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Preface

This book is a valuable scientific and technical reference for engineers and scientists
as well as for postgraduate students in the academic community. Moreover, the book
will help to establish a link between principles and practical applications in the field of
combustion. It can also be used as a bibliography to present the background of different
combustion researchers.

The book contains brief descriptions of fundamental and combustion processes,
followed by an extensive survey of the combustion research technology. It also includes
mathematical modeling of the processes covering mainly premixed and diffusion
flames, where many chemical and physical processes compete in complex ways, for
both laminar and turbulent flows. This provides a unique bridge between combustion
fundamentals and combustion technology, which should make the book a valuable
technical reference for many engineers and scientists. Moreover, the book gives the
reader sufficient background of basic engineering sciences such as chemistry,
thermodynamics, heat transfer and fluid mechanics. The mentioned research and
mathematical models fit between small-scale laboratory burner flames, and large-scale
industrial boilers, furnaces and combustion chambers. The materials of this book have
been collected from previous relevant research and some selected papers of the authors
and co-workers, which have been presented mainly in different refereed journals,
international conferences and symposiums, ‘

Furthermore, the book includes some of the many recent general correlations for the
characteristics of laminar, turbulent, premixed and diffusion flames in an easily usable
form. The authors believe that further progress in optimizing combustion performance
and reducing polluting emissions can only be treated through understanding of
combustion chemistry. Therefore, the book involves combustion chemistry models that
validate experimental data for different fuels. These models are sufficiently accurate to
allow confident predictions of the flame characteristics.

Chapter I presents an introduction to the fundamentals of combustion. The chapter
starts with energy sources and fuel types with some related thermodynamic
fundamentals, combustion stoichiometry, and thermochemical calculations.
Descriptions of chemical reactions, and equilibrium composition and temperature are
also presented. Chemical kinetics, including kinetic theory of gases, elementary
reactions with transport phenomena, and modeling in combustion chemistry are
discussed. Furthermore, the pollutant emissions generated from combustion systems,
their formation and oxidation kinetics, as well as the reduction techniques, are also
presented.
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In chapter 2, the basic definitions for premixed and diffusion laminar flames are
given. Since the tasks of combustion flow diagnostics are to increase the fundamental
understanding of aspects of combustion, the study of small-scale laminar flames in this
chapter is essential. Therefore, many practical combustion problems can be examined
most conveniently under the well defined and controlled conditions which the laminar
flame provides. The objective of this chapter is to present some understanding of
laminar flames as revealed by detailed numerical kinetic modeling, particularly in
relation to the interaction between modeling and experiments. Furthermore, some
general correlations are derived for the flame propagation parameters for both gaseous
and liquid fuels. This chapter also describes the computational method of the kinetic
model with the use of transport parameters and reaction mechanisms for different fuels
(H; to C¢Hss). These kinetic mechanisms are described, examined, and validated by
the experimental results at different pressures, temperatures, equivalence ratios and
volumetric ratios of O,/N,.

Laminar burning velocity and volumetric heat release rate in relation to the turbulent
flame model are important. Therefore, general correlations for such parameters with the
heat of reaction per mole of mixture for different gaseous and liquid fuels are
introduced in chapter 2. Furthermore, several expressions for laminar burning velocities
as functions of equivalence ratio, pressure, temperature, and gaseous additives have
been derived for several practical hydrocarbon fuels. Also, in this chapter, the chemical
reactions of nitrogen compounds that occur in combustion processes have been
explained with their reduction technologies. In addition, the responses of flames to
applied stresses are discussed in the context of flame extinction for premixed flames in
both the symmetric back-to-back and the asymmetric unburnt-to-burnt configurations.

Chapter 3 describes mainly the characteristics of turbulent, free premixed, and
diffusion flames. The effect of some parameters on the turbulent burning velocity, flame
structure, heat release rate, flame height, and flame stability under different conditions
is introduced with some problems of combustion in gasoline engines. Furthermore,
laminar flamelet models for turbulent combustion processes are presented together with
an extensive theoretical and experimental study of flame characteristics for model
furnaces and burners. The determination of these characteristics, as well as the
experimental methods and techniques, form the principal objective of this chapter.
These studies are complementary, and necessary to enhance the understanding of the
flow, chemistry, mixing, and heat transfer in burners, furnaces, and combustion
chambers, and will be described in chapters 4 and $.

In a practical combustion system, the length and shape of the confined flame
depend, to a large extent, on the mixing processes between the fuel and air, which enter
the furnace separately. These processes have been dealt with in chapter 4. They explain
how flame characteristics and dimensions depend on some operating and geometrical
parameters. These include turbulence level, air-fuel ratio, swirl imparted to either fuel or
combustion air, strain rate, burner and furnace geometry, forced flow reversal, and non-
streamlined bodies. Most of the work presented in this chapter is devoted to study the
effect of such parameters on the aerodynamic flow and mixing patterns in both hot and
cold conditions, as well as the flame stability and heat liberation under firing conditions.
Furthermore, in order to provide a bridge between the fundamentals of chapters 1 to 3
and the applications given in chapters 4 and 5, modern comprehensive models which
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include all physical and chemical phenomena that appear during the combustion process
are described in section 4.6.

Chapter 5 describes three important parts of combustion research technology, firstly
in conventional steam boilers (section 5.1), secondly in tangentially-fired furnaces
(section 5.2), and thirdly in fluidized-bed furnaces (section 5.3). Turbines and 1.C.
engines are visited briefly. In such industrial flame applications the achievement of high
heat transfer rates is a principal objective. Therefore, most of the combustion research in
conventional systems such as flame tubes and water-tube boiler furnaces are devoted in
this chapter to study the effect of operating parameters such as fuel-air ratio,
combustion air swirl, and combustion zone geometry on heat transfer and flame
structure. Single and multi-burner systems have been investigated in this part. The
basics of radiative and convective heat transfer in combustion zones are covered first in
this chapter, followed by simple and modified analytical computations of heat transfer
rates in flame tubes and boiler furnaces. Furthermore, modern models to simulate the
flame characteristics in real boilers are compared in section 5.1.5.2.

The responsibility of the combustion engineers should be mainly devoted towards
the utilization of the energy sources in the most efficient and economical manner.
Tangentially-fired furnaces are considered as ones that fulfill these requirements in
recent years and become more attractive in the field of power station boilers. Therefore,
the objectives of the second part of chapter S are to present an overview of tangentially-
fired furnaces and to investigate experimentally and computationally the flame stability,
flow, combustion, and heat transfer in such type of furnaces. Furthermore, modeling of
large-scale tangentially-fired furnaces is also presented.

The third part of chapter 5 explains fluidized-bed combustors. It explains in some
detail the applications of fluidized-bed combustors as well as the phenomenon of
fluidization and the physical fundamental aspects of the fluidized-bed. Furthermore, the
theoretical study of heat balance and heat transfer coefficient calculations in
fluidized-beds are set with a background of relevant research. The present applied
research on the rectangular cross-sectional fluidized-bed model and fluidized-bed boiler
model is described experimentally and theoretically. Most of this work is concerned
with the study of the effect of bed temperature, particle diameter, tube diameter, and
cooling coil diameter on the heat transfer coefficients between the fluidizing material
and both bed walls and immersed bodies under firing conditions. Also, the effect of
some of these parameters on the heat transfer to the freeboard and to a horizontal tube
bank is considered.

Since NO, and SO, emissions are the major drivers of combustion technology, each
of the three parts in this chapter describes the real application of such technology to
control NO, and SO, in steam boilers (section 5.1.6), tangentially-fired furnaces
(section 5.2.6) and finally in fluidized-bed furnaces (section 5.3.6).

Fawzy El-Mahallawy

Saad Habik
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Chapter

Combustion Fundamentals

1.1 Introduction

This chapter is intended as introductory text in the fundamentals of combustion for
engineering graduate students, as well as a basis for the next four chapters. Combustion
is defined as a rapid exothermic reaction that liberates substantial energy as heat and
flames as combustion reactions with the ability to propagate through a suitable medium.,
This propagation results from the strong coupling of the reaction with the molecular
transport process. The chemistry and physics of combustion, i.e. destruction and re-
arrangement of certain molecules, rapidly release energy within a few millionths of
second. Currently, combustion is a mature discipline and an integral element of diverse
research and development programs from fundamental studies of the physics of flames
and high-temperature molecular chemistry to applied engineering projects involved with
developments such as advanced coal-burning equipment and improved combustion
furnaces, boilers, and engines. These developments are important in controlling the
pollutant emissions. Therefore, it is appropriate in this chapter to present two very
important practical considerations relative to the combustion reaction systems, which
are the mass and energy balance used to describe such systems.

The chapter starts with the energy sources including the energy characteristics of
various important fuels resources and their physical and chemical properties. This is
followed by introducing some definitions of ideal gases, mass conservation and basic
thermodynamic principles, as well as, general energy balance for a chemically reactive
medium. Description of the practical stoichiometry and thermochemical requirements,
which apply during combustion processes such as chemical reaction, equilibrium
composition and temperature, are also presented.

Actually, combustion is a result of dynamic, or time-dependent, events that occur on
a molecular level among atoms, molecules, radicals and solid boundaries. Therefore,
this chapter presents chemical kinetics that include kinetic theory of gases, elementary
reactions and reaction rate theory. Furthermore, the rapid reactions produce gradients
that transport processes convert into heat and species fluxes that speed-up the reactions.
Therefore, further discussions including the primary transport properties and processes
are presented with brief discussions on combustion chemistry and modeling.

Finally, combustion generated air pollution; pollutant formation and oxidation
kinetics, as well as, their reduction techniques are presented at the end of this chapter.



2 Combustion Fundamentals

1.2 Energy Sources

Energy represents the ability to do work. Fifty years ago, the energy demands were
relatively low and energy was very cheap, but now engineering and technology
recognize that the earth is a finite eco-sphere having limited terrestrial resources and a
delicately balanced environment. Tomorrow’s energy sources may be divided to two
categories:

1. Exhaustible sources, e.g. fossil fuels such as coal, crude oil, natural gas,...etc. Past
and future paths for total primary energy supply and CO2 emissions are presented
in Figs. 1.1 (a) and 1.1 (b) [1]. It is expected that the world energy demand will be
increased from 8000 million ton oil equivalent in 1990 to about 14000 million ton
oil equivalent in 2020 (Fig. 1.1 (a)). This will be corresponding to the increase in
population from 5400 to 8000 million persons for the same years [1]. Moreover,
oil continues to dominate world energy consumption, with transport use increasing
its share. Gas consumption rises to approach coal consumption by the end of this
period, while nuclear power stabilizes, hydropower and renewable energy increase
steadily, but remain at low levels (see Fig. 1.1 (b)). CO2 emissions rise with
primary energy demand slightly faster than in the past (see more details in section
1.10.3). Contributing factors are the stabilization of nuclear power generation and
the continued rapid growth in coal use in China and other Asian countries [1].

2.  Inexhaustible or continuous sources, e.g. hydraulic, wind and solar energy, energy
from oceans, waste and synthetic fuels,...etc. Atomic or nuclear energy may be
considered as an exhaustible source because the uranium and thorium deposits
could be completely consumed.

Figure 1.2 shows the proved oil reserves at the end-1996 [2], and if the world’s oil
reserves were reported with reasonable accuracy and the assessments of potential
volumes in yet undiscovered fields proved general reliability, the original recoverable
oil endowment of the earth would have been around 2.3 trillion barrel. About one-third
of this oil has already been produced and consumed. Should unconstrained modern oil
exploitation proceed around the world, the remaining two-thirds of the earth’s original
oil could sustain world output at its current rate through much of the 21st century, until
a declining resource base finally forced down production. In 1980 proved oil reserves
were estimated at around 0.7 trillion barrel as compared to the reserve estimate of nearly
1.1 trillion barrel in 1996. However, some geologists hold discordant views that place
ultimate world oil recovery at only about 1.75 trillion barrel [2].

It took 50 years (1900-1950) for total annual U.S. energy consumption to go from 4
million barrel of oil equivalent (Mboe) per day to 16 Mboe [3]. It took only 20 years
(1950 — 1970) to go from 16 to 32 Mboe. This rapid growth in energy use slowed in the
early 1970’s, but took a spurt in the late 1970’s, reaching almost 40 Mboe in 1979.
Energy use slowed again in the early 1980’s and dropped to 35 Mboe in 1983.
Economic growth in mid 1980’s returned the use to 40 Mboe in 1988. Energy use
remained fairly steady at just 40 Mboe in the late 1980’s, but started growing in the
1990’s. By the end of 1996, energy use in U.S. was up to almost 45 Mboe. With only 5
percent of the world’s population, the United States consumes about 25 percent of its
energy and produces about 25 percent of the world’s gross national product (GNP).
However, some nations such as Japan, West Germany, and Sweden, produce the same
or greater GNP per capita with significantly less energy than the United States [3].
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Fig. 1.1 (a): World primary energy supply and CO, emission 1971-2020 [1]. Reproduced
by permission of OECD/IEA (International Energy Agency).
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In order to present the main developments in energy demand, it is important to
identify the principal purposes for which energy is used. Four major energy-related
services [4] have been identified:

¢  Electrical services (total consumption of electricity by final consumers).

¢ Mobility (non-electricity fuels consumed in all forms of transport).

¢  Stationary services (mainly fossil fuels used for heating in buildings and

industrial processes).

¢ Fuel used in power generation.

A more detailed description of the energy related services is given in Ref. 4. Table 1.1
shows the main indicators of gross inland consumption [5].

Figure 1.3 shows the total energy produced and inland consumed in NAFTA (North
American Free Trade Agreement, Canada, Mexico, and the United States of America),
USA, European Union and Russia [5]. It is clear from the figure that the energy
produced in NAFTA (Fig. 1.3 (a)) increased rapidly since 1985 compared to that in
USA (Fig. 1.3 (b)). Furthermore, there is nearly steady state energy produced and
consumed in Eu 15 since 1985 till 1997, while in Russia both energies decreased very
rapidly since 1989. Figure 1.4 shows the energy production in 1997 in a broader
geographical appeal.

From the above figures, and based on more detailed data and energy highlights
given by Ref.5, the following points summarize the total energy produced and inland
consumed for the world and its main regions:
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Fig. 1.3: Total energy produced and inland consumed (Mtoe) in: (a) NAFTA, (b) USA,
(c¢) EU 15 and (d) Russia. (According to data given by Ref. [5]).
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World energy demand grew by only 1.1% in 1997 despite world economic
growth by 3.3%. It increased more rapidly in the Middle East, Asia and
Latin America.

Final energy demand was driven by the transport and tertiary — domestic
sectors, and the potential for further demand growth remains enormous in
the developing regions.

The fuel mix is changing in favor of gas but oil still remains predominant.
World-wide CO, emissions have increased by 8 % since 1990.

Since 1990, natural gas consumption has grown faster than overall energy
consumption despite the stagnation registered in 1997 following major
increases in 1995 and 1996. In recent years, the bulk of consumption
growth arose from power generation. Demand accelerated in developing
countries, mainly in Asia and the Middle East, but also in European Union.
Oil remains the predominant energy source, keeping its share of 37% since
1990. Oil demand accelerated significantly in 1996 and 1997. Developing
regions — Asia, Latin America and the Middle East — which increased their
share in the world oil consumption from 22.5% in 1990 to 30.2% in 1997,
are driving oil consumptions. The near future will be marked by the
increasing contribution of transport in final demand sustained by the
enormous potential for development in the emerging regions.

Solid fuels have been steadily losing market share since 1990, principally
in the European Union. The consumption, increasingly concentrated in the
power sector, was progressively located close to the main producers. Asia,
in particular, absorbed 41.3% of the world consumption in 1997 against
32.7% in 1990. Consumption also increased substantially in NAFTA
region in 1996 and 1997.

The carbon — free energy sources (nuclear and renewable) increased by 2%
per year on average since 1990. Renewable energy sources accounted for
13.5% of total energy since 1997; showing a small increase since 1990.
More than 55% of world biomass production remained located in Asia.

5

Conversion factors with a short listing of the average energy contained in a number
of the most common fuels, as well as some energy units conversions are shown in
Tables A1 and A2 (a) to A2 (¢) (Appendix A).

Table 1.1: Main indicators of gross inland consumption, Mtoe.

(According to data given by Ref. 5).

Region onermion_brangy 110ty Trnsport g ¥, Toul

World (1996) 2524.8 561.3 1969.3 1572.9 2709.5  9341.0
% 27.03 6.00 21.08 16.83 29.00 100.00
European EU (1997) 483 69.2 262.6 288.6 379.0 1406.9
% 32.58 4.66 17.71 19.47 25.56 100.00
NAFTA (1997) 720 166.7 3883 656.9 530.6 2541.7
% 29.24 6.77 15.77 26.68 21.55 100.00
Asia (1996) 504.7 122.8 658.9 216.2 804.9 22934
% 21.87 5.32 28.55 9.36 34.88 100.00
Middle East (1996) 79.5 51.1 49.1 60.8 89 315.8

% 24.12 15.51 14.90 18.45 27.00 100.00
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1.2.1 Fuels

A fuel can be considered as a finite resource of chemical potential energy in which
energy stored in the molecular structure of particular compounds is released via
complex chemical reactions.

Chemical fuels can be classified in a variety of ways, including by phase and
availability as shown in Table 1.2 [6].

Table 1.2: Classification of chemical fuels by phase and availability [6]. Reproduced by
permission of Marcel Dekker Inc.

Naturally available Synthetically produced
Solid

Coal Coke

Wood Charcoal

Vegetation Inorganic solid waste

Organic solid waste

Liquld

Crude oil Syncrudes

Biological oils Petroleum distillates

Fuel plants Alcohols
Colloidal fuels
Benzene

Gas

Natural gas Natural gas

Marsh gas Hydrogen

Biogas Methane
Propane

Coal gasification

Some of the basic requirements of a fuel include: high energy density (content), high
heat of combustion (release), good thermal stability (storage), low vapor pressure
(volatility) and non-toxicity (environmental impact).

Any combustion system may be operated on fuel in any of the three states, gaseous,
liquid, or solid. Crude oil is known to exist at various depths beneath land and sea in
most parts of the world. Crude oils are extremely complex mixtures of gases, liquids,
and dissolved solids that always consist mainly of hydrocarbons, with small amounts of
nitrogenous substances and organic sulfur compounds. Crude oil is separated by a
distillation process that exploits the fact that the various components in crude oil have
different boiling points. When a crude oil is heated, the first gases evolved are chiefly
methane, ethane, propane, and butane. At higher temperatures, vapors are released and
then condensed to form light distillates of the kind used in the production of gasoline.
As boiling proceeds, the kerosene emerges, followed by the middle distillates used in
gas oil and Diesel fuel. Finally, a residue is left and used in the manufacture of
lubricating oil, wax and bitumen.

The physical requirements for reactive mixtures and the thermochemical path that
fuel and oxidant, or reactants, should follow to form products of combustion while
releasing energy are as shown in Fig. 1.5 [6].
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Fuel (Reactants)

Storage Compression, liquification
:
Transportation Pumping
:
Preparation Vaporization, atomization
.
Induction Mixing, injection
Fuel (Products)
Ignition Thermal, electric
‘
Chemical conversion Internal/external
combustion
;
Energy transfer Heat and/or work

'

Exhaust, pollution
control

Extraction

Fig. 1.5: Physical requirements and thermochemical path for fuel combustion [6]. Reproduced by
permission of Marcel Dekker Inc.
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Knowledge of the properties, structures, safety, reliability of these fuels, as well as
the manner in which they affect the combustion system performance are important.
Because the burning velocities of different gaseous and liquid fuels are extensively
surveyed in chapter 2 (section 2.4.7), it is necessary to have some brief knowledge
about the chemical structure and physical properties of most of these fuels. Selection of
these fuels is governed by the above-described requirements.

Gaseous fuels present the least difficulty from the standpoint of mixing with air and
distributing homogeneously to the various cylinders in a multi-cylinder engine, or
burners in a gas turbine, furnace or jet engine. Under good combustion conditions, they
leave relatively little combustion deposits as compared with other fuels. However,
gaseous fuels for automotive equipment necessitate the use of large containers and
restrict the field of operation.

Liquid fuels are used to a much larger extent in most of the combustion systems than
gaseous or solid fuels. They offer some advantages such as, large energy quantities per
unit volume, ease and safety of handling, storing, and transporting. In addition, liquid
fuels must be vaporized, or atomized and at least partially vaporized, during the process
of mixing with air. There are some difficulties that occur in distributing and vaporizing
the fuel particles in the primary combustion air to obtain complete combustion in
combustors or combustion devices.

Pure hydrocarbon fuels are compounds of two elements only, carbon (C) and
hydrogen (H). Those with up to four carbon atoms are gaseous; those with twenty or
more are solid, and those in between are liquid. Compounds, which contain the element
carbon, are known in chemistry as organic chemistry. It eventually became necessary to
introduce a systematic form of nomenclature in order that the structure of a carbon
compound could be readily deduced from its name, and vice-versa. The nomenclature at
present in use was laid down by the International Union of Pure and Applied Chemistry
(ILU.P.A.C.) [7], and the rules for naming some of the simpler compounds are presented
next and are used in chapter 2 (sections 2.4.7 and 2.4.11). The main physical parameters
of gases are given in Table B1, while the thermal and physical properties of various
gases are given in Tables B2 (a) to (¢) (Appendix B) [8]. Furthermore, Table B3
(Appendix B) contains the heating values of some hydrocarbon fuels.

Alkanes. The general formula is C,H,,.;. Each member of alkanes is given the
suffix -ane. The first four retain the names originally given to them: methane (CH,),
ethane (C,Hs), propane (C;H;) and butane (C4Hyo). After that, the first part of the name
is derived from the Greek for the number of carbon atoms in the molecule: pentane
(CsH,2), hexane (CgH,4), heptane (C;H ¢), octane (CgH ), and so on.

As the number of carbon atoms increases, the boiling point and density increase.
The boiling point depends on the attractive forces between the molecules of the liquid.
The structural formula for CH4 and C,H is:

H H H

| | |
H— ¢ —H and H— ¢ — C—H

I I |

H H H

Methane, CH, Ethane, C; Hs
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Alkenes. The general formula is C,H,,. The unsaturated compounds with a C = C
double bond which are often referred to as olefines are termed alkenes in the 1.U.P.A.C.
scheme. Each member is terminated with -ene, and the position of the double bond is
determined by inserting the lowest possible number before the suffix to describe the
carbon atom, which forms one end of the double bond relative to its position in the
chain, e.g. pent-1-ene:

CHS CHz CHz CH :CHz

Some alkenes are, ethene (CH, = CH,), propene (CH; — CH = CH,), but-1-ene
(C,Hs — CH = CH,), and phenylethene (C¢Hs — CH = CH,). The melting points and
boiling points of the alkenes are very close to those of the alkanes with the same
number of carbon atoms [7]. The structural formula for ethene is:

c — C
/ \
H H
Alkynes. The general formula is C,H;,,. The compounds are named as for the
alkenes but with the suffix -yne. For example:

CHs CH, cC=CcC H

is but-1-yne. However, the first member, ethyne (CH = CH) is often described by its
original name, acetylene, and its simple derivatives are sometimes described as
substituted acetylene: e.g. propyne (CH; — C = CH) is methyl acetylene.

Some alkynes are ethyne (CH = CH), propyne (CH; — C = C — H), and but-1-yne
(C;H;s — C = C - H). The melting points and boiling points of the alkynes are similar to
those of the alkanes with the same number of carbon atoms. The structural formula for
ethyne is:

H C = ¢C H

Aromatic compounds. The term "aromatic" was first used to describe a group of
compounds, which have a pleasant smell (aroma). These compounds include the cyclic
compound, benzene, and its derivatives. The benzene is a simple cyclic compound, with
a six-membered ring of six carbon atoms and with one hydrogen atom attached to each
carbon atom. Bearing in mind that carbon and hydrogen form four bonds and one bond,
respectively, it was natural to represent its structure as:

H

H L H
\/\\\C/

|

C
/\C4\

H
in which single and double bonds alternate around the ring.

—

@]

H H
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The characteristic formula for the aromatics is C;H;,. More complex molecules of
the aromatic group are obtained either by replacing one or more of the hydrogen atoms
with hydrocarbon groups or by |"condensing"| ene, example of this is toluene, C¢HsCHj.
Aromatics have compact molecular structure, stable when stored, smoky combustion
process, highest fuel distillate densities and lowest heating values per unit mass of
liquid hydrocarbon fuels.

Alcohols and phenols. The general formula is R - OH. Alcohols are compounds
containing one or more hydroxyl groups attached to saturated carbon atoms. Those with
one hydroxyl group are known as monohydric alcohols; examples are methanol
(CH;-OH), ethanol (C,Hs - OH), and phenyl methanol (C¢Hs - CH, - OH). There are also
polyhydric alcohols, which contain more than one hydroxyl group; examples are
ethane-1,2-diol, HOCH, - CH,0H and propane-1,2,3-triol, HOCH, - CH(OH) - CH,0H.

Phenols are compounds containing one or more hydroxyl groups attached to
aromatic carbon atoms, the parent member of the series is phenol itself, C¢Hs - OH.
Many of the properties of phenols are different from those of alcohols.

Monohydric alcohols are named by replacing the final -e in the corresponding
alkane by -ol. The position of the hydroxyl group in the carbon chain is given by
numbering the carbon atoms as for alkanes [7]. For example:

CH;—CH,—CH :CH3

OH
Butan-2-ol

Ethers. The general formula is R - O - R'. The two R groups in the structural
formula R - O - R' can be the same or different, and can be either alkyl groups or
aromatic groups. For example, CH; - O - CH, - CHj is methoxy ethane. However, it is
common practice to use the name compounded from the two groups R and R" followed
by ether, example, dimethylether, CH; — O - CHj; and ethyl methyl ether, CH; - O -CH, -
CH;. Their boiling points are the same as those of the alkanes of similar formula weight.

Aldehydes and Kketones. The general formula is:

R—C— H R—C— R
| |
o] 0
Aldehyde Ketone

Both aldehydes and ketones contain the carbonyl group (  >C = O ). However, the
attachment of a hydrogen atom to the carbonyl group in an aldehyde gives aldehydes
certain properties, which ketones do not possess and which enable the two classes of
compounds to be distinguished from one another.
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The 1L.U.P.A.C. nomenclature uses the suffixes -al for aldehydes and -one for
ketones; the main carbon chain is named as usual and, for ketones, the position of the
carbonyl group is specified by inserting the number of its carbon atom from the nearer
end of the chain [7]. For example:

CH;— CH;—CH, —CH,—CHO CHy—CH,;—CO—CH,;—CH; —CH,

Pentanal Hexan-3-one

Some simple series are, methanal, ethanal, and propanal. Methanal is a gas, other
aldehydes and ketones of relatively low formula weight are liquids and the remainders
are solids.

The maximum burning velocities are measured by different techniques for most of
the above organic compounds fuels, are given in section 2.4.7.

Natural gas and liquefied petroleum gas. The world’s most readily available and
abundant gaseous fuel resources are found in natural gas reserves. Gaseous fuels have
been used for centuries in China and for over 100 years in both the United States and
Europe. In the United States, when natural gas was originally discovered at oil wells, it
was bumed, or flared off, as a useless by-product of oil production. Today, natural gas
is a major industry that transports fuel throughout the United States by a complex
interstate pipeline network. Natural gas was formed by anaerobic, or bacterial-assisted,
decomposition of organic matter under heat and pressure and, therefore, like coal and
crude oil, is a variable-composition hydrocarbon fuel. Table B4 (a) (Appendix B) lists
properties of certain natural and synthetic gas resources.

Natural gas consists chiefly of methane, ranging anywhere from 75% to 99% by
volume, with varying concentrations of low molecular weight hydrocarbons, CO, CO,,
He, N,, and/or H,0. Conventional gas well drilling has proved successful in or near oil
fields. Natural gas is practically colorless and odorless, and for safety reasons, is
“soured” with the familiar rotten egg odor by adding hydrogen sulfide, H;S. The
American Gas Association classifies natural gas as sweet or sour gas and, additionally,
as being associated or non-associated gas. Associated, or wet, gas is either dissolved in
crude oil reserves or confined in pressurized gas caps located on the top of oil ponds.
Wet gas has appreciable concentrations of ethene, butene, propane, propylene, and
butylenes. Nonassociated, or dry, gas can be found in gas pockets trapped under high
pressure that have migrated from oil ponds or are the results of an early coalization-
gasification stage. The composition of natural gas varies from one place to another.
Change in the balance of methane, other hydrocarbons, and inert gases affect both
density and the volumetric energy content of the mixture. The increase of higher
hydrocarbons leads to an increase in the volumetric energy content. On the other hand,
the increase of amount of inert gases reduces the volumetric energy content. High
concentration of higher hydrocarbons enriches the mixture and reduces the octane
number, which would lead to excessive emissions and knock. Likewise high
concentration of inert gases will result in an excessive lean mixture. This would reduce
power output and possibly leads to rough operation specifically if the mixture was lean.
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Liquid Petroleum gas, or LPG, consists of condensable hydrocarbon vapors
recovered by expansion of wet gas reserves. By compressing the condensable fractions,
liquefied fuel vapors, such as commercial propane and butane, can be stored and
transported at ambient temperatures as a liquid. Liquefied natural gas, LNG, is a
condensed state of dry natural gas but requires a cryogenic refrigeration for storage and
handling at -102°C. At present, efficient transportation of large Middle Eastern natural
gas to the United States, Europe, and Asia by sea requires specially designed LNG
tankers. More details about properties of other fuels are given in Ref. 9.

Solid fuels. Naturally available solid fuels include wood and other forms of
biomass, lignite, bituminous coal, and anthracite. The modem trend is to go on for clean
and efficient fuels with small sized furnaces where solid fuels cannot compete with
liquid and gaseous fuels. But because they are cheap and easily available, solid fuels
still supply approximately 35 % of the total energy requirements of the world.

In addition to carbon and hydrogen constituents, solid fuels contain significant
amounts of oxygen, water, and ash, as well as nitrogen and sulfur. The oxygen is
chemically bound in the fuel and varies from 45 % by weight for wood to 2 % for
anthracite coal on a dry, ash-free basis. Ash is the inorganic residue remaining after the
fuel is completely burned. Wood usually has only a few tenths of a percent ash, while
coal typically has 10 % or more of ash. Ash characteristics play an important role in
system design in order to minimize slagging, fouling, erosion, and corrosion. The
composition of solid fuels is reported on an as-received basis, or on a dry basis, or on a
dry, ash-free basis. The moisture content on an as-received basis is the mass of the
moisture in the fuel divided by the mass of the moisture plus the mass of the dry fuel
and ash.

The world’s most prominent natural solid fuel resource is coal. Coal, remnants of
plants and other vegetation that have undergone varying degrees of chemical conversion
in the biosphere, is not a simple homogeneous material but rather is a complex
substance having varying chemical consistency. Plant life first begins to decay by
anaerobic, or bacterial, action, often in swamps or other aqueous environments,
producing a material known as peat. The decomposing material is next covered and
folded into the earth’s crust via geological action that provides extreme hydrological
pressure and heating required for the coal conversion process, as well as an environment
that drives off volatile and water. This complex transformation, or coalification process,
results in changes, or metamorphosis, over great periods of time and in a variety of fuels
ranging from peat, which is principally cellulose, to hard, black coal.

Coal may be classified according to rank and grade. Coal rank expresses the
progressive metamorphism of coal from lignite (low rank) to anthracite (high rank).
Rank is based on heating value (HV), and its value and percentage of fixed carbon
increase as the rank moves from lignite to low volatile bituminous coal, and the volatile
matter decreases. Lignite is a brownish-black coal of low rank, and it also referred to as
brown coal, and is similar to peat. It has volatile matter (VM) of about 30 % and heating
value of 13,000 to 18,000 kj/kg. Subbituminous coal is dull-black, shows little woody
material, and often appears banded (VM =~ 30 -~ 35 % and HV = 19,000 to 24,000
kj/kg). Bituminous coal is a dark black color and is often banded (VM = 19 % to 45 %,
and HV =~ 28,000 % to 35,000 kj/kg), and it is more resistant to disintegration in air than
are lignite and subbituminous coals. Anthracite coal is hard and brittle and has a bright
luster (VM = 5 % and HV = 30,000 to 33,000 kj/kg).
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1.2.2 Fuel Cells

The 1973 oil crisis in the USA stimulated development of alternative automotive
power sources, including electric vehicles for urban transportation. During this period,
the primary motive was independence from foreign oil suppliers. Available batteries
then were lead / acid (Pb / acid) and nickel-cadmium (Ni / Cd), both with low energy
density that restricted driving range. This characteristic led research to consider fuel
cells as a vehicle power source. In rechargeable batteries, the energy is stored as
chemicals at the electrodes, physically limiting the amount of stored energy. In a fuel
cell, the energy is stored outside electrodes, as is the gasoline in cars with combustion
engines. Therefore, only the amount of fuel stored in the tank limits the driving range.

Fuel Cell Principles

The fuel cell dates to 1839, when Sir William Grove first demonstrated it. Although
fuel cells were used in the earliest space exploration, serious efforts to use a fuel engine
for an electric car did not begin for the late 1980s, when the USA Department of Energy
(DOE) provided incentives for research and development of fuel cell systems for
transportation applications.  Since 1987, DOE has awarded contracts for the
development of a small urban bus powered by a methanol-fueled phosphoric acid fuel
cell (PAFC), a 50-kW proton exchange membrane fuel cell (PEMFC) propulsion
system with an onboard methanol reformer, and direct hydrogen-fueled PEMFC
systems for mid-size vehicles.

Grove based his discovery on the thermodynamic reversibility of the electrolysis of
water. The reversible electrochemical reaction for the electrolysis of water is [10]:

water + electricity <> 2 H, + O,

Grove successfully detected the electric current flowing through the external
conductors when supplying hydrogen and oxygen to the two electrodes of an
electrolysis cell. Joining several of these fuel cells, he observed that a shock could be
felt by five of his assistants joining hands. The electrochemical reaction for the fuel cell
is:

2 H; +0; — 2 H,0 + electricity

Fuel cell operation and its accompanying reaction is simple (Fig. 1.6), as hydrogen
gas is supplied to the anode and reacts electrochemically at the electrode surface to form
protons and electrons. The electrons travel through the electrode and connecting
conductors to an electric load, such as a motor, and to the fuel cell’s cathode. At the
cathode, the electrons react with the oxygen and the previously produced protons to
form water. Platinum (Pt) catalysts increase the speed of reactions, producing practical
amounts of current. The anodic and cathodic electrochemical reactions are:

Anode: H, » 2H" +2e¢

Cathode: O, + 4H" +4¢ —» 2H,0
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Fig. 1.6: Fuel cell operation.

Overall electrochemical reaction 2 H, + O, — 2 H, O + electricity

The fuel for operating a fuel cell is not restricted to hydrogen, and the overall
electrochemical reaction is:

Fuel + Oxidant — H, O + other products + electricity

Water and electricity are the only products of the hydrogen-fueled fuel cell.
1.3 Some Related Thermodynamic Fundamentals

1.3.1 Ideal Gases and Mass Conservation

An equation of state of a substance is a relationship among pressure (P), specific
volume (v), and temperature (T), and most equations of state are extremely complicated.
Therefore, an ideal gas equation is the convenient approximation and it is easily
understood and may be used in most of the computational analysis of this book. An
ideal gas molecule has no volume or intermolecular forces and most of the gases can be
modeled as ideal [11].

From experimental observations it has been established that the P-v-T behavior of
gases at “low” pressure and “high” temperature is simply represented by:

PV =RT (.1

where R is the universal gas constant, which is equal to 8.314 kJ kmole™ K™ and V is
the molar specific volume.
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Dividing Eq. 1.1 by the molecular weight, M, then the equation of state on a unit mass
basis can be written as:

PV _RT
—_—=— Pv=RT
M M or (1.2)
whereR = B— (1.3)
M

R is a constant for a particular gas. It follows from Eqs. 1.1 and 1.2 that this equation of
state can be written in terms of the total volume, V, as:

PV=nRT or PV=mRT (1.4)

where m and n are the mass and number of moles, respectively. It should also be noted
that Eq. 1.4 could alternately be written as:

BV, _BV, (1.5)
T, T,
and this is the well-known Boyle’s and Charles’ law.

The conservation of mass principle is a fundamental engineering concept. A
description based on mass or weight for a mixture of compounds, existing in either
reactant or product state, termed a gravimetric analysis, expresses the total mass in
terms of each pure constituent. For a mixture of s total chemical species, a mass fraction
mf; for each i component species can be written as:

m; S
mfi =— and mel =1 (16)
m, i=1

and the total mass m, is then equal to:
S
m, =y m; (1.7)
i=]

Even though the total mass of a combustion process may remain constant,
concentration of constituents such as oxygen or carbon dioxide may change during a
reaction, Often, it is more convenient to describe chemically reactive mixtures on a
molar basis. For a mixture of s total chemical species, a mole fraction X; for each
species is:

X;=—1 and >x; =1 (1.8)

5
where n, = Zni , and m; = n; M;, where M is the molecular weight of species i. For a

il
mixture of s species, the total molecular weight is:

Mt =iXiMi (]9)
i=l
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The mole, n; is termed a gmole, since it is an amount of substance in grams equal to
the molecular weight. The product of mass and local gravitational acceleration is
defined as a force. Weight is really correctly used only as a force. Therefore, the mass
of a substance remains constant with elevation, but its weight varies with elevation.

1.3.2 Basics of Thermodynamics

Thermodynamics is the science of energy, the transformation of energy, and the
accompanying change in the state of matter. Thermodynamics may be studied from
either a microscopic or macroscopic point of view. The first view considers matter to be
composed of molecules and concerns itself with the actions of these individual
molecules, The second view is concerned with the effect of the action of many
molecules, and considers the average properties of a very large number of molecules.
Moreover, thermodynamics is a physical theory of great generality affecting practically
every phase of human experience. It is based on two concepts, energy and entropy and
the principles are the first and second law of thermodynamics.

In elementary treatments of thermodynamics, one is introduced to eight fundamental
thermodynamic variables. These are: pressure, temperature, volume, internal energy
U, entropy S, enthalpy H = U + PV, Helmholtz free energy or work function
W= U-TS, and Gibbs free energy, G;c=H-TS=U+PV-TS

The first five of these variables are fundamentals to the subject, while the last three
are defined for operational convenience. The first two are intensive variables, that is, are
independent of the quantity of material under consideration. The numerical values of the
last six are proportional to the quantity of material under consideration and are therefore
called extensive variables [9].

For an ideal gas, the determination of the properties of internal energy, enthalpy,
specific heat, and entropy is greatly simplified.

If P and T are taken to be appropriate independent thermodynamic variables, then it
is important to determine the different values associated with a change from
thermodynamic state to another, such as Uy(P,,T,) — U\(P,,T,) and on the absolute value
of either U; or U,.

The first law of thermodynamics is a statement of conservation of energy, and in a
closed system, the first law may be written as:

U;-U;=Q-W (1.10)

where Q is the heat added to the system and W is the work performed on the
surroundings. If the process that is used to go from state | to state 2 is a reversible
process such that a thermodynamic state can be defined for the system during every step
of the process, then Eq. 1.10 may be written as:

dU = 8Qrey — W

where the two differentials on the right-hand side indicate that they are path dependent
differentials, and the integral form of this equation gives the change of the internal
energy such as:
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2 2
Uy = U = [6Qye, - [6W (1.11)
i 1

For compressible PV work on the system, then Eq. 1.11 may be written as:

where V is the volume of the system and PV path, as well as, 3Q term must be known
to determine U, — U;. All substances have heat capacities, however, because of their
innate compressibility, gases have heat capacities that are path dependent.

Two heat capacities are usually defined for a gas. These are the heat capacity when
heat is added at constant pressure, Cp = (3H/8T)p, or at constant volume, Cy = (SU/8T)y,
when heat is added at constant volume. Since the internal energy for an ideal gas is not
a function of volume, then the specific heat at constant volume may be written as:

C,=dU/MdT or dU=C,dT (1.13)

At constant pressure a portion of the heat energy added to a gas is used to perform
work on the surroundings, as the gas increases its volume against the constant counter-
pressure, therefore the enthalpy is defined as:

H=U+PV=U+RT (1.14)
By differentiating Eq. 1.14 and substituting Eq. 1.12, dH is obtained as:
dH = 8Q,. (for constant P) (1.15)

Since the enthalpy of an ideal gas is a function of the temperature only, and is
independent of pressure, the specific heat at constant pressure is:

C,=(dH/dT), or dH=C,dT (1.16)

Thus, enthalpy is the natural variable to use when describing a constant pressure
process or when defining C,. From Eqs. 1.13, 1.14 and 1.16, we can obtain the
following relation for an ideal gas:

dH=dU +RdT and C,dT=CdT+RdT or C,-C,=R (.17

The unique feature of Eq. 1.17 is that, whereas C, and C, are functions of
temperature, C, — C, is a constant. For an ideal gas it is convenient to define a hear
capacity ratio k(T) = C,/C,, which is a function of temperature only. The specific heat
at constant pressure, C,, for different ideal gases is collected from different sources [12-
21] and for essentially all purposes in combustion modeling, however, a relation
between C, and temperature for each chemical species is obtained by first order
polynomial fits over 300 °K temperature ranges and this will be presented in section
1.4.2. (Eq. 1.39).
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Entropy and the second law of thermodynamics are concepts related to reversibility.
The entropy change for a system undergoing a reversible process is defined as:

2
8
S, -8, = j% (1.18)
I

Furthermore, it can be shown that for an isolated system S; —S; = 0 for a reversible
process, while a positive value of S, —S, represents a spontaneous process which is not
reversible, and a negative value represents an unobservable process.

If the differential definition of entropy is substituted into the first law (Eq. 1.12),
then the following expression is obtained:

dU = TdS — PdV (1.19)
or
24U ipdv
S, -8 = [—+ [— 1.20
1= I (1.20)

or in terms of enthalpy, dH = TdS +VdP, or

_Sl

j—— YQ (1.21)

For constam G and ideal gas (PV=RT), Eq. 1.21 may be written in the form:
S, —Sl = Cpln (Tz/T;) —RIn (Pz/Pl) (1.22)

Equations 1.20 and 1.21 allow the calculation of the entropy change of any system
once an equation of state is known for any ideal gas.

The last two of the eight thermodynamic variables are defined for operational
convenience when dealing with questions of thermodynamic equilibrium. Thus the
entropy argument, even though useful, may not be conveniently applied in a direct
manner. This was first pointed out by Massieu in 1869 approximately forty years after
the concept of entropy was first introduced by Clausius [22]. Massieu defined two new
functions for discussing equilibrium in constant (P,T) and (V,T) systems. However it
was Gibbs who first demonstrated the utility of the newly defined functions and
extensively discussed their possible applications [9]. The Helmholtz free energy is
useful for discussing equilibrium in a system held at constant volume and temperature
and it may be written as:

dWy=dU - TdS — SdT
=5Q — PdV — TdS — ST (1.23)

For a process occurring at constant volume and temperature, this equation reduces to:
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dW =8Q - TdS (1.24)

However, since dS = 8Q,,/T and dS > 8Q,./T, this leads to dWr = 0 for a reversible
process and that Wi decreases for a spontaneous process occurring at constant volume
and temperature.

Similarly, and at constant pressure and temperature;

dGy =dH - TdS - SdT
= §Q -TdS (1.25)

This leads to dGg =0 for a reversible process and that G¢ decreases for a spontaneous
process at constant pressure and temperature. Thus, the state of minimum W (for V, T
held constant) or minimum Gg (for P, T held constant) will be the thermodynamic
equilibrium state of that system within the imposed constraints [9].

1.4 Combustion Stoichiometry and
Thermochemical Calculations

1.4.1 Combustion Stoichiometry

The word stoichiometry is derived from the Greek “stoicheion”, meaning element.
Most practical combustion processes occur when a fossil fuel or fossil-derived fuel
burns with the oxidizer, air. The majority of these fuels contains only the elements
carbon, hydrogen, oxygen, nitrogen, and sulfur. The aim of stoichiometry is to
determine exactly how much air must be used to completely oxidize the fuel to the
products carbon dioxide, water vapor, nitrogen, and sulfur dioxide. This does not imply
that combustion is necessarily complete in any specific practical device. Nevertheless, a
stoichiometrically correct mixture of fuel with air is defined as one that would yield
exactly the products listed above and has no excess oxygen if combustion was
complete. Figure 1.7 represents a combustion system with a complete combustion of
methane with air (oxygen + nitrogen, as reactants), to form carbon dioxide, nitrogen and
water (as products).

Reactants Products
= Combustion chamber —_—
CH,, air (O, + N,) CO,, H,0, N,
1 2

Fig. 1.7: Complete combustion for CH, and air.

Thus, a balanced stoichiometric relationship between methane (as fuel) and air (as
oxidizer) with the assumption of complete combustion may be expressed by the
equation:

CH4 +2(0, + %?Nz)—»coz +2H,0+2x3.76N, (1.26)
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This equation describes the breakdown of the bonds between the atoms (or
elements) forming the molecules of methane and oxygen, and their re-arrangements to
construct molecules of carbon dioxide and water. The chemistry would be unchanged
by the inert diluent nitrogen. The coefficients in Eq. 1.26 are determined from
considerations of atom conservation. The coefficients in Eq. 1.26 are for the chemically
correct, or stoichiometric, proportions of reactants — with no excess fuel or oxidant. The
coefficients in a chemical equation are more usually regarded as the number of kmoles
of substance taking part in the reaction. Where all the substances taking part in a
chemical reaction may be treated as ideal gases, the coefficients in the chemical
equation may be alternatively considered as the volumetric proportions, since at a fixed
temperature and pressure a kmole of any ideal gas will occupy the same volume.

Chemical equations may also be written in terms of masses taking part in the
reaction, since a kmole of any substance contains a mass numerically equal its relative
molecular mass, therefore Eq. 1.26 might be written as:

16kg CH, + 64kg O, + 210.6kg N, - 44kg CO, + 36kg H,0 +210.6kg N,

(1.27)
The stoichiometric air-methane ratio, AFR,, by volume (Eq. 1.26) is:
AFR, = 29*13_-76) =9.52

while the stoichiometric air-methane ratio, AFR,,, by mass (Eq. 1.27) is:

_2(32+105.3)
m 1x16

Non-stoichiometric mixtures. Having considered above, the complete combustion
of stoichiometric mixtures, it is necessary now to describe the lean and rich mixtures.
The terms lean (or weak) and rich are used where, respectively, oxidant and fuel are
available in excess of their stoichiometric proportions. It is possible to have complete
combustion to CO, and H,O with a lean mixture, and the excess oxygen appearing on
the product side of the chemical equation. It is however, impossible to have complete
combustion of a rich mixture, and the product composition is then indeterminate
without further information — this will be considered later. A departure from
stoichiometric proportions may be described by a number of terms:

i) Equivalence ratio ¢ and mixture strength, MS. The equivalence ratio, ¢, is
defined as the ratio of fuel/air available to that required for the stoichiometric quantity
of oxidant, i.e.:

AFR =17.16

_ (Fuel/Air)aclual or (FAR)aclual

b= .
(Fuel/Alr)smich (FAR)SIOiCh

(1.28)

With this definition, mixtures with ¢ < 1 are called fuel-lean, while mixtures in which
¢ > 1 are called fuel-rich. Moreover, the mixture strength, MS, is in fact the equivalence
ratio expressed as a percentage and is often used in reciprocating combustion engines
work.
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ii) Relative air-fuel ratio and percent theoretical air. The relative air-fuel ratio is
often called the oxidizer equivalence ratio, and is defined as the actual AFR)ycpa
divided by the stoichiometric AFR)g0ich, i.€. 1 / ¢ . Also, the percent theoretical air is
defined as:

Percent theoretical air =100/ ¢ (1.29)

iii) Percentage excess air EA. This term most usually employed to describe lean or
weak mixtures in engine and boiler technology and is defined as:

AFRactuﬂl - AFRsloich
AF Rsloich

x100% (1.30)

_100% (100-MS),,

MS

EA —100%=%x100%

Excess air is sometimes employed to ensure complete combustion or to reduce the
product temperature. Furthermore, Eqgs. 1.29 and 1.30 are commonly used to specify the
composition of a combustible mixture relative to the stoichiometric composition.

iv) Limits of flammability. Flammability limits bracket the rich-to-lean fuel-air
mixture range beyond which fuel-air can not burn after an ignition source is removed,
even if the mixture is at its ignition temperature. Some values of lean (¢),. and rich (¢)g
flammability limits for some fuels are given in Table B4 (b) (Appendix B). These
values are shown as equivalence ratio, ¢ ((fuel/air), g/(fuel/air),), where (fuel/air)  y is
the lean or rich limit of fuel to air ratio, and (fuel/air), is the stoichiometric ratio.

1.4.2 Thermochemical Calculations

Section 1.4.1 presents the most important fundamental changes that must be
followed during a combustion process, which is the change in the thermodynamic state
of the system. This section discusses further information on the thermochemical
properties of combustion gases including:

(i) The chemical internal energy, enthalpy, and entropy change for a specific
reaction occurring at constant temperature.

(ii) The physical (sensible) internal energy, enthalpy, and entropy change when the
temperature of some reactant or product mixtures is changed without the
occurrence of chemical reaction.

Enthalpy and Enthalpy of Formation

Normally in classical thermodynamics, the internal energy and enthalpy of a pure
substance (of invariable chemical composition) are defined with respect to some
relatively arbitrary datum. Where combustion occurs, it is necessary to define the datum
more closely.

Consider for example the situation where carbon and oxygen, supplied at 25 °C and
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1 bar, Fig. 1.8, are burned at constant pressure to form carbon dioxide, and assume that
the energy liberated is transferred to the surroundings such that the burned gas is also at
25°C. The First Law of Thermodynamics, in the form of steady flow energy equation
(in the absence of work, kinetic, and potential energy terms) may be applied to the
burner in order to determine the magnitude of the heat transfer:

Q=XnH,-XnH, (1.31)

where n is the number of kmoles of substance, H is the enthalpy per kmole of substance,
suffices r and p refer to reactants and products respectively.

lkmole C at | bar

d25°C Combusti 1 kmole CQO, at

i e e
amber o

lkmole O, at] bar 1 bar and 25 °C

and 25°C

Fig. 1.8: Energy of formation.

Now if the usual temperature datum for gaseous enthalpies are to be adopted (i.e.
H = 0 at 25°C), then the enthalpies of both reactants and the products would be zero.
Eq. 1.31 would then suggest a zero heat transfer. This is clearly not so, experiment
shows that for every kmole of carbon consumed there would be a heat transfer of
—393,522 kJ. The negative sign results from the adoption of the usual heat transfer sign
convention, with the heat transfer in fact occurring from the system for this particular
exothermic reaction. A positive sign would have indicated an endothermic reaction;
one which absorbs energy.

However, the heat transfer Q gives a measure of the enthalpy of the compound
product molecule (CO,) relative to that of the elements from which it is formed (C, O,),
at a pressure of 1 bar and a temperature of 25°C. Thus if a datum of 1 bar and 25°C is
adopted for all elements, the magnitude of the heat transfer per kmole of the compound
product molecule may be defined as the enthalpy of formation H;" of that molecule
from its elements at the standard state conditions, i.e. for CO,, HY = - 393,522
kJ/kmole. The enthalpies of formation of a number of substances are given in Table 1.3.

Hence, in general, the enthalpy of any chemical substance at pressure P and
temperature T becomes:

Hp1 = H’%+ H'1n0s (1.32)

where H 1204 is the more familiar enthalpy of the substance measured from the datum
of 25°C and 1 bar. Hereafter, for convenience, the pressure suffices will be omitted as
the enthalpies are essentially independent of pressure for normal combustion conditions,
and the T suffix will be omitted from the Hp 1 term. The values of H°r/03 may be found
in tables of fluid properties or may be calculated using appropriate specific heat data. In
combustion work the JANAF compilations [13], are often used.
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Table 1.3: Enthalpy of formation, H% , Gibbs of formation, G°%, and absolute Entropy, S°at
298 K and | bar (N.B.S=0at 0K, R =8.3143 kj kmol" K'').

Ho{ Gof SO

ubstance M kJ kmol! kJ kmol™* kJ kmol' K"
C (graphite) 12.011 0, by definition 0, by definition 5.795
0, 31.999 205.142
H, 2.016 130.684
N; 28.013 191.611
CO 28.011 -110,529 -137,150 197.653
CO, 44.011 -393,522 -394,374 213.795
H,0 (vap.) 18.015 -241,827 -228,583 188.833
H,0 (lig.) 18.015 -285,838 237,178 70.049
OH 17.007 39,463 34,755 183.703
0 16.000 249,195 231,756 161.060
H 1.008 217,986 203,264 114.718
NO 30.006 90,592 86,899 210.761
NO, 46.005 33,723 51,909 239.953
N 14,007 472,646 455,503 153.302

These data, derived for a pressure of 1 bar, use the notation (H° - H%yg; ) in place of.
H°11208. The superscript® indicates that data are for the standard pressure of 1 bar.

For inter-conversion between enthalpy and temperature, it is necessary in most of
the combustion modeling to provide the program with polynomial coefficients which
allow molar enthalpies, Hp 1; of the pure components, i, to be expressed as functions of
temperature (see chapter 2). However, in the one-dimensional kinetic model developed
by Dixon-Lewis, Bradley, Habik, and EI-Sherif [15-21], the molar enthalpy of
component i is expressed as:

Hpr =ajo+a T +a, T kj/kmole (1.33)

where, a;9, a;; and a;, are constants and given in Appendix C, Table C1. The values of
Hp; for different species, i, and at different temperatures (300 — 3000K) were taken
from Refs. 12 and 13 and were fitted by Dixon-Lewis et al [15-21] using second order
polynomial equation (Eq. 1.33) over 300 K temperature ranges. In terms of the
temperature and unit mass, the specific enthalpy of the mixture can be expressed as:

N
hp1 = 2.0i(a;0 +a;T+a;,T?)  kike (1.33Y)
i=1

In an N-component system,o; = w; / M;, where w; and M; are the mass fraction and
molecular weight of species i, respectively. If Eq. 1.33 is of order greater than three
(such as 7-term NASA polynomial [12]), then solving this equation for the temperature
has to be done numerically. As an alternative, Eq. 1.33 which is equivalent to the
equations given in Ref. 12, can be replaced by a quadratic form valid for a small range
of T near that estimated for the grid point as described in chapter 2. In general the
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7-term NASA polynomial which represents thermodynamic data [12] has widespread
use, for example, STANJAN and Sandia software packages [23].

As an illustration of the use of Fig. 1.9, consider the adiabatic constant pressure
complete combustion of hydrogen and oxygen (at an initial temperature of 400 K and 1
bar) to form steam. Since there is no heat loss from the system, the energy released in
the chemical reaction is absorbed by the product molecules; heating them until they
attain the adiabatic flame temperature, T,;, where the enthalpy of the product just
balances the enthalpy of the reactants plus the enthalpy of formation of the product.

TkmoleH, at400 K Pl Constant Pressure
——plkmoleH,;0at T,q
1/2kmoleO, at400 K——p|  Combustor
Fig. 1.9: Adiabatic flame temperature.
For such a system, enthalpy in = enthalpy out
ie. Hr=Hp (1.34a)

1
I(HY + Hioo,208)m, + E(H? +Hi0/208)0, = I(HY + HT /20810

(1.34b)
or using the data of Table C1 (Appendix C):
a b c
A
- ) /__A_\ (_A_\
1(0 + 2940) Hy T ¥4 (0 + 3039) 0,= 1(-242838 + H°mgg)H20 (1.35)

hence (H’7/298) H,0 = 248817 kJ/kmol, and thus by interpolation in (higher temperature

range) Table C1 and using of Eq. 1.33, then T,y = 5005 K. (In practice at such a
temperature a certain amount of dissociation of the product would occur, and this matter
will be considered later). The solution is shown graphically in Fig 1.10.

Note that the H-T curve for H,O is that for an ideal gas. The constant pressure
specific heat at any temperature is of course given by the gradient of the curve at that
temperature, since C, = (dH/dT),. If the gas had been a perfect one, the curve would
have been a straight line (constant specific heat), and similarly the curve for the
reactants is that for a non-reacting mixture. The step change in enthalpy between the
two curves at the standard state temperature represents the enthalpy of formation of H,0O
from O, and H, at 25 oC. The energy of the reactants, together with that released in the
chemical reaction, are used to heat up the product molecules until they reach a

temperature T, where |[a] + |b| = |¢| ( see Fig. 1.10 ). Note that the diagram seems

to be in contradiction with Eq. 1.34, where a = b + c. The apparent anomaly is
a function of the sign convention since the enthalpy of formation (b) is negative for this
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Reactant mixture Product (H;O) at

H:+0.50)at constant pressure
constant pressure

Enthalpy, H

298 400 Tu Temperature, T

Fig. 1.10: Calculation of adiabatic flame temperature.

(exothermic) reaction. In calculations it is always safest to obey the sign convention and
to allow the directions to take care of themselves. When looking at H-T diagrams,

in order to appreciate better what is happening in a process, consider magnitudes, e.g.,
|a] etc.

Internal Energy

Just as the enthalpy of a chemical substance is given by Eq. 1.32, so too the internal
energy may be written as:

Upr=Hp1— PV =(H%+ Hpres ) - PV (1.36)
, and for an ideal gas PV = RT, hence:
Up;r = H% + Hpres —RT (1.37)

Therefore, the internal energy values can be calculated from Eq. 1.37 with the same
procedure described above to calculate the enthalpy.

Entropy

In combustion work, one may usually assume ideal gas behavior; for such a gas the
entropy of Eq. 1.22 may be written as:

T
S-8° = [(Cp/T)dT - RIn(P/P,) (1.38a)
T

o

Thus, unlike enthalpy, entropy is both temperature and pressure dependent. Since the
temperature in Eq. 1.38 (a) is the absolute temperature it is useful to adopt a zero Kelvin
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datum for entropy rather than the 298 K datum used for enthalpy. The datum pressure is
usually the same standard state pressure as used for enthalpy, i.e. P, = 1 bar. Entropy
values at the standard state pressure (signified by S°) are readily available in Table C2
(Appendix C) for common gases. Note that the entropy S at any other pressure P is
related to the tabulated standard state entropy S° (at the same temperature) by:

S=S° -R In (P/P,) (1.38b)

As it was shown before, in section 1.3.2, the values of Cp for different gases is fitted
by first order polynomial fits over 300 K temperature range as:

Co(T)=ajp+a; T (1.39)
C, in J/kmole °K, a;¢ and a;, are constants and tabulated in Table C3 (Appendix C).

1.5 Chemical Kinetics and Equilibrium

The dynamic study of molecular chemistry, or chemical kinetics, includes kinetic
theory of gases, quantum chemistry, and elementary reactions and reaction rate theory.

1.5.1 Kinetic Theory of Gases

A simple model for the microscopic matter in the gas phase developed by using
kinetic theory assumes that [6]:
e  Matter exists as discrete particles or molecules.
Molecules can be treated ideally as small spheres of diameter Si.
Mean distance between molecules >> Si.
Molecules are in continuos three-dimensional motion.
Each molecule moves in a random direction through space at a
different speed.
e No appreciable inter-atomic forces exist between gas molecules except
when they collide.
e Speed and directional characteristics for any molecule will remain

constant until it interacts with another particle or a solid boundary.

Kinetic theory of gases provides both scientists and engineers with useful molecular
descriptions of important ideal-gas mixture properties, including density, pressure,
temperature, and internal energy. Density, or mass per unit volume, is simply the total
molecular mass associated with molecules contained within a given space divided by
that same volume.

Since the direction and speed of any particular molecule will be changing with time,
all molecules do not move at the same velocity U. It is more appropriate then to
describe molecular motion in terms of a statistical speed distribution function ‘¥,
developed by Maxwell in 1860 and given as [6]:

3

= 2

m 2..2 -mU
U>=4 U” ex (1.40
vt n[zma‘} p{ ZKT} )




28 Combustion Fundamentals

where
m = molecular mass = M/N,, g mole/molecule.
M = molecular weight.
U = molecular speed, cms™,
N, = Avogadro’s constant = 6.023 x 10% molecules/mole
K = Boltzmann’s constant = 1.3804 x 10""° g cm’s2K™".
(i.e. Universal gas constant per molecule).
R =KN,, where R is the molar universal gas constant for all substances.

The most probable speed, the velocity magnitude associated with the maximum of
the Maxwell distribution function, is found to be equaled to:

Upp =v2kT/m cms’ (1.41)

;while mean speed for all molecules is:

J 8T 1, 8RT cms’ (1.42)

For a single A molecule moving through the differential volume at a mean speed
Uy, the volume swept out per unit time by this molecule would be equaled to:

l

28i2U,, = 7Si [SKT] cm’ s (1.43)
m

The ideal number of molecular collisions of an A molecule per unit time with all
other A molecules in this swept volume is (No. A collisions):

l:sch:| [A] collisions s™' (1.44a)
m

where, [A] is the molar concentration of A (i.e. number of molecules per unit volume).
Also the number of molecular collisions per unit area may be calculated by [6, 9]:

Z, =:l‘-Um[A] (1.44b)

Thereafter, the total frequency of collisions, Z,, between all molecules of A is given
by:
I

Zap = [A][A]Siz[ggl]i (1.45)

The average transit distance between collisions is called the mean free path. Since a
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molecule moving at a velocity Uy, suffers nSi*U,[A] (collisions s'l), then the mean free
path is:

U, 1
BL=—% = o2
nSi“U,[A] nSi“[A]

If one assumes hard spheres with a Maxwell distribution, this equation becomes:

1

B =——— [.46
L 2rsiZ[A] (1.49)

Values of Si for different chemical species are given in section 1.6.

1.5.2 Chemical Kinetics

Chemical kinetics is the study of the rate and mechanism by which one chemical
species is converted to another. In order to provide the basic background needed to
appreciate the valuable presentation of chapter 2, it is necessary to introduce some
languages of chemical kinetics. First, some basic terms: a chemical reaction is the
conversion of one kind of matter into another chemically different form; a combustion
reaction is a chemical reaction in which a fuel combines with an oxidizer (usually
oxygen from air) to form combustion products. Combustion reactions are described by
writing chemical symbols for the starting materials, the reactants, and the final
products connected by an arrow that means, "react with one another to form". Thus, for
the combustion of methane in air, the combustion reaction is:

CH4 + 202 > C02 + 2H20 (1 -47)

where, the stoichiometric coefficients 2, 1, and 2 denote the number of moles of
oxygen, carbon dioxide, and water, respectively, that participates in the combustion of
one mole of methane.

At the molecular level, a similar form of expression is used to describe molecular
events that are responsible for the observed changes. For an example, the attack of
hydrogen atoms on oxygen molecules to form hydroxyl radicals and oxygen atoms is:

H+0,>» OH+O (1.48)

Chemical transformations that are also real molecular events are called elementary
reactions or elementary steps.

Combustion reactions occur because large numbers of different elementary reactions
combine to produce the transformation of fuel and oxidizer to combustion products as
described in the chemical equation.

The whole set of elementary reactions is called the reaction mechanism. In
summary, combustion reactions can be described at the molecular level by giving the
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elementary reactions that comprise the combustion mechanism of the fuel of interest.
Determining the mechanism of a reaction is a very difficult task, and may require the
work of many investigators over a period of many years. In chapter 2, there are some
selections of elementary reactions that one can assemble into a mechanism for the
combustion of hydrogen, carbon-monoxide, methane, natural gas, methanol-air
mixtures and different practical high hydrocarbon fuels. The overall reaction proceeds
via the highly reactive intermediates, the radicals O, OH and H reactants in which one
radical creates two or more further radicals (e.g. H + O; >OH + O) are termed chain
branching. These reactions which result in the net disappearance of radicals (e.g. H +
OH + M - H,0 + M) are termed chain termination. Intermediate in character are
chain propagation reactions (e.g. OH + H - H,O + H). The termination reactions are
all termolecular in that a third body, M, is required to remove the energy released in
combination.

1.5.3 Reaction Kinetics

It involves knowing how fast each elementary reaction proceeds. In chemical
kinetics one defines the rafe as the mass in moles, of a product produced or reactant
consumed, per unit time; thus for the elementary reaction H + O, - OH + O the
increases in the concentrations of OH and O per unit time due to this reaction would be
a measure of its reaction rate. Since the concentrations of H and O, are decreased as a
result of this reaction, their concentration changes attributable to this reaction would be
multiplied by (-1) to get the rate.

Elementary reactions may proceed in either direction; thus an encounter between
OH and O may lead to the formation of H and O, in what is called a reverse reaction.
The net rate, R, of an elementary reaction is taken as the difference between the
forward and reverse rate:

R, = forward rate - reverse rate (1.49)

At any time, the net rate must be either positive or negative. As termination
reactions are less frequent than bimolecular ones, but are important in chain termination
and energy releases, the composition of a reacting system changes in time, and it is
possible that the direction of net reaction changes. For purposes of modeling
combustion reactions, as will be described in chapter 2, the two opposing directions are
considered separately.

The higher the concentrations of the reacting molecules, the faster the reaction will
proceed. Since the rate in either direction is proportional to the concentration of each of
the reactant molecules, @ mass action rate law connects the rate of reaction to the
reactant concentrations. Thus for the H+ O, » OH + O elementary reaction, the
forward and reverse rates may be written as:

forward rate = k¢[H] [O,]
reverse rate = k, [OH] [O]

R, = k¢[H] [O2] - k:[OH] [O]
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or  d[OH]/dt = d[H][O,] /dt - d[OH][O] / dt (1.50)

where, the proportionality constants k; and k, are called the rate coefficients, rate
parameters or rate constants in the forward and reverse directions, and the brackets
are used to denote concentrations. This rate is expressed as a function of temperature in
the form of the Arrhenuis expression:

k = A exp( ~E/RT) (1.51)

where, A is constant and E is the activation energy (see also chapter 2). More details
about derivation of k will be given below.

The molecularity of a reaction is defined as the number of atoms or molecules
taking part in each act leading to the chemical reaction. Elementary reactions like the
one above in which there are two reactant molecules (where atoms and radicals also
count as molecules) are called bimolecular elementary reaction. In combustion
reactions, there are also unlmolecular elementary reactions such as:

C;Ha e d CH3 + C2H5 (l .523)
for which the forward rate is given by:
forward rate =k [C3H;g] (1.52b)

and fermolecular elementary reaction such as:

H+CO+ H2O — HCO + Hzo (1.53a)
for which the forward rate is given by:

forward rate = k¢[H] [CO] [H,0] (1.53b)

It is often convenient to classify reactions by their order rather than molecularity.
The order of a reaction is the number of atoms or molecules whose concentrations
determine the rate of the reaction. Rate coefficient of k; and k, for different elementary
reactions involved in the combustion of different fuels are given in chapter 2.

The relation of Eq. 1.51 can be derived on the basis of collision theory described
above in section 1.5.1, where E may be regarded as a necessary minimum energy at
collision for the reaction to occur, Figs 1.11 (a) & (b).

The pre-exponential factor A in the Eq. 1.51 is termed the Arrhenuis constant or
frequency factor. Both E and A are constant for any given reaction. Thus it can be seen
from Fig. 1.11(c) that as T tends to zero, so also does k. Then as T increases there is a
sharp rate of increase of k, which rate then begins to decrease until as T tends to infinity
so k approaches A. The values of A and E may be found by measuring k at a number of
temperatures and plotting them as shown in Fig.1.11 (c). For a simple reaction a straight
line should result, the gradient of that gives the value of E/R with the intercept giving
the value of In(A).

Several theoretical models have been proposed to predict the observed behavior of
an elemental rate constant k (in Eq. 1.51), including collision theory, statistical
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thermodynamics, and quantum mechanics. Recall from section 1.5.1 that the frequency
of collisions between two species A and B equals:

Zyg= Sii_B{&mNoT[m:\}z [A](B] (1.54)
mymg

where Sia g is the average collision diameter (Si, + Sig)/2, and Z,.5 may be written as
follows:

Za-g =Zy_glA][B] (1.55)
Thus the Arrhenius form for the rate is:
R, =27, _g[A}l[Blexp(-E/RT) (1.56)

When compared to the reaction rate written from the law of mass action, the result is
found as [24]:

k= Z'y_p exp(-E/RT) = Z",_g T**exp(-E/RT) (1.57)

Thus, the important conclusion is that the specific reaction rate constant is
dependent on the temperature alone. Actually, when complex molecules are reacting,
not every collision has the proper steric orientation for the specified reaction to take
place. Thus k can be written as:

k= Z",_g T"’exp(-E/RT)f (1.57")
where, f is an experimentally determined steric factor, which can be a very small

number. Most generally the Arrhenius form of the reaction rate is written as in Eq. 1.51,
where the constant A takes into account the collision terms, the mild temperature
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dependence, and the steric factor. This form of expression (Eq. 1.51) holds well for
most reactions, shows an increase of k with T, and permits convenient straight line
correlation of data on a In k versus (1/T) as shown in Fig. 1.11 (c).

An alternate derivation for k is based on the concept of an intermediate state, often
called a fransition or activated state, which is a postulate of the transition-state theory.
In this theory reaction is still presumed to occur as a result of collisions between
reacting molecules, but what happens after collision is examined in more detail. This
examination is based on the concept that molecules possess vibrational and rotational,
,as well as, translational, energy levels.

The essential postulate is that an activated complex (or transition state) is formed
from the reactants, and that this subsequently decomposes to the products, The activated
complex is assumed to be in thermodynamic equilibrium with the reactants. Then, the
rate-controlling step is the decomposition of the activated complex. The concept of an
equilibrium activation step followed by slow decomposition is equivalent to assuming a
time lag between activation and decomposition into the reaction products. It is the
answer proposed by the theory to the question of why all collisions are not effective in
producing a reaction [25]. Suppose that the product C of the reaction,

A+B-oC (1.58)

is formed by decomposition of an activated form of reactants A and B, which will be
designated (AB)*. Then the reaction occurs by two elementary steps,

I. A+Béo (AB)* (1.59)

2. (AB)*—>C (1.60)

If the first step is comparatively rapid in both forward and reverse directions, (AB)* will
be in equilibrium with A and B so that its concentration is given by:

CAB*=K* CA CB (16])

where K* is the equilibrium constant for the formation of (AB)*. The rate of reaction
(rate of formation of C) is then given by the rate of the first-order decomposition step.
With Eq. 1.61, this may be expressed as:

Rc=k* Cap» =k*K*Cp Cp (1.62)

For an elementary reaction whose rates are rapid enough to achieve a dynamic
equilibrium the van’t Hoff equation sates that:

d In K/dT = AHO/RT? (1.63)

If we integrate the van’t Hoff equation, (Eq. 1.63), replacing K with K* and AH® with
AH*, the result is:

K* =1 exp™" /RD (1.64)
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where, | is the constant of integration. Combining Eqs. 1.62 and 1.64 gives:
Re=k*1e™RTC, Cq (1.65)
Comparison with Eq. 1.51 shows that:

k=A etH"RT (1.66)

where, A = k*1. Equation 1.66 is also of the form of the Arrhenius equation.

Since AH* is the energy required to form the activated state (AB)* from A and B,
e ®W*RT is the Boltzmann expression for the fraction of molecules having an energy AH*
in excess of the average energy. This gives some meaning to the activation energy E in
the Arrhenius equation, and this value is the energy barrier that must be overcome to
form (AB)*, and ultimately, product C.

Comprehensive reviews of data of those rate constants which are important in
combustion have been prepared by several investigators [26 — 30].

1.5.4 Chemical Equilibrium

A system is said to be in equilibrium when there is no tendency for spontaneous
change in its state with respect to time. In the post flame zone, many of the combustion
products are in chemical equilibrium or possibly shifting equilibrium. The following
will discuss the basic equations of chemical equilibrium as well as the equilibrium
program to calculate the adiabatic temperature and compositions.

Basic Equations

It has been noted that chemical reactions such as that given by:

aA+bBo yY+2zZ (1.67)

proceed in the forward and reverse directions concurrently. When the forward and
reverse rates are in balance, i.e. the concentrations of the constituents are constant with
zero net rates of species formation or destruction, the reaction is said to be in a state of
chemical equilibrium.

o Re=[LAY] g, -[LaA] o

or ke[ARR[B]Y =k [YI[Z]; (1.69)

where, the suffix e denotes the equilibrium concentration. Thus, at equilibrium:

[YRIZE _ [k_f ] _K, (1.70)

[AR[B] |k

r
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where, K,, the equilibrium constant, varies with temperature as do the rate constants.
Note that since (a+b) is not necessarily equal to (y+z) in Eq. 1.70, the equilibrium
constant is not necessarily dimensionless, thus the suffix n is employed to indicate its
definition in terms of molar densities.

The concept of an equilibrium constant may alternatively be derived from the
Second Law of Thermodynamics as described in section 1.3.2. For constant temperature
and total pressure of the mixture a consequence of the Second Law of Thermodynamics
is that equilibrium will pertain where the value of Gibbs Function (Gy) for the mixture
is a minimum [31], however, Gr may be written in the form of Gibbs Molar Function G;
and number of moles n; for species i.

GF=ZniGi=Zni(Hi—TSi) (171)

Consider for example the mixture of the substances A, B, Z and Y may react
according to the chemical Eq. 1.67.
Therefore at equilibrium, Gr is:

yGy +2zGz—aGA —bGp =0 (1.72)
where, at a temperature T:
Gi = Hi - TS. (1.73)

For an ideal gas at a constant temperature, the entropy (S;) at a pressure (P)) is

related to the absolute entropy (S? ) at the standard state pressure (P) by Eq. 1.38 (b),
and by combining Eqs. 1.38b and 1.73:

G,=H;~T S? +RT In (P/P,)

= G? +RT In (P/P,) (1.74)

where, G?is the value of the Gibbs molar free energy at the standard state pressure

(P,) at the temperature concerned. The value of S? may be found from a relation
similar to that for enthalpy, Eq. 1.32, viz.:

G} = Gf +G7 /208 (1.75)

where G{ is the Gibbs free energy of formation of a compound from its constituent
elements at the standard pressure and temperature ( the value of G¢ for an element
being zero by definition), and G794 is the difference in Gibbs free energy between

its values at the temperature T and 298 K, at the standard pressure.
Combining Eqs. 1.72 and 1.74 gives:
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yGY +2G% —aGS -bGp =

—RT]yIn(Py /P. ) + zIn(P; /P.) - aIn(P, /P.) - bin(Pg /P. )]
or

2 (y+z—-a-b) 0
(Py)' ()" | 1 —exp =28 | _ g (1.76)
(PA)*(Pg)° | P RT

where, AGpy is the change in Gibbs function for the reaction given by Eq. 1.67

proceeding completely from left to right, with the reactants are initially separated and
each is at a temperature T at the standard state pressure and the products are similarly
being finally separated and each is at a temperature T at the standard pressure (note also

that AGR = AH} — TAS® ). AGyy is written as a molar quantity, since (for example)
its value for CO + %2 O, —» CO, would differ from that for 2CO + O, - 2CO,, thus

values of AGpy and K should always be considered in conjunction with their particular

chemical equation. K is an equilibrium constant analogous to that given by Eq. 1.70. In
Eq. 1.76 the relative proportions are expressed in terms of partial pressures instead of
molar concentrations. Since the value of K is dependent on the standard state pressure,
the P, term in Eq. 1.76 is often incorporated into the R.H.S:

(Py)”(P7)*

=P,z K =K (1.77)
b o P :
(Pa)"(Pp)
where, K has dimensions of (pressure)?*=*®, Thus when using tabulated values of Kp»
care should be taken that the units used for partial pressure in Eq. 1.77 should be the
same as those assumed in compiling the values of K,

Note that where the products may all be considered to be ideal gases, one may write
(see section 1.3.1):

oY |

T= X, (1.78)

>n
where, P, is the total system pressure, 2n; is the total number of kmols of product and

X; is the mole fraction of species i. The equilibrium condition may then be expressed as:

y 2 (y+z-a-b)
(Xy) (X7) [P_e ] _x 79

(Xa)' (Xp)"| P

(ny) (n )z p I (y+z—a-b)
Y z P _
or(nA)’(nB)b I:[Po]z:n:l K (1.80)
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Comparing Eqs. 1.70, 1.77 and 1.80, then:

1 (y+z-a-b) P (y+z~-a-b)
K, =K |= =K| =
RT RT

Fortunately in many important reactions, (y+z) = (a+b) and then K,=K;=K.
In combustion modeling, it is necessary to calculate the equilibrium constant, K,
from a polynomial equation. Therefore, the equilibrium constant values were taken from

JANAF Tables [13] and fitted by Agrawal and Gupta [32] with the following general
form:

For the temperature range, 1600-4000 K:

log10K=A+Ay(T-1600)10"+A(T-1600)T-2000)10 +
A(T-1600)(T-2000)(T-2400)10° +
As(T-1600)(T-2000)(T-2400)(T-2800)10"'%+
A(T-1600)(T-2000)(T-2400)(T-2800)(T-3200)10 "+
A(T-1600)(T-2000)(T-2400)(T-2800)(T-3200)(T-3600)10"'

For the temperature range 4000-6000 K:

log10K=Ag+Ao(T-4000)10>+A o(T-4000)(T-4500)107 +
A 1(T-4000)(T-4500)(T-5000)10" +
A,5(T-4000)(T-4500)(T-5000)(T-5500)10"" (1.81)

The values of the coefficients A; — A,, are given in the Table C4 (Appendix C) for
different reactions. These equations are used in the calculation of the equilibrium
adiabatic flame temperature and composition, as will be described in the next section.

Equilibrium Modeling

The equilibrium constant, K (described above), together with elementary atom
balance considerations can be used to determine the equilibrium composition for a
simple chemical reaction at known temperature and pressure. In section 1.4.2 it was
shown that the adiabatic flame temperature could be calculated for a completed simple
chemical reaction, on the basis of the First Law of Thermodynamics. In much the same
way, the corresponding chemical equilibrium adiabatic flame temperature for a more
complex mixture can be calculated by using the First Law in conjunction with the
solution of the equilibrium composition equations.

However, the problem in determining the adiabatic flame temperature, T,q, for
known reactants (Eq. 1.67), is that the product composition is itself a function of T,
This necessitates an iterative solution whereby one uses an initial temperature
“guestimate” (T) to determine the equilibrium composition as described in section 1.4.2.
Using this composition, a check can be made for the equivalence of H, and H; (see Eq.
1.34a), leading to successively refined estimates of T, Therefore, for complex
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hydrocarbon reactions it is sensible to computerize the solution procedure. For such
programs the specific heat, enthalpy, and equilibrium constant data are readily available
in the form of polynomials in temperature such as in Eqgs. 1.33, 1.39 and 1.81. There are
some available computer programs to calculate the equilibrium adiabatic temperature
and composition [33 — 36]. NASA-Lewis CEC code [33] was the first program of this
type to be published in its entirety, and this is followed by a less general program
published by Olikara and Borman [34], and the maximum temperature from their
program was 4000 K with twelve product species.

Harker and Allen [35] have also presented computer programs for constant pressure
combustion calculations in C-H-O-N and C-H-O systems, assuming the equilibrium
products to be consisting of ten species in the former system, and eight species in the
latter. These programs can be used for final temperatures in the range 1500-4000 K.
Moreover, Miller and McConnel [36] have published a computer flow chart for constant
pressure combustion calculations in C-H-O-N systems assuming the products to be
consisting of the same ten species as assumed by Harker [37]. For constant volume
combustion calculations in C-H-O-N systems, Agrawal et al [38] have presented a
computer program assuming twelve product species; their program is applicable for
temperatures up to 3400 K. Also, Agrawal and Gupta [39] have presented a computer
program to calculate the equilibrium composition and final temperature with eighteen
product species. Sheppard [40] has presented a computer program for constant pressure
and volume combustion in hydrocarbon-air and oxygen systems with eleven product
species. The program is applicable for temperatures up to 3500 K and is limited to
certain ranges of hydrocarbon fuels. Dixon-Lewis and Greenberg [41] also presented a
computer program for the calculation of high temperature equilibrium, partial
equilibrium, and quasi-steady state properties in C-H-O-N systems. Furthermore, a new
simple formula for calculating the adiabatic flame temperature of fuel-air mixture has
been developed by Rhee and Chang {42]. The formula is functionally expressed in
terms of the fuel-air ratio, the reaction pressure, the initial temperature, and the number
of carbon atoms in the individual fuel.

The STANJAN program [23] uses the element potential approach to solve chemical
equilibrium problems. In this program the user selects the species to be included in each
phase of the system, sets the atomic populations and two thermodynamic state
parameters, and then executes the program.

Equilibrium Composition and Temperature

This section presents briefly two computer programs, one was developed by Habik
[43] and another was developed by Reynolds [23].

The computer program that was developed by Habik [43] could be used to calculate
the equilibrium composition and final state of the products after either constant pressure
or constant volume combustion in a mixture of four fuels, C,H,,, with any proportion of
O, and N, systems; whereas n and m may have any value 2 0 [44,45], and one mole of
fuel(s) was assumed. Eighteen product species (CO,, CO, O,, H,0, H;, OH, H, O, N,,
NO, NO,, O3, HNO;, HCN, CH,, C, NH; and N) have been considered. These species
are similar to those in Ref. 39. The program computes the gas constant of the mixture
and the product, as well as, total moles of product, and it is valid for a final temperature
of up to 6000 K. The following presents the main equations and solution methods used
in the above described program.
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Conservation, Energy and Equilibrium Equations

For combustion calculations, if it is assumed that the product consists of eighteen
chemical species, then the reaction equation for four hydrocarbon mixture fuels with air
may be written as:

2,CqHmi + 3:C2Hmy + @3C3Hms + 84CpaHmg + 6O, + cN; = N [A(H,) +
B(H,0) + C(CO,) + Di(N2) + E(O) + F(O,) + G(Os) + H(H) + P(OH) +
Q(CO) + R(C) + S(CH,) + U(NO) + V(NO,) + W(NH;) + X(HNO;) +
Y(HCN) + Z(N)] (1.82)

where, A, B, C, D, E...etc. are the mole fractions of products, N, is the total number of
moles of product, and a, b, ¢, n, m can take any value.

From the balance of atoms on both sides in Eq. 1.82, the following equations can be
obtained:

ATOMC/Np = C+Q+R+S+Y (1.83)
ATOMH/Np = 2A+2B+H+P+4S+3W+X+Y (1.84)
ATOMO/Np = 2C+Q+B+3X+3G+2F+E+P+2V+U (1.85)
ATOMN/Np = 2D +U+V+W+X+Y+Z (1.86)

The system of equations is as follows:

i) Mass conservation equations. From Eqs. 1.82 to 1.86, the followings are
obtained:

RCO(2C+Q+B+3X+3G+2F+E+P+2V+U) = C+Q+R+S+Y (1.87)

RHO(2C+Q+B+3X+3G+2F+E+P+2V+U) =

2A+2B+H+P+4S+3W+X+Y (1.88)

RNO(2C+Q+B+3X+3G+2F+E+P+2V+W) = 2D1+U+V+ WY +X+Y+Z
(1.89)

ATOMC+ATOMH+ATOMO AT(;MN = Np[(E+H+R+Z)+

2(A+D +F+P+Q+UYH3(B+CHGHV+Y) +HAW+5(S+X)] (1.90)

Equation 1.90 represents the conservation of the total number of atoms from
reactants to products.

ii) Concentration conditions. Let the summation of mole fractions at equilibrium
equals unity, then:

A+B+C+D+E+F+G+H+P+Q+R+S+U+V+W+X+Y+Z2=1 (1.91)
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iii) Chemical equilibrium equations. The following equations are considered.
Fourteen chemical equilibrium equations were used in the above-described program,
and the values of equilibrium constants (K, to K;4) for these equations were calculated
from Eq.1.81.The values of A, to A, for Eq.1.81 are given in Table C4 (Appendix C).
iv) Adiabatic energy conservation for constant pressure P. From the above
discussion in section 1.4.2, it is shown that for an adiabatic process at constant pressure:
H, =H, (Eq. 1.34a)
where,

H; = a;(Hg,208x + AH1208) + a2(Hg 208k +AH1/208) + a3(Hg 208k +AHt1208) +

a4(Hg98x+AH1/298) + b(He298k+AH7/208) + ¢(Hg 208k +AHrt/298) (1.92)

Hp = Np[A(Hga + AH7298) + B(Hg,p + AHry298) + C(Hpic + AHrp08) +

D1 (Hgp) + AHqpes) + E(Hge+ AH1i0s) + F(Hgr +AH1208) + G(Hg +
AHrps) + H(Hgu + AHrg8) + P(Hpp + AHrg) + Q(Hgq + AHr9s) +
R(Hgr + AHrps) + S(Hps + AHrpe8) + U(Hgu + AHrpgs) + V(Hpy +
AHrpes) + W(Hgw + AHrpss) + X(Hex + AHryes) + Y(Hpy + AHry0s)

+ Z(Hg,z + AHrps)] (1.93)

The above equations are solved simultaneously to determine the equilibrium
temperature and composition of products.

v) Constant volume calculations. For constant volume combustion calculations it
is more convenient to express the various equations in terms of moles rather than mole
fractions. In Eqs. 1.87 to 1.89 this is easily done by replacing A, B, C...etc. by A x N,
B x Ny, C x N, ,...etc. Therefore, the equilibrium constant for chemical equation
CO, & CO + 0.5 O, (see Table C4, Appendix C) will be:

05
_fcolo, (P_e)O.S

K, = (1.94)
nCOz Np
where’ _I:_)e__ = Iai.ﬂ._
Np Tl NR

Equations in Table C4 (Appendix C) are also transformed in the same manner.
The energy conservation equation is:

where,
E; - a;(Hg208x + AH7s208) + a3(Hga9sx+AHr198) + a3(Hg 208k +AH1/208) +

as(He20sx+AH11208) + b(He208x+AH11208) + ¢(He208x+AH7/208) - RTiNg
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and, Ep = HP—NP x RT

The above equations are solved in a similar way to that given by Kopa et al [46] and
Agrawal and Gupta [39], and the method of solving Egs. 1.34 (a) and 1.82 to 1.95,
together with the data given in Table C4 (Appendix C) is given in Appendix D. Some
output results from this model are compared with those in Refs. 39, 47 and 48, and the
results from this equilibrium program are given in Tables D1 to D4 (Appendix D).

An alternative program of determining equilibria is that developed by Reynolds [23]
and is based on minimization of free energy. In this program, species can be added or
removed at will, according to the problem under investigation. This program is used by
STANJAN and is included in the widely used CHEMKIN software, and it is freely
available on the Internet [23].

For a mixture containing J atom types and | species, it can be shown [23] that
minimizing G using J Lagrange multipliers, A; (which in this context are called element

potential) results in the following equations that must be satisfied:

G0
cxXp —E]—_“FZ}\.jnji

i

p/p, (1.96)
1
and Y X; =1
i
where X ; is the mole fraction of species i (i=1 ....., I), j = atom type, nji is the number

of j atoms in species i, and the constraints of Eq. 1.38 (b) must be hold. The STANJAN
program [23] uses this element potential approach to solve chemical equilibrium
problems.

When solving for equilibrium products using Eq. 1.76, the reactions to be
considered are identified, and the equilibrium constants are evaluated at the specified
temperature. Then, the atom balance constraints are specified for the system and an
equilibrium equation is written for each of the specified reactions using the form of
Eq. 1.77. This set of equations is solved simultaneously to obtain the species mole
fractions and other thermodynamic properties of the system.

1.6 Transport Phenomena, and Modeling
1.6.1 Real Gases

The ideal gas equations described before in section 1.3.1 are only valid for gases at
low density and where the mean free path is very much larger than the diameter of a
molecule. At higher densities and low temperatures, behavior of the gases may deviate
substantially from the ideal gas equation of state, and in fact all real gases (or non-ideal
gases) are observed to condense to the liquid state. For each gas there is a critical
temperature T, above which condensation does not occur. On the critical isotherm (T =
T,), one observes an inflection point at which (8P/dV)r = 0 and (8*P/6V?)r = 0.This
inflection point is called the critical point for the substance ( see Fig.1.12). The volume
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Fig. 1.12: Compressibility of nitrogen [49]. Reproduced by permission of John Wiley and
Sons Inc.

and pressure at this point may be measured and are unique constants for each pure
substance. At temperatures below the critical temperature, the gas is observed to
condense when the pressure reaches its vapor pressure, and to continue to condense at
this pressure as the volume is decreased until only the pure liquid phase is present. The
principle of corresponding states has led to the development of graphical methods of
determining the properties of non-ideal or real gases, and it introduces the concept of
the compressibility factor, Z, which is defined as:

Z, = (1.97)

iz

For an ideal gas, Z, = 1, and the deviation of Z. from unity is a measure of the
deviation of the actual relation from the ideal gas equation of state. Figure 1.12 shows a
compressibility chart for nitrogen, and it is clear from the figure that, at all
temperatures, Z.—>»1 as P—0, this behavior closely approaches that predicted by the
ideal gas equation of state. For a constant pressure of 4 MPa, and as we reduce the
temperature below 300 K, the value of Z; becomes less than unity and the actual density
is greater than that would be predicted by the ideal gas behavior.

At this condition, the molecules are brought closer together and the attractive force
between the molecules increases leading to an increase in the density. Figure 1.12
indicates that, at very low pressures, ideal gas behavior can be assumed with good
accuracy [49], regardless of the temperature, while at temperatures that are double the
critical temperature or above (the critical temperature of nitrogen is 126K) ideal gas
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behavior can be assumed with good accuracy up to pressures of around 10 MPa., When
the temperature is less than twice the critical temperature, and the pressure is above the
ambient pressure, the deviation from ideal gas behavior may be considerable. In this
region it is preferable to use the tables of thermodynamic properties or charts for a
particular substance. The critical temperature, pressure and density for some gases are
given in Table B1 (Appendix B).

In order to have an equation of state that accurately represents the P-v-T behavior
for a particular gas over the entire superheated vapor range, more complicated equations
of state have been developed for real gases. Some are empirical; others are deduced
from the assumptions regarding molecular properties. Clausius first proposed that the
volume term in an equation of state should be the net volume available to the molecules
and, therefore, modified the ideal gas law to be:

P(v-b)=RT (1.98)

where b is an effective volume of one gram-mole of molecules. In 1873, van der Waals
included a second correction term to account for intermolecular forces, based on the fact
that molecules do not actually have to touch to exert forces on one another, and the van
der Waals equation is written as:

(P+-2)(v-b)=RT (1.99)
v

where P is the externally measured pressure, a is the intermolecular force-of-attraction
term, and b is the volume of the molecule. The constant values of a and b are evaluated
from experimental data and are listed in Table 1.4, for van der Waals constants [50].

Many other forms of equations of state have been proposed and are given in details
with non-ideal gas behavior in Refs. 47, 49 and 50.

Table 1.4: Constants a and b for Eq. (1.99) [49]. Reproduced by permission of John Wiley and
Sons Inc.

Gas A b
N m* (kg mole)™? m’ (kg mole)”!

Air 137,052 0.0366
Ammonia 426,295 0.0373
Carbon dioxide 368,127 0.0428
Carbon monoxide 152,191 0.0400
Freon-12 1,082,470 0.0998
Helium 3,440 0.0232
Hydrogen 24,800 0.0266
Nitrogen 137,450 0.0387
Oxygen 139,044 0.0317

Water vapor 561,753 0.0317
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1.6.2 Transport Phenomena of
Gases at Low Density

There are three fundamental transport properties, one for each of the properties
conserved in the three conservation equations of fluid dynamics. In fact, transport
phenomena are only important when the solution to the conservation equations predicts
that the fluid must support a large gradient in either concentration, velocity, or
temperature. Under these conditions, mass transport, momentum transport, or energy
transport will occur and the proportionality constants which relate the quantity
transported to the gradient are called the diffusion coefficient, the viscosity coefficient,
and the coefficlent of thermal conductivity. These properties at low density are
presented as follows.

Theory of Viscosity

The viscosity of gases at low density has been extensively studied, both
experimentally and theoretically. To simplify the derivation of the viscosity from a
molecular point of view, we consider a pure gas composed of rigid, non-attracting
spherical molecules of diameter Si and mass m, and present in a concentration of [A)
molecules per unit volume (see Egs. 1.44 a and b).

Following the results of kinetic theory (section 1.5.1) for a rigid sphere dilute gas in
which the temperature, pressure, and velocity gradients are small, Eqgs. 1.42, 1.44(b) and
1.46 are used here in the derivation of the viscosity. To determine the viscosity of such
a gas in terms of the molecular properties, we consider an imaginary plane in a gas at
position y, normal to a velocity gradient (Fig. 1.13). Molecules are continually crossing
this plane from above and below. The molecules reaching a plane have, on the average,
had their last collision at a distance, a, from the plane where:

a=(2/3)B, (1.100)
¢ : velocity for
viscosity
Constant gradient of T : temperature for thermal
conductivity
X,: mole fraction
(077522 ) J S NI . for diffusion
8 U U O._. Tygi(fal molecule
arriving from plane
at (yo-a
(yO )l e e (yo )
o}

TorXorc —»

Fig. 1.13: Constant gradient assumed in the kinetic theory derivation of the transport properties,
viscosity, thermal conductivity and ordinary diffusion [52]. Reproduced by permission of John
Wiley and Sons Inc.
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It is assumed that each molecule is carrying an x-momentum characteristic of the
x-momentum in the plane of its last collision. The momentum flux across the
plane [51] is:

Ty =Zyme|,_, —Z,mc|y,, (1.101)

Equation 1.101 is based on the assumption that all molecules have velocities
representatives of the region of their last collision and that the velocity profile c(y) is
essentially linear for a distance of several mean free paths (B,) as shown in Fig.1.13.
Thus,

2 dc

eha=clh -Bg (1.102)
2. de
c|y+a=c|y +§BLE

By combining Eqs. 1.44 (b), 1.101 and 1.102, then:

dc

1
Ty =-3[Al m UyB, ™ (1.103)

Equation 1.103 is corresponding to Newton’s law of viscosity, therefore the
viscosity 1 is given by:

1 1
ﬂ=§[A] myUy,By, =§'pUmBL (1.104)

This equation was obtained by Maxwell in 1860. By combining Egs. 1.42, 1.46 and
1.104, then 1y is:

2 ¥mxT

=3n3/2 2 (1.105)

n

where K is the Boltzmann constant.

The prediction of Eq. 1.105 that 1 is independent of pressure agrees well with the
experimental data up to about 10 atm. [52], while the predicted temperature dependence
is less satisfactory. To predict the temperature dependence of n accurately, one has to
replace the rigid-sphere model by a more realistic molecular force field as will be
discussed in the section 1.6.3.
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Theory of Thermal Conductivity

The thermal conductivity of dilute mono-atomic gases is well understood and can be
accurately predicted by kinetic theory. The assumptions and equations of kinetic theory
described in section 1.5.1 are used here in the calculation of the thermal conductivity, A.

To determine the thermal conductivity, we consider the behavior of the gas under a
temperature gradient dT/dy (see Fig 1.13). The heat flux q, across any plane of constant
y is found by summing the kinetic energies of the molecules that cross the plane per unit
time in the positive y-direction and subtracting the kinetic energies of the equal number
that cross in the negative y-direction [52]:

1 1,
qy = Z, Emurzn |y—a -Z, EmUm |y+a (1.106)

The only form of energy that can be exchanged in collision by smooth rigid-sphere
is transitional energy; the mean transitional energy per molecule under equilibrium
conditions is:

mUZ ==KT (1.107)
By combining Eqs. 1.106 and 1.107, then

3
qy =EKZa(T|y—a —le+a) (1.108)

Equations 1.106 and 1.108 are based on the assumption that all molecules have
velocities representatives of the region of their last collision, and that the temperature
profile T(y) is essentially linear for a distance of several mean free paths. Thus;

2_dT
le—a=T|y _EBL E
2 _dT
le+a=T|y +'§BLE; (1.109)

By combining Eqs. 1.44 (b), 1.108 and 1.109, we obtain:

1 dT
=-—[AJKU_B; — 1.110
qy 2[ ] m*~L dy ( )

This corresponds to Fourier’s law of heat conduction, with the thermal conductivity
given by:

1 1
}"=E[A]KUmBL =§pCvaBL (1.111)
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in which p = [A] m is the mass density of the gas.
Evaluation of Uy and By, from Eqs. 1.42 and 1.46 and using Eq. 1.111 gives the
thermal conductivity of a mono-atomic gas as:

-

3
L (1.112)

M = si? { »?

3

This equation predicts that A is independent of pressure and the predicted temperature
dependence is too weak, just as it was for viscosity, but it is qualitatively correct.

Theory of Ordinary Diffusion

Diffusion of, A species in a binary system of A and B species occurs because of a
concentration gradient of A. This phenomena is called ordinary diffusion to distinguish
it from pressured diffusion (motion of A resulting from a pressure gradient), thermal
diffusion (motion of A resulting from a thermal gradient), and forced diffusion (motion
forces on A and B).

In this section, the mass diffusivity Dap, for binary mixtures, and non-polar gases is
predictable within about 5 percent error by kinetic theory. Here we begin with a
simplified derivation to illustrate the mechanisms involved, and then in section 1.6.3,
we will present the more accurate results of the Chapman-Enskog theory.

Consider a large body of gas containing two molecular species A and B, both
species having the same mass m, and the same size and shape. To determine the mass
diffusivity D,g in terms of the molecular properties, it is assumed that the molecules are
rigid spheres of diameter Si,. The equations of kinetic theory described in the above
sections are used here in the calculation of the ordinary diffusion. To determine the
diffusivity Dag, we consider the motion of species A in the y-direction under a
concentration gradient dX,/dy (see Fig. 1.13), when the mixture moves at a finite
velocity ¢, throughout. The temperature T and total molar concentration p, are assumed
constant. The molar flux, Na,, of species A across any plane of constant y is found by
counting the molecules of A that cross unit area of the plane in the positive y-direction
and subtracting the number that crosses in the negative y-direction [52].

Thus,

1 1 1
Ny =ﬁo{[A]XAcy ly +3[AXAUn |y = TATXAUp, |y+a} (1.113)

With the assumption that the concentration profile X,(y) is linear (see Fig.1.13) we may
write:

2 dX

Xply-a=Xaly _EBL'ay_A (1.114)
2 dX

Xalysa=Xaly +‘3'BL —dyA (1.115)
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By combining Eqs. 1.113 to 1.115 and noting that cp,, = N, + Np, we obtain:

dX,

Nay =XA(Nay +Npy)—— PmU By, —= d

(1.116)

where, c is molar average velocity.
This equation corresponds to the y-component of Fick’s law with the following
approximate value of Dp:

Evaluation of U, and B, from Eqs. 1.42 and 1.46 and the use of the ideal-gas law
P=pRT =[A]K T, then Eq. 1.117 gives:

3
;3
2 kP 5 T2
D,,. ==( 2 (1.118)
A3 m,” PSIA

This equation represents the mass diffusivity of a mixture of two species of rigid
spheres of identical mass and diameter. However, for rigid spheres of unequal mass and
diameter, the calculated Dy is [52]:

3
31 ! 2
K | T?
=—(—)2( b
2m, 2mp p(_’_Aii)Z
2

Equations 1.118 and 1.119 predict that the mass diffusivity varies inversely with
pressure; this prediction agrees well with the experimental data up to about 10 atm for
many gas mixtures, but the predicted temperature dependence is too weak.

The dimensional similarity of the above three transport properties suggests that their
ratios may be used to define a set of convenient dimensionless parameters for discussing
the properties of gases. These ratios are:

1) Prandtl number, Pr, defined as the ratio of the kinematic

viscosity, v, and the thermal diffusivity, o

(1.119)

pr=2 _—_(ﬂ)(&) _nCp

1.120
x ( )
2) Schmidt number, Sc, defined as the ratio of kinematic viscosity
and the self-diffusion coefficient:
Sc=_1 (1.121)
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3) Lewis number, Le, defined as the thermal diffusivity and the self-diffusion

coefficient:
A
Le= 1.122
Ceb (1.122)

Selected values of these ratios are given in Table B3 for different gases.

1.6.3 Transport Properties of
Multi-Component Mixtures

The above described elementary treatment of transport adequately explains the gross
behavior of the transport coefficients of dilute gases, but the results are not useful for
estimating the transport coefficient of real gases with reasonable accuracy [22]. The
more rigorous Chapman-Enskog theory of transport, however, yields reasonable
accurate transport coefficients. It is based on the same hypothesis as the elementary
theory, but it includes the effect of an assumed interaction potential during the
molecular collision process. Thus, the more rigorous Kinetic theory requires that an
interaction potential be specified for each molecular encountered. A rigorous kinetic
theory of mono-atomic gases at low density was developed before World War I by
Chapman in England and independently by Enskog in Sweden [53]. The Chapman-
Enskog theory gives expressions for the transport coefficients in terms of the potential
energy of interaction between a pair of molecules in the gas. This potential energy @ is

related to the force of the interaction F¢ by the relation Fy = —d@/dr, in which r is the

distance between the molecules. Now, if one know exactly how the forces between
molecules vary as a function of the distance between them, then one could substitute
this information into the Chapman-Enskog formulas and calculate the transport
coefficients.

The exact functional form of ((r) is not known; fortunately, however, a considerable
amount of research has shown that a fairly good empirical potential energy function is
the Lennard-Jones (6-12) potential:

A2 \6
o(r)=4e (&j —(—S—') (1.123)
r

r

in which Si is a characteristic diameter of the molecule (the “collision diameter’) and €
is a characteristic energy of interaction between the molecules (the maximum energy of
attraction between a pair of molecules). This function is shown in Fig.1.14, note that it
displays the characteristic features of molecular interactions: weak attraction at large
separations (very nearly proportional to r) and strong repulsion at small separations
(roughly proportional to r''?). Equation 1.123 has been shown to be quite useful for
many non-polar molecules. Values of Si and € are known for many substances; a partial
list is given in Table E1, and another list is available in chapter 2. When values of Si
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and € are not known, they may be estimated from the properties of the gas at the critical
point (c), liquid at the normal boiling point (b), or the solid at the melting point (m), by
means of the following empirical relations.

1 1

= 3
Si=0.841V7 or 2.44(%) (1.124)

C

e/K=0.777T,

c ?

1
e/K=115T, , Si=1.166 Vg, (1.125)

L

e/K=192T, , Si=1.222V3 (1.126)

,s0l,
in which €/K and T are in K, Si is in Angstrdm units, V is in cm® g mole™!, and P is in

atmospheres. Between different molecules, the effective values for bimolecular
collisions can be calculated by:

8]2 = \’8|82 Sil,Z =0.5(Si| + Siz), (1.]27)

Molecules repel one

o(r) ‘r Zanother at separations r < rp
>

Molecules attract one
another at separations r > rp,

When r =3 Si,|¢| has

'm dropped to l?s than 0.01¢

Fig. 1.14: Potential energy function describing the interaction of two spherical non-polar
molecules. Equation 1.123 is one of the many empirical equations proposed for fitting this curve
[52]. Reproduced by permission of John Wiley and Sons Inc.
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To relate this to transport coefficients, it requires both the parameters and the
collision integral Q, which is a function of the temperature and €/K parameter through a
dimensionless function called “reduced temperature”, T*, which is defined as:

T
T* = 1.128
e/K ( )

where T is the temperature, K, €/K is the Lennard-Jones, LJ, well depth parameters
which are determined by Ref. 54 and tabulated in Table El. The values of Q for
viscosity are calculated by Ref. 55 from Chapmann-Enskog theory, and tabulated in
Table E2. Values of Q, is equal to those of Q, for thermal conductivity, while Qp
values are obtained by a slightly different averaging process and are tabulated in
Table E2.

The “collision integrals” for the LJ potential can be approximated by the Nuffield-
Jansen equation [56] to about | %.

A C E G
o= g+ + +
T* exp(DT*) exp(FT*) exp(HT*)

(1.129)

where, T* is KT/g, A=1.06036, B=0.15610, C=0.19300, D=0.47635, E=1.03587,
F=1.52996, G=1.76474 and H=3.89411.

For the high-temperature regime of interest in flames, one can often use an
approximation due to Westenberg (Eqs. 1.130 and 1.131) good to about 2% providing
that T* exceeds 3. This is usually the case in flames:

ol =112/ (1.130)

Q¥ =1.23/T*"" (1.131)

where Q'" applies to diffusion and Q7 applies to viscosity and thermal conduction. The
coefficient of viscosity at absolute temperature T of a pure monatomic gas of molecular

weight M may be written in terms of the parameters Si and Q, as:

JMT

=2.6693x107
" SitQ

(1.132)
n

where 1 is in g cm™ sec”’, T in 9K, Si in A, and Q, is given in Table E2. Although this
formula was derived for monatomic gases, it has been found to be remarkably good for
polyatomic gases as well. If the gases were made up of rigid spheres of diameter Si
(instead of real molecules with attractive and repulsive forces), then Q, would be unity.
Hence, the function €, may be interpreted as giving the deviation from rigid sphere
behavior. The Chapmann-Enskog theory has been extended to include multi-component
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gas mixtures at low density by Curtiss and Hirschfelder [57]. For most purposes, the
semi-empirical formula of Wilke [58] is quite adequate:

n X1
M mix =Z——:,n'—— (1.133)

=X+ Y X by
j=1

B | -

1 2
M

- - 1
1 , ; 2 MJ 4
here, ¢;; = —=| 1+ —L- 1+ =} | — (1.134)
where ¢|_| \/g{ Mj} [nj} [Mi

Here n is the number of chemical species in the mixture; X; and X; are the mole
fractions of species i and j; n; m; are the viscosities of species i and j at the system

temperature and pressure; and M; and M; are the corresponding molecular weights. Note
that ¢ij is dimensionless and, ¢ij =1 when i=j. Equation 1.133 has been shown to

reproduce measured values of 1, within an average deviation of about 2 percent. For

a more accurate treatment of the monatomic gas and using the rigorous Chapmann-
Enskog theory, the thermal conductivity equation for monatomic gas will be:

vTI/M
2

Si*Q,

A=8322x10"*

(1.135)

where A=W cem'K™!, Q, and Siare given in Tables E1 and E2 (Appendix E).

The thermal conductivity of a mixture may be determined using an equation given
by Mason and Saxena [59].

n XA
Amix = 2. = (1.136)

=X +1.065) X b
)

i1

Thermal diffusion is not normally considered in approximate treatments of reactive
flows unless there are very large differences between the molecular weights of the
participating species. However, thermal diffusion of hydrogen atoms can be very
important in flames [15].

For accurate results of ordinary diffusion in gases and by using Chapman-Enskog
Collision Integral Qp,  then:

2.2646x107 T(ﬁl— + Mi)
Dap = 5 A B (1.137)
PSiapQlp,,
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p
For ideal gas law, p = RT’ then Eq. 1.137 becomes [52]:

s
D 5 =0.0018583 A8

. (1.138)
PSiZpQp

o
where, D,g = cmzs", p=g-mole cm'3, T=K,P=1atm,Si,g =A units, and
QDAB is given in Table E2. For rigid sphere, QDAB would be unity at ail temperatures

and a result analogous to Eq. 1.119 would be obtained. More details about the
modification of the Chapmann-Enskog procedure and the subsequent development are
given by Dixon-Lewis [15].

1.6.4 Transport Modeling

It is clear from the above discussion that the Chapman-Enskog theory does not yield
a simple analytic expression for the transport coefficients. For modeling purposes, it

may be convenient to use the approximations: < T,A« Tand D« P'T?, and with

this approximation, the quantities Ap and npare simple constants in a constant

pressure system [14].

In many combustion processes, it is possible to avoid use of the cumbersome multi-
component diffusion coefficients in the analysis of flame data by using the Stephen-
Maxwell relation. This is the inverse of the generalized Fick equation for diffusion. This
formulation is used in Dixon-Lewis’s flame theory program [60]. In this method, the
concentration gradient is expressed in terms of the ratios of fluxes to concentration and
a group of matrices that are related to and as complex as the multi-component diffusion
formulation. However, in kinetic flame model, Dixon-Lewis [61] had used rigorous
transport formulation including thermal diffusion and more details are given by Dixon-
Lewis [15]. Also, for extensive calculations there are a NASA program [62] and the
CHEMKIN related program [63]. They can be used in computation on any mixture of
species available in the JANAF species list [64].

1.7 Modeling in Combustion Chemistry

Chemistry is the most challenging aspects of calculations of reactive flows, laminar
or turbulent. Chemistry is essential in calculating reaction flows, and at the same time it
is the hardest part because usually chemistry introduces a large number of non-linear
differential equations. With existing computational techniques and computer power, a
balance has to be made between including detailed chemistry and complex flow
patterns. One can either employ detailed chemistry in very simple flows,
like calculations of one-dimensional laminar flames as described in details in chapter 2,
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or include complex flows with very simple chemistry as described in chapter 5.

Because kinetic modeling has become an important tool for interpreting and
understanding observed combustion phenomena; therefore, a large amount of effort has
been done to the development of kinetic mechanisms for fuel combustion. Simplified
descriptions of the chemistry, deduced from detailed mechanisms, are called reduced
chemical-kinetic mechanisms.

In recent years, there are several review papers and articles for asymptotic analysis
and modeling in combustion chemistry such as Dixon-Lewis [15, 65], Gardiner [12],
Kee et al [66], Peters and Rogg {67], Seshardri [68], Miller {69], Patnaik et al [70],
Fristrom [71], Leung and Lindstedt [72], Zuo and Bulck [73], Yang and Pope [74],
Bozzelli and Dean [75], Dupont and Williams [76], Ref. [77], Westbrook and Dryer
[78], Oran and Boris [79], and Warnatz [80].

The first quantitative treatments of flames that comprised the nineteenth century
thermal theories were developed independently by Mallard and Le Chatelier in France,
Haber in Germany, and Mikel’son in Russia (Evans [81]). The period that followed was
dominated by a debate between those who believed that combustion was controlled by
thermal conduction and those who believed that it was controlled by diffusion. The
Russian school of Frank-Kamenetzki [82], Semenov [83], and Zeldovich [84] pointed
out that for species of equal molecular weight and diameter the transport contributions
were equal and opposite, and could be cancelled.

This is followed by a multi-component kinetic theory developed by Hirschfelder et
al [85]. Furthermore, Spalding [86] developed a non stationary technique called the
marching method, which was well adapted to computer simulation. Spalding and
Stephenson [87] applied it to the hydrogen bromine flame. This was followed by a full
synthetic model of the methane flame by Smoot et al [88].

In the late 1960’s, Dixon-Lewis began his seminal studies of the hydrogen system,
and extended it to carbon monoxide and methane flames. These studies (Dixon-Lewis
[89 - 100]) laid the chemical kinetics group-work for the understanding of the general
CH,0 flame system and oxygen. More details about kinetic modeling and extending the
research in this field are given in chapter 2.

1.8 Combustion Generated Air Pollution

1.8.1 Background

The combustion of hydrocarbon fuel removes O, from the atmosphere and releases
equivalent amount of H,O and CO, always with trace amounts of numerous other
compounds including hydrocarbons (CH,, C;H,, C;Hg, C,Hg, C¢He, CHz, CHO, ...etc.),
carbon monoxide (CO), nitrogen oxides (NO, N,O) and reduced nitrogen (NH; and
HCN), sulfur gases (SO,, OCS, CS;), halo-carbons (CHCI and CH;Br), and particles. A
review of the atmospheric budgets of these gases shows that burning of fossil fuels and
recent biomass has led to global alternations in the composition of our atmosphere
(Prather and Logan [101]).

Combustion is clearly responsible for most of the enhanced greenhouse forcing to
date (through CO,, stratospheric O, soot), and also some counteracting effects (through
SO,) and this is presented briefly in the following sections. It has had minimal impact
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on stratospheric O; (through CH,Cl, CH;Br, CHy;), but has likely changed the
stratospheric oxidant levels (through CO, NOx, NMHC), at least over the Northern
Hemisphere [101]

The definition of pellution is “the introduction by man into the environment of
substances or energy liable to cause hazards to human health, harm to living resources
and ecological system, damage to structures or amenity, or interference with legitimate
uses of the environment” [102]. All pollution events have certain characteristics in
common, and all involve (i) the pollutant, (ii) the source of the pollutant (such as
combustion which is one of the subjects of this book), (iii) the transport medium (air,
water or soil), and (iv) the target (the organisms), ecosystems or items of property
affected by the pollutant. Holdgate [102] has divided the pollutants into two types:
effect generating properties such as toxicity in living organisms or corrosion of metals,
and pathway determining properties which determines the distance and the rate of
dispersion of the pollutant in the environment. The air quality and air pollution are
presented briefly in section 1.8.2. However, it is increasingly surprising just how
resilient global environmental systems are to many of the pollutant burdens imposed
upon them. Nevertheless, the instances where ‘chemical time bombs’ have had dramatic
ecological effects, such as in the forests of Central Europe where many years of inputs
of SO, and other atmospheric pollutants eventually led to a widespread die-back in
conifers [103] should remind us that we cannot be complacent about environmental
pollution. It is therefore, very important for as many people as possible to appreciate the
extent of pollution, its causes, the substances involved, their biological and
environmental effects, and methods of controlling and rectifying pollution. Legislation
of air pollution is presented in sections 1.8.3.

1.8.2 Air Quality and Air Pollution

Air quality is affected by those things that are visible to the eye or under a
microscope (dust, pollen, etc.) and those substances that are not (sulfur dioxide, ozone,
etc.). Air pollutants in the atmosphere cause concern primarily because of their potential
adverse effects on human health.

Air pollutants are either gaseous or particulate in form. Common gaseous pollutants
are carbon monoxide, sulfur dioxide, nitrogen oxides, and ozone. Particulate matter can
be made up of many different compounds including mineral, metallic, and organic
compounds, and can be further differentiated by size (particles, aerosols, and fine
particles). Table 1.5 lists the primary industrial air pollutants, with their principal
sources. Figures 1.15 and 1.16 show the classification of air pollutants and their effects
on human and environment. Another important distinction is the difference between
primary and secondary air pollutants (see Fig. 1.15).

Primary pollutants are those that are directly emitted to the atmosphere. Common
examples are carbon monoxide emitted from trucks and automobiles, and sulfur dioxide
and nitrogen oxides emitted from factory and power plant smoke-stacks. Secondary
pollutants, on the other hand, are formed as the result of chemical reactions with other
constituents in the atmosphere. For example, one of the pollutants of most concern in
urban areas is ozone. Ozone is a secondary pollutant formed from the photochemical
reaction of volatile organic compounds and nitrogen oxides.
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Table 1.5: Primary industrial air pollutants.

Air pollutant

Main characteristic

Principal sources

Principal health
effects

Carbon
monoxide (CO)

Hydrocarbons
(HC)

Lead (Pb)

Nitrogen oxides
(NOJ

Particulate
matter

Sulfur  dioxide
(802)

Colorless, odorless gas
with strong affinity to
hemoglobin in blood

Organic compounds in
gaseous or particulate
form (such as methane,
ethylene, acetylene);
component in forming
photochemical smog

Heavy, soft, malleable,
gray metallic chemical
element; often occurs as
lead oxide aerosol or
dust

Mixture of gases
ranging from colorless
to reddish brown

Any solid or liquid
particles dispersed in
the atmosphere, such as
dust, ash, soot, metals,
and various chemicals;
often classified by
diameter size-particles
in microns, (>50 pm),
aerosols <50 um,
particulate,<3 pm

Colorless gas with
pungent odor; oxidizes
to form sulfur trioxide
(S03) and sulfuric acid
with water

Incomplete combustion of
fuels and other
carbonaceous materials

Incomplete combustion of
fuels and other carbon
containing substances

Occupational exposure
in nonferrous metal
smelting, metal
fabrication, battery
making and from
automobiles.

Stationary combustion
(power plants), mobile
sources and atmospheric
reactions

Stationary combustion
of solid fuels; industrial
process such as cement
and steel manufacturing

Combustion of sulfur
containing fossil fuels,
smelting of sulfur-
hearing metal ores,
certain industrial
processes

Absorbed by lungs;
impairs physical and
mental capacities;
affects fetal
development

Acute exposure causes
eye, nose, and throat
irritation; chronic
exposure suspected to
cause cancer

Enters primarily
through respiratory tract
and wall of digestive
system; accumulates in
body organs causing
serious physical and
mental impairment

Major role as
component in creating
photochemical smog;
evidence linking
respiratory problems
and cardiovascular
illnesses

Toxic effects or
aggravation of the effects
of gaseous pollutants;
aggravation of respiratory
or cardio-
respiratory symptoms

Classes as mild
respiratory irritant;
major cause of acid rain

Adapted from Baumol, W.J. and W.E. Oates. Economics, Environmental Policy, and the Quality of
Life. Englewood Cliffs, N.J.: Prentice Hall, Inc., 1979
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Air
Pollutants
I |
Extremely dangerous gasous Highly dangerous gasous Moderately harmful gaseous
Carbon monoxide Nitrogen dloxide Nitric oxide
Unburned hydrocarbon Sulfur trioxide Sulfur dioxide

Fig. 1.15: Classification of air pollutants.
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Fig. 1.16: Effect of emissions from combustion equipment on human and environment.

Industrial facilities are referred to as stationary sources of air pollution. Stationary
sources can be further classified as either point sources or fugitive sources. Point
sources are those that emit air pollutants through a confined vent or stack. The stack of a
fossil fuel-fired boiler is a common example. Fugitive emissions, on the other hand, are
those emissions that enter the atmosphere from an unconfined area such as leaking
pipes, valves, and storage piles.

Stationary source emissions at industrial facilities can result from fuel combustion
and various process operations, which is our concern in this book. Common industrial
pollutants, depending on their concentrations, can have serious effects on human health
and environmental quality. Lead emissions, for example, are linked to mental and
physical impairments in children and adults. The impacts of industrial air pollutants are
compounded by mobile-source emissions (automobile and truck exhaust). Modern
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industrial facilities with significant emissions utilize control devices such as
electrostatic precipitators, bag filters, and combustion control systems.

Table 1.6 represents the emissions estimated for the major man-made pollutants for
the USA in 1991 [104]. It is clear from the table that some of the pollutants come
mostly from transportation (motor vehicles) and others come mostly from industrial
sources.

The air pollutant emission situation can be approximated [105], as follows, by :

Air pollutant Population economic Pollutant emissions per
emissions. = | activity per person. unit of economic activity.
[ Impact on environment ] [ Affluence ] [ Technology ]

The larger the population, the greater the extent of environmental deterioration due to
related needs for food production, living space, waste disposal, and communications.

1.8.3 Legislation of Air Pollution

Ultimately, it is concern for the effects of industrial pollution on public health and
environmental quality that drives governments to regulate industrial activities, and
industry to adopt environmental management practices.

Air pollution standards. The 1970, Clean Air Act Amendments was a major piece
of legislation that in many respects first put teeth into air pollution control in the United
States. The body of U.S. air pollution law is contained mostly in the Clean Air Act and
the regulations ( local, state and federal ) that implement it. Table 1.7 lists the most

Table 1.6: National emissions estimates for 1991 (values in million ton/yr.) [104]. Reproduced by
permission of McGraw-Hill Inc.

Source category PMio SO, Cco NO, VOC’s Lead (Pb)
Transportation 1.51 0.99 43.49 7.26 5.08 0.00162
Fuel combustion 1.10 16.55 4.67 10.59 0.67 0.00045
Industrial processes 1.84 3.16 4.69 0.60 7.86 0.00221
Solid waste disposal 0.26 0.02 2.06 0.10 0.69 0.00069
Miscellaneous 0.73 0.01 7.18 0.21 2.59 0.00000
Total 5.44 20.73 62.09 18.76 16.89 0.00497

Percentage of 1982

97% 101% 69% 92% 87% 9.5%
total

PM,, = particulate matter, 10 L or smaller.
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important sections of the Clean Air Act of 1970, as amended in 1977 and 1990.

Two types of air pollution standards emerged from the legislation. The first type is
ambient air quality standards, those that deal with concentrations of pollutants in the
outdoor atmosphere. The second type is source performance standards, those that apply
to emissions of pollutants from specific sources. The Occupational Safety and Health
Administration (OSHA) and the American Conference of Governmental Industrial
Hygienists (ACGIH) regulated industrial exposures to pollutants in the U.S. They have
determined permitted occupational exposure concentrations for some of the pollutants
listed in Table 1.8 (a).

Motor vehicles did not attract much attention as air pollution sources until about
1950. California began to regulate emissions from autos in 1963. The history of these
regulations is shown in Table 1.8 (b). Over time, the permitted emissions have been
substantially reduced. A car that meets the 1993 U.S. standards emits about 3 percent as
much HC (tailpipe plus crankcase plus evaporative emissions), 4 percent as much CO,
and 11 percent as much NO, as a 1960 car [104].

In Europe for the future, the concentration of SO, and NO, must conform to the EC
(European Community) Framework Directive (84/360/EEC) [106], which defines
emission limits to be achieved in 3 phases by the year 2003. These limits apply only to
power stations and, therefore, exclude about one third of the emitted SO, and half of the
NO, for which motor vehicles are largely responsible.

The rate of sulfur deposition in the mountains, most affected by the forest dieback,
reached 15 g S m™2year”’ which rates it as one of the most severely polluted places in the
world [107). The phenomenon of dieback in trees due to atmospheric pollution is
becoming a major cause for concern in many countries.

Air pollutants units. There are two concentration units that are commonly used in
reporting atmospheric species abundance, pg m™ and parts per million by volume
(ppm). Parts per million by volume is just;

Bix106
p

where p; and p are moles per volume of species i and air, respectively, at pressure P

and temperature T. Note that in spite of the widespread reference to it as a
concentration, parts per million by volume is not really a concentration but a
dimensionless volume fraction.

Given a pollutant mass concentration m; expressed in ug m>,

p; = 10_6mi
! Ml
where M; is the molecular weight of species i and p = P/RT, thus:
the concentration of species i in ppm = RT /PM ; x concentration in p g m?
If T is in Kelvin and P in Pascal, then:
m=8314T
PM

the concentration of species i in pp x concentration in pgm™
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Table 1.7: The most important sections of the Clean Air Act of 1970, as amended in 1977 and

1990 [104]. Reproduced by permission of McGraw-Hill Inc.

Section

Title

Principal provisions

107

109

110

111

112 and 301-306

160-169

171-192

202-235

401-416

601-618

Air Quality Control Regions
(AQCR)

NAAQS

Implementation plans (SIP)

NSPS

NESHAP

PSD

Non-attainment areas

Mobile sources

Acid deposition control

Stratospheric ozone protection

Divides the country into regions.
States must administer air quality in
each such region, under federal
supervision,

Establishes National Ambient Air
Quality Standards.

Requires states to prepare and
enforce State Implementation Plans.
Gives details on how it is to be
done.

Establishes the Standards of
Performance for New Stationary
Sources, commonly called “the
new source of performance
standards”,

Establishes National Emission
Standards for Hazardous Air
Pollutants.

Lays out rules and regulations for
regions with air cleaner than the
NAAQS and for the protection
visibility

Gives detailed descriptions
of what must be done in areas
where NAAQS are not
currently met,

Places control of motor vehicle
emissions mostly in the hands of the
federal government; sets motor
vehicle and fuel standards.

Establishes a federal acid
deposition control program.

Establishes programs for
protection of the stratospheric
ozone layer.
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Table 1.8 (a): Comparison of air quality standards and industrial exposure standards [104].
Reproduced by permission of McGraw-Hill Inc.

Substance

Permitted ambient concentrations

(NAAQS)

Permitted industrial concentrations

Sulfur dioxide
Nitrogen dioxide
Carbon monoxide
Ozone

Fine particles

(PMi0)*

Total Suspended
Particulates (TSP)

Lead

80 pgm™ (0.03 ppm), annual average.
365ug m? (0.14 ppm), 24-h average
0.053 ppm (100 pg m), annual average.

9 ppm (10 mg m?), 8-h average
35 ppm (40 mg m™?), 1-h average
0.12 ppm (235 ug m™), 1-h average

50 ug m?, annual average
150 ug m?, 24-h average
75 pg m*, annual average
260 pg m”, 24-h average

1.5 pg m?, quarterly average

2 ppm, 8-h average

5 ppm, 15 min. peak

3 ppm, 8-h average

S ppm, 15 min. peak

50 ppm, 8-h average

400 ppm, 1S min. peak

0.1 ppm, 8-h average

0.3 ppm, 15 min. peak

Standards exist for specific kinds of
particle, but not for PMq

Standards exist for specific kinds of
particle, but not for TSP

150 ug m?, 8-h average
450 pg m>, 15-min. peak

* PM,, i.e. particulate matter <10 pn

Table 1.8 (b): Selected history of U.S. automobile air pollutant emission regulation [104].
Reproduced by permission of McGraw-Hill Inc.

Year

Permitted emissions in g/mile *

Precontrol, 1960
1970
1972
1975
1978
1980
1981
1993

Tailpipe emissions

Other HC emissions

Clean fuel vehicles, 1996 -
Clean fuel vehicles, 2001 -

(60] NO, HC Crankcase Evaporative
87 3.6 8.8 3 4
23 - 22 0 4
39 - 34 0 0.27
15 3l 1.5 - -

- 20 - 0 0.8
7 - 0.41 - -
34 1.0 - 0 0.27
- 0.4 025 - -
0.4 0.125 - -
0.2 0.075 - -

* Evaporative emissions are in grams per test. The trip length in the current tailpipe emission test
is 7.5 miles. To get a comparable basis, one divides the evaporate emissions of 2 g/test by 7.5

miles/test.
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1.9 Pollutants Formation and Oxidation Kinetics

This section discusses the mechanism of formation and oxidation of pollutants
species such as CO, NO, (NO+NO,), N,O and SO,. The emissions of NO, and SO, are
comparable in most cases, and they are widely recognized as air pollutants. In the
atmosphere NO, and SO, react with water to form nitric and sulfuric acids, which then
react with ammonia or any other available cation to form particles of ammonium nitrate
or sulfate. These particles, generally in range of 0.1 pm size and are very efficient light-
scatterers. However, nitric oxide, NO is a colorless gases that has some harmful effects
on health as shown in Table 1.5, but these effects are substantially less than those of an
equivalent amount of nitrogen peroxide, NO,. In the atmosphere and in industrial
devices NO reacts with O, to form NO,, a brown colored gas that is a serious
respiratory irritant. Nitrous oxide, N,O has a lifetime of about 100 year owing to its low
reactivity and it can react by reaction N,O + O — 2 NO, and this reaction reduces ozone
formation. Further oxidation of nitric oxide by ozone leads to the peroxide, which may
then react with hydroxyl, OH or other free radicals to form nitric acid by reaction, OH +
NO, + M — HNO; + M.,

All fuels contain sulfur and when they bumn, sulfur dioxide, SO, or SO; are formed.
Furthermore, sulfur dioxide can react with water to form sulfuric acids which have
adverse effects such as: toxicity to humans, acidification of lakes, damage to trees and
crops, as well as, damage to buildings. The detection limit of SO, by humans is about
0.5 ug / g and exposure at 200 pg/ g for Iminute causes great discomfort {103].

1.9.1 Kinetics of Nitrogen Compounds

Nitrogen oxides in the atmosphere contribute to photochemical smog, to the
formation of acid rain precursors, to the destruction of ozone in the stratosphere and to
global warming. The main source of emissions of nitric oxide, NO and nitrogen dioxide,
NO, is attributed to increased combustion of biomass and fossil fuels.

Theory and practice of combustion. The chemical reactions of nitrogen
compounds that occur in combustion processes have been the subject of intensive study
for many years. The expression NOy (nitrogen oxides) refers to the summation of all
oxides of nitrogen. As far as air pollution is concerned nitrogen monoxide, NO and
nitrogen dioxide, NO, are the most important. The global emission of NO, and N,O to
the atmosphere is significant, and the understanding of the NO, emission and its
reduction technologies, necessitates the understanding of the reaction mechanism for
formation and removal of the various nitrogen oxides. Four mechanisms have been
identified for forming nitrogen oxides in combustion processes; thermal-NO, prompt-
NO, fuel-NO, and nitrous oxide N,O, and these mechanisms are given in Fig. 1.17 with
some of their rate parameters in Table 1.9 [108] (see chapters 2 and 5). For fuel-NO
mechanism, if fuel contains originally bonded nitrogen, then some of this nitrogen
eventually forms the so-called fuel-NO. In case of prompt-NO, the formation of NO
exceeds that attributable to thermal-NO (assumed equilibrium radical). Such prompt-
NO comes from chemical pathways of NO, [109], and N,O [110] reactions (Table 1.9),
or in rich fuel flames, where NO is formed by the hydrogen radical-molecular nitrogen
reaction [111]. The principal source of thermal nitric oxide, NO is the oxidation
of atmospheric molecular nitrogen, N,. The mechanism of NO formation from
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NO
Formation
Thermal Nitrous
NO oxide
mechanism mechanism
N2+0 € NO+N N2 +0& N2O
N+02 © NO+O N20+0  NO+NO
N+OH © NO+H N20+H & NO +NH
N2O + CO & NO + NCO
| I 1
Prompt Fuel
NO NO
mechanism mechanism
N2 +CH &> HCN+N Fuel-N € HCN <> NHi
N2 + CH2 &5 HCN + NH N Hi + O,0H <& NO
C+N2 ¢ CN+N N Hi+ O,0H <> NO

HCN+O > NCO+H
NCO+H €> NH+CO
NH+H < N+H2

N+OH © NO+H

Fig. 1.17: Nitric oxide mechanisms.

atmospheric nitrogen has been studied extensively by Bowman [112], and it is
generally accepted that, in the combustion of near stoichiometric fuel-air mixtures, the
principal reactions governing the formation of NO from molecular nitrogen are:

O+Ny &>NO+N
N+0y; &NO+O

N+OHe& NO+H

This is often called the extended Zeldovich mechanism. Zeldovich was the first to
suggest the importance of the first two reactions, and Lavoie et al [113] added the third
reaction, which does not contribute significantly. This mechanism is particularly simple
because N atoms are the only N-containing intermediate in this mechanism and no
knowledge of the fuel oxidation process is required if the O and OH atoms are assumed
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Table 1.9: Parameters of forward rate coefficient k for mechanism of nitrogen compounds
reactions (Prompt and thermal NO and nitrous oxide, NO,). Units (cm. mole. s) [108}.

No Reaction A B C/I(K)
1 N;+0 e N+NO 2.6x107 0.0 38390
2 N+0, & NO+0 6.4x10° 1.0 3162
3 N+ OH & H +NO 6.3x10" 0.5 0.0
4 NO + HO; ¢ NO, + OH 1.4x10" 0.0 705

5 NO+O+N; & NO; +N, 1x10" 0.0 0.0
6 N;0 + O &> NO +NO 7.1x10M 0.0 14100
7 N;+ 0+ N N;O+N, 5.5x10" 0.0 10770
8 NO;+ 0 & NO +0, 5.8x10" 0.5 0.0
9 N,O+H e N, + OH 7.6x10" 0.0 7654
10 CH,+OH e CH+H, 0 4.47x10" 0.0 1511
11 CH, + NO & HCN + OH 1.39x10" 0.0 -554
12 CH+N; & HCN+N 4.4x10" 0.0 11060
13 CH+0; & 0+CHO 3.3x10" 0.0 0.0
14 CH+OH & CHO+H 3.0x10" 0.0 0.0

15 HCN+0 & CN + OH 2.7x10° 1.58 13394
16 HCN + OH & CN + H;0 4.36x10" 0.0 45171
17 CN +OH & NCO+H 6.0x10" 0.0 0.0

18 CN+0; & NO+CO 5.6x10" 0.0 0.0

19 NCO + OH ¢ NO + CO +H 10" 0.0 0.0
20 NCO + NO & N,0 + CO 10" 0.0 -196

to be in equilibrium. The equilibrium O, and OH atom concentrations assumption is
often valid in the post flame zone, but not in the flame front where the fast radical
formation reactions and the relatively slow radical recombination reactions give rise to
large super-equilibrium of O, H and OH atoms concentrations as will be discussed in
this section. Thus, detailed fuel oxidation mechanisms, including radical recombination
reactions, are necessary to calculate NO formation enhanced by super-equilibrium of O,
H and OH atoms concentrations.

The following will describe a simple developed kinetic mechanism for nitrogen
compounds (EI - Sherif [ 108 ]). The kinetic reactions involved in this mechanism for
formation and oxidation of NO, NO, and N,O are as follows;

(i) Nitric oxide, NO reactions (Thermal and prompt NO). The important thermal-
NO (equilibrium) formation reactions are R, to R; in Table 1.9. These reactions are also
important in super-equilibrium conditions.

In the exhaust gases from gas turbines, the concentrations of NO, are in the region
of 60-100 ppm but the gases are greatly diluted with air. For Diesel engines the NO;
concentrations are very dependent upon the load and mode of operation and generally
they are about 1000 ppm for idle and 4000 ppm for full load. In both cases the NO, is
produced mainly by the thermal mechanism and the higher pressures.

Furthermore, a considerable quantity of the NO, produced in spray combustion is
produced by the surrounding individual droplets. In particular it has been shown that,
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finer fuel sprays produce less nitric oxide than sprays containing considerable quantities
of large droplets. The reason for this, is that generally much of the combustion occurs
under fuel-rich conditions, i.e. surrounding evaporating droplets. In these cases a certain
amount of nitric oxide is produced by the so-called “prompt-NO” route. Here carbon-
containing free radicals reacts with molecular nitrogen to form nitric oxide by reactions,
which probably involve reactions such as R, to R, in Table 1.9.

(i) Nitrogen dioxide, NO, reactions. The important reactions for formation and
oxidation of NO, are R; to Rs and their rate coefficients are given in Table 1.9.
Reactions Ry and Rs are the principal reactions for formation of NO,. The principal
removal step for NO, and prompt formation of NO is reaction Rg.

(iii) Nitrous oxide, N,O reactions. The important reactions for formation and
oxidation of N,O are reactions, R; to Ry and their rate coefficients are given in
Table 1.9. The principal reaction for N,O formation is the third body reaction, R;. The
principal removal steps of N,O and prompt formation of NO from N,O are reactions,
Rg and Ro.

1.9.2 Kinetics of Pollutants Originating from Sulphur

Sulphur Dioxide Formation

All petroleum products contain organo-sulphur compounds which are present as
sulphides, and disulphides. Their nature and concentration are dependent upon the
origin of the crude oil, but the highest concentrations are found in residual fuels (0.1 %
in kerosene to about 3 % weight in heavy oils), and it is only these fuels that present any
problem from the environmental point of view. SO, is formed from sulphur by S + O,
— S0,, and its concentrations in the stack gases are in the range of 200-2000 ppm. As
discussed above in section 1.8, the sulphur dioxide produced is undesirable for a
number of reasons but the principal one is that it reacts to form SO;, H,SO;4 aerosol and
acid rain which can damage health, and cause corrosion and acidification of lakes.

Sulphur Trioxide Formation

In dealing with furnaces using residual oils, one must recognize heterogeneous
catalysis as a possible route for the conversion of SO, to SOs;. Sulfur dioxide and
molecular oxygen will react catalytically on steel surfaces and vanadium pentoxide
(deposited from vanadium compounds in the fuel) and at lower temperatures, where the
equilibrium represented by: SO, + 0.5 O, — SO; favors the formation of SO;. The
equilibrium represented by this reaction is shifted to the left at high temperatures, and
one would expect very little SO; in a real combustion environment. Sulfur dioxide
forms sulfuric acid in its reaction with nitric oxide; H,O + NO + SO, = H,SO4 + N, but
in principal route it involves the OH radical. In the presence of water and oxygen, this
can be represented as:

SO, +2H,0 -»H,SO;+H, or 20H+S80,+0.50;,>H,S0,+0

Since the acid dewpoint, or temperature at which condensation occurs, may be as
high as 150 °C, condensation may occur in economizers and air heaters resulting in the
corrosion of metal surfaces and the formation of deposits of sulphates. Generally, the
concentration of SO; inthe flue gases is about 0.2 to 3 % of the total sulphur oxides,
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and thus SO; concentrations rarely exceed 50 ppm.

Truly, the most interesting finding is that the super-equilibrium concentrations of
SO; are very sensitive to the original oxygen concentration. Under fuel-rich conditions
approaching even stoichiometric conditions practically no SO; is found. In proceeding
from stoichiometric to 1 % excess air, a sharp increase in the conversion of SO, to SO,
is found. Further addition of air only causes a slight increase; however, the effect of the
excess nitrogen in reducing the temperature could be a moderating factor in the rate of
increase. If indeed, SO, and SO; are effective in reducing the super-equilibrium
concentration of radicals in flames, then this is apparent that sulphur compounds should
play a role in NO formation in flames (as O atom decrease, thus NO formation should
be reduced). However, SO; may be reduced by its reactions with oxygen and hydrogen
atoms via; O + SO; — SO, + O; and H + SO; - SO, + OH. Wendt and Ekmann [114]
have supported this conclusion.

1.9.3 Kinetics of Carbon Monoxide

Carbon monoxide is found in the combustion products of all carbonaceous fuels and
in concentrations above that calculated from equilibrium considerations. In equilibrium
the carbon monoxide is given by: CO, - CO + 0.5 O,, and in this case the CO
concentration is dependent on the temperature and excess air. In fuel-rich regions of a
flame, the CO levels are necessarily high since there is insufficient oxygen for complete
combustion. Only if sufficient air is mixed with such gases at sufficiently high
temperature the CO can be oxidized. Thus, imperfect mixing can allow carbon
monoxide to escape from combustors that are operated at fuel-lean mixtures. Even in
premixed combustion systems, carbon monoxide levels can be relatively high due to the
high equilibrium concentrations at the flame temperature, particularly in internal
combustion engines where the gases are hot prior to ignition due to compression. As the
combustion products are cooled, the equilibrium CO levels decreases.

In flames, the concentration of CO is formed rapid in the reaction zone and is
subsequently oxidized to CO, by: CO + OH - CO, + H. If the time available for
reaction of CO to CO, is short, as in small combustion chambers, thus the CO in the
burned gases is higher than that for large units. The CO concentration is about 20 ppm
for small combustion chambers compared with 0.3 ppm for large combustion chambers.

1.10 Pollutant Emissions Reduction Techniques

In response to the air pollutant emission regulations described in section 1.8.3,
a variety of technologies for controlling pollution from combustion sources has been
developed. These development technologies have drawn heavily on the understanding
of the chemical pathways for formation and removal of these pollutants as described in
some details in section 1.9. In general, the goal of air pollution abatement is the meeting
of a set of air quality standards as described in section 1.8.3. Therefore, air pollution
abatement programs can be divided into long-term control and short-term control, and
these two categories are discussed in details by Flagan and Seinfeld [115]. This section
presents some emerging techniques for reducing emissions from combustion sources,
such as in industry and power stations as well as vehicle engines.
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1.10.1 Reduction Techniques in Combustion Equipment

Over the past 100 years, global emissions of nitrogen oxides into the atmosphere
have been increasing steadily. Because of the detrimental effects of nitrogen oxides on
the environment and on health as discussed in the previous section, nitrogen oxide
emissions from combustion sources are regulated in a number of industrialized
countries. In response to these regulations, a variety of technologies for control of NOy
emissions from combustion sources has been developed. The development of these
technologies has drawn heavily on our understanding of the chemical pathways of
nitrogen oxides. These chemical pathways have been discussed in the previous section.
As legislative trends for further reduction in NO, emissions continue, newer
technologies for NO, emissions reduction will need to be developed, and this may
require a more complete understanding of nitrogen chemistry in combustion.

As discussed in section 1.9, the main parameters relevant to the formation reactions
of NO, are combustion temperature, oxidant concentration or its partial pressure, and
the length of time spent in the high temperature region, and any reduction of these
parameters leads to reduction of NO, formation. However, reduction in combustion
temperature may be achieved by; optimization of fuel introduction system, exhaust gas
re-circulation, and water or steam injection. Also, reduction in oxygen partial pressure
may be achieved by air staging, fuel staging or exhaust gas re-circulation, while the
reduction in residence time can be achieved through the optimization of air distribution
,as well as, burner configuration (see Fig. 1.18). Moreover, Poppe et al [116] have
confirmed that applied oscillations can reduce emissions of NO, in premixed,
bluff-body stabilized flames. They [116] show that control of naturally occurring
oscillations in ducted premixed flames by the oscillation of a spray of water was an
effective as that with oscillation of the kerosene spray, and it reduces NO,
concentration by 50 % due to the removal of heat. Furthermore, another alternative
approach for the control of NO, emissions from combustion is NOy recycle [117].
This approach uses regenerable sorbent to adsorption, producing a highly concentrated
NO, — laden stream containing both NO and NO,. This stream is then sent back to the
same combustor or to a separate combustor, where the NO, is reduced in the flame and
NO, formation is inhibited.

Bowman [118] reviewed the existing and some emerging technologies for reducing
NO, emissions from combustion sources, and examined the prospects of these
technologies for meeting stricter emissions regulations. The main strategies for reducing
NO, emissions take two forms: (a) modification of the combustion process to control
fuel and air mixing and reduce flame temperatures, and (b) post-combustion treatment
of the flue gas to remove NO, (see the applications in chapter 5). Also these strategies
can be used to control SO, emissions in fluidized-bed combustion. These technologies
can be summarized in Fig. 1.18 and discussed as follows.

Combustion Modification Techniques for NO, Reduction

As discussed in the pervious section, there are three main different formation
mechanisms of NO. Here, the control of the mechanisms will be discussed briefly as
follows.

Thermal NO. In this mechanism, NO is formed by the reaction of molecular
nitrogen from the combustion air with atomic oxygen, and the subsequent reactions as
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described before. This mechanism is based primarily on the temperature and O,
concentration. Therefore, any reduction of combustion gas temperature or availability of
oxygen or both can produce low NO, emissions (see Fig. 1.18). In stationary
combustion sources, temperature reductions are achieved by diluting combustion air or
fuel by flue gas recirculation technology, water injection, and lean combustion. The flue
gas recirculation leads to a reduction in the burned gas temperature and O,
concentration, which, in turn, results in reduction of NO. This in addition to a reduction
in the level of HC, thereby decreasing the NO produced by the Fenimore prompt NO
species in rich flames. In opposite direction, lower temperatures also may cause
increase in CO and unburned hydrocarbon emissions due to quenching of the oxidation
reactions. Also, premixed combustion technologies can be used to reduce the gas
temperature, and these include porous radiant burners, catalytic combustion, and lean
premixed gas turbine combustors. For example, the radiant heat transfer from the
porous burner surface results in lower gas temperatures, which, in turn, results in lower
NO formation by the thermal mechanism. The concept of catalytic combustors is the
stabilization of a lean premixed gaseous fuel-air flame using a catalytic surface.

Controlling the availability of oxygen in stationary combustion devices involves
staging the combustion air so that the primary combustion zone operates with an overall
rich fuel-air ratio, with the remaining combustion air injected downstream.

Low NO, burners slow and control the rate of fuel and air mixing, thereby reducing
oxygen availability in the ignition and main combustion zones. Low NO, bumers can
reduce NO, emissions by 50 % or more, depending upon the initial conditions. They are
of relatively low cost and are applicable to new plants as well as retrofits.

Staged combustion uses low excess air levels in the primary combustion zone with
the remaining (overfire) air added at higher levels in the furnace to complete
combustion. Significant NO, reductions are possible with staged combustion.

Flue gas recirculation reduces oxygen concentration and combustion temperatures
by recirculating some of the flue gas to the furnace without increasing the total net gas
mass flow. Large NO, reductions are possible with oil and gas firing while moderate
reductions are possible with coal firing.

Reburning is a technology used to reduce NO, emissions from Cyclone furnaces
and other selected applications. In reburning, 75 to 80 % of the furnace fuel input is
burned in the Cyclone furnace with minimum excess air. The remaining fuel is added to
the furnace above the primary combustion zone. This secondary combustion zone is
operated substoichiometrically to generate hydrocarbon radicals which reduce NO
formed in the Cyclone to N,. The application of the above methods in combustion
systems will be discussed in some details in chapter 5.

Prompt NO. In this mechanism NO is formed at a rate faster than that computed
from thermal NO mechanism described above. The sources of prompt NO in
hydrocarbon fuel combustion are: first, super-equilibrium O, H, HO,, and OH
concentrations in the reaction zone as described in the previous section, second, reaction
of N, with hydrocarbon radicals (e.g. CH) in the reaction zone with highly fuel-rich
mixtures and finally, from chemical pathways of N,O and NO, as discussed in the
previous section. It is clear from this mechanism that, the radical species such as O, H,
OH, HO,, CH, and CH play an important part for increasing or decreasing the prompt
NO formation (by reactions such as CH+N,6>HCN+N & CH,+N,e>HCN+NH [119] ).
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Fig. 1.18: Technical methods of NOx reduction.

Nitric oxide formation by N,O mechanism increases in importance as the fuel-air
ratio decreases, as the burned gas temperature decreases, or as the pressure increases.
The N,O mechanism is most important under conditions where the total NO formation
rate is relatively low. Table 1.10 shows representative contributions of the thermal and
prompts NO mechanisms to the total NO formation in different flames. The injection of
species that can assist in the production of the radical necessary for the NO- removing
reaction sequence to proceed, is expected to be an important method for reducing NO.

Fuel NO. If the fuel contains organically bound nitrogen, as for example in the
case of coal and heavy oil, the fuel NO formation must be considered. The extent of
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Table 1.10: Representative contributions of thermal and prompt NO mechanisms of total NO
formation (Bowman [118]). Reproduced by permission of The Combustion Institute.

Total NOx Fraction of total NO formation
Flame Flame conditions (ppmv) Equili- Super- HC-N, N,O
brium equili-
Thermal brium
Premixed ¢= P=0.latm 9@ Sms 0.03 0.22 0.73 0.01
laminar* =1 P=1 atm 111 0.50 0.35 0.10 0.05
CH;-air flames  ¢= 1| P=10atm 315 0.57 0.15 0.21 0.10
Premixed ¢=1.05 P=1 atm 29@5ms 0.53 0.30 0.17 -
laminar® ¢=1.16 P=1atm 20 0.30 0.20 0.50 -
for CH,-air $=1.27 P=1lam 20 0.05 0.05 0.90 -
flames $=1.32 P=1lam 23 0.02 0.03 0.95 -
Non-premixed a=10s"' P=1am 120 max - 0.20 0.69 0.11
laminar, _ "
strained® CH,- a=36s P=1atm 65 - 0.07 0.86 0.07
N;-air flames a=70s' P=lam 43 - 0.05 0.90 0.05
Well stirred $=0.7 P=lam 12@3ms 0.15 0.65 0.05 0.35
reactor $=0.8 P=1atm 20 - 0.85 0.10 0.05
CH;-ait™ $=10 P=1latm 70 - 0.30 0.70 -
flames ¢=12 P=1atm 110 - 0.10 0.90 -
=14 P=1lam 55 - - 1.00 -

Well stirred $=0.6 P=09atm 34@7ms 0.15 0.75 - 0.10
reactor® CO-moist
air
Non-premixed, . P=lam 7peak @ 0.40 0.60 - -
Turbulent Jd =100
COM2

. . - P=10atm - 0.74 0.26 - -
diluent air

*Ref 120 " Ref 121 © Ref 122 * Ref 123 © Ref. 124

conversion of nitrogen to NO is strongly dependent on the fuel-air ratio and on the
combustion temperature, and slightly dependent on the identity of the parent nitrogen
compound. The fuel-rich combustion favors lower conversion of fuel nitrogen to NO.

Post-Combustion Techniques for NO, Reduction

At the present time, the most effective post-combustion methods for reducing NO,
emissions from stationary sources, including steam boilers, gas turbines, and Diesel
engines, are selective non-catalytic reduction (SNCR) and selective catalytic reduction
(SCR) [118], which involve injection of a nitrogen-containing additive into the
combustion products. In SNCR, ammonia, cyanuric acid and urea (which thermally
decomposes to produce ammonia) are injected down-stream of the combustion zone in a
temperature region of 760 to 1093 °C. The maximum NO-removal efficiencies, for all
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three additives, are comparable and can exceed 90 percent. SCR is being used
worldwide where high NO, removal efficiencies are required in gas, oil or coal-fired
industrial and utility boilers. SCR systems remove NO, from flue gases by reaction with
ammonia in the presence of a catalyst. The chemical reactions for ammonia and urea
processes can be represented by:

Ammonia 4NO+4NH;+0, > 4N,+6H,0 (1.139)
Urea 2 NO + (NH,),CO+0.50; > 2N;+2H,0+CO; (1.140)

A diagram of an ammonia control and supply system is shown in Fig. 1.19.
Ammonia can be anhydrous or aqueous, and due to safety concerns, aqueous NH; is
required for selected SCR system installations. A controlled amount of ammonia is fed
to a vaporizer /mix chamber where it is mixed with air or steam at about a 1:20 volume
ratio, and then the mixture is introduced into the flue gas through an injection grid
system. The fundamental process control provides ammonia flow at a constant
NH,/NO, mole ratio. The product of the inlet NO, concentration and the boiler flue gas
flow yields a NO, flow signal. Ammonia flow control is then established by multiplying
the NO, flow signal by the NH;/NO, mole ratio set point (see Fig. 1.20). More details is
given in Ref. 126.

NH Catalyst

@— H,O

®—> N;
®—> H)O Clean
o—N, 9°°

HH)(O

>—> NH,

Fi @ —>NOy @—> NOy
gause ‘ >X—> NH,

@—>NOy @®—> NO
r )('_')" NH3

.

.

NN

Fig. 1.19: Principles of NOy removal process for SCR [126). Reproduced by permission of
Babcock and Wilcox Company.

Inlet NOy signal Flue gas flow
To I » X [€ signal
NHJ/Air ’
Injection grid , é Mole ratio set
NH/Air point
__mixer <

Dilution

. Ammonia
air fan

storage tank

Fig. 1.20: Ammonia (NH;)/dilution air supply, and control system [126]. Reproduced by
permission of Babcock and Wilcox Company.
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Many of the above techniques for reduction of NO, are approaching the limits of
their capabilities for reducing NO, emissions. At the present time, the most effective
method for reducing NO, emissions is by injection of a gaseous fuel or species that can
generate or assist in the production of the radicals species (such as HO,, O and OH)
necessary for reducing NO. Such fuels include hydrogen, carbon monoxide, and various
hydrocarbons. Recently, Dagaut et al [125] have investigated the reduction of NO by
ethylene in a jet-stirred reactor at 1 atm., and they found that the NO decreases
significantly with ethylene additive, and this is due to the increase of atomic hydrogen.
These additives can influence not only NO, but also N,0, NO,, temperature, soot
formation, residence time and burning velocity. The application of the above methods in
combustion systems will be discussed in some details in chapters 2 and 5.

Sulphur Compounds Reduction Techniques

SO; emissions from coal-fired boilers can be reduced using pre-combustion
techniques, combustion modifications and post-combustion methods.

Pre-combustion. These techniques include the use of oil or gas in new units or the
use of cleaned (beneficiated) coal or fuel switching in existing units. By using gas,
sulfur emissions can be reduced to almost zero; while the use of low sulfur oil will
minimize SO, emissions. Switching to oil and gas in existing boilers requires attention
be given to receiving equipment, storage facilities, combustion equipment including
safety systems, boiler design, and post-combustion FGD unit performance. In the case
of new systems, oil or gas firing can significantly reduce steam system capital costs.

Combustion modifications. The above described techniques for reducing NO,
emissions can also be used to control SO, emissions in fluidized-bed combustion, where
limestone is used as the bed material. The limestone can absorb more than 90% of the
sulfur released during the combustion process.

Sorbent injection technologies. Sorbent injection, while not involving modification
of the combustion process, is applied in temperature regions ranging from those just
outside the combustion zone in the upper furnace to those at the economizer and duct-
works following the air heater. Sorbent injection involves adding an alkali compound to
the coal combustion gases for eventual reaction with SO,. Typical calcium sorbents
include limestone (calcium carbonate, C,CO;), lime (C,O), hydrated lime (C,(OH),) and
modifications of these compounds with special additives.

Wet and dry scrubbing technology. Worldwide, wet and dry scrubbing systems
are the most commonly used technologies in the coal-fired electric utility industry. Year
1989 indicates that, in the U.S.A., approximately 20 % of the coal-fired utility capacity
used wet scrubbing for SO, emission control. Both wet and dry scrubbing use slurries of
sorbent and water to react with SO, in flue gas, producing wet and dry waste products,
respectively.

In the wet scrubbing process, a sorbent slurry consisting of water mixed with lime,
limestone, magnesium promoted lime or sodium carbonate (Na,CO;) is contacted with
flue gas in a reactor vessel. Wet scrubbing is a highly efficient (> 90 % at calcium/suifur
molar ratios close to 1.0), well established technology which can produce usable
byproducts.

Dry scrubbing involves spraying an aqueous sorbent slurry into a reactor vessel so
that the slurry droplets dry as they contact the hot flue gas (149 °C). The SO, reaction
occurs during the drying process and results in a dry particulate containing reaction



74 Combustion Fundamentals

products, and unreacted sorbent entrained in the flue gas, along with flyash. The
applications of the above methods in combustion systems will be discussed in chapter 5.

1.10.2 Emission Reduction Techniques
in Vehicles

Reducing emissions from vehicle engines may be achieved by [103]:

1. Keeping the compression ratio below the usual 10:1 for petrol engines. This has
the effect of reducing the combustion temperature, which is unfavorable to the
initial fixation reaction and hence reduces the yield of NO.

2. Enriching the mixture of fuel to bring the post-combustion level of NO as low as
possible.

3. NO and unburned fuel can be removed from the exhaust using a catalytic
converter. The catalysts are platinum or alloys of platinum/rhodium, which are
poisoned by leaded fuels. SO, in the emissions is converted to SO; and hence to
sulfuric acid.

The future use of electric cars will alleviate the problem by dependence on a power

source where NO, and CO emissions can be brought within legal limit [103].
The application of the above described low emission techniques in industry, power
stations and vehicles will be described in chapter 5.

1.10.3 Greenhouse Warming and its
Reduction Techniques

Solar energy falling on the earth’s surface is absorbed and transferred to the
atmosphere by evaporation and as heat flux, including infrared radiation. Recently, the
energy fall at the surface is about 157 W/m?; rather more than twice this amount enters
the stratosphere but is depleted by reflection from clouds and dust and also by
absorption by clouds, ozone and water vapor. The infrared energy absorbed by these
components is governed by the intensity of infrared emission at the earth’s surface and
in the lower levels. The emission of energy from the upper levels is reduced as the
temperature of the troposphere falls at about 5°C/km, leading to a net energy gain and
surface warming [103,127]. Man’s activities have introduced additional absorptive
molecules, so trapping more heat and disturbing the natural equilibrium [128].

The burning of fossil fuels (coal, oil, and gas) and of recent biomass (savannas,
forests, biomass fuels, and agricultural waste) leads to global alteration in the
composition of the atmosphere such as the greenhouse effect, depletion of the ozone
layer, and the level of tropospheric oxidants. Arrhenius [129] pointed out that CO,
would act as a greenhouse gas, and recent scientific assessments [130] show that
increases in CO, and other greenhouse gases (GHGs) will inevitably lead to a warmer
climate [101].

The earth’s surface temperature has risen by 0.5°C over the last century, and
predictions depend on forecasting the likely rate of chan§e in the concentration of
greenhouse gases. The earth’s atmosphere contains 2.6x10" kg of CO, to which man
added 5x10" kg in 1985. Computer models, which broadly match conditions in the past,
indicate a temperature rise of 3°C on doubling present CO, levels {103]. Alloway and
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Ayres [103] have pointed out that the consequence of greenhouse warming leads to two
important phenomena: firstly, sea levels will rise as a result of expansion of the water
body as temperatures increase, and also of its enhancement by melting South Polar ice
causing backing up of rivers leading to flooding. Secondly, in the UK the southeast will
become drier and growth of arable crops would tend towards the west to secure water
supplies. Also, the African desert would move northward and areas of Spain, Italy and
Greece would become deserts.

Reduction techniques. The United Nations panel [131] considers that in order to
limit temperature rise to within 0.1- 0.2°C/decade, the emissions of CO,, CFCs
(Chlorofluorocarbons) and NO, must be reduced by 60% and those of methane by 20%.
Some desirable measures may be; energy conservation in building design, stricter
control of vehicle emissions, overall increase in forestation, taxing inefficient sources
such as coal and giving preference to natural gas and removal of CO, at power stations
by scrubbing emitted gas [103]. Natural gas is an environmentally friendly fuel and
when burnt, it produces much lower emissions levels of CO, when compared to the
other competing fuels as shown in Table 1.11 [132]. Therefore, it is necessary to speed
up the natural gas switching policy in the different sectors in order to reduce the liquid
fuels consumption, hence improving the balance of payment and to further reduce CO,
emissions for better environment [133].

In general, pollutant sources removal, modification, or substitution is the most
effective and permanent way to solve air quality, if the pollution problem can be
identified. Inadequate ventilation design or installation should be corrected, and also the
operation and maintenance programs have to be conducted properly. Furthermore,
activated charcoal filters are generally effective in removing organic chemicals and
particulate [134], and finally, public education can be not only the least costly but also
the most effective method of pollution control. Pre-drying of moisture fuels was one of
the alternative method for reducing carbon dioxide (Ionel [135]). Thus, by eliminating
the water vapors before the fuel is entering the combustion chamber, more stable
conditions for the ignition and combustion of the fuel are realized, that is for the benefit
of the combustion efficiency. If a suitable recovery of the heat enthalpy of the vapors is
organized, and the gained energy is used, being thus a supplementary energy supply
alternative, the general power plant efficiency is recovering. Thus, the carbon dioxide
emission is reduced for the same used thermal power output of the plant.

Table 1.11: Conversion factors of CO, emissions by fuel type [132].

Fuel type Ton carbon dioxide / ton Fuel type Ton carbon dioxide / ton
LPG 2.9837 Diesel 3.2093
Gasoline 3.1046 Fuel oil 3.1094
Kerosene 3216 Others 2.9473

Gas oil 3.2093 Natural gas 2,615
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Chapter

2

Laminar Premixed Flames

2.1 Introduction

It was the hazards of coal mining, rather than problems of engine combustion, that
motivated the early development of flame theory. A mining explosion in the North of
England in 1815 initiated researches which covered limits of flammability, ignitability
of different hot sources, and flame quenching at solid surfaces; all of which led to the
development of the safety lamp.

A flame may be described as a reaction zone that moves with respect to the gas
supporting it. In practice the term is usually reserved for fast exothermic reactions of
this type, and these are often also accompanied by emission of light. Flames may be
either stationary flames on a burner and propagating into a flow of gas from a burner
tube, or they may be freely propagating flames traveling in an initially quiescent gas
mixture. Stationary flames are of two general types:

(a)  Premixed flames where the reactants are mixed before approaching the flame
region. These flames can only be obtained if the initial fuel and oxidant
mixture lies between certain composition limits called the composition limits
of flammability, The characteristic of these flames will be discussed in
sections 2.2 and 2.3.

(b) Diffusion flames where both mixing of fuel and air and the combustion occur
at the interface.

The two types of flames are also differentiated physically in that, for defined
thermodynamic starting conditions, the premixed system has a defined equilibrium
adiabatic flame temperature and for the idealized situation of planar flame in a one-
dimensional flow field, it has a defined adiabatic burning velocity or equivalent mass
flux in a direction normal to its surface. An unstrained diffusion flame has no such
simply defined parameters.

The tasks of combustion flow diagnostics are to increase the fundamentals of
combustion and to improve the performance of those engineering devices that utilize it.
Many practical combustion problems can be examined most conveniently under the
well defined, controlled conditions which the laminar flame provides. In premixed
flames, the laminar burning velocity and flame structure data can be extremely useful in
the analysis of fundamental processes such as ignition, NO, and soot formation, and
flame quenching. Also, turbulent flame models often prescribe the turbulent burning
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velocity as a function of laminar burning velocity. Thus, detailed information describing
the dependence of the laminar burning velocity, flame thickness, ignition temperature,
heat release rate and flame quenching on various system parameters can be a valuable
diagnostic and design aid.

There is a significant discrepancy in measuring burning velocities, which gives an
indication of the difficuities and uncertainties often associated with experimental
determination of flame properties. In addition to that, the experimental research is very
expensive, especially to cover all the factors and conditions affecting the flame
propagation. Thus the use of computer modeling techniques could be considered as an
alternative method of estimating burning velocity and flame structure over wide ranges
of operating conditions. Therefore, mathematical models of laminar flames that
incorporate detailed chemical kinetics can reveal the detailed flame structure and predict
the burning velocity. The correct prediction of these parameters is a demanding test of
the accuracy and completeness of a kinetic reaction mechanism. Once validated by
comparison with experimental results, a kinetic flame model can then be used to carry
out detailed numerical experiments that provide a great deal of information on physical
and chemical processes which occur in laminar flames.

For flame modeling it is necessary to define reaction-rate coefficients over extended
ranges of temperature. Rate coefficients are rarely known to be better than + 25% over
extended temperature ranges. Thus, when groups of well characterized and not-so-well-
characterized reactions are combined into a hydrocarbon-air flame mechanism, there is
much room for error. For this reason, it is wise to consider a hydrocarbon-air flame
mechanism as three or four groups of reactions, which can be, arranged hierarchically
from hydrogen-air through hydrogen-carbon monoxide-air and formaldehyde-air flames
to the hydrocarbon system itself. From studies of the intermediate systems, a self-
consistent set of rate parameters can be built up for the whole ensemble.

The main objective of the present contribution in this chapter is to present some of
our understanding of laminar premixed flame as revealed by detailed numerical kinetic
modeling, particularly in relation to interaction between modeling and experiment and
to obtain general correlations between the flame propagation parameters for different
fuels. It also illustrates the degree of agreement between the experimental and kinetic
modeling results. This work is the natural contribution of a set of extensive research by
Bradley and Dixon-Lewis over the past thirty years at Leeds University, England, also
by Habik and El-Sherif during their research work at Leeds University and further
during their work in Suez Canal, Helwan and Cairo Universities.

Section 2.2 in this chapter started with a brief description of some definitions of
combustion fundamentals for laminar premixed flame, while section 2.3 describes the
basic theory and kinetic of laminar premixed flames through the background of flame
propagation, kinetic model with its computational methods. Furthermore, the transport
parameters and reaction mechanisms used in this model for different fuels are discussed
in this section.

As mentioned above, any hydrocarbon mechanism consists mainly of four sub-
mechanisms such as hydrogen, hydrogen-carbon monoxide, formaldehyde and
breakdown of the hydrocarbon fuels. Therefore, it is necessary to understand the flame
characteristics of such simple fuels. Thus, section 2.4 describes the experimental and
computational structure, and characteristics of premixed laminar flames for such simple
fuels. Authors of this book and co-workers have done most of these works during the
past twenty years. This section is divided into nine sub-sections, which cover most



Introduction 79

of the flame characteristics for practical fuels, and involved the experimental systems,
techniques of the measurements and results. These are in addition to the computed
results from the kinetic model. Sub-sections 2.4.1 and 2.4.2 describes the structure and
characteristics of hydrogen and hydrogen-carbon monoxide-air flames. The predicted
results for these flames using the kinetic model are compared and discussed with the ex-
perimental results,

Because methane and methanol are both chemically simple molecules which have
the potential to be widely used as practical fuels, their chemical mechanisms are also
examined and validated with the experimental results for both laminar burning velocity
and flame structure. Effect of equivalence ratio, initial pressure and temperature on the
flame structure, burning velocity, flame thickness, ignition temperature and heat release
rate are discussed in sub-sections 2.4.3 and 2.4.4. In addition, the effect of water
injected on methanol-air flame, on laminar burning velocity, maximum pressure and
temperature, and flame structure is also discussed in sub-section 2.4.5.

The combustion of natural gas is one of the major sources of energy, and a detailed
understanding of its combustion behavior is of considerable practical importance.
However, composition of commercial natural gas can vary widely with concentration
extremes of 75 % - 98 % for methane, 0.5 % - 13 % for ethane and 0 % - 2.6 % for
propane. Therefore, it is important to understand the chemistry of each of these
individual fuels and then consider how varying levels of these fuels in natural gas affect
their performance. Hence, sections 2.4.6 and 2.4.7 describe the chemical kinetics
aspects of propane-air and ethane-air flames, respectively as well as the flame
characteristics of these flames. Moreover, section 2.4.8 explains kinetically the effect of
natural gas composition on the flame characteristics of natural gas-air mixtures.

Because of the importance of laminar buming velocity and volumetric heat release
rate in relation to the turbulent flame model, general correlations for such parameters
with the heat of reaction per mole mixture for different gaseous and liquid fuels are
derived in section 2.5.

The above sections show that, the kinetic mechanisms become complex as the
number of carbon atom in hydrocarbon fuels increases, and therefore it is necessary to
simplify the kinetic mechanism for the high hydrocarbon fuels. Thus, section 2.6
describes our attempts to develop a reduced kinetic mechanism for practical high
hydrocarbon fuels such as n-butane, benzene, n-heptane, gasoline, kerosene and n-
hexadecane. The predicted results using these mechanisms have been validated with
experimental data. These mechanisms can be used in 2-D or 3-D combustion models to
understand the practical combustion and emission problems in engines and furnaces.

Over the past 100 years, global emissions of nitrogen oxides into the atmosphere
have been increasing steadily, and the main source of these emissions is attributed to
increased combustion of fossil fuels. Because of their detrimental effect on the
environment and on health, these emissions are regulated in a number of industrialized
countries. This requires a more complete understanding of nitrogen chemistry;
therefore, section 2.7 describes the role of gaseous fuel additives (such as hydrogen,
ethane and carbon monoxide) on the nitrogen compounds in hydrocarbon flames.
Furthermore, section 2.8 describes the effect of using porous burners on the flame
characteristics and pollutant emissions.

Finally, the responses of flames to applied stresses are discussed in section 2.9 in the
context of flame extinction for premixed flames in both the symmetric back-to-back and
the asymmetric unbumed-to-burnt configurations.
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2.2 Definitions

The premixed flame has a defined equilibrium adiabatic flame temperature and
burning velocity, the latter may be defined as the velocity of a plane flame front normal
to itself and relative to the unburned reactants. Burning velocity, whilst not providing
the detailed characterization offered by studies of flame microstructure, is extremely
convenient and is used as single-parameter description of a complex phenomenon.

Since a flame travels at a characteristic burning velocity, a stationary flame may be
obtained by passing the reactants into the flame at the same velocity in the reverse
direction. In practice, flames achieved in this way are unstable and it is necessary to
provide a stabilizing device or burner, which locally interacts with the flow and
combustion processes. In addition, the premixed flames can only be obtained if the
initial fuel and oxidant mixture lies between certain composition limits called the
composition limits of flammability.

2.2.1 Flammability limits

If small amounts of combustible fuel gas or vapor are added gradually to air, a point
will be reached at which the mixture just becomes flammable. The percentage of fuel
gas at this point is called the lower flammable limit or lean limit. If more fuel is added,
another point will eventually be reached at which the mixture will no longer burn. The
percentage of fuel gas at this point is called the upper flammable limit or rich limit,
The range of flammability becomes wider as the temperature of the unburned mixture
increases. Also, an increase in pressure above atmospheric usually widens the range of
flammability. Most of the widening occurs at the rich end of the range. These
flammability limits are presented for different fuels in sections 2.4 to 2.6. Some values
of flammability limits of gases are given in Appendix B.

For some fuel and oxidant mixtures, e.g. hydrogen + oxygen or acetylene + oxygen,
there is a region within the flammability limits where normal flame propagation may be
replaced by a detonation. This inner region, when it occurs, it is surrounded by limits of
detonability. One might expect the burming velocity of a mixture is to fall smoothly to
zero at the flammability limit, but in fact, the limiting buming velocity is found to be
finite at around 0.03 to 0.05 m s,

2.2.2 Laminar Flame Stabilization

As indicated above, attempting to establish a flame simply by flowing the gases into
it at an equal and opposite velocity to the buming velocity does not produce a stable
flame. Instead, it is necessary to attach the flame to a flame-holder or burner, which
locally interacts with the flow and combustion processes to provide a stabilizing zone.
The burner also mixes the fuel and oxidant, and it will in turn establish a particular flow
pattern as will be described in sections 2.4 to 2.6.

The effect of the burner rim on the gas-mixture velocity is to reduce it to zero at the
walls due to viscous drag whilst its effect on the burning velocity is to reduce it due to
quenching, i.e. the removal of heat and possibly active species in its vicinity. Thus,
close to the rim, the flame's position can be determined by the relative magnitudes of
the local burning velocity, U, and flow velocity, U,. If the burning velocity is greater
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than the flow velocity, the flame will move closer to the rim until the burning velocity
becomes equal to the local flow velocity. Conversely if the flow velocity exceeds the
burning velocity, the flame will move downstream until the two become equal. Thus,
within certain flow velocity limits the flame will be stabilized or held in place above the
rim as shown in Fig. 2.1 (a). If U, > U, and the flame is stabilized at the rim, the flame
conforms to the flow pattern such that the burning velocity is balanced by the normal
component of gas flow as shown in Fig. 2.1 (b), i.e. U;= U, sin c..

Outside the flow velocity limits as mentioned before, various forms of instability are
possible such as light back or flashback, tilted flames, blowout and lift. Typically, the
stability of the flame against flashback and blowout is achieved by quenching or cooling
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Fig. 2.1: Buming velocity and flow velocity for (a) flat flame and (b) conical flame, (c) is the
temperature, concentration and velocity profiles through an idealized one-dimensional stationary
premixed flame.
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by the burner wall and this in turn reduces the burning velocity in the neighborhood of
the wall.

2.2.3 Flame Temperature

This is the temperature of the gases when they leave the reaction zone, T
(Fig. 2.1(c)). In a diffusion flame, it is difficult to be obtained other than by experiment,
since the amounts of the reactants are rather not well-defined. In a premixed flame, a
well defined mixture composition enters the flame at a fixed temperature and pressure.
It is, therefore, possible to calculate the adiabatic flame temperature from the
thermodynamical properties of the original mixture. The equilibrium computer program
with 18 chemical product species described in chapter 1 is used in the calculation of
adiabatic flame temperature throughout this book. For stoichiometric mixtures of most
of the common fuels with air, the flame temperature is about 2000 K. Near the
flammability limits, the calculated temperature is lower, about 1400-1500 K. By
comparing the calculated and measured flame temperatures it is found that, with few
possible exceptions, chemical equilibrium is reached in the product gases.

2.2.4 Burning Velocity of a Premixed Flame

Burning velocity, U, is defined as the relative linear velocity with which a planar
flame front in a one-dimensional flow system moves normal to its surface through the
adjacent unburned gas. Clearly, it is also the volume of combustible mixture, at its own
temperature and pressure, consumed in unit time by unit area of flame front. It is
independent of flame geometry, burner size and flow rate. As indicated above, the
burning velocity is essentially a measure of the overall reaction rate in the flame and is
important, both in the stabilization of flames and in determining rates of heat release.
The burning velocity of a flame is affected by flame radiation, and hence by flame
temperature, by local gas properties such as viscosity, thermal conductivity and
diffusion coefficient, and by the imposed variables of pressure, temperature, air-fuel
ratio and heat of reaction of mole of mixture. The effect of these parameters on the
burning velocity for H,, H,-CO-H,0, CH,, CH;0H-H,0, C;Hg, C;Hq, natural gas, and
high hydrocarbon fuels such as n-C4H;o, C¢Hg, n-C;H,4, CgHys, C12Hz6, and C,¢Hj4-air
flames is given in some details in sections 2.4 t0 2.6.

However, although its theoretical definition is straightforward, its practical
measurement undoubtedly is not, and there is considerable discrepancies between the
results obtained by the various methods. One of the main problems in measuring the
normal burning velocity is that a plane flame front can be observed only under very
special condition. In nearly all-practical cases, the flame front is either curved or is not
normal to the direction of velocity of the gas stream. Broadly speaking there are two
types of measurements for burning velocity; one uses flames traveling through stagnant
mixtures, whereas the other employs flames that are held stationary in space by a
counter flow of fresh mixture. Bradley and his colleagues at the University of Leeds,
England, have extensively studied the different experimental techniques for the
measuring of burning velocity over many years. They have used the double flame
kernel method in a closed vessel, which may offer a simple technique for
determinations of the burning velocity for non-stationary flames. Also in stationary
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flame methods, those involving a "constant velocity” nozzle or flat flames seem to be
preferable, and the most accurate procedure would be to identify the cold gas front and
to measure the magnitude and direction of the gas velocity relative to it by using particle
tracking or Laser Doppler Velocimetry and allowing for the flow divergence as will be
discussed in section 2.4. Recently, techniques for flame observation, probe for flame
structure, and measuring burning velocity have been reviewed by Fristrom [71]. The
following will describe briefly some of the different techniques for measuring the
laminar burning velocity for stationary and non-stationary flames.

Stationary Methods

In these methods, a stream of premixed gas flows into a stationary flame with a
velocity equal to the burning velocity. Stability can be achieved by passing the mixture
up a tube, at the top of which the annular space separating the flame from the burner
edge provides a continuous ignition source and anchors the flame to the burner. The
followings are the measurement techniques, which have been used for measuring the
laminar burning velocity with stationary flames.

Total area method. When a Bunsen burner is used to measure the normal burning
velocity, Uj, the tube should be sufficiently long for fully developed laminar flow to be
achieved (i.e., parabolic velocity distribution). For the nozzle burner, a contraction ratio
of at least 5:1 is desirable if a flat velocity profile is to be obtained in the burning
region. The main experimental problem is to obtain an accurate photographic record of
the location of the flame zone. For most purposes, the line of maximum luminosity, i.e.,
the line of maximum density on a negative of a film gives the cone boundary with
acceptable accuracy. The conditions within an element of the flame front are illustrated
in Fig. 2.1 (a).

To determine the normal burning velocity, it is only necessary to measure the gas
flow rate and to determine the flame surface area. From these, the burning velocity can
be known from V, /A, where V, and A are the volume flow rate of gas and total area of
flame front, respectively.

Cone angle method. In this method the cone angle of the flame is measured,
preferably at a radius equal to 0.7 of the burner radius, where, for a parabolic velocity
distribution, the local gas velocity is equal to the average velocity. Then, the burning
velocity U; = Uy sin o, where Ug and 2a (shown in Fig. 2.1 (b)) are the local gas
velocity at radius r and cone angle at radius r, respectively.

Flat flame burner method. Constant velocity profiles of unburned gas issuing from
a tube can also be obtained by using flow rectification. At low velocities, with a suitable
arrangement of stabilizing screens, a flat stationary flame can be achieved at a short
distance above the burner matrix (see section 2.4), whereas at high gas velocities, a
conical flame is produced. Burning velocity may be obtained by dividing the gas
volume flow rate by the flat flame area, but it is difficult to define the edge of the flame
and to measure its area accurately. Because of the foregoing difficulties, particle
tracking, total flame electrical conductivity, and change in density techniques have been
used to obtain precise results for burning velocity in a flat flame.

Most of the errors involved in the burner method are in the measurement of flame
area. To avoid such inaccuracies, the flat flame method with Laser Doppler Velocimetry
technique is used by Habik and co-workers as described in sections 2.4.3 and 2.4.4. This
is useful for the study of limit mixtures and for investigating low-pressure flames,
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where the flame is thicker than that for flame at 1 atm, and this enables accurate
measurements of the temperature, velocity and species profiles.

Pressure drop method. The back pressure of a flame due to the acceleration of the
flame gases as they pass through the reaction zone, can be related to the burning
velocity. Both the pressure differences between the burner and the surrounding
atmosphere, and the ratio of densities of the burnt and unburnt gases must be known.
Measurement should be made across the flame front, and care should be taken to
measure the static pressure rather than the dynamic pressure, as does the pitot probe.

Opposed flames method. Many of the edge problems of the balanced flow methods
can be solved by using the opposed double flames method as described in section 2.9. In
this method, two flames are produced in opposed flow using a large cylindrical flame or
other geometry. Because of the large size, area expansion is minimized, the perturbing
effects of external atmospheres are eliminated, and the flow balance point can be
accurately established. This method is particularly useful for slow flames near the
extinction limit and gives precise results for burning velocity as described in section 2.4.

Propagation Methods

In these methods of measurements, the flame moves through the initially quiescent
mixtures. The subsequent spread of such a flame is determined by the nature of the
bounding surface between the mixture and its surroundings. These types of bounding
surface have been used: rigid cylindrical tubes, either closed at both ends or open at one
end or both ends; soap bubble solution or thin elastic membranes; and rigid spherical
vessels. Burning velocity measurement can be made by direct measurement of flame
propagation. This requires locating the position of the flame front at two (or more)
known times. Rapid visualization is required, and it is necessary to know the flame front
geometry and the flow constraints, and often the density change across the flame front.
The followings are the measurement techniques, which have been used for measuring
the laminar burning velocity with non-stationary flames.

Double kernel method. The essence of the method is to oppose a pair of
simultaneously ignited flame kernels. As they expand toward one another, the flow of
unburned gas is constrained along the line between their centers. The flames flatten and
the two approaching flame surfaces approximate the flat flame geometry. Their relative
movement asymptotically approaches twice the normal buming velocity. The gas
velocity on the axis of centers must be zero at the midpoint, and flame speed along this
axis tends to the burning velocity.

Constant explosion method. In this method, a containing envelope surrounds the
explosive mixture, which is then ignited centrally, and the rate of propagation of the
spherical flame front in space is measured. Close to the point of ignition, the high
curvature of the flame causes a reduction in the burning velocity, but if a large vessel is
used, approximately of more than 0.25 m diameter, then remote from the spark, the
flame front approximates a one-dimensional plane. There are four principal approaches
to obtain the burning velocity; first, is the pressure recording during the explosion,
second, is the determination of density ratio at constant pressure in a rigid vessel, third,
is the determination of density ratio at constant pressure in an elastic envelope, and
fourth, is the direct measurement of gas velocity during explosion.

Tube method. This is one of the earliest methods and in this method the mixture is
ignited at the open end of a tube and the flame front is photographed as propagating
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toward the closed end. The expression for the burning velocity is obtained from the
equation of mass conservation for the unburnt gas. There are significant errors in the use
of this method for burning velocity measurements.

Because the experimental research is very expensive to cover all the factors and
conditions affecting the flame propagation, therefore the modeling techniques can
provide an alternative method of estimating the burning velocity and flame structures
over wide ranges of operating conditions. Thus in sections 2.3.2 to 2.3.4, a quasi-one-
dimensional flame model (treated as a constant pressure) with an interaction solely
between chemical events and diffusion of matter and energy is described, and used here
to predict the steady, one-dimensional, laminar burning velocity. The predicted burning
velocities from the models for H,, H,-CO-H,O, CH; and CH;OH-H,O-air are
compared with measurements in sections 2.4.1 to 2.4.5. In section 2.5, a general
correlation for burning velocity with the heat of reaction per mole of mixtures for
different gaseous and liquid fuels is proposed with an algebraic expression for burning
velocity of alkene, alcohol and aromatic in terms of initial pressure, temperature and
heat of reaction per mole of mixture.

Finally, the burning velocity of multicomponent mixtures is predicted and given for
mixtures of CO-H,0-0,-N, and CO-H,-air in sections 2.4.1 and 2.4.2. In the literature,
there are limited number of experimental measurements for mixtures of hydrogen,
methane, carbon monoxide, ethylene and inert gases and there is no general reliable
formula to derive the burning velocity of a mixture of fuel gases under different
operating conditions. Sections 2.4 to 2.6 cover some of our suggested general
correlations for natural gas, propane, n-butane, benzene, n-heptane, gasoline, kerosene
and n-hexadecane-air flames.

2.2.5 Ignition

This topic covers the initiation of combustion by a wide variety of means for
reactants under a wide range of physical conditions. The ignition phenomena can be
divided into two cases: homogeneous ignition, in which ignition occurs simultaneously
throughout the reactant volume. If the temperature of a vessel containing a
homogeneous mixture of reactants is raised, a point is reached at which ignition occurs.
This is termed the self-ignition or auto-ignition. The criterion for ignition of this kind is
related to the net rate of heat loss or gain in a given volume of the reactants. If the heat
loss is less than the rate of heat production due to the reaction then ignition will occur.
In section 2.4.3, the ignition temperatures are predicted for CH,-air flames under
different operating conditions. The predicted ignition temperatures from kinetic models
and those calculated from thermal theory are compared and generalized with the heat of
reaction of mole of mixtures. An algebraic expression is proposed to predict the value of
the ignition temperature under different conditions. The second case is instantaneous
point ignition, in which a flame develops close to the ignition source (e.g. a spark) and
then spreads through the reactant volume.
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2.3 Theory and Kinetics of Laminar
Premixed Flames

2.3.1 Background to Flame Propagation

The propagation mode of laminar flame is expected to govern many properties in the
flames. It has been well known that the propagation mode is explained either by means
of the "thermal theory” or of the "active-species-diffusion theory”. Though these
theories are satisfactory for roughly analyzing flame propagation, they are not exact
enough to discuss them in details.

The thermal theory neglects the contribution of the chemical reactions in a preheat
zone and ascribes the temperature increase in this zone only to thermal conduction.
However, at the boundary between a preheat zone and a reaction zone, the increment of
thermal energy due to conduction becomes zero and, therefore, conventional heat and
heat release through chemical reactions must be equal to each other as indicated by the
equation of thermal energy conservation; some chemical reactions must take place at
the boundary. Chemical reactions can not start immediately when their environment
satisfies certain conditions but are excited gradually.

On the other hand, the flame propagation under the diffusion of active species
depends explicitly upon chemical reactions. Chemical reactions should be eventually
evaluated accurately for the detailed analyses of both propagation modes. There is a
considerable difficulty in expressing analytically the rate of chemical reaction in flames
without any experimental data. Moreover, actual flames propagation mode is partly
under thermal effects and partly under the diffusion of active species that makes the
problem more complicated, and this mode is the one we use throughout this chapter.
The flame in this mode is the result of a self-sustaining chemical reactions occurring
within a region of space called the flame front where unburned mixture is heated and
converted into products. The flame front consists of two regions: a preheat zone and a
reaction zone. In the preheat zone, the temperature of the unburned mixture is raised by
conductive heat and radicals diffuse from the reaction zone, and there is no significant
reaction or energy release occurring in this zone, until reaching a critical temperature,
whereas exothermic chemical reaction begins. The region between the temperature
where exothermic chemical reaction begins and the hot boundary at the downstream
equilibrium burned gas temperature is called the reaction zone. The discussion of this
mode will focus mainly on low-velocity laminar premixed flames.

2.3.2 Kinetic Model of Premixed Flames

The study of premixed laminar flame propagation for gaseous and liquid fuels has
been long considered as an important subject for experimental and theoretical
researches. Thus, the comparison of the measured and predicted flame structure and
burning velocity of laminar flame is essential for the successful development of a
kinetic model and always demanding test for its accuracy. Recently, the theory and
modeling in combustion chemistry has been reviewed by Miller [69].

Here, the basic and comprehensive reaction mechanisms, flame structures, laminar
burning velocities, flammability limits, flame thicknesses, ignition temperatures, and
heat release rates have been analyzed in section 2.4 through experimental and
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theoretical studies of laminar premixed flames for hydrogen, H,, carbon-monoxide-
hydrogen, CO-H,, methane, CH,;, methanol, CH;OH, methanol-water, CH;OH-H,0,
propane, C;Hg, ethane, C,Hg, natural gas, n-butane, n-C4H o, benzene, C¢Hs, n-heptane,
n-C;H,4, n-octane, CgHs, n-dodecane, C,;H,6, and n-hexadecane, C,¢His-air flames.
Furthermore, to control the combustion-generated nitrogen oxide emissions, the effect
of gaseous additives such as H,, CO and C,Hg on the formation and oxidation of NO
and NO, in C;H;-air and CH,-air flames as well as the effect of using porous burner on
the pollutant emissions are also explained in sections 2.7 and 2.8.

Mathematical models of laminar flames that incorporate detailed chemical kinetics
can reveal the detailed flame structure, heat release, and predict the burning velocity.
One major difficulty with the comprehensive kinetic models is that they do not readily
identify the essential reaction channels and what those to be approximated. This is
important because the modeler of more complex aerodynamic system is frequently
constrained by computer capabilities and economics when treating simultaneously both
the complex chemistry and the aerodynamics. Each new species involved in the model
will include an additional differential equation.

In the light of the above remarks, the predicted results from kinetic model for the
stated gaseous and liquid fuels will be compared with the experimental data herein.
Once the kinetic schemes are validated, the predicted results from kinetic model can be
extended to a wide range of conditions and discussed for both fuels.

After studying the bumning velocity of H,-CO and simple hydrocarbon and alcohol,
and the difficulties involved with the chemical kinetics for high hydrocarbons fuels, it
was necessary to survey the measured and predicted burning velocity for wide ranges of
both conventional and alternative gaseous and liquid fuels. An algebraic expression for
the burning velocity of different fuels is suggested in terms of initial pressure,
temperature, equivalence ratio, and gaseous fuel and water additives in hydrocarbon and
methanol-air flames. The maximum burning velocities of these fuels are evaluated and a
degree of generalization of such values is suggested in terms of the heat of reaction per
mole of reactants.

Finally, because of the importance of laminar heat release rate in turbulent flamelet
model, an algebraic expression in terms of two variables for the profile of normalized
heat release rate against fractional temperature increase, is suggested. Effect of the
initial temperature and pressure of mixture on these two variables are also explained,
but before all of these, it is necessary first to discuss, not in a great details, the
mathematical model as in the following parts.

Computational Method

The approach adopted here is that developed over many years by Dixon-Lewis [15,
61, 65, 92-94, 96-98, 136-138] and his colleagues, Isles, Shepherd, Williams, Islam,
Missaghi, Cherian, Rhodes, Simpson, Giovangigli, Kee, Miller, Rogg, Smook, Stahl,
Warnatz, Bradley, Habik, El-Sherif, Kwa and Mushi [44, 45, 100, 139-156]. This
approach is used by the authors and developed further by comparing the predicted
results from the model with recent experimental data for methane-methanol-water-air
flames. Figure 2.1(c) illustrates the main aerodynamic features of the stationary,
premixed one-dimensional flame. In addition to the convective fluxes through the
flame, there are molecular transport fluxes along the direction of the temperature and
compositional gradients. It is the coupling of these with the combustion chemistry,
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which causes the flame to propagate. Conservation equations are set up for flow in the
x-direction and these are solved in time dependent form by the implicit method. This
implicit solution approach has been used successfully for one-dimensional premixed
flame modeling of flames in hydrogen bromine (Spalding and Stephenson [87]),
hydrogen-air (Stephenson and Taylor [157], Warnatz [158] and Dixon-Lewis [94, 97,
98]), hydrogen-carbon monoxide-air (Warnatz [159] and Cherian et al [144]), methane-
air (Smoot et al [88], Bradley et al [160], Warnatz [80], Dixon-Lewis [96], Dixon-Lewis
and Islam [143], Dixon-Lewis et al [146], Bradley et al [149] and El-Sherif [152, 153]),
methanol-air (Westbrook and Dryer [161], Dove and Wamatz [162], Bradley et al [44],
El-Sherif [152] and Abu-Elenin et al [154]), methanol-water-air by Habik [274], and
other lower hydrocarbon-air systems (Habik [156], Bradley et al [45] and Wamatz
[80]). An eventual objective of such modeling is the validation of reaction mechanisms
and rate parameters, which may ultimately be of service for the solution of more
practical flame problems.

Conservation of total mass. In the steady state, the global mass flux, M, is
conserved and it is the adiabatic mass buming velocity. It is also an eigenvalue solution
of the physical problem, which equals the product of density and linear velocity of the
gas at any position in the flame. Thus:

M, =p,U, =pp U} = constant @.n

where the subscripts u and b refer to the unburnt and burnt gas, respectively, and U, is
the laminar burming velocity.

In addition, there must be a conservation equation for each chemical species. The
concentration of each species i is expressed either as a product of total molar density,
Pmotar, and mole fraction X, or as a product of density, p, and mass fraction Y;. In an N-
component system, mass and mole fractions are related by:

Yi = _EEIL (2.2)
2.(m;X;)
j=!

Y;/m;

X; = N_.IL (2.3)

j=1
where m denotes the molecular weight, and the density can be represented as:
P = Pmolar Z_(mjxj) = __Pmolar (2.9)
J

J

The species continuity equation then becomes:
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%(Pyi)‘F %(Fix)=qi (2.5)

where F;, is the flux of the species i in the x-direction and g; is its mass chemical rate of
formation. There is one equation for each species (Eq. 2.5). Computationally, an initial
unsteady state is assumed. Ultimate solutions are, of course, for the steady state.

Because of the species concentration gradients in flames, the fluxes F;, consist of
two parts; a convective flux (M, Y;) due to the overall mass flow and a mass diffusive
flux j;. In the one-dimensional case:

Fx =M,Yi +j; (2.6a)
Fix = MxGi (26b)

where G; is the mass flux fraction. For a stationary, one-dimensional flame and for
constant M,, the mass chemical rate of formation can be presented as:

q; =M, (dG, /dx) @7

The chemistry is represented in Eq. 2.5 by g;, which may be expressed as:

q; =m;R; (2.8)
where R; is the net molar rate of formation of the species. Particular reactions are
discussed in section 2.3.4. The overall rate q; for each species is obtained by a

summation of all the separate rates of its formation in each elementary reaction in which
it occurs. For the elementary reaction:

kf
A+B=C+D (2.9)

T

The volumetric molar rate for the creation of C is given by:
Re =KePiotarXaXp = KPolar XcXp
R; =K¢Photar (XaXp - XcXp/K) (2.10)
R, =k¢p*(c50p ~0cop/K)

where o; = Y/m;, k; and k, are forward and reverse rate coefficients and K = k¢ /k, is the
equilibrium constant and these are discussed in chapter 1. Both the rate coefficients and
equilibrium constant are functions of temperature, and sometimes also of pressure. The
dependence on temperature, T, is expressed by:
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k= ATB exp(-C/T) @.11)
or
K =DTE exp(-F/T) (2.12)

The numerical values of the constants, A, B, C, D, E, and F that were used in this work
are given in Tables 2.2 t02.9,2.14, and 2.15.

In terms of o}, Eq. 2.6 becomes:
Fix =mio;M, +j; (2.13)
Substituting from Eqgs. 2.8 and 2.13 in Eq. 2.5, leads to:
Jo; do; 2| ji
—L +M, | = |=-—| = |+R; (2.14
R >

Evaluation of the diffusion fluxes was conducted by the method evolved by Dixon-
Lewis over a number of years (Dixon-Lewis [15]), namely:

, oh] X do;
hi= —{ﬁ? [5;] + Eﬁijmj[‘aj}} (2.15)

where:
N
Bij = 2001 - 84)p0, Dy (mymy /m )] - (1 - 8;)pDy(m; /mg) - BT h;
k=1
G=12,... , N) (2.16)

B =D]/C,T .17
-1
Here [mg] denotes the average molecular mass [Zoj] » 8jj is the Kronecker delta
i

(Dixon-Lewis [15]), C, is specific heat per unit mass, D; and DiT are the
multicomponent diffusion coefficients and multicomponent thermal diffusion
coefficients, respectively. These were computed from the equations of Mason,
Monchick and Munn [163, 164] as discussed by Dixon-Lewis [15, 142]). More details
and solutions of these equations are given elsewhere (Dixon-Lewis [15]).

The relation between enthalpy and temperature for each chemical species was
provided by second order polynomial fits of gaseous specific heats and enthalpies over
300 K temperature range, then:
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N
h =2 (c;H)) (2.18)
1

N
h=30i(a;, +2;,T+a;,T°) (2.19)
i

where H; is the molar enthalpy, and a;,, a;, and a;, are polynomial coefficients for the
species. These coefficients are given in chapter 1. The thermal data were taken from
JANAF Thermochemical Tables [13] and NASA Thermochemical polynomials Tables
(12]. In addition to the above equations, an auxiliary ideal gas equation of state was
required:

p/p =(Zci)RT (2.20)

where R is the molar gas constant.
Conservation of energy. For the present conditions, neglecting the small changes in
pressure and viscous dissipation, the equation takes the form:

p(Oh/30)+ M, (01 /%) ==~ [(Qp + Q7 + Q) 21)

where h is the mass specific enthalpy, while Qr, Qp, and Qg are the energy fluxes in the
x-direction due to conduction, diffusion and radiation, respectively. Only in dust and
coal flames the radiation may be significant. However, in the gaseous flame studies it is
neglected. A detailed transport flux formulation is used. The transport fluxes in an N-
component system are defined (Dixon-Lewis [15]) by:

h oh N aO'J
—_| [ m.| 24 2.22
Qr +Qp l:Y (ax)-*-‘?::lyjmj( ox (222)
where:
A N
y" ==+ Y By, 2.23)

p kol ! (2.24)
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The first term on the right of Eq. 2.22 represents Qr and the second one for Qp. The
first and second terms in Eq. 2.24 represent the contributions of thermal diffusion.
Thermal diffusion of hydrogen atoms can be important in flames (Dixon-Lewis [15]).
The notations and other parameters in the equations are defined in this section and 2, is
the thermal conductivity of the mixtures computed from the equations of Mason,
Monchick and Munn [163, 164] and discussed in details by Dixon-Lewis [15]. Some
more details about A, are given in chapter 1 (section 1.6).

Boundary conditions and solution of equations. The complete set of Eqgs. 2.14 and
2.21 must be solved subject to the boundary conditions, which define the specific
problem. For "free flame" these can be written:

X, =~ a_ci__:o, oh_o
ox ox
xu =+, o| =Ciu! h= hu(Tu ’Ci\l )’ (225)
%_—_0’ a_h=o
ox ox

where the subscripts u and b refer to unburnt and burnt gas, respectively.

As the first step towards a solution of Eqgs. 2.14 and 2.21, they are transformed into
the von Mises system of coordinates. The details of this are given by Dixon-Lewis [15].
The resulting equations are then integrated forward in time, subject to the boundary
conditions. Numerical integrations were performed by means of finite difference
techniques with a rectangular grid. Initially, sigmoid-shaped starting profiles of species
concentrations and enthalpy were assumed. In order to concentrate the grid spacing at
the position where most reactions occur, a total of between 33 and 53 grid points were
distributed non-uniformly. The input dependent variables are the mole fraction
composition, pressure, and temperature of the initial mixture, together with rough
estimates of the hot boundary values. Mole fractions were converted to values of the
working composition variables c;, and the specific enthalpy of the unburnt mixture was
then calculated. The final specific enthalpy assumed the same value. A few grid points
near each boundary were given the boundary values of the dependent variables, and a
suitable curve generating algorithm was used to initialize values in the central region
of the grid (Dixon-Lewis [15]). The object of the calculation is to either observe the
evolution of the flame profiles with time or to determine the steady-state value of
(M;A) and the corresponding profiles of the dependent variables. The transport
parameters and reaction mechanisms with their rate parameters used in the above
model will be discussed next.

2.3.3 Transport Parameters

Molecular interactions for the transport property calculations were represented by
the Lennard-Jones (12:6) potential as described in chapter 1, with the use of the force
constants given in Table 2.1. This Table involves all the species, which have been used
in the kinetic mechanisms described below in sections 2.3.4 and 2.6 to 2.8. Many of the
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data for the transport property have been calculated by Dixon-Lewis [97, 15]. For
methanol-air mechanism [44, 154] the values of force constants, €;, Si and rotational
collision number, 1; for CH;OH were taken, respectively from Svehla [165] and
Monchick and Mason [163]. Because there are no data for €, Si and 1;; available for
CH,0H and CH;O, they are assumed to be the same as for CH;OH. For methane-air
mechanism, the molecular parameters for C;H;, C,H, and CH, species were taken from
Warnatz [166]. For propane mechanism, the transport parameters for C;Hg, n-C;H, i-
C;H; and C;Hg, were assumed to be the same and were taken from Warnatz [166]. For
high hydrocarbon mechanism, the transport parameters of C4H,q, C¢Hg, C7H16, CsHys,
C2Hz, and Ci¢H3, were assumed to be the same and were taken from Warnatz [166].
Also, for the species involved in nitrogen compounds mechanism such NO, NO,, N,O
and N, the transport parameters were taken from Svehla [165]. The collision number t;;
assumed for relational relaxation of each polyatomic species on colliding with any other
species j is given in the fourth column in Table 2.1. These values are required only for
the thermal conductivity and thermal diffusion calculations. The Lennard-Jones
parameters (g;/k) and Si are the characteristics of the colliding species and thus in the
elastic-collision case, all the necessary integrals can be found at any temperature (see
chapter |, section 1.6). All the parameters in Table 2.| were used to calculate the
transport fluxes due to conduction and diffusion. In the interests of computational
economy, only OH, O, H, Nz, 02, H,, CO, CO,, Hzo, CH]OH, C3H3, C2H4, Csz, and
CH, were included in the calculations of the thermal conductivity. Table 2.1 was added
to each kinetic scheme of H,, H,-CO, CH,, CH;0H and CH,OH + H,0-air mixtures
throughout the computations in this chapter.

2.3.4 Reaction Mechanisms for Simple Fuels

This section summarizes the important features in the kinetic mechanisms and
reaction rate parameters for the combustion of H,, CO-H,, CH,;, CH;0H, C;Hs, C,He,
and natural gas fuels. The reaction mechanisms adopted here are those developed over
about thirty-five years by Dixon-Lewis and colleagues [15, 44, 45, 61, 65, 92-94, 96-98,
100, 136-156, 160]. These mechanisms were developed further by the authors of this
book for high hydrocarbon fuels.

(i) Reaction Mechanism for H,-Air Flame

Hydrogen is an important practical fuel. The kinetic modeling of the hydrogen-
oxygen-nitrogen flame has been extensively studied and discussed in details by Dixon-
Lewis et al [167], Dixon-Lewis and Williams [142], Day et al [168], Snyder and
Skinner [169], Dixon-Lewis [65, 94, 96-98, 137], and Warnatz [159]. They showed that,
the more important reactions and their rates controlling the burning velocity and flame
structures are the reactions R, to R;; which are given in Table 2.2. In this Table, the rate
coefficients are expressed as k = AT® exp (-C/T), both in units of cm. mole. s and
equilibrium constants as K = DT exp (-F/T) = kgk..

The radical species O, H and OH in this mechanism are produced by the chain
branching cycle consisting of reactions R; to R;. In the hotter regions of the flames, they
diffuse upstream to meet the incoming oxygen and react with it by the lower activation
energy cycles via reaction, Ry. Then Ry is followed by reactions, Rs to Rs.
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Table 2.1:Lennard-Jones (12:6) potential and rotational parameters as well as the rotational
collision number.

Species & /k (K) (SH/(n/m) Y j'
H 37.0 0.2070 -
(0] 106.7 0.3050 -
OH 79.8 0.3147 4.5
N, 714 0.3798 4.5
0, 106.7 0.3467 4.5
H, 59.7 0.2827 200.0
CO 91.7 0.3690 45
CO, 195.2 0.3941 2.5
CH,OH 481.8 0.3626 0.9
H,0 260.0 0.2800 4.0
CH;0 312.0 0.3758 2.5
CHO 187.0 0.3465 -
HO, 168.0 0.3068 -
CH,OH 481.8 0.3626 0.9
CH,0 4818 0.3626 0.9
CH, 148.6 0.3758 2.5
H20: 2893 0.4196 -
CHe 215.7 0.4443 2.5
C,H, 2247 0.4163 2.5
CH, 312.0 0.3644 -
CaHs 220.2 0.4303 -
C,H, 209.0 0.4100 -
CoH; 209.0 0.4100 -
CH, 148.6 0.3760 -
CaHs 267.0 0.498 -
CiHio 357.0 0.5180 1.0
NO 116.7 0.3490 1.0
NO; 2324 0.3830 1.0
N, O 2324 0.3830 1.0
N 71.40 0.3290 1.0

* Assumption is made that t; depends only on i.

Superimposed on all of these are the effects of the radical recombination steps; R;o
to Ry;. But because of the competition with reaction (R;), these only become dominant
in situations where molecular oxygen is more or less absent, for example in the
recombination zones of fuel-rich flames.
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Because the combined concentrations of H, OH, and O in the flames at atmospheric
pressure and below are very much higher than the concentration of HO, at all positions
except a very small region at the start of the reaction zone, the participation of hydrogen
peroxide H,O, is omitted in this mechanism (Dixon-Lewis and Williams [142] and
Bradley et al [44]).

The whole series of reverse reactions, R, to R,; is included in the whole calculations
of the flame. Although many of these only become significant in limited regions of the
flames, they are nevertheless essential for the representation of the approach to full
equilibrium in the hot gases. Reaction (-R, to -R; and -Ry;) further play a significant
role in the whole of the recombination zone.

In the high temperature combustion of hydrogen, hydrogen-carbon monoxide and

hydrocarbons, reaction, R,, is the most important chain branching reaction, consuming
one H atom and producing two radical species O and OH. In any combustion system, an
increase in H atoms production will accelerate the overall rate of combustion by
increasing the net amount of chain branching from reaction, R,. Conversely, processes,
which reduce the H atom concentration, and reactions which compete with, R, for H
atoms will tend to inhibit the combustion.
Also reaction, Ry, competes directly with reaction, R,, for H atoms, but the rate of the
third order reaction, Ry, is much more pressure dependent than that of, R,. Reaction, Ry
begins to compete effectively with reaction, R, for H atoms at pressures higher than
1 atm and leads to reduce the burning velocity, but below the atmospheric pressure,
reaction, Ry, does not compete effectively and leads to increase the burning velocity.
This exhibits the non-linear dependence of burning velocity on pressure for H,, H,-CO
and any other hydrocarbon fuels (as it will be shown later in this chapter) or for non-
hydrocarbon fuels such as ammonia (NH3), hydrazine (N,H,) and other M-H systems,
Moreover, the addition of many halogenated species inhibits the combustion process by
removing H atoms from the radical pool, forming H, by a catalytic cycle of reaction,
thereby reducing the rate of chain branching and slowing the overall rate of combustion
process. In addition to the above, nearly all of the elementary reactions rates increase
with temperature to accelerate the fuel consumption, heat release rate, and overall
combustion process.

Following the above discussion, many hydrocarbon species act as inhibitors for the
H,-air system (Snyder and Skinner [169]). This is due to the fact that the rates of
reaction of breakdown of many hydrocarbon species by H atoms are considered to be
larger than the rate of reaction, Rp, and consequently these reactions will compete
effectively with R,. Furthermore the reverse of reaction, R,, provides a mechanism for
initiation of H,-O, mixture and, R, is responsible for the majority of H, consumption.

The extensive comparison between the experimental and predicted results (in this
chapter) using the reactions and rate parameters of, R, to R,; in Table 2.2, confirmed
that all the important reactions, R; to R;; and their rate parameter constants are now
well known with good accuracy. The same reactions, R; to R;; with their rate
parameters form an important group of reactions in CO-Hz, hydrocarbon and alcohol-air
flames. Reliable information about these reactions with their rate parameters therefore
becomes important as an aid to the elucidation of the more complex hydrocarbon,
alcohol and coal-air kinetic mechanism. One last feature is that Dixon-Lewis and his
collaborators (Dixon- Lewis et al [170], Dixon-Lewis {97, 98, 136], Dixon-Lewis, and
Williams [18], Dixon-Lewis et al [146), and El-Sherif [152]) have devoted a great deal
of attention to the problem of third body or Chaperon efficiencies. The Chaperon
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efficiency increases with the number of degrees of freedom available to share collisional
energy, and water molecules are particularly good Chaperons, with efficiencies 10 to 50
times larger than those of N,. The predicted results from the above mechanism and its
rate parameters as stated in Table 2.2, in addition with transport properties given in
Table 2.1 are compared with recent experimental results and discussed in section 2.4.1.

(ii) Reaction Mechanism for H,-CO and CH,0-0,-N; Flames

Reactions in the H,-CO-air flame are part of the main chain-branching processes
maintaining high temperature combustion of hydrocarbon fuels. As described before,
the mechanism of the H;-air flame and the rate constants of elementary steps involved
are well established nowadays. Since carbon monoxide is an important intermediate in
hydrocarbon flames, it becomes necessary to develop, as far as possible, kinetic
mechanisms with its rate parameters which will satisfactory predict the experimental
data. The CO is the primary product of hydrocarbon oxidation, and is converted to CO,
in a subsequent slow secondary reactions, and takes place over a more extended region
on the hot, burnt gas side of the flame. The responsible reaction for the bulk of the slow
oxidation to carbon dioxide is the forward reaction, R (Table 2.2), and this reaction is
important in flames and other systems. Because R4, consumes nearly all of the CO with
OH, the rate of CO oxidation depends very much on the availability of OH radicals. The
presence of any hydrocarbon fuel will effectively inhibit the oxidation of CO until all of
the fuel has disappeared, whereupon the OH concentration rises sharply the reaction,
R4, and rapidly consumes the CO to produce CO,.

Reaction R4 and its rate expression has been studied extensively by several workers
and well established nowadays as given in Table 2.2 by Dixon-Lewis [65, 96, 97, 137],
Baulch and Drysdale [171), Bradley et al [149], and El-Sherif [152]. In addition to
reaction R;4, carbon monoxide may undergo two further reactions with the chain
carriers of the hydrogen-air system. These are, R;s and Ry in Table 2.2. These two
reactions are much slower than reaction R)4 and they are important as a chain-
termination step, which affects the overall concentration of chain carriers. In hydrogen-
carbon monoxide-air flame, the formyl radical HCO formed in reaction, R, will either
redissociated by reaction, -R)¢, or undergo one of the forward reactions, R;7 to Ry. All
these reactions of the formyl radical are important also in any hydrocarbon flames. The
study of carbon monoxide-hydrogen flame mechanism may therefore provide further
information on the subgroup mechanism of the reactions involved in the hydrocarbon
flames. Such kinetic reactions of this system, Ry4 to Ry are given with their rate
parameters in Table 2.2. The extensive comparison between the predicted results from
such mechanism with the experimental data confirmed the mechanism and its rate
parameters. This comparison will be described in the next section [15, 61, 65, 96-98,
100, 137-146].

Formaldehyde, CH,O, is an intermediate in the oxidation of most hydrocarbon fuels,
and modeling of formaldehyde-oxygen supported flames provides an essential link
between the H,-CO-air and hydrocarbon-air systems. The modeling of these was
discussed by Dixon-Lewis [137] in relation to the flame structure measurements of
Oldenhove de Guertechin et al [172] and it is established that the CH,O was consumed
primarily by reactions, Ry;-R,3. These reactions with their appropriate rate expressions
are also given in Table 2.2. In fuel-rich mixture, reaction R,, dominates, while in lean
and stoichiometric conditions, R,; and Rz; dominate. The formyl radical HCO will react
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Table 2.2: Parameters of expressions of forward rate coefficients, ki, and equilibrium constants,

K used in kinetic mechanisms [44]. Reproduced by permission of Elsevier Science.

No  Reaction Ref A B C/(K) D E  F/K)
| OH+H;o&H;0+H 137 1.10x10° 1.3 1825 0.21 0.0 -7640
2 H+0;60H+0 97,98 1.80x10"* 0.0 8450
3 O+HyoOH+H 137 1.80x10° 25 3300
4 H+0p+H,>HO+H, 137 2.80x10"" -0.86 0.0 0.745 00 -2338

H+0,+N; oHO+N, 3.75x10°  -1.72 0.0
H+0,+0,63HO+0, 3.00x10"  -1.72 0.0
H+0,;+H,06HO:+H,0 9.40x10'"®  -0.76 0.0
H+0;+CO&HO,+CO 2.10x10"™ -0.86 0.0
H+0,+C0;6>HO:+CO; 4.10x10"*  -0.86 0.0
H+0,+CH;eHO,+CH, 5.60x10"™  -0.86 0.0
5  H+HO;&OH+OH 137 2.20x0" 0.0 710
6  H+HO,&0+H;0 137 5.0x10" 0.0 710
7 H+HO;&H,+0, 137 2.16x10"” 00 280
8  OH+HO,&H,0+0; 137 1.80x10" 0.0 0.0
9  O+HO;&0H+0, 137 2.00x10"® 0.0 0.0
10°  H+H+H,oHy+H, 137 9.20x10" -0.60 0.0 0.24 0.0 -5259
H+H+N; o Hy+N, 1.00x10®  -1.00 0.0
H+H+0,6H;+0, 1.00x10'*  -1.00 0.0
H+H+H;060H;+H,0 6.00x10"”  -1.25 0.0
H+H+CO©H,+CO 1.00x10"  -1.00 0.0
H+H+CO,6H;+CO; 5.49x10*° 2,00 0.0
H+H+CH,©&H+CH, 5.49x10®  -2.00 0.0
11 H+OH+MoH,0+M; 137 1.60x102  -2,00 0.0
M=H2, Oz, N), CO, COz,
M=H,0 8.00x102  -2.00 0.0
12 H+O+MoOH+M, 137 6.20x10"*  -0.60 0.0
M=H2, 02, Nz, Co, CO;
M =H,0 3.10x10"7  -0.60 0.0

13 OH+OH&O0+H,0 137 e(27+1.5

x 10°T)

14  OH+COECO+H 137 1.50x107 13 2385  3.8x107 12 -13067
15*  O+CO+MeCOyHM; 137 5.40x10"* 0.0 2300

M= Hz, Oz, Nz, CO, CO;,

CH, & H,0
166  H+CO+MoCHO+M; 137 5.00x10" 00 755 1.7 0.0 -7080

M= Hz, Oz, Nz, CO, COz,

CH, & H;0

17 CHO+0,6HO0;+CO 137 33x10"  -04 0.0
18 CHO+HoH+CO - 1.2x10" 0.0 0.0
19  CHO+OHeCO+H0 137 1.0x10" 0.0 0.0
20 CHO+O©OH+CO - 3.0x10"

21  CH,0+HoCHO+H, 137 1.0x10* 3.0 700 10.6 0.0 -7778

22 CH,O+OH ©&CHO+H,0 137 3.0x10" 0.0 600
23 CH,0+0oCHO+OH 137 1.8x10" 0.0 1540

be

Chaperon efficiency relative to H; for CO assumed the same as for N,
Chaperon efficiencies relative to H; are the same as in reaction (Ra) for N, O, H;0, CO; and CH,.

with other radical species and molecular oxygen by reactions R;; to Ry. The
predicted results from this mechanism for CO-Hp-H,O will be discussed in
section 2.4.2,
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(iii) Reaction Mechanism for Methane, CH,;-Air Flame

Methane is an important practical fuel, constituting approximately 90% of the
composition of natural gas. In addition to that methane is chemically simple molecules,
extensive kinetic modeling work has been devoted to its oxidation than to all
hydrocarbon fuels combined [173]. The earliest such mechanism introduced by Smoot
et al [88] and by Tsatsaronis [174], involved 14 species and about 30 reactions with C1
reactions. They compared their predicted and experimental results in lean and near
stoichiometric methane-air flames. Warnatz [28] and Westbrook [175] introduced a
much more complicated scheme involving 226 species with 74 reactions and 24 species
with 74 reactions, respectively. They claimed with Dixon-Lewis [61] and
Egolfopoulous et al {176] that C2 species were important for modeling rich or even near
stoichiometric flames, During the pyrolysis and oxidation of methane, radical
recombination reactions produce significant amounts of C2 hydrocarbons, and
species such as ethylene, C;Hs, ethane, C,Hg, and acetylene, C;H,, which have been
observed by methane-air flames (Langley and Burgess [177]). The subsequent
consumption reactions of these C2 species must therefore be included in a complete
CH, mechanism.

Dixon-Lewis [61] attempted to identify the major reaction channels in large
mechanisms such as that of Warnatz [28] and Westbrook [175]. He compared two
mechanisms, one with 14 species and one with 18 species (including C2, but without
C,H, reactions). Both schemes were considered valid for lean or stoichiometric flames;
this is because both oxidation bathes include the standard CH, —> CH; —> CH,0 —
CHO — CO — CO,.

One of the major difficulty in kinetic model is that, the very comprehensive kinetic
schemes do not readily identify the major reaction channels which must be included in
specific situations and what approximations can be safely made. These are valid
questions from the modeler of more complex chemistry and aerodynamic systems such
as turbulent and coal flames, which are frequently constrained by computer capabilities.
In this context a reduction in the number of species is more important than a reduction
in the number of reactions, since each new species involves the setting up of a fresh
diffrential equation. In the light of these remarks, the adopted kinetic scheme for
methane-air flame is based on earlier C1 and C2 kinetic mechanism (called here scheme
A and B, respectively) developed by Dixon-Lewis, Islam, Bradley, Habik, and El-Sherif
[61, 143, 146, 149], and El-Sherif [152]. Their C2 scheme truncated at the ethylene
stage (scheme B). Here scheme B is developed further to include acetylene, C,H, and its
subsequent reactions. This is called here scheme C, and is validated against the
experimental results in lean and rich flames (El-Sherif [153]) and will be discussed in
details in Section 2.4.3.

The established chemical reactions and its rate parameters involved in breakdown of
CH, to C1 and C2 hydrocarbons are given in Tables 2.3 and 2.4, respectively. Table 2.5
involves breakdown of C,H, to C,H;, C,H, and its subsequent reactions. Table 2.3 gives
the key reactions involving the attack of CH, by radical species, Ry to Ry. A major
reaction of methyl radical includes, Ry; and Rys. The subsequent reactions of CH,O to
CHO, CO and CO, that are discussed above are given in Table 2.2. Reactions and rate
parameters that are given in Table 2.2, together with those in Table 2.3 comprise scheme A.
This scheme involves only Cl hydrocarbon and it has a number of reactions of 28 with
14 chemical species (H, O, OH, H,, O,, N,, H,0, HO,, CO, CO,;, CH,, CH,;, CHO and
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CH,0).

Scheme B, involves all reactions, rate coefficients (or parameters) and equilibrium
constants of Tables 2.2, 2.3 and 2.4. This scheme involves 44 reactions with 18 species.
Reactions Ry to Ry in Table 2.4 show variety of additional attack on CH; by CHO and
HO; to form CH; and CH;0 (Ry9 to Rj3;). Methoxy radical, CH;0, reacts primarily by
means of Ry, to Ry as given in Table 2.4. All of these reactions produce CH,0, which
again reacts in subsequent reactions that are given in Table 2.2. In addition to reactions
Rys to Rjy;, other methyl recombination reaction includes, R;s. The key reactions for
C,Hg include reactions Ry to Ryg as given in Table 2.4. Reaction of the ethyl radical,
C,H;, include reactions Ry to Ry, as presented in Table 2.4,

The importance of reactions Ry and Ry, often lies in their roles as chain termination
steps rather than their direct effects or the rate of ethyl radical consumption. Ethylene is
the product of reaction, Rjs, and is also produced in large amounts during the
combustion of CH,, C,Hg and other higher hydrocarbons. The elementary reactions of
C,H, and its product species are Ry; and Ry, as given in Table 2.4.

The predicted flame properties from scheme B were examined against experimental
results by Dixon-Lewis [61], Dixon-Lewis and Islanr [143], Dixon-Lewis [65], and
El-Sherif [152] and these results will be discussed in section 2.4.3. These results show
that scheme B is only valid to lean and near stoichiometric flame and needs to be
developed to cover also the rich flames.

Scheme B is developed further here by involving C,H, reactions and the predicted
results are validated against the experimental data as will be described in the next
section. The developed scheme is called scheme C and it involves all the reactions and
rate parameters given in Tables 2.2, 2.3, 2.4 and 2.5. This scheme involves 50 reactions
and 21 chemical species. Table 2.5 contains all the reactions involved in the production
of C;H, and its subsequent reactions. In addition to reactions Ry; and Rus, other
reactions consisting of H atoms abstraction include, Rys to Ry The two important
reactions of the vinyl radical, C,Hj3, are reactions Ry; and Rys.

Acetylene, C,H, is a practical fuel and is also believed to be an important
contributor to the formation and growth of soot. In addition, C,H, and its pyrolysis and
oxidation reactions are part of the reaction mechanisms for other hydrocarbon fuels,
particularly in fuel-rich conditions. The reaction between C;H, and O atoms is Ryg. This
reaction is predominant under most conditions (Miller et al [178]). The reaction of
methylene, CH, with O, is Rs.

Table 2.3: Parameters of expressions for forward rate coefficients and independent equilibrium
constant used for CHg-air mechanism (Scheme A) in addition to Table 2.2. Rate
coefficients expressed as in Table 2.2 [2] and 143]. Reproduced by permission of Elsevier
Science.

No. Reaction Ref. A B CAK) D E F/(K)
24 CH{#HeCHs+H, 28 2.2x10* 3.0 4400 29.3 0.0 355

25  CH#+OH&CHy+H;0 153 1.6x107 1.83 1400 6.15 00 -7285
26 CHq#+O&CHy+OH 28 1.2x107 2.1 3840 66.51 0.0 1293
27  CHy+0oCHyO+H 28 7.0x10" 0.0 0.000 0.072 0.0 -35100

28 CHy+O&CHO+H, 28 1.4x10"* 0.0 860 0.784 0.0 -42878
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Table 2.4: Additional rate parameters for mechanism including methyl radical combination
(Scheme B) Rate coefficients expressed as in Tables 2.2 and 2.3. [21]. Reproduced by permission
of Elsevier Science.

No Reaction Ref. A B C/K) D E F/(K)
29 CH;+CHO©CH+CO 61,143 1.0x107 00 00 - - -
30 CH;+HO&>CH+0; 61,143 20x10” 00 00 - - -
31  CHy+HO;&>CH;O+0OH 61,143 2.0x10" 00 0.0 - - -
32 CH,;O0+HoCHO+H, 61,143  5.0x10" 00 00 - - -

33  CH\O0+OHOCH,0+H,0 61,143  25x10° 00 00 - - -
34 CH;0+OeCH,0+0H 61,143  25x10" 00 00

35 CH;+CH;6C;Hs 61,143  2.8x10" 04 00 533x 107 0.0 -43880
36 C,Hs+HeCHs+H, 61,143  5.5x10? 35 2620 21.7 0.0 -1140
37 C;H+OHoCHs+H,0 153 3.54x10° 2,12 4393 - -

38 C;Hs+06eCHs+OH 153 8.98x107 192 2864 - - -

39 CHs+0,6C;H+HO, 61,143  2.0x10"? 0.0 2510 - - -

40 C,Hs+HoCHy+CH; 61,143 4.8x10" 0.0 0.0 - - -

41 -CHs+OeCH;+CH,0 61,143 5.0x10® 00 0.0 - - -
42 CHg+CHso>CHACHe 61,143 14x10" 00 00 - . -
43  CH+O©CHy+CHO 61,143 20x10° 00 1300 - - -
44 C,H+OHOCH+CH,0 61,143  4.0x10” 0.0 760 1.9 0.0 -7910

Table 2.5: Reaction mechanism for breakdown C,H4 to C;H; and C,H, and its subsequent
reactions (Scheme C). Rate coefficients expressed as in Table 2.2 [153].

No. Reaction Ref. A B C/K) D E F/K)
45 CH+OHoCH+H,0 166  0.7x107 0.0 1516 1.99 0.0 -7183
46 CHq+HoCH+H, 166 1.5x10" 0.0 513 8.64 0.0 448

47  CH;+HeoCH+HH, 166  2.0x10" 0.0 0.0 0.35 0.0 -33020
48  C,H;+0y6>C;H+HO, 166 1.0x10" 0.0 0.0 1 0.0 -3960
49  CH,+OeCH+CO 240 41x10’ 1.5 854 5.33 0.0 -25510
50  CH;+0;>CO,+H, 238 10x10" 0.0 1864 0.003 0.0 -93262

A schematic representation of the CH, oxidation mechanism with scheme C is given
in Fig. 2.2. The reactions and rate parameters of Table 2.5 were chosen after an
extensive series of computations and comparisons with experimental data (John [179])
as will be described in section 2.4.3,

(iv) Reaction Mechanism for CH;OH-Air Flame

Methanol is potentially an important fuel, it can be formed by the high-pressure
catalytic reaction of CO and Hj, that can be generated from either coal (Heniker [180]
and Clark [181]) or natural gas, and also by the fermentation of vegetable products. It is
a possible fuel for engines (Bolt [182], Ingamells and Lindquist [183], and Most and
Longwell [184]), with the advantages over more conventional fuels of a lower ignition
delay (Harrington and Pilot [185] and Gulder [186, 187]), higher burning velocity
(Gulder [188]), and reduced propensity to knock (Koenig et al [189], Borisov et al
[190]). Because of the absence of emitted particulate, it is contemplated as an
alternative fuel for the Diesel engines. However, less effort has been expended on the
measurement and prediction of burning velocities and the development of laminar flame
mathematical models for methanol-air than for methane-air pre-mixtures.
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Fig. 2.2: Schematic representation of the CH, oxidation mechanism with scheme C.

In addition, methanol is one of the simplest oxygenated organic fuels. Moreover, the
intermediate species CHO, CH;0, CH;0 and CH,OH which are formed during
combustion, also play a significant role in a number of other combustion systems. It is
therefore important to develop and verify a mechanism, which accurately represents the
combustion kinetics. In the light of these remarks, Westbrook and Dryer [161] and
Dove and Warnatz [162] have developed comprehensive kinetic schemes for methanol-
air flames. They invoked some 40 to 84 reactions and 15 to 26 chemical species. Olsson
et al [191], Andersson et al {192] have compared experimental and computed structures
of a low-pressure stoichiometric methanol flame. They reduced the mechanism of
Westbrook and Dryer [161] to one involving 18 species and 55 pairs of reaction. Paczko
et al [193] have obtained a quasi-global four-steps mechanism for methanol oxidation
by using steady state assumptions for some of the intermediates. Bradley et al [44],
Abu-Elenin et al [154], and Habik [155] have developed chemical kinetics schemes for
methanol-air flames which were validated against extensive experimental measurements
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of burning velocities and flame structures. First, they have used two chemical kinetics
schemes, A; and B, [44] to predict the flame properties. The kinetic scheme A involves
all the reactions and numerical values of the rate coefficients that are given in Tables 2.2
and 2.6 in which the total number of reactions is 29 with 14 chemical species. This
scheme assumes that attack on CH;0H by H;0 and OH forms CH,OH,sbut not CH;0.
The reactions involved in this scheme will be described as follows.

Abstraction of H atoms proceeds primarily by breaking C-H bonds rather than the
O-H bond, including, Ry to Ry as given in Table 2.6. Reaction, R4 is responsible for
the majority of the CH;OH consumption, while in rich flame, reaction R, with H atoms
is more important. The CH,OH radicals (hydroxy methyl) which are produced from R4
to Ry, react with H and O, by R;; and Ryg, respectively, or decomposes rapidly to yield
H atoms by Ry.

In scheme A, the oxidation path for methanol proceeds in a sequential manner
through: CH;0H — CH,OH — CH,0 — HCO — CO — CO,. At the low temperature,
HO, can be produced which, in turn, creates H,O,. Such reactions and their rate coeffi-
cients are given in Table 2.7. They have all, with the exception of R,;, been discussed
in the context of H,-CO-CH;0-O, system by Dixon-Lewis and Williams [142].
Computations with scheme A, in addition to Table 2.7 showed the effect of reactions in
Table 2.7 on the burning velocity to be not more than 1% - 2%.

The hydrogen peroxide, H;O,, is consumed by reactions with radicals and by
thermal decomposition, R3¢ to Rys. The reaction of HO, with itself produces hydrogen
peroxide, H,O,, Ry Vandooren et al [200] have found that, the reaction, R;;, is
important. To correct the underprediction of CO, in CH,0-O, flames, this reaction is
added to Table 2.7 in order to correct similar mismatches for CO and CO; in methanol-
air flame, but it has no significant effect as will be described later.

The reactions Ry, to Ry of Table 2.6, postulated as results of experimental studies of
(Andersson et al [192], Cooke et al [194] and Vandooren and Van Tiggelen [195]) and
computational (Olsson et al [191], Andersson et al [192], Westbrook and Dryer [161],
and Aronowitz et al [196]). The rate parameters for these, initially were taken from
Dove and Warnatz [162] and subsequently optimized (Bradley et al [44]) to agree with
the experimental results which will be described in the next section. It was found that
optimization of scheme A, coefficients failed to give completely satisfactory agreement
with flame compositional profiles of CO and CO, or with the pressure dependence of
the burning velocity, particularly for lean mixtures. There is, however, the possibility of
the primary products formed from CH;OH being CH,OH (hydroxy methyl) and CH,0
(methoxy) (Grotheer and Kelm [197] and Hess and Tully [198]), to be followed by
reaction, Ryg in Table 2.8. This possibility has been examined with use of the reactions
given in Table 2.8, which together with those in Table 2.2 comprise scheme B,. This
has a total number of reactions of 32 and 16 chemical species. In addition, reactions of
Table 2.7 again have a little effect.

Computations with kinetic scheme B, give better agreement with measured
concentration profiles, particularly of CO and CO,, as well as the burning velocity. In
this scheme, there was an appreciable uncertainty in the rate coefficients for hydroxy
methyl and methoxy production as well as those for the reaction of methoxy with other
species. This scheme will be described now. The breakdown of overall rate coefficients,
Rj4 to Ry6 to give CH,OH and CH;0 (reaction pairs 24 (a) (b) to 26 (a) (b) ) are given in
Table 2.8.

Reactions of CH,OH with H, O,, and M (reactions R,7 to R,5) are the same as in
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scheme A, (Table 2.6). Reactions Ry; and Ry are important in rich flames and
Bradley et al [44] found that the optimized rate coefficients for these rates are 10 and 5
times of those given by Dove and Warnatz [162].

Table 2.6:Reaction mechanism for breakdown of CH;OH to CH,OH and its subsequent reactions
(used in Scheme A;). Rate coefficients in Tables 2.6 to 2.8 are expressed as in Table 2.2 [44].
Reproduced by permission of Elsevier Science.

No. Reaction Ref. A B CHK) D E F/AK)
24 CH;OH+OH©oCH,OH+H,0 44 2x10® 0.0 854 2.14x10° -1.66 -1173
25  CH;OH+O<CH,OH+OH 44 2x10" 0.0 2353 1.99x10°  -1.66  -3046
26 CH,OH+H&CH,OH+H, 44 2x10" 0.0 3067  9.76x10° -1.66 -4108
27  CH,OH+HeH,+CHO 4 2x10" 0.0 0.0 391102 1.66  -4029
28  CH,OH+0ye>CH,0+HO, 191 1x10'" 00 3019  L1Ox10* 166 -1124
29  CH,OH+M©CH,O+H+M 44 5x10" 0.0 12642 5.13x10*  0.66 10780
M= Hz, 01, N), CO, CO;, H;O
& CH,OH

4 M is assumed to have equal collision efficiency for all species.

Table 2.7: Additional rate parameters for mechanism including hydrogen peroxide [44].
Reproduced by permission of Elsevier Science.

No. Reaction Ref. A B CHK) D E FAK)
30  H+H,0,6HO;+H; 137 14x10” 00 1800 - - -
31 H+H,0,0H,0+0H 137 1.0x10® 00 1800 - - -
32 OH+H,0;6H;0+HO, 137 6.1x10" 00 720 - - -
33 O+H;0,00H+HO, 137 1.4x10” 0.0 3200 - - -
34 O+H;0,0H,0+0, 137 1.4x10% 0.0 3200 - - -
35" H;0;+MeOH+OH+M 137 2.7x10' 0.0 22900 1700 -0.37 25055
36  HO;+HO;H;0:+0, 137 2.0x10" 0.0 0.0 0.180 0.0  -21300
37  CO+HO,&>CO,+OH 200  3.3x10% 00 4125 0089 00  -31140

* Chaperon efficiencies relative to H, are taken to be the same as in reaction (R,) in Table 2.2.

Table 2.8: An alternative reaction mechanism (used in Scheme B,) for R4 to Ry in Table 2.6.
Rate coefficients expressed as in Table 2.2 {44]. Reproduced by permission of Elsevier Science.

No Reaction Ref. A B CAK) D E F/K)
24(a) CH,OH+OHe&CH,OH+H,0 44 12x10" 0.0 854 2.14x10°  -1.66  -1173
25(8)  CH,;OH+O©CH,OH+OH 44 1.2x10° 00 2357 1.99x10°  -1.66  -3046
26(a)  CH,;OH+HeCH;0H+H, 44 1.2x10° 00 3067 9.76x10°  -1.66  -4108
24(b) CH;OH+OH&CH;0+H,0 44 gsgx10® 00 854 3.2x10? 0.0 9798
25(b) CH;OH+O«CH;0+OH 44 0s8x10% 00 2357 0310 0.0 1112
26(b) CH,OH+HeCH0+H, 44 08x10” 00 3067 0.1366 0.0 2167
27 CH;0H+HoHACH0 44 2.0x10" 00 0.0 3.9x107 1.66  -4029
28 CH;0H+0;>CH;0+HO, 199 1ox10% 00 3019 1.1x10* 1.66  -1124

29" CH,OH+MoCH,O+H+M 44 SOxI0" 00 12642 S5.1x10% 066 10780
M = H,, O3, Ny, CO, CO,,

H,0 & CH;O0H
38 CH;0+COeCO,+CH; 199 63x10® 0.0 6697 0.717 00  -17365
39 CH;+O©CH,0+H 28 7.2x10" 00 0.0 0.07228 00  -35100
40 CH,+HO;>CH,0+OH 143 2.0x10” 00 0.0 0.310 00  -12233

** The same as in Table 2.6.
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The product of CH;0 from, R;4 (b), to Ry6 (b), has been studied by Lissi et al [199]
and they found that the reaction of CH;O with CO is important, Rys. Then the product,
CH; reacts with O and HO, by Ry, to Ry,.

Because of the uncertainty in the rate coefficients mentioned above in scheme B,
the scheme has been developed further with the use of most recent recommended values
of the rate coefficients for hydroxy methyle and methoxy productions [154]. Also, the
rate coefficient of reaction of methoxy and carbon monoxide was optimized to obtain
good agreement between computational and experimental results. This developed
scheme has been examined in the next section with the use of reactions and rate
parameters given in Table 2.9, which together with those in Table 2.2 comprise scheme
C;. In this scheme, the total number of reactions and chemical species are the same as
those for scheme B,. A schematic representation of the CH;OH oxidation with scheme
C, is given in Fig. 2.3.

Within the kinetic framework developed in scheme C,, the rate parameters are
established and given in Table 2.9. It was found that the branching ratios of attack on
CH;0H by H, O and OH to form CH,0H and CH;0 were important in different ranges
of pressure, temperature, and equivalence ratio. The optimized ratio of these reactions
was found to be; kys (a) / kas (b) = ky (a) / kys (b) = 3 and the pre-exponential factor of
reaction Rjo (Table 2.9), was adopted to be twice that used by Ref. 199. Also reactions,
R,4 and Ry are important in consuming CH;OH in lean and near stoichiometric
conditions, while Ry is more important in rich flames. The predicted results from
scheme C, will be discussed in section 2.4.4,

Table 2.9: Reaction mechanism for breakdown CH;OH to CH,OH and CH;O and its subsequent
reactions (used in Scheme C,). Rate coefficients expressed as in Table 2.2 [154].

No Reaction Ref A B CiK) D E F/(K)
24a  CH;0H+OH&CH,OH+H,0 - - - 2.14x10°  -1.66  -1173
24b CH;0H+OH&CH;0+H,;0 - - - 3.16x107 0.0 -9798
a+b 201 6.67x10* 2.5  -483 - - -
a’b - 0.27 0.0 -1020 - - -
25a CH;0H+0e-CH;OH+OH - - - 1.99x10°  -1.66  -3046
25b  CH;OH+0eCH;0+0OH - - - 0.310 0.0 1112
atb 201 3.9x10° 25 1550 - - -
a’b - 3 0.0 0.0 - - -
26a CH,OH+HeCH,0H+H, - - - 9.76x10° -1.66  -4108
26b  CH;OH+HeCH;0+H, - - - 0.1366 0.0 2167
a+b 201 2.13x10° 2.1 2450 - - -
a’b - 3 0.0 0.0 - - -
27 CH,0OH+HeH;+CH;0 44 2x10"* 0.0 0.0 391x102  1.66  -4029
28 CH,0H+0;6CH,;0+HO, 44 1x10"* 0.0 3019 1.1x10* 166  -1112
29" CH;OH+M&CH;O+H+M 44 5x10" 0.0 12642 5.13x10*  0.66 10780
M =H;, O3, Ny, CO, CO;, H,O
& CH;OH
30 CH;0+COeCO,+CH, - 1.26x10* 0.0 6697 0.717 0.0  -17365
31  CHy+HOeCH,0+H 44  7.0x10" 0.0 0.0 0.07228 0.0  -35100
32 CH;+HO,&CH;0+0OH 44  2.0x10" 0.0 0.0 0310 0.0  -12233

* The same as in Table 2.6.
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Fig. 2.3: Schematic representation of the CH;OH oxidation mechanism with scheme C,

Having discussed the kinetic mechanisms for H,, CO-H,, CH; and CH;OH fuels, we
need next to explore this further by use of these kinetic mechanisms in one-dimensional
premixed laminar model to predict the flame properties and compare them with the
experimental data, and also to discuss them in the context of reaction mechanisms and
rate parameters. This will be discussed next.

(v) Reaction Mechanism for Natural Gas-Air Flames

The world’s most readily available and abundant gaseous fuel resources are found in
natural gas reserves. Its increasing use as the fuel of choice for power generation,
industrial process heating, and residential use has been prompted by recently imposed,
low-pollutant emission standards, low costs and, in addition, it has a proven safety
records.

It is believed that natural gas is formed from the decomposition of petroleum or coal
deposits, and it contains principaily methane. However, chemical composition of
commercial natural gas can vary widely with concentration extremes of 75 % and 98 %
for methane, 0.5 % -13 % for ethane and 0 % - 2.6 % for propane and low
concentrations of CO, CO,, He, N, and H,O. Therefore, it is important to understand the
chemistry of each of these individual pure fuels, and then consider how varying levels
of these fuels in the natural gas affect their performance (see section 2.4.8).
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However, having discussed above the kinetic mechanism of methane, it is necessary
in the following sections to discuss the kinetic mechanism of propane and ethane. More
details about the flame characteristics of the fuels are given in sections 2.4.6 and 2.4.7.
In order to simplify the complexity of the kinetics involved in the natural gas
computations, all the compositions of high hydrocarbons which are higher than C; were
assumed to be C,He. With this assumption, the natural gas composition will consist of
CH,, C;Hg, CO and N,. In this case the kinetic mechanisms and rate parameters of
Tables 2.2 to 2.5 can be used for natural gas. This kinetic mechanism with transport
parameters in Table 2.1 were used in one-dimensional model in section 2.4.8 to predict
the flame structure and burning velocity for natural gas and the results were validated
against those measured at atmospheric pressure, room temperature and different
equivalence ratios. The effect of different natural gas compositions on the burning
velocity and flame structure was also studied in section 2.4.8.

(vi) Reaction Mechanism for Propane-Air Flames

Propane is an important practical fuel and is used in furnaces and internal
combustion engines. Generally, propane is the smallest hydrocarbon which has reaction
characteristics that are typical of larger hydrocarbons fuels, including jet and ramjet
fuels as well as it is one of the components of the natural gas fuel. Therefore, gaining a
better understanding of propane combustion mechanism which has been assembled and
evaluated against experimental data would be a valuable research tool for analyzing and
interpreting the combustion process in furnaces, internal combustion engines and
supersonic combustion experiments involving typical hydrocarbon fuels.

Despite the rapid increase in computer capabilities and the emergence of a number
of detailed schemes for hydrocarbon combustion as mentioned before; the use of small
number of reactions capable of accurately describing major flame features is of
considerable importance for a number of practical combustion problems. Kinetic
modeling of combustion from 1969 to 2019 has been reviewed by Cathonnet {202]. He
concluded that, during the last 25 years, the place of chemistry in combustion modeling
increased continuously and this progression is expected to persist in the next 25 years,
which would be necessary to improve combustion efficiency and control the pollutant
emissions. Therefore, this section describes the attempts, which have been done by the
authors as well as the other investigators to develop the kinetic mechanism for propane.

With regards to the modeling background, Westbrook and Pitz [203] have studied
the detailed chemical reaction mechanism for propane (163 elementary reactions among
41 chemical species) to describe the experimental results in shock tube and turbulent
flow reactor. Numerical simulation of the shock tube experiments has been studied by
Jachimowski [204], and he showed that the predicted results for stoichiometric mixtures
were in good agreement with the experimental results over the entire temperature range
examined (1150-2600 K). The mechanism consists of 27 chemical species and 83
elementary chemical reactions. Details of propane chemistry under jet-stirred flow
reactor conditions have been studied by Dagaut et al [205]. Their mechanism consists of
277 reactions among 48 species. Warnatz [166] has published a propane mechanism,
which gives good agreement with burning velocity at atmospheric pressure and with
species profiles in a low-pressure laminar flame. In addition, an improved chemical
mechanism for the combustion of propane has been developed by Sloane [206], which
describes experimental results for a broad range of ignition and combustion phenomena.
The mechanism consists of 192 reactions.
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To identify the important reactions in propane kinetic mechanism, two developed
kinetic schemes (A; and B;) were tested against several experimental data for premixed
laminar propane-air flames (Habik [20]). These kinetic schemes have been used in one-
dimensional model incorporated detailed representation of transport fluxes to predict the
burning velocity, flame structure and heat release rate for premixed propane-air flames,
Schemes, A;, and B,, consist of 63 and 74 reactions, respectively, with 25 chemical
species each. These mechanisms have been so thoroughly tested in section 2.4.6 by
comparing the predicted flame structure (Habik et al {2071) and predicted burning
velocity (Habik [20]) with those measured by different investigators under different
conditions. The kinetic scheme, A,, involved all the reactions with their numerical
values of the rate coefficients for CH; mechanism (Scheme C, in Tables 2.2 to 2.5) and
Table 2.10 which consists of the breakdown of propane fuel. These tables of scheme A,,
give the simple kinetic mechanism for breakdown propane fuel throughout reactions Rs;
to Rs; and some of its subsequent reactions such as C3H; and C;Hg consumptions in
reactions Rsg to Rz as well as the reactions, R; to Rsy to produce final products. The
kinetic scheme, B,, involved all the reactions with their numerical values of the rate
coefficients for scheme A,, in addition to data given in Table 2.11. The latter table gives
additional reactions for breakdown propane (R4 to Reo ) and its subsequent reactions for
C;H; and C;3Hg consumptions in reactions Ry to R4, It was found that optimization of
scheme, B, coefficients throughout reactions Rgy to R4 in Table 2.11 failed to give
completely satisfactory agreement with experimental flame compositional profiles and
burning velocity under different conditions. After several attempts it was found that the
predicted results when using scheme, A;, in the kinetic model gives good agreement
with the experimental flame structure and burning velocity (Habik [20]).

Table 2.10: Parameters of expressions for forward rate coefficients and equilibrium constant for
mechanism of breakdown propane and its subsequent reactions. Rate coefficients are expressed
as in Table 2.2 [20].

No Reaction A B C/(K) D E F/(K) Ref.
C,HsConsumption
51 GHge*OHonGH+H,0  4.7x10° 237 196 2x10° 19  -12085 208
52 CH#OHoICHAH,0  3.58x10° 323 -806 2x10° 19  -12085 208
$3  C3HgtOenC;HA+OH 5.0x10% 2.0 1511 15.2 00  -2220 203
5S4  C;HstOeiC3H,+OH 5.0x10° 2.0 1511 15.2 00  -2220 203
55  C;Hs+HenCiHi+H, 1.3x10" 0.0 4884  0.15x107 1.5 -4030 166
56  C;Hs+tHeiC3Hy+H, 2.0x10" 0.0 4179 0.15x10% 15 -4030 209
57  C3HzoCHs+CH; 1.7x10" 0.0 42719 L13x10° - 42880 203
C3H; Consumption
58  nC;H; &CyHs +H 1.0x10" 0.0 18771 13.0 0.0 17875 28
59 iC3H; ©CiH+CH, 2.0x10" 0.0 14854  4.4x10° -l 12694 210
60  nC;H; +0,0C;Hg+HO,  1.0x10" 0.0 2518 5.0 00 6285 28
61  iCyH, +0363C3He+HO, 1.0x10" 0.0 2518 5.0 0.0 6285 28

C;Hg Consumption
62  CyHaOeC,Hs+CHO 3.6x10" 0.0 0.0 5.014 00  -15065 203
63  CH¢+OHOCH+CH,O  1.0x10" 0.0 0.0 0.17 0.0 -8736 208
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Table 2.11: Additional rate parameters for propane mechanism. Rate coefficients expressed as in
Table 2.2 {20].

No Reaction A B C/K) D E FAK) Ref.
64 C;Hy+CH;nC3H,+CH, 2x10" 0.0 5690 0.252 0.0 -3515 28
65 C;Hp+CH;0iC3HACH, 2x10" 0.0 5690 0.252 0.0 -3515 28

66 C3Hg+CH;iC3H+C H, 1x10" 0.0 5237 0.758 0.0 -3726 211
67 C;Hg+C;H;onC3HA+CH; 1x10" 0.0 5237 0.758 0.0 -3726 211
68 C3Hs+CHsoC He+iC3Hy 1x10" 0.0 5237 2.76 0.0 237 212

69 C3Hg+C;Hse>C;Hs+nC3H, 1x10" 00 5237 2.76 0.0 237 212
70 iC;H:6oC3He+H 6.3x10"” 0.0 18580 6.31 0.0 17825 206
71 iC;Hs+HeCsHs 2x10" 0.0 0.0 - - - 28
72 nC3;H;6oC;H+CH; 3x10" 0.0 16721 4.4x10° 0.0 12694 28
73 C3HetOe CH3+CHy+CO 1.17x10” 0.0 302 - - - 206
74 CyHgoCyH3+CH; 6.3x10" 0.0 43202 6.3x10° -1 43202 206

(vii) Reaction Mechanism for Ethane-Air Flames

Ethane is the second member of the alkane series (C,Hzu.+2). It consists of two
methy! groups joined through a C-C bound. Ethane as odorless gas, is difficult to
liquefy and is considered as one of the important species in the natural gas composition.
Ethane has a fast sequence of reactions C,Hg-C,H;s-C,H,, etc which can operate in flame
or ignitions, This is the main reason why methane ignites much less easily than ethane,
propane, etc, whereas it has similar burning velocity as shown in section 2.4.7. It also
explains why methane is hard to detonate. The chemical kinetics mechanism of ethane
consists of breakdown ethane by radical species to form ethyl radical (C,H;s) through
reactions R3¢ to Rag (Table 2.4). The main reactions for ethyl radical are R3 to Ry, in
Table 2.4, while for breakdown C;H,, the reactions are Ry3; and Ry4 in Table 2.4.

2.4 Simple Fuels-N,;-O, Flames

In this section, experimental and computational studies on structure and
characteristics of premixed simple fuels-N,-O, flames are presented. These fuels are:
hydrogen, hydrogen+carbon monoxide+water, formaldehyde, methane, and methanol.

2.4.1 Hydrogen-Oxygen-Nitrogen Flames

Experimental Method and Results

The flame measurements considered here are selected from those used by Dixon-
Lewis {94, 97, 98] to establish the transport parameters in Table 2.1, and reaction
mechanism and rate parameters (R, to R;3) in Table 2.2, for H,-O>-N; system. In
addition to that, the authors also include updated experimental results. These
experimental results will cover the properties of low and high temperature fuel lean-rich
flames, with the effects of changes of initial composition, temperature, and pressure on
the flame structures and burning velocities.
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For low temperature hydrogen-rich flame, these measurements are presented as
follows:

(i) Temperature profile and profiles of mole fraction ratios Xy /Xy ,Xo, /Xy,

and XHZO / XN2 measured by Dixon-Lewis et al [213] for hydrogen oxygen-nitrogen

flame at | atm, with unburnt Hy/O,= 4.09 and N,/O,= 16.65. The measured profiles of
temperature and mole fraction ratios are shown by the points in Figs. 2.4 and 2.5,
(ii) Burning velocities of hydrogen flames measured by Day et al [168]. These

burning velocities were measured at different values of Xy /Xy, and examined in

hydrogen-oxygen-nitrogen flames having XO“ =0.046 at T, = 336 K and | atm

pressure. These measured burning velocities are shown by the points in Fig. 2.10.

For high temperature hydrogen lean-rich flames, the measurements are as follows:

(iii) Burning velocities of hydrogen premixed in various proportions with several
(oxygen-nitrogen) compositions were measured by Jahn [214], Senior [215] and Edse
and Lawrence [216]. These measurements are shown by points in Fig. 2.11.

(iv) Several experimental measurements of burning velocity for hydrogen-air
mixtures have been made on burner supported, stationary flame and on the bomb. Two
earlier sets of measurements of the burning velocities of hydrogen-air mixture at
atmospheric pressure were made by Jahn [214] and Scholte and Vaags [217]. They both
found that the maximum buming velocity occurs at about 42 % hydrogen, and lies
between 2.7 and 2.8 m s”'. The method of measurement used by Jahn was to divide the
area of the Schlieren cone of the flame into the volume flow rate of the gases entering it.
Scholte and Vaags [217] burned their flames as straight-sided cones on a constant
velocity profile nozzle. They calculated the linear gas velocity, V, from the total
volumetric gas flow and the area of the burner port, and then derived the burning
velocity by measuring the cone half-angle, o, and using U, = V sin a. For a 50%
hydrogen-air flame with T, = 298 K, both sets of investigations found a burning
velocity of 2.5 (2 0.1) m s,

Three more measurements of the same hydrogen-air burning velocities [218-220],
again with the use of burner method have given higher results. These measurements
have used greater refinement, in that the gas velocities, V, approaching the flames have
been measured directly by means of the powder particle tracking technique with
stroboscopic illumination. Also, three investigations were carried out using nozzle
burners and again Stiller photography was used to define the flame cone half angle, a.
By this means, and by using a nozzle of diameter 0.01 m, Edmondson and Heap [218]
found U, =2.96 ms™' for the 50 % hydrogen-air flame with T, = 295 K. Using a conical
flame of the same composition on a smaller nozzle of 0.004 m diameter, Glinther and
Janisch [219] found U, = 3.28 m s”', from a button-shaped flame having the same initial
conditions. These authors (Giinther and Janisch [220]) obtained U, of 3.05 m s"'. The
latter results were preferred because of the reduced curvature in the button-shaped
flame.

Strauss and Edse [221] and Agnew and Graiff [222] have used constant volume
bomb to study the effect of pressure on the burning velocity of the stoichiometric
hydrogen-oxygen flame. Also, Andrews and Bradley [223] have investigated burning
velocities of hydrogen-air mixture. They determined the burning velocity from the
flame speed measured at 0.025 m radius in a constant volume bomb with single spark
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ignition at the center. Their derivation of burning velocities using "thin flame" and
"finite flame thickness" are shown by broken curves A and B, respectively in Fig. 2.12.
Curve A presents the minimum buming velocities which the hydrogen-air flames can
have, and it is consistent with the flame speed observations.

An experimental study on effect of equivalence ratio, temperature and pressure on
the burning velocity of hydrogen-air mixture has been conducted by lijima and Takeno
[224] using the spherical bomb technique. The range of measurement covered the
equivalence ratio from 0.5 to 4, temperature from 291 to 500 K, and pressure from
0.5 to 25 atm. All the measurement results in (iv) are shown by points in Figs. 2.11
to 2.14.

Computational Results

Flame model computations for hydrogen-oxygen-nitrogen flames were performed
by Dixon-Lewis [94, 98, 65] as described in section 2.3. The input data to the model
were the reactions R, to R;j; and its rate parameters in Table 2.2 in addition to the
transport parameters in Table 2.1. The predicted flame structures and burning velocities
from the model were that corresponding to the initial conditions of the above mentioned
experimental work. All the computed results are shown by full curves in Figs. 2.4 to
2.14. All of these results will be discussed now in the context of reaction mechanism
and its rate parameters.

The flame structure and burning velocity for the above flames are being discussed as
follow;

(i) Flame structure. Figures 2.4 and 2.5 show that the predicted results from
reaction mechanism and its rate parameters (R; to R;; in Table 2.2) with transport
parameters in Table 2.1 give reasonable agreement with experiments. For the same
flames in Figs. 2.4 and 2.5, the computed radical species H, O, OH, and HO, are shown
in Fig. 2.6. The maximum mole fractions of O and OH are about the same and peak
before H atoms. The adiabatic temperature for this flame is 1078 K with buming
velocity of 0.092 + 0.002 m s”'. Having demonstrated the structure of low temperature
hydrogen-oxygen-nitrogen flame, it is necessary to discuss the flame structure of
hydrogen-air flame. The predicted temperature profile and the mole fraction profiles of
atomic hydrogen and the stable molecular species in a premixed hydrogen-air flame,
containing 41 percent hydrogen initially are shown in Fig. 2.7. The position of the
reaction zone can be seen from the H atom profile, the left-hand toe of which extends
almost down to the initial temperature. The figure also shows that the thickness of main
flame reaction zone is less than 1 mm.

Figure 2.8 shows the way in which the rate of chemical heat release, which is a
measure of the overall reaction rate, changes with temperature in a series of premixed
hydrogen-air flames at atmospheric pressure and initial mixture temperature of 298 K.
The percentage of hydrogen in each mixture is given by the number above the
corresponding line. Each curve terminates at the hot end at the equilibrium flame
temperature. At the cold end, the heat release always extends well down towards the
initial temperature. The maximum heat release rate is 17.6 GW m™ in the 41%
hydrogen and 59 % air flame. In these flames it is clear that the preheating zones is
very small. In this zone the transport processes ensure heating of the gases entering
the flame. It is, in turn, the increase in reaction rate due to this heating which is the
important process in the flames.
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Fig. 2.4: Comparison of computed temperature profile with observation of Dixon-Lewis et al
[167] (see text), O, observed points; lines represent temperature profile and heat release rate
profile computed by Dixon-Lewis [94]. Reproduced by permission of The Royal Society.
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Fig. 2.5: Ratio of mole fractions of hydrogen, oxygen and steam to mole fraction of nitrogen, to
compare computed profiles with observations of Dixon-Lewis et al {167] (see text). Points
represent observations. Lines computed by Dixon-Lewis [94]. Reproduced by permission of The
Royal Society.
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Fig. 2.6: Computed mole fraction profiles of radical species in flame of Fig. 2.5 (Dixon-Lewis
{94]). Reproduced by permission of The Royal Society.
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Fig. 2.7: Computed temperature profile and mole fraction profiles for stable species and atomic
hydrogen in 41 percent H;-59 % air premixed flame at atmospheric pressure, with T, = 298 K
(Dixon-Lewis {94]). Reproduced by permission of The Royal Society.

We then look at the net rates of radical production in the flames, as represented by a
radical pool consisting of (H + 20 + OH + HO,). These net rates are given by the
difference between, on the one hand, the rate of formation of free valencies by the chain
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branching cycle consisting of reactions R;, R, and R;, and on the other, the rate of their
removal, principally by reactions, R;, Rg and Re. These are shown for several flames in
Fig. 2.9. We note immediately that the net rate of formation of free valencies only
becomes positive at temperatures in excess of about 900 to 950 K, in any of the flames.

If, for a specific flame, this temperature is denoted by T;, then the heat release at
temperatures below T; is only due to reactions of radicals which have diffused there
from the higher temperature region. The radicals can react by the strongly exothermic
reactions of the HO, cycle at both high and low temperatures. The rate coefficients of
reactions R4 to Ry in Table 2.2 do not change much with temperature.

The driving force of the flames, and indeed of all the flames we shall consider, is the
chain branching reaction, R,, which activates the dormant free valencies or unpaired
electron spins present in molecular oxygen, to produce two new, fully active free
valencies. As a consequence of the very marked reduction in the rate of the forward
reaction, R; at lower temperatures, and of the fact that it must also compete with the
more or less temperature independent chain termination rates of reactions, R;, Rg and Re
even at very low radical concentrations, the net formation of new active radicals is
restricted to temperatures above T;. However, the overall system becomes effectively a
chain branching, at a rate which increases very rapidly indeed, but which is eventually
limited by the consumption of oxygen and the approach of reaction, R, to its
equilibrium position. This happens when the radical concentration is high, but still
finite; and at the same time the rapid reactions, R;, R; and R,; also approach their
equilibrium positions, more or less simultaneously. Following this, the free radicals H, O
and OH finally decay to full equilibrium at a lower rate which allows reactions R, to R;

—
W

Heat release rate, q/ (GW nt’)

300 1300 2300
Temperature / (K)

Fig. 2.8: Computed heat release rates in hydrogen-air flames at atmospheric pressure. Number
immediately above curves refers to percentage in initial mixture at 298 K (Dixon-Lewis [94]).
Reproduced by permission of The Royal Society.
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Fig. 2.9: Computed rates of formation of radical pool, defined as ( Xy + 2 Xo + Xou + XHzo), where
X is mole fraction, in fuel-rich hydrogen-air flames at atmospheric pressure. Numbers immediately

above curves refer to percentage hydrogen in initial mixture at 298 K (Dixon-Lewis [94]).
Reproduced by permission of The Royal Society.

and R; to remain more or less in an equilibrium state throughout the decay region. The
decay itself proceeds by way of the termination reactions, R; to Ry,. In the sense that
T; characterizes the start of the very fundamental part of the overall flame process, there
is a strong analogy with the ignition temperatures of older thermal theories of flame
propagation, and of global asymptotic approaches (Dixon-Lewis [65]).

However, comparing the measuring flame structure with the prediction of the kinetic
model, may not be a sufficiently sensitive parameter for assessing all the subtleties of
flame oxidation kinetics and for this purpose the experimental burning velocity should
also be measured and compared with the predicted one. In the light of this, the next
section will deal mainly with the experimental and computational burning velocities at
different conditions.

(ii) Laminar burning velocity. This basic physico-chemical parameter is only
strictly meaningful in the context of a planar flame in a one-dimensional (1-D) flow
system, where it is defined as the speed of cold gas relative to the flame front in a 1-D
flow. Clearly, the burning velocity is also the volume of combustible mixture, at its own
temperature and pressure, consumed in unit time by unit area of flame front, thus, the
burning velocity is essentially a measure of the overall reaction rate in the flame.
Accurate determination of this quantity has been discussed by Andrews and Bradley
{225] and is still one of the most important aspects of combustion, because of the
feedback from the determinations into kinetic mechanisms which come into play in a
wide variety of other phenomena, including extinction limits. However, difficulties in
the determination of the burning velocity arise when it is applied to real flames. Flow
divergence exists in all real flames and causes two problems with burning velocity
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measurement. First, the cold gas velocity is no longer constant, so it is not clear which
velocity, if any should be used. Second, the divergence always causes some stretch in
the flame, which usually affects the burning rate. If true 1-D burning velocities are to be
measured then these two effects must be removed. Law and co-workers [226-228] have
developed an interesting methodology for measuring burning velocities. In their
experiments, a flat flame was stabilized in an axisymmetric stagnation flow and gas
velocity measurements were made along the axis using Laser-Doppler Anemometery.
The velocity at the cold boundary is Uy, and the corresponding stretch rate is given by
the slope of the cold gas velocity profile. Measurements of Uy, are made at various
stretch rates and extrapolated to zero stretch to give a 1-D burning velocity, denoted by
Uy, (see section 2.9).

In burmer measurements, the gas velocity, V, is used directly to derive the burning
velocity as discussed in section 2.2.4. On the basis of computed flame structures,
Dixon-Lewis [94] indicated area ratio corrections, which should be applied to such
measurements in hydrogen-air flames if the positions of maximum hydrogen atom
concentration are used as the reference planes in the flame. For conical flames on very
small diameter burners, the appropriate reductions in the burning velocity may be of the
order of 30 to 40 %. The reductions will be less on larger burners (Bradley et al [44]).

The non-stationary expanding spherical flame is the most attractive and alternative
method for strain-free flame, provided that time-dependent strain effects can be
subtracted out from the flame speed measurements (U, = dry/dt) [94]. Dixon-Lewis [65,
94, 97, 98] suggested one method of doing this by modeling the planar one-dimensional
flame and the expanding spherical flame with use of identical chemical kinetics and
transport data. This has been done (Dixon-Lewis [65, 94, 97, 98]) for a series of Hy-air
flames (Dixon-Lewis [97]). The correspondence between the flame speed (U at 1y =
0.025 m) and burning velocities (Uj, panar) are shown in Table 2.12 with some values for
CO-H; and CHg-air flame which will be discussed next.

It should be noted that the kinetic modeling automatically eliminates the strain
effects. The magnitudes of such effects in the H, -air flames are shown by comparison
of the last two columns of Table 2.12. U gheicat Was computed from the difference
between the flame and gas velocities at a single station within the flame [94]. The
values were computed at four different stations in each flame, and differed by less than
one percent. The flame speed for hydrogen-air flames in Table 2.12 has been measured
at a radius of 0.025 m, during the constant pressure period following ignition of gas
mixtures in a large spherical bomb by Andrews and Bradley [223, 229]. To explore this
further, the measured burning velocities are compared with the predicted values using
reactions R; to Ry; and their rate parameters in Table 2.2 with transport data in
Table 2.1. lijima and Takeno [224] have developed alternative and less arduous method
for interpreting expanding spherical flame speed data. They confirmed that the values of
U sphericat in Table 2.12 are very close to their values, which are also shown in Figs. 2.11
to 2.14.

Figure 2.10 shows the predicted burning velocity of low temperature hydrogen rich
flames. These values are in good agreement with experiments, bearing in mind that,
divergence correction was applied by Day et al [ 168] to these experimental results.

a- Variations of burning velocity with compositions. Figures 2.11 and 2.12 show
the computed burning velocities of a wide range of hydrogen-oxygen-nitrogen mixture
at 1 atm for an initial temperature T, = 298 K. Curves A to E in Fig. 2.11 represent the
hydrogen premixed in various proportions with several (oxygen-nitrogen) compositions.
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For all (O, + N;) compositions, the predictions agree fairly well with Jahn's
measurements [214] on the fuel rich side of maximum burning velocity; on the other
hand, the predictions agree with the recent measurements of lijima and Takeno [224] in
lean and rich sides and also agree with measurements of Senior [215] on the lean side of
stoichiometric, but fall short of his measurements of the maximum burning velocity. At
the stoichiometric hydrogen-oxygen composition, the predicted burning velocity agrees
closely with the measurement of Edse and Lawrence [216]. If flame E is taken into
account, then the agreement between prediction and experiments will cover a hundred-
fold change in burning velocity and this in turn shows how chemical kinetics model can
be used as a powerful and interpretive tool in experimental research. In Fig. 2.12, the
predicted results agree well with most of the experimental data and with curve A [223].

b- Variations of burning velocity with initial temperature. Figure 2.13 shows the
predicted effects of variation of initial temperature, T, on the burning velocities of the
stoichiometric hydrogen-oxygen flame (represented by curve A) and the stoichiometric
(29.58 % hydrogen) hydrogen-air flame (represented by curve B). Measurements of
Edse and Lawrence [216] are only available for the stoichiometric hydrogen-oxygen
flame and the recent measurements by lijima and Takeno {224] are for stoichiometric
hydrogen-air flame. The agreement is excellent between the predicted and experimental
values.

c- Variations of burning velocity with initial pressure. Figure 2.14 shows the
predicted effect of variation of the initial pressure on the burning velocities of
stoichiometric hydrogen-oxygen flame (Curve A, by Strauss and Edse [221], Agnew &
Graiff [222]) and 20 %, 29.58 % (stoichiometric), 41%, and 70 % hydrogen for

Table 2.12: Computational comparison between speeds of expanding spherical flames at r;= 2.5
cm, and planer one dimensional burning velocities, Uy at atmospheric pressure, and that
calculated from the spherical flame U ypherica (Dixon-Lewis [65]). Reproduced by permission of
The Combustion Institute.

Initia) mole fraction T. U, U ptanar Ul sphertent
H; co CH, Air (K) (cm ) (cms™) (cm s)
- - 0.095 0915 298 260 375 -
0.7 - - 0.30 298 297 90.2 75.00
0.6 - - 0.40 298 894 192.4 184.0
0.5 - - 0.50 298 1450 271.5 262.0
0.41 - - 0.59 298 1778 300.0 290.0
0.35 - - 0.65 298 1758 277.7 273.0
0.30 - - 0.70 298 1485 2323 227.0
0.25 - - 0.75 298 1012 167.9 163.0
0.20 - - 0.80 298 580 93.00 106.0
0.15 - - 0.85 298 169 30.20 36.3
0.15 0.45 - 0.40 295 479 95.70 -

0.10 0.30 - 0.60 295 711 113.6
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Fig. 2.10: Burning velocities of hydrogen-oxygen-nitrogen flames having Xo = 0.046 and
T, = 336 K, showing dependence on the initial mole fraction ratio XH2 u/XN and comparing

observed values of Day et al [168] with line computed using transport and reaction rate
parameters from Tables 2.1 and 2.2 [97]. Burning velocities in this figure are on basis of unburent
gas at 291 K and 1 atm. Reproduced by permission of Combustion Science and Thechnology.
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Burning velocity, Ui/ (m s™)
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Fig. 2.11: Burning velocities of hydrogen-oxygen-nitrogen mixtures, comparing lines computed
from parameters from Tables 2.1 and 2.2 with published measurements. Unburent compositions:
Curves A, Xo, /(Xy, * Xo,Ju = 1.0; B, Xo, /(Xn, +Xo,)u=0.51,C, Xo, /(Xn, +Xo,)u=
1.0; 0.21; D, Xo X, + Xo, )u= 0.125; ﬂameE X, , = 01883, Xy, ,—07657 Xo, —0046
Measurements; 0 Jahn [214] @ Senior [215], ® Edsc and Lawrence [216] (stonchnometnc
hydrogen-oxygen); X, lijima and Takeno [224]. Dixon-Lewis [98], reproduced by permission.
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Fig. 2.12: Buming velocities of hydrogen-air mixtures, comparing line computed from
parameters of Tables 2.1 and 2.2 [97] with several published measurements by burner methods:
O, Jahn [214], I, Scholte and Vaags [217]; ®, Edmondson and Heap [218]; ©, Giinther and
Janisch [219]; @ Giinther and Janisch [220], A and B, dashed curves, Andrews and Bradley
[223], X, lijima and Takeno [224]. Reproduced by permission of Combustion Science and
Technology.
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Fig. 2.13: Predicted [98] dependence of burning velocity on initial temperature, T,. Curve A,
stoichiometric hydrogen-oxygen; B, 30 % hydrogen-air. Points for stoichiometric hydrogen-
oxygen represent measurements of Edse and Lawrence [216]; X, lijma and Takeno [224].
Dixon-Lewis [98], reproduced by permission.
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Fig. 2.14: Predicted [98] dependence of burning velocity on pressure; Curve A, stoichiometric
hydrogen-oxygen; B, 41 % hydrogen-air; C, 30 % hydrogen-air; D, 20 % hydrogen-air; E, 70 %
hydrogen-air. Measurements for 2H, + O,; O, Strauss and Edsc [221]; ®, Agnew and Graiff
[222]; X, lijima and Takeno [224]. Dixon-Lewis [98], reproduced by permission.

hydrogen-air flames (curves D, C, B and E, respectively). In addition to that, the recent
measurements by lijima and Takeno [224] are for 29.58 % stoichiometric hydrogen of
hydrogen-air flame. It is clear that the agreement is good between the predicted and
experimental values for hydrogen-air flame, but not for the hydrogen-oxygen flame
especially above 1 atm.

If the burning velocity is expressed as a function of pressure by U, < P", then at low
pressure the n exponent takes a positive value in the range of 0.2 + 0.06. The value of n
decreases in all cases as the pressure rises, and becomes negative at around 0.2 to 0.5
atm. The behavior arises from the competition in the flames between the "chain
branching" cycle of reactions initiated by reaction, R, and the "HO," cycle initiated by
reaction, R, as described above.

2.4.2 Hydrogen-H,0-CO-0,-N, Flames

Experimental Method and Results

Again, the considered flame measurements were selected from that used by Dixon-
Lewis and co-workers [65, 137, 144] to establish the transport parameters in Table 2.1
and reaction mechanisms and rate parameters (R4 to Ry) in Table 2.2, for H,- H,O-
CO-0,-N, system. These experimental results will cover the flame structures of
hydrogen-carbon monoxide-O, flame at low pressure and burning velocities of a wide
range of premixed H,-CO-O,-N,, H,-CO-air and moist carbon monoxide-air flame.

(i) Vandooren et al [230] measured the temperature and mole fraction profiles in a
burner stabilized flame at pressure of 0.053 atm, having a supply stream of mole

fraction composition Xy = 0.114, Xco= 0.094 and Xp = 0.792. The measured
linear fresh gas velocity at the burner was 0.637 m s, quoted on the basis of gas at

298 K and 0.053 atm pressure. The measured temperatures and the mole fractions of the
stable species versus distance are shown as points in Fig. 2.15. The measured mole
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fractions of radicals species for flame of Fig. 2.15 are shown as points in Fig. 2.16. All
the mole fractions were measured by molecular beam sampling and mass spectrometry.
Temperatures were measured with the aid of a ceramic-coated Pt/Pt-10 % Rh
thermocouple.

(ii) A number of flames at atmospheric pressure having the initial mole fraction

composition Xy =0.1685, Xy, ,co,u =0.7855 and X = 0.046, with T,=336 K,

and with the N, + CO mixture containing between 0 and 10% carbon monoxide, was
supported on an Egerton-Powling type of flat flame burmer. Buming velocities were
measured by the powder particle tracking technique as described by Dixon-Lewis and
Isles [231]. The resulting burning velocities are shown as points in Fig. 2.17.

(iii) It is well known that the oxidation of carbon monoxide is very sensitive to the
presence of traces of hydrogen and water vapor. Therefore, the result here is concerned
with the burning velocity of complete range of hydrogen-carbon monoxide mixture as
fuels, mixtures containing 0.55, 3.0, 10.5, 24.1, 43.3, 69.7 and 100 % hydrogen being
used. Burning velocities of mixtures containing between 35 and 65 % of these fuels in
air at atmospheric pressure have been measured by Scholte and Vaags [232].

The flames studied by Scholte and Vaags [232] were supported as straight-sided
cones on a constant velocity profile nozzle, and the linear unbumt gas velocities V were
calculated by dividing the total volumetric gas flow by the area of the burner port.

16 T T T 1900
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Fig. 2.15: Profiles of temperature and mole fractions of stable species against distance from
burner in a lean hydrogen-carbon monoxide-oxygen flame, comparing computed lines [144] with
points representing observations of Vandooren et al [230]. Mole fraction composition of supply
mixture was; XH“ =0.114, Xcop = 0.094 and )(o2u =0.792, with P = 0.05 atm, Flow velocity of

free gas was 0.637m s”!, measured for gas at 298 K and 0.05 atm. Points; (1, temperature; O, CO;
o, Hz; 0,0.1 0, ©, CO,; @, H,O. Reproduced by permission of The Combustion Institute.
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The burning velocities were derived by measuring the cone half-angles, o, and using
U, = V sin a. Because of small boundary layer effects at the edge of the nozzle, this
approach of calculating the gas velocity introduces a certain amount of averaging into
the experiment, and the precision would have been improved if these velocities had
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Fig. 2.16: Profiles of mole fractions of radicals against distance from burner for flame of
Fig. 2.15, comparing computed lines [144] with points representing observations of Vandooren et
al. [230]. Points ®, H; O, OH; @, 0.5 O; &, 102 HO,. Reproduced by permission of The
Combustion Institute.
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Fig. 2.17: Burning velocities of flames having initial mole fraction compositions:X =~ = 0.1685,
2.,u
X(N2+CO) = ().7855 and Xo = (.0460 at a pressure of 1 atm, with T, = 336 K. Burning velocities
u 2u
are referred to unburned gas at 291 K and 1 atm [144]. Reproduced by permission of The
Combustion Institute.
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been directly measured. However, Dixon-Lewis [94] has shown that when such
measurements are made for the unburnt gas approaching a flame, flow divergence in the
flame zone itself necessitates a correction to the measured velocity to take account of
such divergence up to a reference plane at the hot side of the flame. When such
corrections had been applied to several hydrogen-air burning velocities which were
precisely measured by Edmondson and Heap [218] and Gunther and Janisch [219],
they led to results of reasonable agreement with theoretical predictions, and with the
results of Jahn [214] and Scholte and Vaags [217] for these flames. These are also
discussed below. There is a reason, therefore, to suppose that the results of Scholte and
Vaags [232] for hydrogen-carbon monoxide-air mixture are adequate to be presented
here. Their results for these mixtures are shown in Fig. 2.18. The study by Aung et al
[233] on H2-O,-N, flames shows that the effect of flame stretch on laminar burning
velocities is substantial, which yields Markstein number, M, (M, = Markstein
length/(characteristic flame thickness, which is defined as the mass diffusivity divided
by the burning velocity)) in the range of -4 to 6 with corresponding variations of U.,/U;
in the range of 0.5-2.0, where Uy, is U, at the largest radius observed. This behavior
implies significant effects of flame stretch for typical laboratory measurements of Us.

(iv) Lastly, burning velocities of carbon monoxide-air mixtures containing traces
of hydrogen or water vapor or both are also presented. For a fuel consisting of 0.55 %
hydrogen and 99.45 % carbon monoxide, Scholte and Vaags [234] examined the
effect of additions of 1.2, 1.87 and 2.3 % water vapor on the burning velocities of
fuel-air mixtures containing between 35 % and 65 % fuel. The water concentrations
were expressed as percentages of the total mixture. Their results are shown as the
points in Fig. 2.19.
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Fig. 2.18: Buming velocities of dry hydrogen-carbon monoxide-air mixtures at atmospheric
pressure, with T, = 298 K, comparing computed lines [144] with points representing observation
of Scholte and Vaags [232]. Number above each curve gives percentage of carbon monoxide in
the H, + CO fuel. Transport and reaction rate parameters were taken from Tables 2.1 and 2.2.
Reproduced by permission of The Combustion Institute.
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Fig. 2.19: Effect of addition of water vapour on burning velocities of flames of 0.55% hydrogen +
99.45% carbon monoxide in air at atmospheric pressure, with T, = 298 K, comparing computed
lines [144] with points representing observations of Scholte and Vaags [234]. Curve | and @, no.
added water, Curve 2 and O for 1.2% added water; Curve 3 and ©, 1.87% added water, Curve 4
and @, 2.3% added water. Water additions are percentages of the total mixture, and were regarded
in computations as replacing nitrogen. Reproduced by permission of The Combustion Institute.

Computational Results

Flame model computations for CO-H,-H,0-O,-N, system were performed by
Cherian et al [144] and Dixon-Lewis [65, 137] as described in sections 2.3.1 to 2.3.3.
The reaction mechanisms R; to Ry and their rate parameters in Table 2.2 with transport
constants in Table 2.1 were used in these computations, Again the predicted flame
structures and burning velocities from the model were that corresponding to the initial
conditions of the above experiments. All computed results are shown by full curves in
Figs. 2.15 to 2.19. All of these results will be discussed in the context of reaction
mechanism and its rate parameters. The flame structure and burning velocity for the
above flames are discussed as follow;

(i) Flame Structure. Figure 2.15 shows that the agreement between the predicted and
measured stable species is very good, except for water vapor, for which the discrepancy
between experimental and computational profiles may be due to calibration errors.
Further, the predicted maximum rates of formation of carbon dioxide and water are 1.3 x
10® and 3.1 x 10® mole cm™ s™, respectively. Both predictions are compared extremely
well with the maximum rates of 1.3 x 10® and 3.2 x 10" mole cm™ s which are deduced
directly by Vandooren et al [230] from their experimental observations. However, there is
a large discrepancy between the predicted and measured temperature profiles.

In contrast with the measurements, the computations predict that a temperature of 1800
K will not be reached until a distance of some 0.09-0.1 m from the burner. The difference
may be due to some catalytic effect at the surface of the thermocouple used for the
measurements. With regard to the radical profiles shown in Fig. 2.16, and for the same
flame as in Fig. 2.15, there is again some discrepancies between theory and experiment,
which we believe to be too great to be accounted for by the uncertainties in some of the rate
parameters used in the computation which may be + 10 % in most cases here.



124 Laminar Premixed Flames

(ii) Laminar burning velocity. Figure 2.17 shows that the agreement between the
computed and measured results is very good. The flame having mole fractions of

Xp,, =0.1685, Xy, =0723, Xco,= 00618 and Xo = 0.046, with T, =

336 K and a measured burning velocity of 0.072 + 0.002 m s™' referred to gases at 291 K
and 1 atm was selected for theoretical investigation. Burning velocities for this flame
were initially calculated on the assumption that, in addition to the hydrogen-oxygen-
nitrogen flame reactions, R, to R;, the flame receives a contribution from the carbon
monoxide due, firstly, to reaction, R, alone, secondly, to reactions Ry, and R;s together,
and thirdly, to reactions, R4, Rys and chain termination mechanism with the reaction of
the formyl radical, R¢ to Ry (see Table 2.2). The predicted burning velocity from the
third contribution was 0.073 m s™! which is in excellent agreement with the experimental
value. For this, it was found necessary that the reaction rate k3 > k;5. The ratio of
kig’k,7 in Table 2.2 is in good agreement with that found by Mack and Thrush [235] and
Washida et al [236]. The predicted burning velocities from the first and second
contributions were higher by 40 % and 37 % than the third contribution and this
confirmed the importance of the contribution from Rs to Ry Reaction R 4 serves as a
dual purpose in oxidizing CO and CO,, and secondly, in substituting reactions R, and
R; as the partner for reaction R; in the chain branching cycles.

Figure 2.18 shows the predicted buring velocity for mixtures of fuel with air
containing respectively 60 % and 40 % fuel. The fuels were hydrogen-carbon monoxide
mixtures containing 100 %, 69.7 %, 43.3 %, 24.1 %, 10.5 %, 3 %, and 0.55 %
hydrogen, respectively. Agreement with the experimental points is satisfactory over the
whole composition range. The concentrations of hydroxyl radicals, OH, and oxygen
atoms, O, in the 60 % fuel flame are too small for effects of reactions, R, and Ry to be
significant.

Also, the predicted burning velocities in Fig. 2.19 agree well with the experiments.
The effect of water vapor on the burning velocity is small compared to the effect of
hydrogen (as shown in Fig. 2.18). This may be due to reduced catalytic efficiency of
water vapor compared with that of hydrogen, which is associated with its lower free
energy. The chain branching cycle that produces the radical pool in the water-oxygen
containing mixtures necessitates an attack of either hydrogen or oxygen atoms on the
water vapor, by reaction (-R;) or (-Ry3). Both reactions have activation energies of
approximately 75 kJ mole™, and these makes the radical production to be more difficult
than in hydrogen-oxygen containing mixtures. In the latter, the pair of free electron
spins associated with the oxygen atom is more easily separated by a direct occurrence of
reaction R; alone.

Tuming back again to the effect of the strain rate on the burning velocity as
discussed above; the burning velocity was computed by Dixon-Lewis [137] for two free
strain flames of H,-CO-air. The planar model described above, and the expanding
spherical flame with the use of identical chemical kinetics and transport data (Tables 2.1
and 2.2) were used in these calculations and the results are given in Table 2.12.

Although, carbon monoxide and hydrogen are both important as intermediate
compounds in the high temperature flame oxidation of hydrocarbon, the modeling of
formaldehyde (CH,O)-oxygen supported flames provides an essential link between the
H,-CO-air and hydrocarbon-air systems. The modeling of these was discussed by
Dixon-Lewis [137] in relation to the flame structure measurements of Oldenhove de
Guertechin et al {172]. This enabled Dixon-Lewis [137] to establish the reactions and
rate parameters for such system, which are included in Table 2.2.
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2.4.3 Methane-Oxygen-Nitrogen Flames

Experimental Method and Results

Flame structure and burning velocities were measured at Leeds University for a low-
pressure laminar; flat, adiabatic premixed methane-air flames on a matrix burner of
0.076 m diameter as shown in Fig. 2.20 (Bradley et al {150], El-Sherif [153], Bradley