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... he that receiveth light, and continueth in God, receiveth
more light; and that light groweth brighter and brighter. . . .
Doctrine and Covenants 50:24

DEDICATION
Recognizing its several limitations, we unpretentiously dedicate this book to
our Creator, Who, through holy writ, has inspired us to seek light and
understanding where darkness exists, and Who, through these same records,
has taught us to place our professional pursuits in perspective with greater
obligations of service to family and to society.



PREFACE

The use of coal is required to help satisfy the world's energy needs. Yet coal
is a difficult fossil fuel to consume efficiently and cleanly. We believe that its
clean and efficient use can be increased through improved technology based on
a thorough understanding of fundamental physical and chemical processes that
occur during consumption. The principal objective of this book is to provide a
current summary of this technology. -

The past technology for describing and analyzing coal furnaces and combus-
tors has relied largely on empirical inputs for the complex flow and chemical
reactions that occur while more formally treating the heat-transfer effects.
Growing concern over control of combustion-generated air pollutants revealed
a lack of understanding of the relevant fundamental physical and chemical
mechanisms. Recent technical advances in computer speed and storage capacity,
and in numerical prediction of recirculating turbulent flows, two-phase flows,
and flows with chemical reaction have opened new opportunities for describing
and modeling such complex combustion systems in greater detail. We believe
that most of the requisite component models to permit a more fundamental
description of coal combustion processes are available. At the same time there
is worldwide interest in the use of coal, and progress in modeling of coal reaction
processes has been steady.

We have been working during the past ten years on coal combustion and
gasification processes. This work has included both basic measurements and
development of analytical models. In our modeling work, we have attempted
to develop fundamental models based upon the general equations of conserva-
tion and to use the most appropriate literature information available as sources
for model components and parameters. One of the major purposes of this new
book is to document our general modeling approach for pulverized-coal systems.
This model emphasizes processes using finely pulverized coal which is entrained
in a gaseous phase. Problems of particular interest include combustion in
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viii PREFACE

pulverized-coal furnaces and power generators, entrained coal gasifiers, coal-
fired MHD power generators, and flame propagation in laminar and turbulent
coal dust/gas mixtures. In addition, we have reviewed work by others in
modeling of combustion or gasification in entrained, fluidized, and fixed beds.
We have also briefly considered other combustion problems associated with oil
shale, tar sands, and other fossil fuels.

This book is the second published by the authors (with others in the first
book, Plenum Publishing Co., New York, 1979) which relates to coal combustion
and gasification. For the case of pulverized-coal models, the authors (with others)
provided detailed fundamentals on which modeling is based in the earlier book
(Smoot and Pratt, 1979). This earlier book emphasized general principles for
reacting, turbulent or laminar, multiphase systems. General conservation
equations were developed and summarized. The basis for computing ther-
mochemical equilibrium in complex, heterogeneous mixtures was presented,
together with techniques for rapid computation and reference to requ...d input
data. Rate processes were discussed, including pertinent aspects of turbulence,
chemical kinetics, radiative heat transfer, and gas—particle convective—diffusive
interactions.

This book differs from the first in several significant ways. Most of the
material in this book is different from that in the first book. The scope of the
new book has been expanded to include material on fixed- and fluidized-bed
process characteristics. The details of interactions between turbulence and
chemistry for coal-laden systems is a major new emphasis in this book, which
has been prepared for use both as an advanced textbook and as a reference
and source book for those who work in fossil-fuel combustion and gasification.
Technical problems for solution have been included at the end of each chapter.
A single nomenclature and list of references is used for the entire book.

The book is divided into five major topic areas:

1. Chapters 1 and 2 consider general characteristics of coal processes and
properties.

2. Chapters 35 treat basic reaction processes of coal particles, including
coal devolatilization, char oxidation, and volatiles combustion. Some
of these topics were treated in the first book but have been updated
or expanded significantly. New sections on heatup and ignition have
been added.

3. Chapters 6-8 deal with practical fossil combustion flames. Processes
are classified by flame type and then each is considered in some detail,
with particular emphasis on pulverized-coal flames. Recent laboratory
data for combustion and gasification are used to illustrate flame charac-
teristics. A review of methods for modeling fixed, fluidized, and
entrained beds is included together with a summary of data for
evaluation of predictive methods.
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4. Chapters 9, 10, and 14 provide the fundamental equations and back-
ground for turbulent combustion systems.

5. Chapters 11-13 and 15 document in some detail the approach and
theory for the interactions between chemistry and turbulence in react-
ing systems encompassing gaseous flames, particle-laden systems, and
pollutant formation in these systems.

This work has formed the basis for model development at our Combustion
Laboratory. These fundamentals were treated generally in the first book. The
treatment in this new book for governing equations and for radiation is not
greatly changed. However, significant new material is added for chemically
reacting, turbulent, heterogeneous systems and for formation of nitrogen oxide
pollutants.

Included in several of these chapters are comparisons of measurements
with prewistions from a comprehensive model developed at the Combustion
Laboratory. These comparisons demonstrate the state of development of the
comprehensive code which, in the view of the authors, is suitable for some
practical application to pulverized-coal systems. While this method has been
developed principally for pulverized-coal combustion and gasification, this and
similar methods have far more general applicability. The code is directly appli-
cable to nonreactive gaseous and particle-laden flows and to reactive gaseous
systems. Progress is being made for application to coal slurries and only minor
work would be required for use with liquid fuel flames.

The authors recognize the several uncertainties in constructing and applying
models of this nature. Coal is a very complex heterogeneous substance whose
structure and behavior are highly variable and are not well known. Pyrolysis
and oxidation of coal are dependent upon coal type, size, size distribution,
temperature history, etc., thus making generalization difficult. In addition, the
complexities of turbulent recirculating flows, turbulent reacting flows, and
turbulent two-phase flows are not fully resolved. Only recently has formal
computation of recirculating flows been possible. Suitable generalized parameters
for the turbulence models are not well-established. The very important interac-
tions of turbulence with chemical reaction are even less well-developed.
Significant uncertainties also pertain to the effects of gas turbulence on the
motion of the particles. It is known that the random gas fluctuations are a major
force in dispersing particles, but treatments of this effect are in the formative
stages.

Finally, there has been little previous attempt to develop models which
consider several of these aspects jointly. For this reason, models of pulverized-
coal systems must be validated by comparison with experimental measurements.
Measurements of outlet gas or char composition or temperature alone are not
suitable for this model validation. Profiles of at least time-mean, local properties
from within the reactor provide a more acceptable basis for the model evaluation.
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As a part of the research program being conducted by the authors and colleagues
such measurements are being obtained, some of which are presented and
compared with model predictions in this book. These measurements include
data for laminar, premixed coal dust/air flames and methane-air flames, as well
as spatially resolved measurements of gas and char composition from inside
entrained gasifiers and combustors. Further, profile measurements have been
and are being made for particle-laden, recirculating jet flows without chemical
reaction. Comparison of these measurements and those of several other inves-
tigators with model predictions will permit evaluation of particle and gas-flow
effects in the absence of chemical reaction complications.

Much of the work upon which this book is based has been supported at
our laboratory by federal and industrial organizations. We especially express
our appreciation to The United States Department of Energy (Morgantown
Energy Technology Center and Pittsburgh Energy Technology Center), the
Electric Power Research Institute (Fossil Fuels Division), the National Science
Foundation, the Tennessee Valley Authority, and the Utah Power and Light
Co., for contract or grant support related to measurements and model develop-
ment for pulverized-coal systems. We further acknowledge the College of
Engineering and Technology and Research Division of Brigham Young Univer-
sity for financial research support and for assistance in preparation of the
manuscript. We are also grateful to Elaine Alger for typing and editorial work
on the manuscript and to Mr. Daniel Gleason for preparation of the illustrations.
Appreciation is also due Exxon Corporation, Los Alamos National Laboratory,
and Morgantown Energy Technology Center for financial support for prepar-
ation of parts of these materials which were used in technical lectures given
by the author(s) at each of these institutions. Much of the materials of Chapters
1-5 were initially prepared at the request of Exxon Corporation, who kindly
gave permission for inclusion of these materials in this book. We gratefully
acknowledge our faculty colleagues and graduate students at the Combustion

Laboratory for significant research contributions related to much of the material
in this book.
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Behold, all ye that kindle a fire, that compass
yourselves about with sparks: walk in the light of
your fire, and in the sparks that ye have kindled.

Isaiakh 50:11

INTRODUCTION

1.1. OBJECTIVES

This book deals with reaction processes involving coal, char, coal-water mixtures,

and other solid fossil fuels. Properties and uses of these solid fossil fuels are

treated; physical and reaction processes of coal particles are also considered and

modeled. Then, these results are applied to the description of coal processes.
Key objectives for preparation of this book have been to:

i1,

Provide a review of the existing and potential uses of coal and the
processes most commonly applied.

Identify the general chemical and physical properties of solid fossil
fuels, emphasizing the complexity and variability of these natural
materials.

Summarize major issues being addressed in the increasing uses of
coal and other solid fossil fuels.

Characterize effects of key variables such as particle size, heating rate,
temperature, pressure, and oxidizer type on coal particle reaction
rates.

Outline useful existing methods for modeling of coal particle reac-
tions in a turbulent environment including ignition, devolatilization,
gas-phase reaction of volatiles, and heterogeneous oxidation processes.
Identify the nature and controlling processes of coal dust flames in
various coal processes, including direct combustion and coal
gasification.

Provide a fundamental foundation for a description of complex,
reacting particle-laden systems through treatment of turbulence and
its interaction with chemical reactions, radiation and related -basic
topics.



