners desiring to use computational models
in practice and will further stimulate the development as well as the appli-
cation of computational models for enhancing the performance of PC fired
boilers.
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Common Pitfalls in Applying Computational Models to Practice

Situation

Possible Pitfall

Comments

Defining objectives of the
model

Modeling geometry of
industrial PC fired boiler

Selecting solution domain

Selecting submodels:
turbulence, radiation,
reactions, etc.

Simulations with commercial

CFD solvers

Vague definition of
objectives and inadequate
clarity on how model
results will be used in
practice

Temptation to include all
geometrical details

To reduce computational
resources, domain size is
curtailed

Temptation to select the
most complex model

Temptation to include all
relevant physics
simultaneously at the
beginning of simulations

Implementation of large
computational model on a
massively parallel
computer

Specific objectives of
computational modeling
should be spelled out. Clear
visualization of intended use
of simulated results help to
translate performance
enhancement objectives into
modeling objectives.

All geometrical details are not
necessary and are often
detrimental to overall
success (may have to spend
undue resources on grid
generation, computing, etc.).

It is essential to select domain
in such a way that
appropriate boundary
conditions can be
formulated. Compromises on
this often lead to not-so-
useful simulated results.

It should be noted that a more
complex model does not
necessarily mean a more
accurate model. More
complex models also
demand significantly more
input parameters.
Appropriate models must be
selected based on available
data and objectives under
consideration.

Refer to Chap. 4 for systematic
guidelines on this.

It is essential to understand
the interactions among
computer architecture,
software implementation of
parallelization algorithm,
and extent of coupling and
nonlinearity in model
equations for making
appropriate choices/
selections.

(Continued)
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TABLE 6.3 (Continued)

Common Pitfalls in Applying Computational Models to Practice

Situation

Possible Pitfall

Comments

Detecting convergence

Interpretation of results/
assessing accuracy of
simulation

Recommendations for
performance enhancement

Relying on normalized
residuals

Temptation to look for
expected trends/results;
unrealistic expectations
about accuracy and
validity of simulated
results

Temptation to provide
recommendations without
generating adequate
confidence in key
stakeholders about the
model and the modelers
(may cause delay or
rejection of
recommendations)

Need to ensure deep
convergence based on
variety of monitors and
non-normalized residuals.

Post-processing of large data
sets often offers
opportunities to non-
objective interpretation.
Care must be exercised to
avoid this. Efforts should be
directed toward gaining
better insight. Involve other
stakeholders and
independent experts to
review interpretation of
results. Systematic
verification, validation, and
calibration are needed.

Involve all the stakeholders
in verification and
validation exercise; do not
project the “model” in
“black box” fashion; raise
confidence first in modeler
and then in a computational
model.
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7

Summary and the Path Forward

Pulverized coal (PC) fired boilers will continue to play an important role
in electricity generation for the foreseeable future. Considering the central
role of the combustion furnace in such boilers, there is tremendous potential
for applying computational models to enhance the performance of such PC
fired boilers. Successful modeling of PC fired boiler requires expertise from
different fields, ranging from coal chemistry to fluid mixing and transport
processes. Computational flow modeling (or CFD) is being increasingly used
for improving combustion processes and combustion equipment. We hope
that this book conveys the potential of computational modeling for applica-
tions to pulverized coal fired boilers and facilitates further improvements in
the design, operation, and optimization of such systems.

We have made an attempt to provide adequate information to understand
and to define specific aspects of computational modeling for PC fired boil-
ers. The discussion will help one select appropriate models, and apply these
computational models to link PC fired furnace hardware to its performance.
Because CFD simulations of large boilers are computationally expensive and
time consuming, another approach is also proposed based on the reactor
network model, which is useful in building lower-order computational mod-
els based on data extracted from detailed CFD models. This book described
the methodology and process of developing such models for PC fired boilers.
More specifically, we have tried to provide

* A methodology for estimating the kinetics of pulverized coal com-
bustion from drop-tube furnace studies. This approach is quite gen-
eral in nature and can be extended to gasification studies as well.

* Methodology for CFD modeling of PC fired boilers.

® Methodology for developing lower-order computational models
from detailed CFD models.

¢ Guidelines for bridging the gap between available state-of-the-art
computational models and their applications in practice.

The book provides guidelines for judicious and effective use of mathemati-
cal models in practice, along with some common pitfalls. An attempt was
made to evolve general guidelines that may be useful for effective applica-
tions of computational modeling to enhance PC fired furnace design and
operation. Key points are summarized here. Some of our thoughts on the
path forward are also included at the end.

237
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The importance of pulverized coal fired boilers, key issues in understanding
and enhancing the performance of these boilers, and the overall approach for
harnessing computational modeling for this purpose were discussed in the
first 2 chapters of this book. It was emphasized that multiple layers of com-
putational models are more effective for simulating complex systems such as
pulverized coal fired boilers. Various steps in the combustion of coal particles
were described in Chapter 3. Kinetics of the devolatilization and combus-
tion of coal particles along with the methods to obtain this information were
also discussed in that chapter. It is emphasized that kinetics estimated using
simple, plug flow-like models may be misleading and may not be appropri-
ate for incorporation into large computational flow models of PC boilers. The
chapter also provides adequate suggestions on the use of computational fluid
dynamics models to estimate appropriate kinetic parameters from the drop
tube furnace data.

Chapter 4 provided a detailed step-by-step approach to develop detailed
CFD models for PC fired boilers. Adequate background information and
comments for helping with the appropriate selection of various submodels of
the CFD model were included. The application of a developed CFD model for
simulating 210-MWe tangentially fired boilers was illustrated in this chap-
ter. The developed models and suggested simulation approach will be useful
for practicing engineers to develop computational models of PC boilers in an
effective way. Simulations based on the CFD model can be used to formulate
a multizone or compartment-based phenomenological model that is compu-
tationally orders of magnitude less expensive than the CFD model. This was
discussed in Chapter 5. Key steps involved in developing such a phenomeno-
logical model using the results simulated by the CFD model were discussed
and illustrated for the 210-MWe tangentially fired PC boiler. Some tips and
comments for facilitating the application of computational models to indus-
trial PC boilers and for effective utilization of such models were included in
Chapter 6. Some common pitfalls for the application of models to practice
were also discussed. The discussion will be useful to practicing engineers
and researchers interested in enhancing the performance of PC boilers. This
chapter (Chapter 7), in addition to summarizing the key points discussed in
this book, shares some of the authors’ thoughts on path going forward.

Itis beneficial and more efficient to develop mathematical and computational
models in several stages, rather than directly working with and developing a
single comprehensive model. For example, even if the objective is to simulate
turbulent, multiphase, nonisothermal, and reactive flows in a PC fired furnace,
it is always useful to undertake a stage-wise development and validation of
computational models. Such stages might include the following:

e Carry out cold air flow simulations.

e Examine these results and select an appropriate turbulence model;
carry out simulation of turbulent flow
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¢ Evaluate isothermal, turbulent simulations, verify existence of key
flow features, try to quantitatively validate wherever possible.

e Include particle phase (gas-solid flows)
¢ Include nonisothermal effects (without reactions).
¢ Include reactions.

e Examine results for qualitative features; validate quantitatively
wherever possible.

¢ Use the models to realize better understanding and achieve perfor-
mance enhancements.

Development efforts and simulated results from each stage enhance our
understanding of the underlying processes. For each stage of model devel-
opment, quantitative evaluation of limiting solutions (maybe with drastic
simplifications) is often useful to enhance confidence in the developed com-
putational model. The simulated results also provide information about
the relative importance of different processes, which helps make judicious
choices between “simple” and “simpler” representations. Such a multistage
development process also greatly reduces various numerical problems, as
the results from each stage serve as a convenient starting point for the next
stage.

Apart from appropriate model formulation, it is also essential to under-
stand the influence of numerical issues (e.g., grid spacing, time step, degree
of convergence, etc) on simulated results before one can use the results
obtained from a computational flow model for engineering applications.
One must resist the temptation to use physically realistic simulated results
without quantitatively assessing grid dependence. In many practical situa-
tions, however, it may not be possible to obtain grid-independent solutions
for PC fired furnaces (due to the constraints on available time and computa-
tional resources). In such cases, models and simulations can still be used for
practical applications, provided some of the following precautionary steps
are carried out:

e Quantitative evaluation of special cases/limiting solutions
* Qualitative verification of key flow features

* Assessing dependence on grid spacing by extrapolating key results
to zero grid spacing (results may not be grid independent even for
the finest grid used in these simulations)

The analyst’s paradox is: “Everyone believes an experiment except the
experimentalist. No one believes an analysis except the analyst.” The onus
of establishing the credibility of simulated results is therefore on the mod-
eler. Therefore, model validation and calibration should be given adequate
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attention. New approaches are needed to quantify the uncertainty in the sim-
ulated results. Model calibration focuses on identifying the right parameters
that can be adjusted to reduce the observed gap between simulated results
and reality. The right parameters are usually identified either by carrying
out a sensitivity analysis or are based on experience/engineering judgment.
Model calibration is an essential step in applying computational models to
practice. It deserves more attention, and systematic methodologies should be
developed for calibration exercise.

With the emergence of inexpensive, high-speed computing platforms and the
availability of commercial CFD codes and support, flow modeling must be har-
nessed to devise the best-possible reactor hardware. Some comments on future
trends and needs may be appropriate at this juncture. Each advance in the CFD
community’s capability to perform a particular class of computations has led
to a corresponding increase in the engineer’s expectations. These expectations
can be translated to define research and developmental requirements. These
requirements can be classified into two categories: computational and physical.

The most important areas of computational character for which further
work is needed include

* Developing ways for carrying out fine-grid computations with com-
plex physics: The existence of nonlinearities and strong coupling
among model equations often demands significant efforts for paral-
lelizing computer codes. Newer ways of combining GPU- (graphics
processing unit-) and CPU- (central processing unit-) based compu-
tations may offer unprecedented advances in our ability to perform
multiphase simulations.

e Developing accurate numerical methods without jeopardizing
the robustness

® Preserving the order and flexibility in CFD codes as the complexity
of their physical content increases

Ranade (2002) has pointed out several suggestions for further work on the
development of better physical models to be incorporated into computational
models. In particular for the modeling of PC fired boilers, further work on
the following aspects is needed:

* Development of kinetic models to capture unburned carbon in ash
e Estimation of various parameters of radiation models
¢ Interaction of hot solid particles and metal tubes

¢ Influence of solid particles on pressure drop and heat transfer coefficient
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In addition to these specific areas, the following points will deserve more
attention in the coming years:

® Develop multiple models addressing objectives on different scales and
develop a framework for exchanging information among these models.

¢ Establish new ways of exchanging information among these models
of different scales.

® Develop appropriate verification, validation, and model calibra-
tion practices.

¢ Incorporate CFD, multizone models, lower-order models, parameter
estimation, and experimental data in software tools that may be
deployed at the plant level for performance enhancement.

It is worthwhile to include brief comments about the available CFD tools and
platforms. Usually, monolithic codes, in their attempts to cater to a wider mar-
ket (spanning different industries and covering widely varying flows), often
become unmanageable and difficult to support. The licensing policies and
costs of such complex commercial CFD software are often restrictive. It may
also be difficult to integrate such general-purpose commercial CFD software
and other in-house models/technologies related to specific applications. There
is an increasing trend toward using open-source CFD platforms because their
design is open for customization. Open-source tools, however, have a steeper
learning curve, limited documentation and support, and require significant
efforts in establishing acceptance of tools/results. Further efforts in develop-
ing best practices based on open-source codes, adequate documentation, and
possible GUIs (graphical user interfaces) will lead to enhanced applications
and facilitate acceptance of open-source code for industrial applications. We
anticipate an increase in the trend toward developing vertical applications
based either on open-source or commercial platforms. In such vertical applica-
tions, the in-house expertise on specific applications, accumulated experience,
and experimental/plant data and best practices for applying computational
models can be integrated seamlessly for developing easy-to-deploy computa-
tional tools. We hope that the discussion in this book will be helpful in har-
nessing some of these developments in the future.

Adequate attention to key issues discussed in this book and creative use
of computational modeling will make significant contributions to enhance
understanding as well as performance of pulverized coal fired furnaces in boil-
ers. The field of computational modeling will continue to evolve and develop
further. New advances can be assimilated using the framework discussed in
this book. We hope that this book will stimulate applications of computational
modeling to pulverized coal fired boilers and other related areas.






Notations

Character /
Symbol

=2

2
<

o

=

n

=)

DO > >

Cl/ CZ

Definition
Absorption coefficient of gas

Equivalent absorption coefficient due to the presence of
particulates

Cross-sectional area

Preexponential factor for char oxidation
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Projected surface area of particle “n
Preexponential factor for gas phase reaction “r”
Preexponential factor for devolatilization
Viscous resistance coefficients

Inertial resistance coefficients

Parameters of k—¢ model

Drag coefficient

Molar concentration of each reactant I'" species in
reaction r

Heat capacity

Parameter of turbulence model for estimation of
turbulent viscosity

Characteristic dimension of heat exchanger tube
Outer diameter of the deposit

Particle diameter

Diffusion coefficient for species k in the mixture
Outer diameter of the tube

Emissive power of black body

Activation energy for char oxidation

Equivalent emission

Activation energy for gas phase reaction “r”
Activation energy for devolatilization

Diffuse fraction

Distribution curve of the activation energy E

Force acting on the particle

Mass flow rate

Fraction of char oxidation heat absorbed by the particle
Particle scattering factor associated with the n'" particle
Gravitational constant

Turbulence generation term

Incident radiation = 46T* for the P-1 radiation model
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Heat transfer coefficient
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h Enthalpy of formation of species k at the reference J/kg
temperature, T,

HY Standard heat of formation of species j J/kg

H Total enthalpy J/kg

H, Heat released during char oxidation J/kg
Hpe Standard heat of reaction KJ/mol
I Radiant intensity W/m?

j Index of reactions

k Thermal conductivity of gas W/mK
k Turbulent kinetic energy

K. Char oxidation kinetic rate constant kg/m?s Pa
K, Gas phase diffusion coefficient for oxygen kg/m?s Pa
K, Conductivity of the deposit W/mK
K, Kinetic rate constant for reaction r 1/s
K,..K,,and K5 Kinetic rate constant for reverse reaction (NO,) m?/gmol . s
k, Turbulent thermal conductivity of gas W/mK
K, Devolatilization kinetic rate constant 1/s

Ko, Devolatilization rate constant 1/s

L Characteristic dimension of the furnace m

Index for reactions —

1 Mass flow rate of particle kg/s
M; Final mass of sample after the devolatilization is complete kg

1y Mass fraction of species k —
M, Molecular weight of species k

m; Mass fraction of species j -

M, Mass of particle kg

M, Mass of volatile at any time kg

m,, m, Mass fraction of volatile and char respectively —

M. Mo Mass fraction of volatiles and moisture initially present

in the particle

MW, M, Molecular weight kg/kmol
n Order of reaction —

N, Number of particles 1/s

N, Number of reactions —

Ny Number of experiments —

Nz Total number of data points for each experiment —

14 Static pressure Pa

Py, O, partial pressure Pa

Pr Prandtl number —

Tin Total radiant intensity on the walls W/m?
Quar Heat of reaction of char oxidation W

Q, Radiative source term W/m3
Qond Heat conducted through the porous deposit w

Qo Heat convection to the deposit from flue gas or heat W

flow towards the particle by convection
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Heat emitted by the deposit

Heat radiated from the gas and other emitting bodies or

heat flow toward the particle by radiation

Radial direction, any position in the computation domain

Reynolds number

Net rate of production of species k by chemical reaction
Net rate of production or consumption of species j by

chemical reaction
Maximum vitrinite reflectance
Rate of devolatilization
Rate of char oxidation
Path length in radiative heat transfer equation

Turbulent Schmidt number, S = o
Source term of heat of chemical reactions
Heat transfer by radiation from all other zones

Source term for discrete phase char oxidation

Source term for heat of gas phase chemical reactions

Source of species k from dispersed phase
Source of species j from dispersed phase

Source term for the total mass added from the discrete

phase
Source term for heat added from discrete phase
Stokes number

Effective Stokes number (for particle deposition model)

Source term for radial momentum
Source term for axial momentum
Temperature of the deposit

Local gas temperature

Melting temperature of particle
Particle temperature

cops 1/4
Radiation temperature = (i)

Reference temperature

Tube metal temperature

Fluid velocity in radial direction r
Instantaneous fluid velocity

Time average velocity

Unburned fraction of coal
Fluctuating velocity

Velocity vector of the particle

Velocity components of the particle of size j in it
direction (r or z)

Gas velocity in it direction (U or W)
Cell volume
Volume of n'" internal CSTR of k" zone

Particle volume (Equation (5.12))

W
W

kg/m3s
kg/s

kg/s
kg/s

W/m3
kg/m3s
kg/s
kg/m3s

W/m?

kg/m? s?
kg/m? s?

AR AR AARAR

m/s
m/s
m/s

m/s
m/s
m/s

m/s
m3
m3
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Vv Volatile yield as function of temperature %
v* Total amount of volatile yields Y%
w Fluid velocity in axial direction z m/s
w Weighting factor
wj Initial mass of particle of size j kg
Yewp Experimental value
Y, Mass fraction of any product species, p
Y Mass fraction of a particular reactant, R
Yiim Calculated value
z Axial direction
z Number of data point for each experiment
Subscript

0 Initial condition
A Ash present in coal
b Blackbody
c Char
c Char present in coal
d Diffuse (for radiative heat transfer equations)
d Drag
db Dry basis
g Gas
i Direction or reaction or component, trajectory of particle
j Particle size or number of pseudo components
k Species
0, Oxygen
p Particle
Q Discrete phase
r, R Radiation

Direction

Turbulent
v Volatile present in coal
w Moisture present in coal
w Wall (for radiative heat transfer equations)
A Wavelength

Greek letter

n Viscosity of gas phase kg/ms
8 Turbulent or eddy viscosity kg/ms
Begr Effective viscosity kg/ms
Sij Kronecker delta function
o, Equivalent particle scattering factor
c Stefan-Boltzmann constant = 5.67x108 W/m?2K#

Standard deviation in Figure 3.7 kJ/mol

g Emissivity of particle
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Emissivity of wall
Turbulent energy dissipation rate m?2/s3
Change in the property across that cell
Density kg/m?
Stoichiometric coefficient for k' species as product and

reactant respectively
Scattering phase function

Exponent for each [*" reactant in reaction r

Heating rate K/min
Solid angle Radian
Direction of propagation of intensity

Factor for estimating effective Stokes number

Emissivity of the deposit

Emissivity of the gas

Model parameters for estimation of impact efficiency

Critical viscosity of slag Pa-s
Particle viscosity Pa-s
Sticking efficiency

Impact efficiency

Characteristics time and length scales of turbulence sand m
eddies

Parameter that connects the outlet of all zones to current
kth zone

The time spent by the particle in each zone s

Residence time of the particle in any n* internal reactor s
of k" zone

Abbreviations
Char Burnout Kinetic model
Computational fluid dynamics
Dry ash-free basis
Discrete particle model
Eulerian-Eulerian
Eulerian-Lagrangian
Fixed carbon/char
Furnace exit gas temperature
Flow temperature
Gross calorific value
Hemispherical temperature
Initial deformation temperature
Integrated gasification combined cycle
Lower economizer heat exchanger
Large eddy simulations
Low temperature superheater
Mega Watt electric



248

MW,
Pass2TOP
PC
PDF
PSD
RANS
RMS
RNG
RNM
RSM
RTD
SC

ST
UBC
UECO
usC

m

WSGGM

Notations

Mega watt thermal

Volume above LTSH

Pulverized coal

Probability density function
Particle size distribution
Reynolds averaged Navier-Stokes equations
Root mean square error
Renarmalized group

Reactor network model

Reynolds stress model

Residence time distribution
Supercritical

Softening temperature

Unburnt char (or carbon)

Upper economizer heat exchanger
Ultra-supercritical

Volatile matter

Weighted sum of gray gas model
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species balance equations, 92-97

Monte Carlo method, 100-101, 107, 166,
192, 204-205
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Particle-level processes, 10, 25

Particle mass balance, reactor network
model, 186-189

Particle relaxation time, 90, 115

Particle size distribution, 56-58, 67, 128,
214, 248



Index

Particle trajectories, 27, 59, 81-82, 87, 90,
92,118, 132, 167, 186, 219223
Particle viscosity, pulverized coal fired
boiler, 116
Pass2TOP, 181, 248
PC. See Pulverized coal
PDE. See Probability density function
Petrography, 40
Phenomenological modeling, 12, 205
Pitfalls, computational modeling,
229-232
computational model formulation,
230
implementing computational model,
230
objectives, 230
simulated result interpretation, 230
Plant design, 3
Poland, coal-based electricity, 1
Pollutants, 1, 110, 170, 226
Post-processing tools, 221-222
Pressure/steam conditions, 3
Probability density function, 95, 153,
248
PSD. See Particle size distribution
Pulverized coal fired boiler, 9, 19-32,
81-164
application of computational
models, 29-30
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crossover pass, 137-139
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Root mean square error, 194-196,
248
Rosin—-Rammler distribution function,
57
RSM. See Reynolds stress model
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Softening temperature, 8, 36, 248
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Steam conditions, 3

Stoichiometric requirements, 222

Supercritical steam cycle, 3, 248

Surface reaction-char oxidation, 188

Suspension combustion, 6

T
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coal fired boiler, 9
Tar, 10, 25, 37-38, 93
TGA. See Thermogravimetric analysis
Thermal annealing, 40
Thermal load, 137-138, 143, 157
Thermogravimetric analysis, 33-80,
96
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ash fusion temperature data, 36
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coal characterization, 45-53
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Upper economizer heat exchanger, 180,
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111-112, 248
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Water wall boundary conditions,
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COLOR FIGURE 3.2
Typical characteristics of Indian D (Sample no. 2-5, 7-10, 14) & E (Sample no. 1, 6, 11-13) type coal
(data from Mishra, 2009).
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Typical ash composition of Indian coal (data from Chandra, 2009).



100 0.2
———
TN PT=7194K
80 A\ > 0.16
X\ — TGA experiment :‘2
f \ —— Simulated OT,,’
o 601 i 012 2
EN f N\ T —
Z / z
40 1 008 2
o
U
S
&
20 A - 0.04
/ I I III
0 M . ' _ . ! ' o
400 500 600 700 800 900 1000 1100

Temperature, K

COLOR FIGURE 3.6
Typical results for devolatilization of high-ash coal (TGA: weight loss, DTG: rate of weight loss).
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COLOR FIGURE 3.9
Results of char oxidation of a typical high-ash coal (TGA: weight loss; DTG: rate of weight loss).
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Gas Velocity Vector (m/s) Rate of Coal burnout (kg/s)

L1 l 2.0e-09
0.86 1.6e—09
0.65 1.2¢-09
0.44 8.2e-10
0.23 4.1e-10
0.016 0.0e+00

(a) 2D axi-symmetric model (1723 K)

Gas Velocity Vector (m/s) . Rate of Coal burnout (kg/s)
0.38 I 7.2e-10
0.38 5.8e-10
- 0.38 4.3e-10
0.38 F 2.9e-10
0.38 1.5e-10
0.38 1.5e-12

(b) Plug flow model (1723 K)

COLOR FIGURE 3.19
Distribution of char burnout rates (superimposed with velocity magnitude vectors): (a) 2D axi-
symmetric model (1,723K) and (b) plug flow model (1,723K).
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COLOR FIGURE 4.4
Simulated distribution of absorption coefficient (1/m) using WSGGM: (a) horizontal plane
passing through burner and (b) a vertical mid-plane.

COLOR FIGURE 4.8

Fouling observed in PC fired boilers: deposit build-up on superheater after 1 week of co-firing
(coal + straw). Reprinted from Progress in Energy and Combustion Science, 31 (5-6) Zbogar, A.,
Flemming, J.F, Jensen, P.A. and Glaborg, P.,, Heat Transfer in Ash Deposits: A Modelling Tool
Box 261-269 (2005) with permission from Elsevier.
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Representation of actual tube bundle of internal heat exchanger as a porous volume.
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COLOR FIGURE 4.14

Simulated temperature distribution across a tube of a typical platen superheater.
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(a) Vertical mid-plane (b) Horizontal plane passing through
midpoint of the top most burner

COLOR FIGURE 4.20
Simulated gas flow field (velocity shown in m/s): (a) vertical mid-plane and (b) horizontal plane
passing through the midpoint of the topmost burner.

-15

(a) Injected from last fuel air burner (b) Injected from first fuel air burner

COLOR FIGURE 4.22
Simulated trajectories of coal particles colored by z velocity (m/s) of the particle.
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COLOR FIGURE 4.23
Typical temperature (K) distribution within a PC fired boiler.
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COLOR FIGURE 4.24
Typical distribution of O, mass fraction within a PC fired boiler: (a) vertical mid-plane and (b)
horizontal plane passing through the midpoint of the topmost burner.



0.25

0.21
0.17
0.14
0.10
z

0.06

X

(a) Vertical mid-plane (b) Horizontal plane passing through
midpoint of the top most burner
COLOR FIGURE 4.25

Typical distribution of CO, mass fraction within a PC boiler.
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Simulated results at crossover pass. (z = 47 m).
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COLOR FIGURE 4.34
Influence of burner tilt on simulated velocity field (m/s) at vertical mid-plane.
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COLOR FIGURE 4.35
Influence of burner tilt on simulated temperature distribution (K) at vertical mid-plane.



2000

1720

1440

1160

(a) Case A: Sub-bituminous: (b) Case D: Sub-bituminous:
lignite :: 100:0 lignite :: 70:30

COLOR FIGURE 4.44
Influence of coal blends on simulated temperature (K) distributions at vertical mid-plane: (a)
Case A: Sub-bituminous: lignite :: 100:0, and (b) Case D: Sub-bituminous: lignite :: 70:30.
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COLOR FIGURE 4.45

Influence of coal blends on simulated temperature (K) distributions at horizontal plane pass-
ing through the midpoint of the bottommost burner: (a) Case A: Sub-bituminous: lignite ::
100:0, and (b) Case D: Sub-bituminous: lignite :: 70:30.



(a) Front view of the boiler (b) Top view of the furance

COLOR FIGURE 5.3
Iso-surface of temperature in furnace zone (1,550K): (a) front view of the boiler and (b) top view
of the furnace.
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COLOR FIGURE 5.5
Effect of burner tilt on fireball zone.
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Reactor network model for tangen
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tially fired PC boiler.
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Schematic of a reactor network for the bottom section.
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COLOR FIGURE 5.8
Region showing downward flow at two horizontal planes below the combustion zone (contours
of z velocity, m/s).
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COLOR FIGURE 5.10

Reactor network for fireball-CT-nose section.
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COLOR FIGURE 5.12
Reactor network for platen superheater to economizer section.
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COLOR FIGURE 5.15
Typical contour of k/e in a PC fired boiler from CFD simulation results.
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