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“No man can reveal to you aught but that which already lies half
asleep in the dawning of your knowledge.

If he (the teacher) is wise he does not bid you to enter the house

' of his wisdom, but leads you to the threshold of your own mind.

The astronomer may speak to you of his understanding of space,”
but he cannot give you his understanding.

And he who is versed in the science of numbers can tell of the
regions of weight and measures, but he cannot conduct you thither.

For the vision of one man lends not its wings to another man.”

Gibran, THE PROPHET



Preface

During my twenty years of teaching combustion at Princeton, I had
accumulated extensive lecture notes and developed my own approach to
the subject matter. For years former students and associates have encouraged
me to publish these notes. This book is the result.

My whole concept of teaching has been to stimulate the student to
think, to learn the material on his own, and to understand how to use it
in his own research and development endeavors. It is difficult to assess
whether this concept will prevail in this book. Combustion is a most com-
plex subject that involves primarily the disciplines of chemistry, physics,
and fluid mechanics. However, it is important to understand that approaches
to a complex subject can be made in a fundamental manner. One must
gain the physical insight into the underlying principles. Although many
subjects are presented, 1 have tried to strip away the complexities and
elaborate upon the physical insights essential to understanding. Chapter
IX on coal combustion epitomizes this approach. When I thought it
necessary to cover this topic in class, I was surprised that there was not
readily available in the literature some of the simple results developed in
this chapter.

The subject matter which comprises the field of combustion is diverse.
No attempt has been made to develop a unified approach to all the material.

Indeed, in my opinion, in order to gain the best insight the approach
should vary with the subject matter.
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Chapter One

Chemical Thermodynamics

The most essential parameters necessary for the evaluation of combustion
systems are the equilibrium product temperature and composition. If all
the heat evolved in the reaction is employed solely to raise the product
temperature, then this temperature is called the adiabatic lame temperature.
Because of the importance of the temperature and gas composition in
combustion considerations, it is useful to review those aspects of the field
of chemical thermodynamics which deal with these subjects.

A. HEATS OF REACTION AND FORMATION

All chemical reactions are accompanied either by an absorption or an
evolution of energy, which usually manifests itself as heat. It is possible to
determine this amount of heat and thus the temperature and product com-
position from very basic principles. Statistical calculations permit one to
determine the internal energy of a substance. The internal energy of a
given substance is found to be dependent upon its temperature, pressure,
and state and is independent of the means by which the state was attained.
Likewise the change in internal energy AE of a system which results from
any physical change or chemical reaction depends only on the initial and
final state of the system. The total change in internal energy will be the

same, whether or not the energy is evolved in any form of heat, energy,
or work.
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For a flow reaction proceeding with negligible changes in kinetic energy,
potential energy, and with no form of work beyond that required for flow,
the heat added is equal to increase of enthalpy of the system

Q=AH

For a nonflow reaction proceeding at constant pressure, the heat added is
also equal to the gain in enthalpy

0, =AH
and if heat is evolved

Qp= —AH

Most thermochemical calculations are made for closed thermodynamic
systems; the stoichiometry is most conveniently represented in terms of the
molar quantities as determined from statistical calculations. In compressible
flow problems in which open thermodynamic systems are essential, it is best
to deal with mass quantities. Upper case symbols will be used for molar
quantities, and lower case systems will be used for mass quantities.

One of the most important thermodynamic facts to be known about a
given chemical reaction is the change in energy or heat content associated
with the reaction at some specified temperature with each of the reactants
and products in an appropriate standard rate. This change is known either
as the energy or heat of reaction at the specified temperature.

The standard state means that for each state a reference state of the
aggregate exists. For gases, the thermodynamic standard reference state is
taken to be equal to that of the ideal gaseous state at atmospheric pressure
at each temperature. The ideal gaseous state is the case of isolated molecutes
which give no interactions and which obey the equation of .state of-a
perfect gas. The standard reference state for pure liquids and solids at .a
given temperature is the real state of the substance at a pressure of one
atmosphere. '

The thermodynamic symbol which represents the property of the sub-
stance in the standard state at a given temperature is written, for éexample,
as H;°, E;°, etc., where the superscript ° specifies the standard state and
the subscript T the specific temperature. Statistical calculations actually
permit the determination of E,. — E,, which is the energy content at a
given temperature referred to the energy content at 0°K. For one mole in -
the ideal gaseous state,

PV =RT _ )
H° = E° + (PV)° = E° + RT )
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which at 0°K reduces to
Hy = Ey° (3)

Thus the heat content at any temperature referred to the heat or energy
content at 0°K is known and is ’

(H° — Hy°)=(E° — E,°) + R.T (4

From the definition of the heat of reaction, Q, will depend on the
temperature T at which the reaction and product enthalpies are evaluated.
The heat of reaction at one temperature T, can be related to that at another
temperature T,. Consider the reaction configuration shown in Fig. 1.

| |
i | 1
(1" ] AHyy : (2 T
1 Path A {
' |
, Path B t
m | | @ .
o
| BHy |
I |
Reactants Products

Fig. 1. Temperature-reaction paths.

According to the First Law, the heat changes which proceed from reactants
at temperature T to products at temperature T, by either Path A or Path B
shown must be the same. Path A raises the reactants from temperature T,
to T, and reacts at T,. Path B reacts at T, and raises the products from

T, to T,. The energy equality which relates the heats of reaction at the
two different temperatures is written as

. Z "j[(HOT, = Hoc) = (H;o - Hon)]j Ea AHT;
Jreact
=AH, + Y n{(H7, — Hy°) = (H7, — Hy")]; (5)
L iprod
Any changes of phase can be included in the heat content terms. Thus by
knowing the difference in energy content at the different temperatures for
the products and reactants, it is possible to determine the heat of reaction
at one temperature from the heat of reaction at another. i
If the heats of reaction "at a given temperature are known for two

separate reactions, the heat of reaction of a third reaction at the same tem-_
perature may be determined by simple algebraic addition. This statement is
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the Law of Heat Summation. For example, two reactions which can be
carried out conveniently in a calorimeter at constant pressure are

Crrapmie + 02(8) —57— CO,(8).  @p= +94.1 kcal 6)
CO.) +10,(8) —55— CO,(R). Qp= +67.7 keal (7)

Subtracting these two reactions, one obtains
Cyphie +30:(8) —55— CO(@).  Qp= +264 keal (8)

Since some of the carbon would burn to CO, and not just CO, it is
difficult to determine calorimetrically the heat released by reaction (8).

It is, of course, not necessary to have an extensive list of heats of
reaction to determine the heat absorbed or evolved in every possible
chemical reaction. A more convenient and logical procedure is to list what
are known as the standard heats of formation of chemical substances. The
standard heat of formation is the enthalpy of a substance in its standard
state referred to its elements in their standard states at the same temperature.
From this definition it is obvious that the heats of formauon of the elements
in their standard states are zero.

The value of the heat of formation of a given substance from its
elements may be the result of the determination of the heat of one reaction.
Thus from the calorimeteric reaction for burning carbon to CO, (Eq. (6)), it
is possible to write the heat of formation of carbon dioxide at 298°K as

(AHr“)zx)s,cc.)z = —94.1 kecal/mole

The supérscript to the heat of formation symbol AH, represents the standard
state and the subscript number the base or reference temperature. From
the example for the Law of Heat Summation, it is apparent that the heat .
of formation of carbon monoxide from Eq. (8) is

(AH{ ),95.co = —26.4 kcal/mole

It is evident that, by judicious choice, the number of reactions which must
be measured calorimetrically will be about the same as the number of
substances whose heats of formation are to be determined.

The logical consequence of the above is that given the heats of formation
of the substances which make up any particular reaction, one can determine

directly the heat of reaction or heat evolved at the reference temperature
as follows

AH; = Y n(AH); (= ¥ n(AH )y ;= =@, ©)
iprod Jreact

There exist extensive tables of standard heats of formation: however, all
are not at the same reference temperature. The most convenient are the
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TABLE 1

Heats of formation at 298.1°K

Chemical symbol Name State AH," (kcal/mole)

C Carbon Vapor 126.36
N Nitrogen atom Gas 112,75
0 Oxygen atom Gas 59.16
C,H, Acetylene Gas 54.19
H Hydrogen atom Gas 52.09
0, Ozone Gas 34.00
NO Nitric oxide Gas 21.60
CeHg Benzene Gas 19.80
Ce¢Hg Benzene Liquid 11.71
C,H, Ethane Gas 12.50
N,H, Hydrazine Liquid 12.05
OH Hydroxyl radical Gas 10.06
0, Oxygen Gas 0

N, Nitrogen Gas 0

H, Hydrogen Gas 0

C Carbon Solid 0

NH, Ammonia Gas —11.04
C,H,0 Ethylene oxide Gas —=12.19
CH, Methane Gas —17.89
C,H, Ethane Gas —20.24
CcO Carbon monoxide Gas —2642
CH,, Butane Gas —29.81
CH,OH Methanol Gas —48.10
CH,0OH Methanol Liquid —57.04
H,0 Water Gas —57.80
C,H,, Octane Liquid —59.74
H,0 Water Liquid —68.32
SO, Sulfur dioxide Gas —71.00
CizHse Dodecane Liquid —83.00
Cco, Carbon dioxide Gas —94.05
S0, Sulfur trioxide Gas —94.45

compilations known as the JANNAF and NBS Tables, both of which use
298°K as the reference temperature. Table 1 lists some values of the heat

of formation taken from Penner (1957), NBS Clrcular C461 (1947) and-
other sources.

B. FREE ENERGY, THE EQUILIBRIUM CONSTANT,.
AND FLAME TEMPERATURE CALCULATIONS®

For those cases in which the products are measured at a different
temperature T, than the reference temperature T;,, and the reactants enter
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the system at a different temperature T, than the reference temperature,
the heat of reaction becomes

AHy = Y nl{(H7, = Ho") = (H7, — H')l + (AH{), )

- iprod
=l > nf{{(H7, — Hy") — (H7, — Hy")) + (AH")7,];
=—Q, (evolved) (10)

Most systems are considered to have the reactants enter at the standard
reference temperature 298°K. Consequently the enthalpy terms in the braces
for the reactants disappear. The JANNAF Tables tabulate, as a supposed
convenience, (H,;” — H3yg) instead of (H;° — H,°). This type of tabulation
is unfortunate since for systems using cryogenic fuels and oxidizers; such
as rockets, the reactants can enter the system at temperatures lower than
the reference temperature. Indeed the fuel and oxidizer could enter at
different temperatures, and the summation in Eq. (10) can be handled
conveniently by first realizing that T, may vary with the substance j.
When all the heat evolved is used to heat the product gases, the product
temperature T, is called the adiabatic flame temperature. In this case
AHg =0 and Eq. (10) becomes

.Zw"i[{(H;‘z - Ho‘j) - (H;o - Hou)} + (AH“’)TO]‘
ipr s
= T nfl(H;,~ ) =y, — B+ (HOR, ()
react
If the products n, of this reaction are known, then Eq. (11) can be
solved for the flame temperature. For a reacting system whose product
temperature is less than 1250°K, the products are the normalstable species
CO,, H,0, N,, and O,, whose molar quantities can be determined from
simplemass balances. However, most combustion systems reach temperatures
appreciably greater than 1250°K and dissociation of the stable species occurs.
Since the dissociation reactions are quite endothermic, a few percent dis-
sociation can lower the flame temperature substantially. The stable products
from a C-H-O reaction system can dissociate by any of the following
reactions: :

CO, —/—— co+10,
CO,+H, —— CO+H,0

H,0 —/—— H,+10,

H,0 ——= H+OH

H,0 '5 iH, + OH

H, —— 2H

0, /) 20, cetc.
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Each of these reactions helps specify a definite equilibrium concentration
of each product at a given temperature. Whereas in heat of reaction
experiments or low temperature combustion experiments, the products could
be specified from the chemical stoichiometry, ones sees now that with
dissociation the specification of the product concentrations becomes much
more complex and the ns in the flame temperature equation [Eq. (11)]
are as unknown as the flame temperature itself. In order to solve the
equation for the ns and T;, it is apparent that more than mass balance
equations are needed. The necessary equations are found in the equilibriun¥
relationships which exist among the product composition in the equilibrium
system. .o :

Recall from elementary thermodynamics: that the condition for equi-
librium of a chemical system comes from the following form of the Second
Law

&

TdS=dE+ PdV ' (12)
At constant temperature and pressure, Eq. (12) takes the form
' d(E + PV —TS); p=0 g (13)
or ‘ o
d(H - TS)7, ,=0 ) (14)
By definition, the free energy F is written as ‘
F=E+PV—-TS=H-TS (15)

" Thus the condition for equilibrium at constant temperature and pressure is
that the change in free energy be zero, i.e.,

(dF)r.r =0 (16)

If one considers an arbitrary equilibrium reaction

aA + bB

rR + 58 - (17)
it can be shown that for ideal gases, ‘
AF? = —RT In(pgps*/pA°Ps"°) (18)

where the pressures are measured in atmospheres. The logari_tl’im of the
pressures arises from the relationship of the entropy to the pressure. One
can define . g

Kp = Pnrpss/ PA“_PBD (19)

as the proper quotient of partial pressure at equilibrium. K is called the
equilibrium constant at constant pressure and K, is not a function of total
pressure but of temperature alone. This statement is clear since AF° is a



