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By contrast, the first fires flickering at a cave mouth

are our own discovery, our own triumph, our grasp upon
invisible chemical power. Fire contained, in that place of
brutal darkness and leaping shadows, the crucible and the
chemical retort, steam and industry. It contained the entire
human future.

Loren Eiseley
The Unexpected Universe
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PREFACE TO THE SECOND EDITION

This second edition retains the same primary objectives as the original text:
first, to present basic combustion concepts using relatively simple and easy-to-
understand analyses; and second, to introduce a wide variety of practical
applications that motivate or relate to the various theoretical concepts. The
overarching goal is to provide a textbook that is useful for both formal under-
graduate study in mechanical engineering and related fields, and informal study
by practicing engineers.

The author, as well as many of his colleagues around the world, also have
found the book to be useful in a first course in combustion at the graduate
level. In this usage, however, the book alone did not suffice: more detailed
treatments and advanced topics needed to be developed by the instructor to
supplement the text. Nevertheless, many have reported success in using the
book in this manner. The second edition specifically addresses this need for
additional topics and greater depth in some areas. Chapter 7 now contains a
section dealing with multicomponent diffusion, including thermal diffusion.
The development of the one-dimensional energy conservation equation is
expanded in Chapters 7 and 8 to include multicomponent and thermal diffu-
sion in a form consistent with that used in the various flame codes developed at
Sandia National Laboratories, Livermore, CA. This provides a good link for
those instructors who use such codes in conjunction with CHEMKIN software
in their courses. In the same spirit, Chapter 9 now includes a section on coun-
terflow diffusion flames. None of these additions detract in any way from the
ability to use the book at a lower level. The more advanced topics are arranged
so that they can be skipped with no loss in continuity. Furthermore, these
additions, in general, are not particularly lengthy—thus, the overall length of
the text is not greatly increased, and the book retains its original comfortable,
compact feel.

Changes to the basic text include a brief discussion of the molecular struc-
ture of fuels in an appendix to Chapter 2. This appendix provides information
useful for appreciating many of the thermochemical concepts of Chapter 2, as
well as providing background information useful for understanding some of
the chemical-kinetic concepts developed in Chapters 4 and 5. Chapter 4 now
includes a section on partial equilibrium and a discusion of characteristic
chemical time scales, while Chapter 5 has been updated to include the latest
advances in methane kinetics (GRI-Mech). Reaction pathway diagrams for
CH,—air combustion are also included to give a much clearer—and holis-
tic—picture of methane combustion kinetics. Chapter 6 sees the addition of
a well-stirred-reactor example that employs detailed kinetics, providing yet
another link to CHEMKIN software. In Chapter 8, the discussion of premixed
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Preface to the Second Edition

flame structure is expanded to give a much clearer, and detailed, view of this
important subject. A chapter on detonations (Chapter 16) also has been added
to meet the needs of those desiring to include this topic in their courses.
Logically, this material could be included following Chapter 2'or Chapter 8.
New problems have been added to many chapters and several additional exam-
ples are included. Those problems requiring, or benefiting from, the use of a
computer for their solution are indicated. The computer software has been
updated to be compatible with Windows.

The author hopes that this new edition will continue to serve well those
who desire to use the book at its most basic level and that the additional topics
presented in this edition also will make the book more useful at a somewhat
more advanced level.

Stephen R. Turns
University Park, PA




PREFACE TO THE FIRST EDITION

High interest in combustion and combustion applications exists among many
engineering students. Although undergraduate, senior-level courses in combus-
tion and combustion-related areas are offered at many institutions, finding an
appropriate textbook for such courses is difficult, at best. The need for an
introductory text on combustion, specifically structured for an undergraduate
readership, has served as the motivation for writing this book. The offering of
an introductory course at Penn State and the development of an introductory
textbook were conceived jointly, and this book is the result of those develop-
ments.

Although the primary audience is intended to be senior-level students in
mechanical and related engineering majors, others may find the text useful as a
bridge between the basic undergraduate thermal sciences and advanced treat-
ments of combustion. Many examples and problems are presented to aid in
understanding and to relate to practical applications. Thus, it is hoped that
both first-year graduate students and practicing engineers can benefit from the
material presented here.

In its organization, the text provides flexibility. The 15 chapters provide
much more material than can be covered in a single-semester course; this over-
kill makes it easy for an instructor to tailor a course to a particular theme or set
of topics, while allowing the theme to evolve or change from one course offer-
ing to another. For example, a one-semester course providing a general over-
view could cover Chapters 1-6, 15, 8, 9, and 14; while a course with some
emphasis on spark-ignition engines could cover Chapters 1-6, 8, 11, 12, 15, and
9.

Located in Chapters 1-3 are topics considered essential for an undergrad-
uate course. Chapter 1 defines combustion and the types of flames, and intro-
duces the effects and control of combustion-generated air pollution, which is
treated in greater detail in Chapter 15.

The thermochemistry needed for a study of combustion is presented in
Chapter 2. This chapter emphasizes the importance of chemical equilibrium
to combustion. Software provided with this book provides students with a
simple means of calculating complex equilibria for combustion gases; this soft-
ware can be put to good use in many interesting and pedagogically helpful
projects. Chapter. 3 introduces mass transfer. The approach taken here, and
throughout the book, is to simplify theoretical developments by treating all
mass transfer within the context of simple binary systems. Except for a brief
mention in Chapter 7, the treatment of multicomponent diffusion is left to
more advanced texts. Such an approach allows students with no previous
exposure to mass transfer to gain an appreciation of the subject without getting
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Preface to the First Edition

bogged down in its inherent complexities. Chapter 3 uses both the classical
Stefan problem and simple droplet evaporation to illustrate mass-transfer
theory.

Onward to the subject of chemistry, Chapters 4 and 5 deal with chemical
kinetics by presenting basic concepts (Chapter 4) and discussing chemical
mechanisms of importance to combustion and combustion-generated air pol-
lution (Chapter 5). In addition to showing the unavoidable complexity of
hydrocarbon combustion chemistry, simple single- and multistep kinetics are
presented that can be used to incorporate chemical kinetic effects in simple
analyses or models, recognizing, of course, the pitfalls of simplified kinetics.

The interrelation of chemical kinetics and thermodynamic modeling is the
subject of Chapter 6. Here, models of constant-pressure and constant-volume
reactors, and well-stirred and plug-flow reactors, are developed. These simple
models allow a student to grasp clearly how chemical kinetics fits into the
bigger picture. This chapter also offers many opportunities for projects involv-
ing reactor analysis and/or design. Both the usefulness and uniqueness of this
chapter make it a lot of fun.

Having completed our study of thermochemistry, molecular transport, and
chemical kinetics, we devote Chapter 7 to the development of the simplified
conservation equations for reacting systems used in subsequent chapters. The
conserved-scalar concept is introduced here. This chapter is intended to pro-
vide a background from which more rigorous developments can be followed.
For an undergraduate course, this chapter is clearly optional, and is probably
best skipped; however, for an introductory graduate-level course, the chapter
may be quite useful.

Elementary treatments of flames are presented in Chapters 8-13. Laminar
premixed flames are discussed in Chapter 8, and laminar nonpremixed flames
in Chapters 9 and 10; turbulent flames are dealt with in Chapter 12 (premixed)
and Chapter 13 (nonpremixed). Topics treated include flame propagation,
ignition and quenching, and flame stabilization. Simplified analyses are pre-
sented wherever possible, and practical applications emphasized. In all cases,
rigorous mathematical development is eschewed in favor of developing the
most basic understanding. This approach has the shortcoming of not being
able to deal with some phenomena at all, and others, incompletely at best.
Usually in these areas, warnings are given and references cited to help the
reader who seeks a more complete understanding. Because the wealth of mate-
rial in these chapters, one can conveniently choose to cover only laminar flames
(Chapters 8, 9, and 10) or to focus only on premixed flames (Chapters 8, 11,
and 12) or nonpremixed flames (Chapters 9, 10, and 13). Particular emphases
on specific applications might suggest which topics to cover.

Linking droplet vaporization theory to practical devices is the subject of
the second half of Chapter 10, where a model of a one-dimensional vaporiza-
tion-controlled combustor is developed. The primary purposes of this section
are to reinforce previous concepts of equilibrium and evaporation, help
develop students’ powers of analysis, and provide ideas and concepts that
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can be used in applications-oriented projects. Design projects can easily be
fitted into the framework of Chapter 10. Depending on course objectives,
this section of Chapter 10 can be treated as optional.

In Chapter 14, burning of solids is introduced, using carbon combustion as
the archetypical system. Again, simplified analyses are presented to illuminate
heterogeneous combustion concepts and to introduce the ideas of diffusionally
and kinetically controlled combustion. This chapter also acquaints the student
with coal combustion and its applications.

Omitting a treatment of combustion-generated pollutants would be
unthinkable in a modern book on combustion. Chapter 15 focuses on this
topic. This chapter introduces the reader to the quantification of emissions
and discusses the mechanisms of pollutant formation and their control. This
chapter emphasizes applications and should be of particular interest to the
intended readers of this book. The placement of this chapter does not suggest
its relative importance. Depending on course objectives, the material here
could be covered following Chapters 1-6.

Now, in summary, this book attempts to present an introduction to com-
bustion at a level easily comprehended by students nearing the completion of
an undergraduate study in mechanical engineering and related fields. Through
the use of examples and homework problems, students can develop confidence
in their understanding and go on to apply this to various projects and “real
world” problems. It is hoped that this text will fit the needs of instructors, and
others, who desire simplified and appropriately structured materials for an
introductory study of the fascinating field of combustion.

Stephen R. Turns
University Park, PA
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Introduction

MOTIVATION TO STUDY COMBUSTION

Combustion and its control are essential to our existence on this planet as we
know it. In 1996, approximately 85 percent of the energy used in the United
States came from combustion sources [1, 2] (Table 1.1). A quick glance around
your local environment shows the importance of combustion in your daily life.
More than likely, the heat for your room or home comes directly from com-
bustion (either a gas- or oil-fired furnace or boiler), or, indirectly, through
electricity that was generated by burning a fossil fuel. Our nation’s electrical
needs are met primarily by combustion. Presently, only 32.7 percent of the
electrical generating capability is nuclear or hydroelectric, while more than

Table 1.1 U.S. energy consumption estimates by source and end-use sector, 1996°

Sources Quadrillion BTU (%) End-use sector Quadrillion BTU (%)
Coal 20.99 (22.4) Residential & 33.88 (36.1)
Natural gas 22.59 (24.1) Commercial

Petroleum 35.72 (38.1) Industrial 35.43 (37.8)
Nuclear electric power 7.17 (7.6) Transportation 24.44 (26.1)
Hydroelectric power 391 (4.2)

Other® 3.43 (3.7)

Total® 93.81 (100) Total 93.81 (100)

*SOURCE: Data from Ref. [1].
BElectricity generated for distribution from wood and waste, geothermal, wind, photovoltaic, and solar thermal energy.

“Totals may not equal sum of components due to independent rounding.




CHAPTER ] . Introduction

Table 1.2 1996 U.S. electricity generation [1]

Billion kW-hr (%)
Coal 1,735.9 56.4
Nuclear 674.8 219
Hydro 3319 10.8
Gas 263.3 8.6
0il 67.9 2.2
Other 4.1 0.1
Total 3,077.9 100.0

half is provided by burning coal, as shown in Table 1.2 [1]. Our transportation
system relies almost entirely on combustion. In the United States in 1989,
ground vehicles and aircraft burned 3991 million barrels of various petroleum
products annually [3], or approximately two-thirds of all of the petroleum
imported or produced in the United States. Aircraft are entirely powered by
on-board fuel burning, and most trains are diesel-engine powered. Recent
times have also seen the rise of gasoline-engine driven appliances such as
lawn mowers, leaf blowers, chain saws, weed-whackers, and the like.

Industrial processes rely heavily on combustion. Iron, steel, aluminum,
and other metals-refining industries employ furnaces for producing the raw
product, while heat-treating and annealing furnaces or ovens are used down-
stream to add value to the raw material as it is converted into a finished
product. Other industrial combustion devices include boilers, refinery and
chemical fluid heaters, glass melters, solids dryers, surface-coating curing and
drying ovens, and organic fume incinerators [4], to give just a few examples.
The cement manufacturing industry is a heavy user of heat energy delivered by
combustion. Rotary kilns, in which the cement clinker is produced, use over 0.4
quads’ of energy, or roughly 1.4 percent of the total industrial energy use in the
United States in 1989. At present, rotary kilns are rather inefficient devices, and
potentially great energy savings could be made by improving these devices [35].

In addition to helping us make products, combustion is used at the other
end of the product life cycle as a means of waste disposal. Incineration is an old
method, but it is receiving renewed interest because of the limited availability
of landfill sites in densely populated areas. Also, incineration is attractive for its
ability to dispose of toxic wastes safely. Currently, siting of incinerators is a
politically controversial and sensitive issue.

Having briefly reviewed how combustion is beneficial, we now look at the
downside issue associated with combustion—environmental pollution. The
major pollutants produced by combustion are unburned and partially burned
hydrocarbons, nitrogen oxides (NO and NO,), carbon monoxide, sulfur oxides

| 'quad = 1 quadrillion BTU = 10'° BTU.
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Table 1.3 Typical pollutants of concern from selected sources
Pollutants
Unburned Oxides Carbon Particulate

Source Hydrocarbons of Nitrogen Monoxide Sulfur Oxides Matter
Spark-ignition engines + + + — -
Diesel engines + + + - +
Gas-turbine engines + + + — +
Coal-burning utility boilers - + - + +

Gas-burning appliances

|

+

+
|

(SO, and SO3), and particulate matter in various forms. Table 1.3 shows which
pollutants are typically associated with various combustion devices and, in
most cases, subjected to legislated controls. Primary pollution concerns relate
to specific health hazards, smogs, acid rain, global warming, and ozone deple-
tion. National trends for pollutant emissions from 1940-1996, showing the
contributions from various sources, are presented in Figs. 1.1 to 1.5 [6]. The
impact of the Clean Air Act Amendments of 1970 can be clearly seen in these
figures.

Emissions (million short tons)

1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995
Year

E1Misc ANl [OWaste B Comb- [EComb- MComb- [JNon- EOther
other  disp ind util other road ind

Figure 1.1 Trends in emissions of particulate matter for the United States, 1940-1996.
Reading legend left to right corresponds to plotted series top to bottom.
| SOURCE: From Ref. [6].




CHAPTER ¢ Introduction

35

30

25

20

15

10

Emissions (million short tons)

0
1940 1950 1960 1970 1980 1990
Year

B Al [ONon- WComb- [ On- M Metals [OComb- Il Comb-
other road other road industry util

Figure 1.2 Trends in emissions of sulfur oxides for the United States, 1940-1996. Reading

legend left to right corresponds to plotted series top to bottom.
| SOURCE: From Ref. [6].
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Figure 1.3 Trends in emissions of nitrogen oxides for the United States, 1940-1996.
Reading legend left to right corresponds to plotted series top to bottom.
| SOURCE: From Ref. [6].
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Figure 1.4 Trends in emissions of volatile organic compounds for the United States,

1940-1996. Reading legend left to right corresponds to plotted series top to bottom.
| SOURCE: From Ref. [6].
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Figure 1.5 Trends in emissions of carbon monoxide for the United States, 1940-1996.
Reading legend left to right corresponds to plotted series top to bottom.
| SOURCE: From Ref. [6].
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Considering the importance of combustion in our society, it is somewhat
surprising that very few engineers have more than a cursory knowledge of
combustion phenomena. However, with an already demanding curriculum, it
is unrealistic to expect the subject to be given more attention than it presently
receives. Therefore, engineers with some background in combustion may find
many opportunities to use their expertise. Aside from the purely practical
motivations for studying combustion, the subject is in itself intellectually
stimulating in that it integrates all of the thermal sciences nicely, as well as
bringing chemistry into the practical realm of engineering.

A DEFINITION OF COMBUSTION

Webster’s Dictionary provides a useful starting point for a definition of com-
bustion as ‘rapid oxidation generating heat, or both light and heat; also, slow
oxidation accompanied by relatively little heat and no light.”” For our purposes,
we will restrict the definition to include only the rapid oxidation portion, since
most practical combustion devices belong in this realm.

This definition emphasizes the intrinsic importance of chemical reactions
to combustion. It also emphasizes why combustion is so very important: com-
bustion transforms energy stored in chemical bonds to heat that can be utilized
in a variety of ways. Throughout this book, we illustrate the many practical
applications of combustion.

COMBUSTION MODES AND FLAME TYPES

Combustion can occur in either a flame or nonflame mode, and flames, in turn,
are categorized as being either premixed flames or nonpremixed (diffusion)
flames. The difference between flame and nonflame modes of combustion
can be illustrated by the processes occurring in a knocking spark-ignition
engine (Fig. 1.6). In Fig. 1.6a, we see a thin zone of intense chemical reaction
propagating through the unburned fuel-air mixture. The thin reaction zone is
what we commonly refer to as a flame. Behind the flame are the hot products of
combustion. As the flame moves across the combustion space, the temperature
and pressure rise in the unburned gas. Under certain conditions (Fig. 1.6b),
rapid oxidation reactions occur at many locations within the unburned gas,
leading to very rapid combustion throughout the volume. This essentially
volumetric heat release in an engine is called autoignition, and the very rapid
pressure rise leads to the characteristic sound of engine knock. Knock is
undesirable, and a recent challenge to engine designers has been how to mini-
mize the occurrence of knock while operating with lead-free gasolines.” In

2The discovery that tetraethyl lead reduces knock, made by Thomas Midgley in 1921, allowed engine com-
pression ratios to be increased, and thereby improved efficiency and power.




Combustion Modes and Flame Types

Propagating ﬂame /Spark plug
&
/1 —t Burned gases
Unburned /
fuel-air
mixture
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Autoigniting fuel-air mixture /Spark plug
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(b)

Figure 1.6 (a) Flome and (b) nonflame modes of combustion in a spark-ignition engine.

compression-ignition or diesel engines, however, autoignition initiates the com-
bustion process by design.

The two classes of flames, premixed and nonpremixed (or diffusion), are
related to the state of mixedness of the reactants, as suggested by their names.
In a premixed flame, the fuel and the oxidizer are mixed at the molecular level
prior to the occurrence of any significant chemical reaction. The spark-ignition
engine is an example where premixed flames occur. Contrarily, in a diffusion
flame, the reactants are initially separated, and reaction occurs only at the
interface between the fuel and oxidizer, where mixing and reaction both take
place. An example of a diffusion flame is a simple candle. In practical devices,
both types of flames may be present in various degrees. Diesel-engine combus-
tion is generally considered to have significant amounts of both premixed and
nonpremixed or diffusion burning. The term “diffusion” applies strictly to the
molecular diffusion of chemical species, i.e., fuel molecules diffuse toward the
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flame from one direction while oxidizer molecules diffuse toward the flame
from the opposite direction. In turbulent nonpremixed flames, turbulent con-
vection mixes the fuel and air together on a macroscopic basis. Molecular
mixing at the small scales, i.e., molecular diffusion, then completes the mixing
process so that chemical reactions can take place.

APPROACH TO OUR STUDY

We begin our study of combustion by investigating the key physical processes,
or sciences, which form the fundamental framework of combustion science:
thermochemistry in Chapter 2; molecular transport of mass (and heat) in
Chapter 3; chemical kinetics in Chapters 4 and 5; and, in Chapters 6 and 7,
the coupling of all of these with fluid mechanics. In subsequent chapters, we
apply these fundamentals to develop an understanding of laminar premixed
flames (Chapter 8) and laminar diffusion flames (Chapters 9 and 10). In these
laminar flames, it is relatively easy to see how basic conservation principles can
be applied. Most practical combustion devices operate with turbulent flows,
however, and the application of theoretical concepts to these is much more
difficult. Chapters 11, 12, and 13 deal with turbulent flames and their practical
applications. The final chapters concern the combustion of solids, as exempli-
fied by carbon combustion (Chapter 14); pollutant emissions (Chapter 15); and
detonations (Chapter 16).

A major goal of this book is to provide a treatment of combustion that is
sufficiently simple so that students with no prior introduction to the subject can
appreciate both the fundamental and practical aspects. It is hoped, moreover,
that as a result, some may be motivated to learn more about this fascinating
field, either through more advanced study, or as a practicing engineer.
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Combustion and Thermochemistry

OVERVIEW

In this chapter, we examine several thermodynamic concepts that are impor-
tant in the study of combustion. We first briefly review basic property relations
for ideal gases and ideal-gas mixtures and the first law of thermodynamics.
Although these concepts are likely to be familiar to you from a previous study
of thermodynamics, we present them here since they are an integral part of our
study of combustion. We next focus on thermodynamic topics related specifi-
cally to combustion and reacting systems: concepts and definitions related to
clement conservation; a definition of enthalpy that accounts for chemical
bonds; and first-law concepts defining heat of reaction, heating values, etc.,
and adiabatic flame temperatures. Chemical equilibrium, a second-law con-
cept, is developed and applied to combustion-product mixtures. We emphasize
equilibrium because, in many combustion devices, a knowledge of equilibrium
states is sufficient to define many performance parameters of the device; for
example, the temperature and major species at the outlet of a steady-flow
combustor are likely to be governed by equilibrium considerations. Several
examples are presented to illustrate these principles.

REVIEW OF PROPERTY RELATIONS

Extensive and Intensive Properties

The numerical value of an extensive property depends on the amount (mass or
number of moles) of the substance considered. Extensive properties are usually
denoted with capital letters; for example, ¥ (m?) for volume, U (J) for internal

9
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energy, H (J) (= U + PV) for enthalpy, etc. An intensive property, on the other
hand, is expressed per unit mass (or per mole), and its numerical value is
independent of the amount of substance present. Mass-based 1ntens1ve proper-
ties are generally denoted with lower-case letters; for example, v (m®/kg) for
specific volume, u (J/kg) for specific internal energy, & (J/kg) (= u + Pv) for
specific enthalpy, etc. Important exceptions to this lower-case convention are
the intensive properties temperature 7 and pressure P. Molar-based intensive
properties are indicated in this book with an overbar, e.g., # and h (J/kmol).
Extensive properties are obtained simply from the corresponding intensive
properties by multiplying the property value per unit mass (or mole) by the
amount of mass (or number of moles); i.e.,

V = mv (or Nv) (2.1)
U = mu(or Nu)
H = mh(or N#h), etc.

In the following developments, we will use either mass- or molar-based inten-

sive properties, depending on which is most appropriate to a particular situa-
tion.

Equation of State

An equation of state provides the relationship among the pressure, P, tempera-
ture, T, and volume ¥V (or specific volume v) of a substance. For ideal-gas
behavior, i.e., a gas that can be modeled by neglecting intermolecular forces
and the volume of the molecules, the following equivalent forms of the equa-
tion of state apply:

PV = NR,T, (2.2a)

PV = mRT, (2.2b)

Pv=RT, (2.2¢)

or )
P = pRT, (2.2d)

where the specific gas constant R is related to the universal gas constant
R, (= 8315 J/kmol-K) and the gas molecular weight MW by

R=R,/MW. 2.3)

The density p in Eqn. 2.2d is the reciprocal of the specific volume (p = 1/v =
m/ V). Throughout this book, we assume ideal-gas behavior for all gaseous
species and gas mixtures. This assumption is appropriate for nearly all of the
systems we wish to consider since the high temperatures associated with com-
bustion generally result in sufficiently low densities for ideal-gas behavior to be
a reasonable approximation.
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Calorific Equations of State

Expressions relating internal energy (or enthalpy) to pressure and temperature
are called calorific equations of state, i.c.,

u=u(T,v) (2.4a)
h=hT, P). (2.4b)

The word “calorific” relates to expressing energy in units of calories, which has
been superseded by the use of joules in the SI system.

General expressions for a differential change in u or 4 can be expressed by
differentiating Eqns. 2.4a and b:

u ou
du = <8—T)v dr + (%)T do (253)
oh oh
dh = | — T — P. 2.
<3T)Pd " <8P)T ¢ 235

In the above, we recognize the partial derivatives with respect to temperature to
be the constant-volume and constant-pressure specific heats, respectively, i.e.,

ou
Cp = (5?) (2.6a)

oh
¢, = (5)1). (2.6b)

For an ideal gas, the partial derivatives with respect to specific volume,
(0u/9v)r, and pressure, (3h/9P)r, are zero. Using this knowledge, we integrate
Eqn. 2.5, substituting Eqn. 2.6 to provide the following ideal-gas calorific
equations of state:

T

wWT)—ue = J c, dT (2.7a)
Trcf
T

WT)Y— her = J ¢, dT. (2.7b)
Tref

In a subsequent section, we will define an appropriate reference state that
accounts for the different bond energies of various compounds.

For both real and ideal gases, the specific heats ¢, and ¢, are generally
functions of temperature. This is a consequence of the internal energy of a
molecule consisting of three components: translational, vibrational, and rota-
tional; and the fact that, as a consequence of quantum theory, the vibrational
and rotational energy storage modes become increasingly active as temperature
increases. Figure 2.1 schematically illustrates these three energy storage modes
by contrasting a monatomic species, whose internal energy consists solely of
translational kinetic energy, and a diatomic molecule, which stores energy in a

1
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: : /anslation

(a) Monatomic species

Translation 5> Rotation

NN

: <> :
R} Vibration

(b) Diatomic species

Figure 2.1 (a) The internal energy of monatomic species consists only of translational
(kinetic) energy, while (b) a diatomic species’ internal energy results from translation together
with energy from vibration (potential and kinetic) and rotation (kinetic).

vibrating chemical bond, represented as a spring between the two nuclei, and
by rotation about two orthogonal axes, as well as possessing kinetic energy
from translation. With these simple models (Fig. 2.1), we would expect the
specific heats of diatomic molecules to be greater than monatomic species. In
general, the more complex the molecule, the greater its molar specific heat. This
can be seen clearly in Fig. 2.2, where molar specific heats for a number of
combustion product species are shown as functions of temperature. As a
group, the triatomics have the greatest specific heats, followed by the dia-
tomics, and, lastly, the monatomics. Note that the triatomic molecules also
have a greater temperature dependence than the diatomics, a consequence of
the greater number of vibrational and rotational modes that are available to
become activated as temperature is increased. In comparison, the monatomic
species have nearly constant specific heats over a wide range of temperatures; in
fact, the H-atom specific heat is constant (¢, = 20.786 kJ/kmol-K) from 200 K
to 5000 K.

Constant-pressure molar specific heats are tabulated as a function of tem-
perature for various species in Tables A.1 to A.12 in Appendix A. Also pro-
vided in Appendix A are the curvefit coefficients, taken from the Chemkin
thermodynamic database {1], which were used to generate the tables. These
coefficients can be easily used with spreadsheet software to obtain ¢, values at
any temperature within the given temperature range.
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Figure 2.2 Molar constant-pressure specific heats as functions of temperature for

monatomic (H, N, and O), diatomic (CO, H,, and O,), and triatomic (CO,, H2O, and NO,)
species. Values are from Appendix A.

Ideal-Gas Mixtures

Two important and useful concepts used to characterize the composition of a
mixture are the constituent mole fractions and mass fractions. Consider a
multicomponent mixture of gases composed of N, moles of species 1, N,
moles of species 2, etc. The mole fraction of species i, x;, is defined as the
fraction of the total number of moles in the system that are species /; i.e.,

TN+ N+ N+ ... Ny

Xi

(2.8)

Similarly, the mass fraction of species i, Y;, is the amount of mass of species i
compared with the total mixture mass:

13
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m; m;

my+my+.omp . My

Y;

2.9)

Note that, by definition, the sum of all the constitutent mole (or mass) fractions
must be unity, i.e.,

in =1 (2.10a)

Y, =1. (2.10b)
2

Mole fractions and mass fractions are readily converted from one to
another using the molecular weights of the species of interest and of the
mixture:

Yi = xiMW;/ MWy (2.11a)
Xi = YiMWy/ MW, (2.11b)

The mixture molecular weight, MW . . is easily calculated from a knowledge of
either the species mole or mass fractions:

MWy =Y xiMW; (2.12a)

1

MWoin=— -
2 Y/ MW)

(2.12b)

Species mole fractions are also used to determine corresponding species
partial pressures. The partial pressure of the ith species, P;, is the pressure of the
ith species if it were isolated from the mixture at the same temperature and
volume as the mixture. For ideal gases, the mixture pressure is the sum of the
constituent partial pressures:

P=Y"P. (2.13)

The partial pressure can be related to the mixture composition and total
pressure as

P, = xP. (2.14)

For ideal-gas mixtures, many mass- (or molar-) specific mixture properties
are calculated simply as mass (or mole) fraction weighted sums of the individ-
ual species-specific properties. For example, mixture enthalpies are calculated
as
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hmix =Y Vil (2.15a)

hoix = Y xilh. (2.15b)

Other frequently used properties that can be treated in this same manner are
internal energies, u and . Note that, with our ideal-gas assumption, neither the
pure-species properties (1, it;, h;, h;) nor the mixture properties depend on pres-
sure.

The mixture entropy also is calculated as a weighted sum of the constitu-
ents:

Smisd T P) = Y Yisi(T, P) (2.16a)

Smind T PY =Y xi5(T, P). (2.16b)

In this case, however, the pure-species entropies (s; and 3;) depend on the
species partial pressures as indicated in Eqn. 2.16. The constituent entropies in
Eqn. 2.16 can be evaluated from standard-state (P,.; = P’ = 1 atm) values as

P.
SAT, P;) = 5{(T, Pros) — RIn - (2.17a)
ref
- — Pi
ST, P) = 5(T. Prp) = RyIn = (2.17b)
ref

Standard-state molar specific entropies are tabulated in Appendix A for many
species of interest to combustion.

Latent Heat of Vaporization

In many combustion processes, a liquid—vapor phase change is important. For
example, a liquid fuel droplet must first vaporize before it can burn: and, if
cooled sufficiently, water vapor can condense from combustion products.
Formally, we define the latent heat vaporization, hg,, as the heat required in a
constant-pressure process to completely vaporize a unit mass of liquid at a
given temperature, i.e.,

hfg(Ts P) = hvz\por(Tv P) - hliquid(T’ P)7 (218)

where T and P are the corresponding saturation temperature and pressure,
respectively. The latent heat of vaporization is also known as the enthalpy of
vaporization. Latent heats of vaporization for various fuels at their normal
(1atm) boiling points are tabulated in Table B.1 (Appendix B).

The latent heat of vaporization at a given saturation temperature and
pressure is frequently used with the Clausius—Clapeyron equation to estimate
saturation pressure variation with temperature:

15
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dPsat — hﬁ deat
Py R T%,

sat

(2.19)

This equation assumes that the specific volume of the liquid phase is negligible
compared with that of the vapor and that the vapor behaves as an ideal gas.
Assuming /y, is constant, Eqn. 2.19 can be integrated from (Pgy 1> Tsar1) tO
(Psat2> Tsar2) in order to permit, for example, Pg,; to be estimated from a
knowledge of Py 1, Tsar 1, and Ty r. We will employ this approach in our
discussion of droplet evaporation (Chapter 3) and combustion (Chapter 10).

FIRST LAW OF THERMODYNAMICS

First Law—Fixed Mass

Conservation of energy is the fundamental principle embodied in the first law
of thermodynamics. For a fixed mass, i.e., a system, (Fig. 2.3a), energy con-
servation is expressed for a finite change between two states, 1 and 2, as

102 - 1 W = AE (2.20)
Head added to Work done by system Change in total system
system in going on surroundings in going energy in going from
from state | to state 2 from state | to state 2 state 1 to state 2

Both ; 0, and | W, are path functions and occur only at the system boundaries;
AE,_y(= E, — E;) is the change in the total energy of the system, which is the
sum of the internal, kinetic, and potential energies, i.e.,

E=m( u + v + gz ). (221
Mass-specific system Mass-specific system Mass-specific system
internal energy kinetic energy potential energy
Fixed mass
Control surface
System /
boundary -~ Control volume
P gr——— '——"—""— ==/
! A I | Z |
! | . .
Y e+ Poy—N dmy, _  dE, _  >ri(e+Po),
; i =0, =0
| | | dt dt |
T | S ;
/ | /¥
/4 Inlet, i Cov @ Qutlet, 0
(a) (b)
Figure 2.3 (a) Schematic of fixed-mass system with moving boundary above piston. (b)

Control volume with fixed boundaries and steady flow.
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The system energy is a state variable and, as such, AE does not depend on the
path taken to execute a change in state. Equation 2.20 can be converted to unit
mass basis or expressed to represent an instant in time. These forms are

192 = 1wy = Aep ) =e; — ¢ (2.22)
and
0 - W - dE/d: (2.23)
Instantaneous rate Instantaneous rate of Instantaneous time
of heat transferred work done by system, rate of change of
into system or power system energy
or
G —w = de/ds, (2.24)

where lower-case letters are used to denote mass-specific quantities, e.g.,
e=FE/m.

First Law—Control Volume

We next consider a control volume, illustrated in Fig. 2.3b, in which fluid may
flow across the boundaries. The steady-state, steady-flow (SSSF) form of the
first law is particularly useful for our purposes and should be reasonably
familiar to you from previous studies of thermodynamics [2-4]. Because of
its importance, however, we present a brief discussion here. The SSSF first
law is expressed as

Ow - W = ne, - me; +  m(P,v, — Py,

Rate of heat Rate of all work Rate of energy Rate of energy Net rate of work
transferred across done by the control flowing out of the flowing into the associated with
the control surface volume, including control volume control volume pressure forces

from the surroundings, shaft work, but where fluid crosses

to the control volume excluding flow work the control surface,

flow work
(2.25)

where the subscripts o and i denote the outlet and inlet, respectively, and m is
the mass flowrate. Before rewriting Eqn. 2.25 in a more convenient form, it is
appropriate to list the principal assumptions embodied in this relation:

1. The control volume is fixed relative to the coordinate system. This eliminates
any work interactions associated with a moving boundary, as well as
eliminating the need to consider changes in the kinetic and potential
energies of the control volume itself.

2. The properties of the fluid at each point within the control volume, or on the
control surface, do not vary with time. This assumption allows us to treat all
processes as steady.

17
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3. Fluid properties are uniform over the inlet and outlet flow areas. This allows
us to use single values, rather than integrating over the area, for the inlet
and exit stream properties.

4. There is only one inlet and one exit stream. This assumption is invoked to
keep the final result in a simple form and can be easily relaxed to allow
multiple inlet/exit streams.

The specific energy e of the inlet and outlet streams consists of the specific
internal, kinetic, and potential energies, i.e.,

1
e = u + Iyv? + gz, (2.26)
Total energy Internal energy Kinetic energy Potential energy
per unit mass per unit mass per unit mass per unit mass

where v and z are the velocity and elevation, respectively, of the stream where it
crosses the control surface.

The pressure-specific volume product terms associated with the flow work
in Eq. 2.25 can be combined with the specific internal energy of Eqn. 2.26,
which we recongize as the useful property, enthalpy:

h=u+Po=u+ P/p. 2.27)

Combining Eqns. 2.25-2.27, and rearranging, yields our final form of energy
conservation for a control volume:

Qo — Weo = (h, — ) + 105 — V) + g(z, — 2)]. (2.28)

The first law can also be expressed on a mass-specific basis by dividing Eqn.
2.28 by the mass flowrate m, i.e.,

Geo — Weo = o — by + (2 — VD) + 82, — 2)). (2.29)

In Chapter 7, we present more complete expressions of energy conservation
that are subsequently simplified for our objectives in this book. For the time
being, however, Eqn. 2.28 suits our needs.

REACTANT AND PRODUCT MIXTURES

Stoichiometry

The stoichiometric quantity of oxidizer is just that amount needed to com-
pletely burn a quantity of fuel. If more than a stoichiometric quantity of
oxidizer is supplied, the mixture is said to be fuel lean, or just lean; while
supplying less than the stoichiometric oxidizer results in a fuel-rich, or rich
mixture. The stoichiometric oxidizer— (or air-) fuel ratio (mass) is determined
by writing simple atom balances, assuming that the fuel reacts to form an ideal
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set of products. For a hydrocarbon fuel given by C,H,, the stoichiometric
relation can be expressed as

C.H, + a(0; + 3.76N,) — xCO, + (y/2)H,0 + 3.76aN,, (2.30)
where
a=x+y/4. (2.31)

For simplicity, we assume throughout this book that the simplified composi-
tion for air is 21 percent O, and 79 percent N, (by volume), i.e., that for each
mole of O, in air, there are 3.76 moles of Nj.

The stoichiometric air—fuel ratio can be found as

mair) _476a MW,
stoic 1 Mquel '

(A/F)stoic = ( (2.32)

Meyel
where MW, and MWy, are the molecular weights of the air and fuel, respec-
tively. Table 2.1 shows stoichiometric air-fuel ratios for methane and solid
carbon. Also shown is the oxygen—fuel ratio for combusion of H, in pure
O,. For all of these systems, we see that there is many times more oxidizer
than fuel.

Table 2.1 Some combustion properties of methane, hydrogen, and solid carbon for
reactants at 298 K

AhR AhR (()/F)smig:a Tad,eq

(kJ/kgfuel) (kJ/kgmlx) (kgjkg) (K)

CHy + air —55,528 —3,066 17.11 2,226
Hy; + O, —142,919 —15,880 8.0 3,079
C(s) + air ~32,794 ~2,645 11.4 2,301

°Q/F is the oxidizer—fuel ratio, where for combustion with air, the air is the oxidizer not just the oxygen in
the air.

The equivalence ratio, ®, is commonly used to indicate quantitatively
whether a fuel-oxidizer mixture is rich, lean, or stoichometric. The equivalence
ratio is defined as

= (A/F)stoic — (F/A)
(A/F) (F/A)stoic

(2.33a)

From this definition, we see that for fuel-rich mixtures, ® > 1, and for fuel-
lean mixtures, ® < 1. For a stoichiometric mixture, ® equals unity. In many
combustion applications, the equivalence ratio is the single most important
factor in determining a system’s performance. Other parameters frequently
used to define relative stoichiometry are percent stoichiometric air, which
relates to the equivalence ratio as

19
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00%

% stoichometric air = (2.33b)

and percent excess air, or

% excess air =

d ;q’)i 100%. (2.33¢)

Example 2.1

A small, léw-emission, stationary gas-turbine engine (see Fig. 2.4) operates at full load
(3950kW) at an equivalence ratio of 0.286 with an air flowrate of 15.9 kg/s. The equiva-
lent composition of the fuel (natural gas) is C; ;¢Hy 3. Determine the fuel mass flowrate
and the operating air—fuel ratio for the engine.

Solution
Given: ® = 0.286, MW, = 28.85,
Wi = 15.9kg/s, MW = 1.16(12.01) 4+ 4.32(1.008) = 18.286
Find: Mgy and (A/F).

We will proceed by first finding (4/F) and then rig,. The solution requires only the
application of definitions expressed in Eqns. 2.32 and 2.33, i.e.,
M Wair

(A)F)gse = 4.76a 8L
stoic Mque]

where ¢ = x + y/4 = 1.16 +4.32/4 = 2.24. Thus,

28.85

(4/F)goic = 476 (2.24) S5

=16.82,

and, from Eqn. 2.33,

A/F)gic 1682
(A/F) _ ( /?stmc = 0.286 —

Since (4/F) is the ratio of the air flowrate to the fuel flowrate,

58.8

Comment
Note that even at full power, a large quantity of excess air is supplied to the engine.

Example 2.2

A natural gas-fired industrial boiler (see Fig. 2.5) operates with an oxygen concentration
of 3 mole percent in the flue gases. Determine the operating air—fuel ratio and the
equivalence ratio. Treat the natural gas as methane.

Solution
Given: xo, = 0.03, MW = 16.04,
MW, =28.85.
Find: (4A/F) and o.

We can use the given O, mole fraction to find the air—fuel ratio by writing an overall
combustion equation assuming “complete combustion,” i.e., no dissociation (all fuel C
is found in CO; and all fuel H is found in H,0):
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Combustor
can

(a)
Figure 2.4 (a) Experimental low-NO, gas-turbine combustor can and (b)(c) fuel and air
mixing system. Eight cans are used in a 3950-kW engine.
SOURCE: Copyright © 1987, Electric Power Research Institute, EPRI AP-5347, NO, Reduction for Small
Gas Turbine Power Plants; reprinted: with permission.
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Figure 2.5 Two 10-MW (34 million BTU/hr) natural-gas burners fire into a boiler
combustion chamber 3 m deep. Air enters the burners through the large vertical pipes, while
the natural gas enters through the horizontal pipe on the left.

| SOURCE: Courtesy of North American Manufacturing Co.

CH4 +a (0, +3.76Ny) - CO, 4+ 2H,0 + 50, 4+ 3.76a N,
where a and b are related from conservation of O atoms,
20=2+2+42b
or
b=a-2.
From the definition of a mole fraction (Eqn. 2.8),

_NO:_ b _ a—2
X =N T 142+b+376a 1+