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PREFACE

The purposes in view in preparing the second edition of this book may
be included largely in three categories: (1) the desirability of bringing the
work up to date both with respect to changes in the fundamental data
used in metallurgical calculations and with respect to changes in metal-
lurgical practice; (2) changes dictated by the experience of the author and
of others in eleven years’ use of the book, particularly with regard to
textual clarification, arrangement, and better balance of the pr&blem
material; and (3) the desirability of making available new problem
material in place of some of that which has been used repeatedly in class
instruction over a long period.

The first edition of “A Textbook of Metallurgical Problems’’ was an
outgrowth of Professor Joseph W. Richards’s book ‘Metallurgical
Calculations,” which was regarded by many as one of the most useful
books available to the metallurgical industry. Since Richards’s volume
was not in a form most suitable for use as a college text, it was then the
object of the present author not only to produce a more recent work in
the same field as “ Metallurgical Calculations,”” but also to make available
a book more adaptable to student use. In this second edition the same
objects remain; the title has been shortened to ‘ Metallurgical Problems’’
both for the sake of brevity and to avaid emphasizing its function as a
textbook to the exclusion of a hoped-for usefulness to industry.

The first edition of this book attempted to follow the methods and
forms used by Richards to such an extent as to make it relatively easy to
use by those accustomed to his book, while at the same time using more
recent data, new material in accordance with later practice, and some
innovations in harmony with instructional changes made in college depart-
ments of chemistry and physies. The same plan is followed in the second
cdition, but the changes have been carried further, following progress
in technical education. For example, free energy and other thermo-
dynamic¢ concepts did not appear in Richards’s book, nor was any use
made of methods of calculus. These were introduced in the first edition
of this book and have been extended in the second edition. Nevertheless,
knowledge of higher mathematics is still relatively unimportant in the use
of the book; also, the substitution of the more familiar heats of reaction
for free-energy change has not been abandoned for approximate calcula-
tions vyhen these may be properly used. With regard to heats of readtion,
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v, . . PREFACE

a change has been made in this edition to the AH concept and netation
now so widely adopted in physical chemistry and therefore made familiar
to present-day students. .

In revising the physical and chemical data in this book, the author
has drawn from recently published compilations (acknowledged at the
appropriate places) rather than from original sources. These compila-
‘tions for the most part present data in the forms most often desired in
scientific work. In some instances these are not the forms most useful in
industry, and much time has been spent by the author in conversion to
what seemed to be a more readily usable basis. For example, whereas
heat capacities and heats of formation are usually given per mol, in this
book heat capacities are given per unit weight (kilogram or pound) and
for gases per unit volume (cubic meter or cubic foot); heats of formation
are given both per mol and per unit weight.

" Although training in methods of calculation does not require precise
constants or metallurgical data in accord with modern practice, these are
highly desirable for the operating metallurgi~t and are more satisfying to
the engineering student. An effort has been made to make this book up to
date in both these respects; it is hoped, too, that the solving of problems.
employing the practical data of modern processes will add to the educa-
tiopal value of the book as an adjunct to metallurgical instruction
by other methqds.

The problem material, which has been considerably increased, con-
gists in part of problems carried over from the first edition without change,
in part of problems of which the substance has been retained with some
changes in data, and in part of entirely new problems. Numerous
problems that appeared in the first edition have been omitted.

It is unnecessary to reprint the preface to the first edition, but some
extracts from it are given in the following paragraphs.

The value of problem work in the study of the fundamental sciences,
such as physics and chemistry, is everywhere recognized. Colleges
giving thorough instruction in these subjects require the devotion of a
large amount of time to the solution of problems that demonstrate various
principles of the science. Likewise, in the field of engineering wide use
has been made of the training afforded by the making of calculations
pertaining to specific phases of the different engineering branches. In
engineering education, indeed, the function of problem work is twofold:
it not only serves to demonstrate the principles under study but also
develops the ability to use those principles in practical work.

It has seemed that the treatment of the subject should be graded in a
book suitable for college use; 7.e., that the first parts of the book should
be relatively simple, should contain a relatively large amount of explana-
tion, and should have the illustrative examples set forth in considerable



PREFACE ix

detail. As the work progresses and the student gains in experience and
understanding, the treatment should become more advanced and the
explanatory sections more curtailed. It has not been posgible to follow
entirely the ideal of gradually increasing difficulty, since the subject has
had to be divided along metallurgical lines and these do not coincide with
those of relative difficulty. In few, if any, cases can it be said that the
metallurgy of any one of the major metals is intrinsically easier or more
difficult than that of any other major metal.

Another objective is that of securing a proper balance between the
task set for the student and the guidance afforded him in accomplishing
it—between the problems set for solution and the amount of explanation
or illustration given. This is a difficult question in teaching and is
especially so in a course of this kind. Obviously if the textbook reduces
the solution of every problem to the question of substituting in the' proper
formula or provides detailed solutions of problems of all types, which the
student can then simply follow as models, the purpose of the problem
course is largely defeated. It is only through his own thought and his
own effort that the student can really learn anything. On the other hand,
the textbook can be of great value in presenting and clarifying the under-
lying principles and in guiding the student, as well as in the services of
stating problems and supplying tables of data wherewith to work them.
It may be observed that the plan of an instructional book differs radically
from that of a book for the practicing engineer. The latter not only
desires all portions of the book to be equally explicit but also wants as
many timesaving charts and formulas as possible, whereas for the student
these same charts and formulas may be real obstacles in the path of his
education. Some, of course, are desirable and even necessary, but often
they are used too freely.

The greatest value of a problem course is perhaps that of training in
the application of a number of different technical principles to a specific
problem—the bringing together, correlating, and applying of principles
that the student has learned in perhaps a more or less isolated way in
various courses in chemistry, physics, and, to a lesser extent, mathematics
and other subjects. This constitutes training in that most important
yet difficult process, bridging the gap between theory and practice. It
helps to combat an unfortunate tendency which is fostered by our educa-
tional system—that of separating knowledge into parts or ‘‘courses”
and thinking in terms of only one division at a time. The problems are
designed to give practice in the application of technical principles, chiefly:
those of physics and chemistry, and an effort has been made to avoid all
problems which require no technical knowledge other than that of arith-
metic, even though such problems might be of use in learning about some
process in metallurgy.
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Many of the problem statements are made up from actual data from
metallurgical plants; and often the plant is named in the statement.
However, a word of caution is perhaps in order against accepting some
of the data too literally. No one should regard these statements as a
source of accurate information as to the present practice or equipment
of any plant. The author would be glad to have important discrepancies
in data called to his attention. But while it is intended that the data
shall be truly representative, the problem statements must not be
regarded as accurately deseriptive.

In the preface to the first edition the author recorded his indebtedness
to Joseph W. Richards, with whom he was privileged to have been asso-
ciated for five years. Appreciation was also accorded to G. A. Roush,
who, as well as Professor Richards, had formulated many of the problem
statements. Valued criticism of certain chapters by Professor Bradley
Stoughton, Wilber E. Harvey, Professor John R. Connelly, and Professor
T. H. Hazlehurst, Jr., was also acknowledged. The author desires now
to record gratefully the assistance received in the way of criticism or
material for the second edition from Professor E. A. Peretti, H. C. Siebert,
8. Skowronski, Professor Alfred Stansfield, Professor T. H. Hazlehurst,
Jr., and Professor M. C. Stuart.

* ALLisoN Burts.
BETHLEHEM, PaA.,
March, 1943.
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METALLURGICAL PROBLEMS

CHAPTER I
QUANTITIES AND UNITS

Man’s material progress is largely dependent on his ability to measure
things. The measuring process has been applied to a great number and
variety of attributes and properties, and science is continually extending
the process into new fields and devising new ways of measurement in
the older fields. At the same time the process has become well stand-
ardized with respect to the things most easily and most commonly
measured.

Measurement involves not only a process but also a means of expres-
sion. The measuring process is essentially one of comparison; the best
expression of its result involves the use of a standard unit. Thus, the
inch may be taken as a unit and the length of a body determined by
comparing it with the standard inch, the result being expressed as so
many inches. Unfortunately the adoption of standards, particularly
outside the field of science, has varied greatly as regards units in different
parts of the world. International agreements, however, have fixed the
relative values of many different units and ensured the comparability
of our principal measurements.

In measuring the length of a body, for example, there is placed alongside of it a
suitably divided standard rule which in its manufacture was compared with another
standard of high reliability; this standard in turn was compared with another, the
comparison ultimately going back to the standard meter bar kept in the vault of the
International Bureau of Weights and Measures at Sévres, France, or the standard
yard bar kept at the Standards Office in London.

The weight and the mass of a body are determined by a similar ultimate com-
parison with an internationally recognized standard block having a mass of 1 kilogram
or another standard block having a mass of 1 pound. The mass of a body is defined
as the quantity of matter in it, or the property that causes it to possess inertia; it
does not vary with the location or position of the body. The weight of a body is the
force with which it is attracted toward the center of the earth by gravity; it may vary
with location. Mass and weight, being different physical entities, require different
units, though unfortunately certain of these units for mass and weight have the same
name, as pound mass and pound weight or gram mass and gram weight. Since a
weight of 1 pound is the force exerted by the earth on a l-pound mass, the term
“weight”’ is often used in ordinary language where “mass’’ is meant; but no confusion
need arise if it is remembered that the mass of a body is an unvarying quantity of

. 1 .



2 METALLURGICAL PROBLEMS

Bnatter while the weight of the body is the force exerted on it by the earth. Varation
in the weight of a body between one point and another on the earth’s surface is too
small to require consideration in commercial transactions or industrial operations.

In making technical calculations one must select the units most suited
to his purpose. A choice must be made between two systems or group-
ings of units. One of these has the advantage of wider general and com-
mercial use among English-speaking peoples and, therefore, of being more
intelligible to them in the light of their common experience. The other
has the advantage of a more logical basis and simpler relations between
different members within the system and also of broader international
and scientific use. This latter, the metric system, will be given general
preference in this book because of its simpler basis, because the student
has become accustomed to it in his prerequisite study in chemical calcu-
lations, and because it often facilitates calculations in metallurgy, making
them more rapid and less liable to mechanical crror. However, since
the English system is customarily used outside the laboratory in the plant,
operations and engineering practice of all the English-speaking countries,
in both metallurgical engineering and the other branches, it is desirable
for the student to have some practice in using this system also in metal-
lurgical calculations. Accordingly many of the problems in this book
will be stated in English units and results required in the same terms.  In
some cases conversion of units from one system to the other will be desir-
able, either because the data are given partly in one system and partly
in the other or because the computations may be facilitated. Con-
version tables are given beginning on pages 427 and 430.

Magnitude of Units.—In calculations in chemistry the student will
have been accustomed to the use of the laboratory units—grams, cubic
centimeters, liters, etc. These units are too small for convenience in
industrial practice, except in certain cases. In general the problems in
this book will represent actual operating conditions, frequently using
data from metallurgical plants. Accordingly units of suitable size will
be employed, as kilograms, metric tons, cubic meters. No difficulty
will be caused, because of the simple relation between the smaller and
the larger units. The kilogram equals 1,000 grams, the metric ton equals
1,000 kilograms, the cubic meter equals 1,000 liters or 1,000,000 cubic
centimeters. Of particular importance is the fact that there is the same
relation between kilograms and cubic meters as between grams and liters;
the law stating that one molecular weight of a gas in grams occupies 22.4
liters at standard conditions means also that one molecular weight in
kilograms occupies 22.4 cubic meters. For example:

. 32 g. of oxygen occupies 22.4 liters at standard conditions.
Therefore:

32 kg. of oxygen occupies 22,4 cu. . at stapdard conditions.
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Likewise we shall use as the unit of heat in most cases the kilograng
calorie (or “large calorie,” abbreviated Cal.) rather than the gram-
calorie (or ‘“small calorie,” abbreviated cal.). If 1 gram of carbon yields
on combustion 8,100 calories then 1 kilogram yields 8,100 Calories.

Some Important Units and Definitions.—The liter is regarded as the
fundamental metric unit for measurement of volume of liquids, and it
has become customary to express small liquid volumes in milliliters
(thousandths of a liter) rather than in cubic centimeters. The liter was
originally defined as the volume occupied by the amount of pure water
having a mass of 1 kilogram at the temperature of maximum density,
4°C., whereas the cubic centimeter is defined in terms of the standard
meter of length. Originally no distinction was made between the milli-
liter and the cubic centimeter, and for ordinary practical purposes these
two units are equal. Precise mecasurements have determined that
1 ml. = 1.000027 cc.; while this numerical difference is negligible for the
purpose of this book, so that we may assume that 1,000 liters = 1 cu. m.,
we shall follow the present custom of expressing small volumes of liquids
in nulhhters,

The density of a body or substance is its mass per unit volume. The
units in which it is expressed are not specified in its definition, and its
numerical value will depend on the units used. In the metric system it is
usually expressed in grams per cubic centimeter (or per mililiter for
liquids). The specific gravity of a solid or liquid body is the ratio of its
mass to the mass of an equal volume of water at the temperature of
maximum density. Specific gravity is thus a pure number; and when
density is expressed in the common metric units, the density and the
specific gravity are equal. (The specific gravity of gases, however, is
often referred to air at standard conditions, instead of to water, as
unity.) In suitable units, density may be taken as weight per unit
volume. '

Specific volume is the reciprocal of density, i.e., specific volume is
volume per unit mass, and its numerical value will also depend upon the
units used.

Discussion of the several comprehensive systems of units lies outside
the scope of this book; nor will it be necessary to detail the various units
used in the fields of mechanics, electricity and magnetism, etc. Some of
these will be defined at the appropriate place in later chapters, but for
the most part we shall have occasion to use only the more common units
concerning which there should be no confusion. Since most metal-
lurgical work is done at high temperatures, however, it will be well to
review at this point the common heat units and their relations to units
of energy and power. Some heat units are discussed further in Chaps.
II1, V, and XXI.
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Thermal Units.—Thermal measurements must be considered from
two standpoints, (1) that of quantity of heat energy and (2) that of tem-
perature. 'The temperature of a body is defined on the basis of its ability
to yield heat to another body or the surroundings (at lower temperature)
or receive heat from another body or the surroundings (at higher tem-
perature); it is expressed in degrees centigrade, Fahrenheit, etc. Knowl-
edge of the temperature scales by the student is here assumed. Quantity
of heat is defined in terms of energy. The common unit of heat quantity
in the metric system is the calorie, defined as 1§go watt-hour. In the
English system there is used the British thermal unit (B.t.u.), defined as
251.996 calories. The relations from which these values were originally
derived, although not exact, are often useful, viz.: the calorie is equal to
the quantity of heat required to raise the temperature of 1 gram of water
1 degree centigrade, and the B.t.u. is equal to the quantity of heat
required to raise the temperature of 1 pound of water 1 degree Fahren-
heit. Since these quantities vary slightly over the temperature scale,
it is necessary, for precision, to specify the exact point of temperature
change of the water; this is usually taken as 15 to 16°C. because this
corresponds with the average over the range 0 to 100°C.

In mechanics the general unit of energy is the erg, defined as the work
done by a force of 1 dyne exerted through a distance of 1 centimeter.
This small unit will not be used in this book, but its multiple the joule,
which equals 107 ergs, will be used as a unit of either mechanical energy
or heat energy.

4.186 joules = 1 cal.; 1,0564.9 joules = 1 B.t.u.; 778.26 joules = 1 {t.-lb.

The watt is defined as the expenditure of 1 joule of energy per second.

Power is energy per unit of time. Thus, calories per second, B.t.u.
per second, and foot-pounds per second are all units of power. A joule
per second is the same as a watt, so that

4.186 watts = 1 cal. per second, and 4.186 kw. = 1 Cal. per second.

The specific heat of a substance is defined as the quantity of heat
required to raise the temperature of one unit of it 1 degree. It is also
called the heat capacity. 1t is commonly expressed in calories per gram
of substance per degree centigrade. The specific heats of gases are often
given in calories per liter (= Calories per cubic meter) at standard con-
ditions per degree centigrade instead of on the weight basis. The heat
capacity of a mol of substance, called molal heat capacity, is often useful;
this is equal to the specific heat multiplied by the molecular weight.
The molal heat capacity of a gas is equal to its volumetric specific heat
(per liter) multiplied by 22.4, since the gram-molecular weight occupies
22.4 liters at standard conditions.
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Specific heats of substances vary with temperature, the amount of
variation being small over a small range of temperature, such as one of
less than 100°C., but of considerable importance over the large tempera-
ture ranges encountered in metallurgical work. These variations with
temperature, as well as the calculation of the total heat contents of bodies
and of volumes of gases, are discussed in Chaps. III and V.

Summary.—Some of the units and relations already given are sum-
marized below, and a number of others of importance are added so that
the student may refresh his memory of them and have them available for

convenient reference. Reference may also be made to the conversion
table (Table LIV, page 427).

1 ml. or 1 cc. of water weighs 1 g (almost exactly at 4°C.; approximately at other
temperatures up to 100°C )

1 ce. of any other substance weighs the number of grams equal to its density or
specific gravity.

1 liter of water weighs 1 kg. at ordinary temperatures.

1 cu. ft. of water weighs 62.4 1b. at ordinary temperatures.

1 metric ton = 1,000 kg. = 2,205 1b. (It will be noted that the metric ton is
only about 10 per cent larger than the common short ton of 2,000 lb. and 1.5 per cent
smaller than the English long ton of 2,240 1b.)

1 Cal. is approximately equal to the quantity of heat required to raise the temper-
ature of 1 kg. of water 1°C. (Varies at different temperatures—a negligible variation
for most purposes for temperatures below 100°C.)

1 B.t.u. (Bntlsh thermal umt) 18 approximately equal to the quantxty of heat
required to raise the temperature of 1 lb. of water 1°F. .

1 Cal. = 3.97 B.t.u. 1 B.t.u. = 0.252 Cal. = 252 cal

The volume of a gas expands 3473 of its volume at 0°C. for each rise of 1°C.
(pressure romammg constant); or the volume of a gas expands 499 of its volume at
O°F. for each rise of 1°F. (pressure remaining constant). (While these relations, from
Charles’s law, hold strictly only for a perfect gas, they are regularly used for all gases.)
Absolute zero is —273°C., or —460°F. (The more precise values are —273.16°C.
and —459.69°F.)

The volume of a gas varies inversely with the pressure, temperature being con-
stant (Boyle’s law).

“Standard conditions” for gases are a temperature of 0°C. and pressure equal to
that of a column of mercury 760 mm. in height.

1 watt = 1 amp. X 1 volt. 1kw. = 1,000 watts.

1 joule = 1 watt-sec. 4.186 joules = 1 cal.

860 Cal. per hour = 1 kw., or 860 cal. per hour = 1 watt.

0.239 cal. per second = 1 watt. 746 watts = 1 hp.

1 hp. = 33,000 ft.-lb. per minute.

1 kw. = 102 kg.-m. per second.

Normal atmospheric pressure = 14.70 lb. per square inch = 10,333 kg. per square

meter.

Precision of Metallurgical Calculations.—Since the problems in this
book are for the most part based on practical operating conditions, they
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should be solved with a precision appropriate to such conditions—neither
greater nor less. Carrying out results to five or six figures not only is a
needless waste of time but may be misleading and is generally bad prac-
tice. Three or four significant figures should be the rule; this number
usually not only is all that is justified in view of the precision of available
data, but is sufficient also to allow for the fact that in cases of doubt it is
better to err on the side of too great precision rather than too little. This
number corresponds with the precision of the 10-in. slide rule.?

In using atomic weights, it is in most cases desirable to use the round
numbers, as 64 for Cu, 56 for Fe, etc. In some cases the more precise
figures should be used.

The statement that a piece of metal weighs 10.40 kg. should carry
with it the implication that the picce has been weighed to an accuracy
of one-hundredth of a kilogram. If weighed to only one-tenth of a kilo-
gram, the weight should be stated as 10.4 kg., since it is not known
whether the next figure would be 0 or some other figure. 1f weighed to
one-thousandth of a kilogram, another figure would be known but need
not be stated if the purpose in view does not require a precision of more
than four significant figures.

Usually metallurgical data are not sufficiently precise to justify the
use of more than three or four figures, particularly in the rougher oper-
ations of ore 4reatment. Given weights are often approximations.
Chemical analyses are seldom reliable to more than three figures.
Even th&n their accuracy is dependent on having a proper sample for
analysis, and the sample may be even less reliable. Chemical reactions
used in calculations do not always accurately represent what occurs.
The presence of impurities is disregarded. Assumptions are usually
necessary, either for simplification or because of lack of information.
Such considerations as these serve to indicate the impracticability of
greater precision. Some types of operation, of course, permit of a much
greater precision than others. Calculations are essentially an applica-
tion of theory to practice; the more experience one has in applying them
in practice, the better is he able to judge of the suitable precision in par-
ticular cases and, in general, the more he realizes the lack of exactness
in the usual case. At the same time, the value of calculations and their
indispensability for design, control, and improvement in operation become
more evident. The impracticability of great precision in figures must
not be used as an excuse for lack of precision in thought and in method.

1 But little practice with the slide rule is required to make 1ts use easy, rapid, and
accurate. It is recommended for metallurgical calculations; i fact, its use is prac-
tically imperative for the student if the problems given at examination time are to be
completed in the time allotted. .



CHAPTER II
THE CHEMICAL EQUATION

The chemical equation expresses by means of symbols what ocecurs
when a chemical reaction takes place. It shows not only what substances
react or are formed but also the actual relative quantities of each. The
equation gives the number of atoms or molecules of each substance
reacting, and the amount of each substance corresponding to the atomic
quantities indicated may be expressed in any units desired, either by
weight or by volume; the truth of the equation is not altered by the sub-
stitution of one unit for another so long as the relative quantities involved
are not changed. Thus, the equation written

2H'_) + ()2 = 2H2()

means that 4 parts of hydrogen (by weight) react or combine with 32
parts of oxvgen (by weight) to form 36 parts of water (by weight), where
for “parts” we may read grams, kilograms, pounds, or any other weight
unit, as long as cach term of the equation is expressed in the same unit.
The same equation likewise means that 2 parts of hydrogen (by volume)
react or combine with 1 part of oxygen (by volume) to form 2 parts of
water vapor (by volume), where for “parts’’ we may read liters, cubic
meters, cubic feet, or any other volume unit, as long as each term of the
equation is expressed in the same unit.

It is likewise permissible, and often very useful, to express some of
the terms gravimetrically and some volumetrically. For example, it
may be desired to find the number of liters of oxygen necessary to burn
100 grams of hydrogen. The term 2H. would then be interpreted as
4 grams, but the term O,, instead of being assigned a value of 32 grams,
would be given the value 22.4 liters. The symbol O; in the equation
means a molecular quantity of oxygen: When expressed in grams it is a
gram-molecular weight, or 32 grams. When expressed in liters it is a
molecular volume, or 22.4 liters at standard conditions of temperature
and pressure. The above equation, then, may be interpreted to mean
that 4 grams of hydrogen combines with 22.4 liters of oxygen to form 44.8
liters of water vapor.

It will be noted that, when the equation is used in this manner, care
must be taken to see that the equation is written in molecular terms.
Since the molecule of oxygen contains two atoms, the oxygen must be

7
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expressed in the equation as O,, which is equivalent to 22.4 liters. The
chemical law here applied is as follows:

A gram-molecular weight of any gas occupies 22.4 liters at standard
conditions, or a kilogram-molecular weight of any gas occupies 22.4
cubic meters at standard conditions.

The following example illustrates the use of the chemical equation in
this manner:

Example 1
_A Bessemer steel converter is charged with 10,000 kg. of molten iron containing
4.0 per cent carbon, 1.5 silicon, and 1.0 manganese. The impurties are oxidized
and removed from the iron by blowing air mmto the converter. One-quarter of the
carbon is oxidized to CO; and three-quarters to CO.
Reguired: The total volume of air necessary, in cubic meters.
Solution: The reactions are:! -

C + 03 = CO,. @
2C + 0, = 2CO0. @
Si + 0, = Si0,. 3)
2Mn + O, = 2MnO. )

The required volume of oxygen, as shown by the equations, will first be calculated.
In using the equations it will be convenient to place the atomic or molecular quantities
over the respective symbols, thus:

12 22.4
C + 0. =CO. )
2x12 224
2C  + 0, =2C0. . @)
28 224
8i + 0, = SiO.. 3)
2 X 55 224
2Mn + O, = 2MnO. @)

(For the sake of simplicity, in the remainder of this book the atomic or molecular
quantities will not be placed over the symbols in equations; the student, however,
may often find it desirable to do so in his work, particularly until he has gained
experience.)

There is contained in the pig iron 0.04 X 10,000 = 400 kg. of C, of which 100 kg.
goes to CO; and 300 kg. to CO. The amount of Si oxidized is 150 kg. and of Mn
100 kg.

Equation (1) means that 12 kg. of C requires 22.4 cu. m. of O; to form CO,, or:

1 kg. of C requires 2?—24 cu. m. of O,.

The 100 kg. of C therefore requires 100 X 24 187 cu. m. of O..

12
1 The student will find it desirable to form the habit of setting down any reactions
that are to be used as the first step, or one of the first steps, in the solution of any
problem. With the reactions before one, the reasoning of the solution is simpler and
there is less likelihood of error in computation,
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Likewise, reaction (2) means that 24 kg. of C requires 22.4 cu. m. of O; to form
CO, so that:

224

300 kg. of C requires 300 X 55 = 280 cu. m. of O,.
Similarly, since the atomic weight of Si is 28, 150 kg. of Si requires 150 X 2——2%4 =
120 cu. m. of O,, and 100 kg. of Mn requires 100 X 21313 = 20 cu. m. of O,.

By adding it is found that the total oxygen required is 187 + 280 + 120 4+ 20 =
607 cu. m. of O,.

Since air is 21.0 per cent O3 by volume, the volume of air required is (—?071 = 2,890

.2
cu. m.

(This is the volume at standard conditions of temperature and pressure, since
the solution has depended on use of the factor 22.4, which is the molecular volume
at standard conditions.)

The molecular quantity of a substance is often designated by the
term ‘“mol.” By weight, the mol is the same as the gram-molecular
weight; the terms “kilogram-mol”’ or “pound-mol’’ may be used to desig-
nate a molecular weight in kilograms or pounds. By volume, a mol of
gas represents 22.4 liters at standard conditions.

The consideration or calculation of quantities by mols instead of by
grams, liters, pounds, etc., is sometimes referred to as the “mol method.”
This method has many advantages. The mol is the natural combining
unit in chemistry. In the above illustration of the combination of
hydrogen and oxygen to form water vapor, it is noted that the relative
volumes are the same as the relative number of mols. The student will
find this the simplest way of handling reactions in which gases are
involved.

Volume-weight Relations in the English System.—Finding the vol-
ume of a gas corresponding to a given weight, or vice versa, may be done
with equal facility in the English system of units by use of the constant
359 instead of 22.4. The relation here is:

A pound-molecular weight of any gas occupies 369 cu. ft. at standard
conditions.

For example, the volume of 10 1b. of oxygen is 10 X 3594, = 112 cu.
ft. at standard conditions. The reference standard here is the same as
ir. the metric system, viz., 0°C. and 760 mm. of mercury, equivalent in
English units to 32°F. and 29.92 in. of mercury.

A chance relation, sometimes useful in computing in the English
system, is that a molecular weight of a gas in ounces (or ounce-mol)
occupies approximately 22.4 cu. ft. at standard conditions. In other
words, there is approximately the same numerical relation between
ounces and kilograms as between cubic feet and cubic meters. The
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closeness of the approximation can be seen from the fact that the number
of ounces (avoirdupois) equivalent to a kilogram is 35.27 and the number
of cubic feet equivalent to a cubic meter is 35.31.

Problems

1. A copper converter receives a charge of 60 metric tons of matte containing
54 per cent FeS. The FeS is oxidized by blowing air into the converter according tc
the reaction

2FeS 4 30, = 2FeO 4 280..

Air is 21.0 per cent oxygen by volume. A metric ton is 1,000 kg.

Requared: 1. The total volume of air necessary, in cubic meters.

2. The volume of SO, formed.

3. The number of kilograms of FeO formed.

4. The weight of slag formed, in metric tons, if the FeO constitutes 65 per cent
of the slag.

2. Iron oxide is reduced to iron in an electric furnace in accordance with the
following reaction:

4Fe203 + QC = SF(‘ + 6C0 + 3002

Required: 1. The number of kilograms of Fe O3 which must be reduced to make
1 metric ton of Fe.

2. The number of kilograms of carbon required.

3. The number of cubic meters of CO and of CO; produced at standard conditions.

4, The number of kilograms of CO and of CO; produced.

3. A charge in a zmc retort yiclds 50 lb. of zinc. The charge consists of ore
contaming 56 per cent ZnO, 44 per cent gangue, and coal contamning 90 per cent
carbon, 10 per cent ash. The reduction takes place i accordance with the reaction

Zn0O 4 C = Zn + CO.

Enough coal is used to furnish five times as much carbon as the equation demands.

Required: 1. The weight of ore 1n the charge, in pounds.

2. The percentage of coal in the charge.

3. The volume of CO evolved, in cubic feet.

4. Lead is reduced from galena (PbS) in an ore hearth by reaction of PbS with
PbO in one reaction and of PbS with PbSO, in another reaction, Pb and SO; being
formed in both cases. Three times as much Pb is produced by the PbO reaction as
by the PbSO, reaction, the two reactions taking place simultaneously.

The weight of PbS reduced in the two reactions together is 6,600 kg.

Required: 1. The total weight of lead resulting from the reactions and the weight
(kilograms) and volume (cubic meters) of SO, produced.

2. The percentage of PbO and of PbSO, contained in the PbS-PbO-PbSO,
mixture.

8. A copper ore contains 6 per cent Cu and 35 per cent S. The copper mineral
is chalcopyrite (CuFeS;), and 8 is also present as iron pyrite (FeS.). The rest of the
ore is gangue containing no Cu, S, or Fe.

The ore is roasted until all the sulphur is removed, the following reactions taking
place:

4FeS. + 1101 - 2Fean + BSOz
4CuFeS; + 130; = 4CuO + 2Fe;0; + 880,.
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The amount of oxygen supplied to the furnace (contained in air) is 200 per cent
n excess of the amount demanded by the equations.

Required: 1. The number of pounds of each of the above minerals and of the
gangue contained in 1 short ton of ore.

2. The cubic feet of oxygen required by the equation in roasting 1 ton of ore.

3. The cubie feet of air actually supplied, per ton of ore.

4. The total weight of Fe,O; and the total volume of SO, produced n roasting
| ton of ore.

6. Aluminum is produced by electrolytic decomposition of Al;Os, using a carbon
inode. The oxygen sct free when the Al,O; is decomposed combines with earbon
it the anode. Assume that 85 per cent of the oxygen forms ('O, 15 per cent CO,.

The daily output of one cell is 400 1b. of aluminum

Required: 1. The chemical reaction occurring, balanced with minimum whole
wumbers.

2. The pounds of Al;Os consumed per day 1n each cell.

3. The cubic feet of CO and CO; liberated, per day.

7. Sulphur contaimed in steel as FeS 18 removed therefrom m an clectric furnace
»y the addition of hme and ferrosilicon, the following reaction taking place:

2Ca0 + 2FeS + Fe,Si = 8i0; + 2CaS + (z + 2)Fe,

n which the ferrosilicon is represented by Fe,Si.

Requared: 1. If the ferrosilicon contains 50 per cent Fe and 50 per cent Si, what,
value of z in the formula Fe,Si would represent 1ts composition?

2 How many pounds of hme and how many pounds of this ferrosilicon would he
required to remove 100 Ib. of sulphur?

8. In an iron blast furnace, hematite (Fe:0;) 1s reduced by carbon monoxide,
which is formed by combustion of carbon in the coke by means of the air blast  The
onditions of chemical equilibrium require that there be an exeess of CO present in
yrder to make the reduction equation proceed from left to rnight  The equation may
se represented as follows:

Fe0; + xCO = 2Fe + 3CO: + (¢ — 3)CO.

In a certain blast furnace the ratio of CO:('O. in the products of the above
reaction was 18:1 by volume. The furnace reduced 800 metric tons of iron (I¢)
per day.

Requared: 1 The equation representing the reduction with 'O and CO; formed
in the ratio 1 8:1, balanced with minimum whole numbers.

2 The cubic meters of CO and of CO, produced per day

3. The theoretical consumption of coke, per metric ton of iron reduced, assuming
the coke to be 90 per cent carbon

4. The cubic meters of blast (air) necessary for combustion of the carbon in the
coke to CO, per ton of iron reduced.

5. If there is charged to the furnace one-fifth as much limestone (CaCO;) as the
smount of Fe,0, reduced, what will be the actual ratio of CO to CO; in the furnace
gases after adding the CO. resulting from decomposition of CaC’O;into ('a0 and CO.?

9. A zinc retort 1s charged with 70 kg. of roasted zinc concentrates carrying 45 per
cent zinc, present as ZnO. Reduction takes place according to the reaction

ZnO + C = Zn + CO.

One-fifth of the ZnO remains unreduced. The zinc vapor and CO pass into a
condenser, from which the CO escapes and burns to CO; as it emerges from the mouth
of the condenser. The CO enters the condenser at 300°C, and 700 mm pressure.
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Required: 1. The volume of CO in cubic meters entering the condenser (a) meas-
ured at standard conditions and (b) measured at the actual conditions (see p. 20).

2. The weight of CO, in kilograms.

3. The volume of CO; formed when the CO burns, measured at its temperature
of 750°C., pressure of 765 mm.

4. The volume (standard conditions) and weight of air used in burning the CO
(see p. 18).



CHAPTER III
COMBUSTION

Metallurgical treatments are usually performed at high temperatures.
Though electric furnaces are sometimes employed for such operations as
smelting, refining, melting for casting, and heat-treating, combustion
of a fuel is much more commonly employed to supply the necessary heat
for these and many other processes. Consequently the subject of fuels
and combustion is of vital interest to the metallurgist and is usually
included in the study of general or introductory metallurgy. The quan-
titative study of combustion, which constitutes the topic of this chapter,
is of great value both theoretically and practically. It deals first with
the amount of air required for combustion and the volume and compo-
sition of the gases resulting; a knowledge of these is necessary in the
design of furnaces and in getting maximum efficiency in the use of a given
fuel. Thousands of dollars may be wasted annually, for example, in the
operation of an open-hearth steel furnace if either too much or too little
air is used in combustion. The loss of heat from a furnace through being
carried out in the hot gases can be readily calculated, and through this
and other factors the thermal efficiency of a furnace or a process can be
computed and studied. Likewise the temperature attained in combus-
tion of a given fuel can be calculated both for theoretical and actual
conditions.

The principles of calculation used in working combustion problems
are fundamental and also for the most part relatively simple. Conse-
quently the problems in this chapter form a desirable introduction to
and preparation for the more strictly metallurgical problems of the later
chapters. A thorough understanding by the student of the principles
in this chapter is essential as a foundation for the work which follows.

Combustion of a fuel consists in the chemical combination of the
oxidizable elements of the fuel with the oxygen of the air. In the ordi-
nary heat-giving process the aim is to burn the fuel as fully as possible
so as to produce the maximum amount of heat. The carbon of the fuel
will be mostly burned to CO,; for the present we may neglect formation
of CO, which represents only a partial combustion. Consider first a
coal that has been analyzed quantitatively and found to contain:

Per Cent Per Cent
C 72 N 1
H 4 HO 3
0O 8 Ash 12

13
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In general the analysis of solids and liquids is made by weight and that
of gases by volume, and their percentage compositions are ordinarily
stated correspondingly. Throughout this book, except when specifically
stated otherwise, the analyses of solid and liquid materials will be given
in percentage by weight, and the analysis of gases in percentage by
volume.

Let it be required to find the cubic meters of air (at standard con-
ditions) theoretically necessary to burn 1 kg. of the above coal completely.

The reactions occurring in the combustion are:

C + 0, = CO.. (1)
2H, + 0, = 2H,0. (2)
Ash, H,0, and N, of course, do not burn (oxidize), and the O con-

tained in the coal goes to supply part of the oxygen needed in the equa-
tions, thus reducing the amount to be supplied by air.

Il

1 kg. of coal contains 0.72 kg. of C and 0.04 kg. of H.

From Fq. (1): 0.72 kg. of C requires 0.72 X 32{, = 192 kg. of O
From Eq. (2): 0.04 kg. of H requires 0.04 X 327 = 032

Total O required = 2.24 kg.

O present in coal = 0.08

O to he supplied by air = 216 kg
Air is 23.2 per cont O by weight
The weight of air roqulrml 13, therefore, 022% =931 kg
1 cu. m. of air weighs 1.293 kg at standard conditions.

The volume of air required is, therefore, 1—9%13 7.20 cu. m.

In this solution the air has been found by weight and in the last step
converted to volume. It is usually preferable, however, to find the
volume directly, since it simplifies the calculation of the flue gases. The
solution by this method is as follows:

P From Eq. (1): 0.72 kg. of C requires 0.72 X ?f; = 1344 cu. m. of O;
0.04 kg. of H requires 0.04 X 2—?1—4— = 0.224
Total O, required = 1.568 cu. m.
O, present in coal = 0.08 kg. X st = 0.056

0, to be supplied by air = 1.512 cu. m.

Air is 21.0 per cent Oz by volume.

The volume of air required is, therefore, —1(—)52—112 = 7.20 cu m.

In the latter solution it will be observed that it has been necessary to
convert the given weight of oxygen (0.08 kg.) to cubic meters in order to
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subtract it in finding the amount to be supplied by air. This operation
of changing from weight to volume of a gas or, conversely, that of finding
the weight of a certain volume of a gas is one that has to be employed
frequently in metallurgical problems. The method of doing it here,
which will be used throughout this book, follows directly from the law
that the molecular weight of a gas in kllograms occupies 224 cu. m. at
standard conditions. Stated in words, the kilograms of the gas multi-
plied by 22.4 divided by the molecular weight of the gas gives the cubic
meters of the gas. Or, briefly:

_ . 22.4
Vol.in cu. m = wt in kg X mol. wt '
and
mol wt.
Wt. in kg. = vol. in cu. m. X “55 5=

This method has the advantage of being readily used for all gases
if only the molecular weight is known. If great precision is required, it
should not be used because the factor 22.4 varies slightly for different
gases. Instead, the actual weight of a cubic meter of various gases may
be obtained from a reference table. The weight of a cubic meter of any
gas is also approximately equal to onc-half its molecular weight X 0.09
kg., a relation which follows from the fact that 1 cu. m. of hydrogen
weighs 0.09 kg. and the molecular weight of hydrogen is approximately 2
This may be stated:

mol. wt.

Wt.in kg. = vol in cu. m X )

X 0.09.

Noti: The solution of almost every metallurgical problem presents a choice of
steps: there are a number of paths to the goal. The student should be advised as to
the shorter or more logical method when there is a distinet preference but in general
should be allowed to make his own choice  The superior student will for his own
benefit become acquamted with different methods and use each of them enough to
ensure thorough understanding

Table I, page 16, shows actual determined weights of common gases
and also calculated weights for comparison.

Let it now be required to find the volume and percentage compo-
sition of the gases resulting from the combustion of 1 kg. of the coal of
which the analysis has been given. The resulting gases should be
interpreted to mean not only the gases found in reactions (1) and (2) but
also the gasified nitrogen and H,0 from the coal and the nitrogen intro-
duced by the air—i.e., all the gases which would be present in the furnace
just beyond the point of combustion. Practically, these gases are inter-
mixed, and it is the entire mixture with which we are concerned. The
mixture is variously termed ““the flue gases,” ‘‘the chimney gases,” “the
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S TaBLE I.—WEIGHTS OF GAsEs
(In kilograms per cubic meter, or grams per liter, at 0°C., 760 mm.)
. Weight, calculated
Gas Formula IZZ::)};Z’(I from molal
volume of 22.4
Acetylene...... .... . .. .| CsiHa 1.173 1.161
Air........... N R 1.293 1.292*
Ammonia. .. .. A . .| NH, 0.771 0.760
Benzene........ Ce¢Hs 3.5682 3.484
Carbon dioxide. . CO. 1.977 1.964
Carbon monoxide e CO 1.250 1.250
Chlorine..... . . . Cl, 3.214 3.166
Ethane...... . C.H, 1.357 1.341
Ethylene.. ... C.H, 1.260 1.251
Fluorine..... .. Fa 1.696 1.696
Helium.......... . . .| He 0.1782 0.1787
Hydrochlorie acid . HCl 1.639 1.628
Hydrogen. ..... . H, 0.0900 0.0900
Hydrogen sulphide H.S 1.539 1.522
Mercury vapor . Hg 9.021 8.9566
Methane.. ... . CH, 0.717 0.716
Nitrogen..... .. .. .| Na 1.251 1.251
Oxygen............ . 0, 1.429 1.429
Sulphur dioxide. . . . . S0, 2.927 2 860
Water vapor . H.0 0.8063 0 8042

* Assuming 23.2 per cent oxygen and 76 8 per cent nitrogen by weight.
A
r

products of combustion,” etc. The last term is often used, and it should
be noted that it includes much more than the gases formed in the chem-
ical reactions of combustion; it includes all the flue gases. The various
possible constituents of the flue gases will be listed later.

From Eq. (1): 072 kg. of C forms 0:72 X 44{, = 2.64 kg. of CO..
0.04 kg. of H forms 0.04 X 384 = 0.36 kg. of H,0.
From the coal is obtained directly  0.03 kg. of H,O

0.01 kg. of N

The air is 76.8 per cent N by weight. From it is obtained:
0.768 X 9.31 = 7.15 kg. of N.

Summarizing and changing to volume:

CO, = 2.64 X -237"4 = 1.34 cu. m.

HO = 039 x 222 = 0.9
224
Ny = 7.15 X 38 = 5.74

Total = 7.57 cu. m.
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Percentage composition:

CO; = ;—'_35-4,‘; = 17.7 per cent
0.49

Hno = 73,7 = 6.5
5.74

The solution of this part can be made more easily by reference to the
direct volume method used in finding the air requirement and applying
the chemical law, as follows:

When gases react, the combining volumes are in the same ratio a¢
the number of molecules.

» This means that in Eq. (1) the volume of CO; is equal to the volume
of O,, since there is one molecule of each. In Eq. (2) the volume of H,0
is twice the volume of O,, since there are two molecules of H,O to one of
(,-_).

Ience, directly from the air-requirement solution:

CO; = 1.344 cu. m.
H,0 =2 X 0.224 = 0.448

H,0 from coal = 0.03 X 2T28:4' = 0.037
N; from coal = 0.01 X ?g—sé = 0.008

N from air = 0.79 X 7.20 = 5.688
Total = 7.525 cu m.

A good way to obtain the amount of nitrogen from the air is by sub-
tracting the amount of oxygen from the amount of air. Thus, above:

By weight: N =9.31 — 216 = 7.15 kg.
By volume: N; = 7.20 — 1.512 = 5.688 cu m.

Composition of Air.—According to the “International Critical
Tables,”’! dry air at sea level contains by volume 20.99 per cent oxygen,
78.03 nitrogen, 0.94 argon, and 0.04 other gases (chiefly CO,). For prac-
tical purposes it is permissible to count the argon and minor gases as
nitrogen. The composition by weight is readily figured from the known
weights of the gases contained or from the weight of the oxygen &nd the
experimentally determined weight of 1.293 kg. for 1 cu. m. of d /v air at
standard conditions. We have:

! Vol. I, p. 393.
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By volume By weight
Gas
Per cent | Parts*| Per cent | Parts™
Oxygen............ T 210 | 4 | 232 | 3
Nitrogen (et al.)...occocvvvvvvinnn. 79.0 15 76.8 10
Dryair.........cooiiiiiiiiiiiinn. 100 0 19 100.0 13

* Approximately.

It should be understood that the gases are not chemically combined
with each other in air; air is simply a mixture of the component gases.

Weight of Air.—Since air is not a single gas but a mixture of gases,
it is customary to change from volume to weight, or vice versa, by use
of the acf,ual weight of a unit volume of air at standard conditions:

/ 1 cu. m. of air weighs 1.293 kg. at standard conditions.
{ 1 cu. ft. of air weighs 0.0807 lb. at standard conditions.

It is not theoretically correct to speak of the ‘““molecular weight of
air’’; but for purposes of calculation the weight of 22.4 cu. m. of air in
kilograms, or of 359 cu. ft. of air in pounds, may be used with mathe-
matical correctness as though it were a molecular weight. The value is
22.4 X 1.293 = 28.96, or 359 X 0.0807 = 28.97; hence, 29 is often used.
In this book, use of the actual weights given above will be considered
preferable.

Moist Air.—All the foregoing discussion applies only to pure dry
air. Air as ordinarily obtained directly from the atmosphere for metal-
lurgical purposes, however, is not dry. The amount of moisture con-
tained varies in different localities and on different days in the same
locality. It is usually much higher in summer than in winter. It is
usually less than 2 per cent but may reach 5 per cent in hot humid
weather. In many cases in metallurgy, and particularly in blast-furnace
work,! the amount of moisture in the air is of great importance. In
other cases it may be neglected and the air assumed dry.

The amount of moisture in air may be expressed as so many per cent
H,0. More commonly, however, it is stated in grains per cubic foot or
in grams per cubic meter. Care must be taken to note whether the nota-
tion refers to the amount of water vapor included in the moist air or the
amount carried by a unit of dry air, for example, whether it is expressed
in grams per cubic meter of the moist air or per cubic meter of dry air.

Another very common and very useful way of expressing moisture
content is according to its partial pressure. If the barometric pressure

1 See p. 104.
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is, say, 750 mm. of mercury, the gases composing the atmosphere divids
this total pressure in proportion to the percentage (by volume) of each
present. Thus, if the air contained 2 per cent H;0, 20.6 O,, and 77.4 N,
the partial pressure of the moisture would be 0.02 X 750, or 15.0 mm:,.of
the oxygen 154.5 mm., and of the nitrogen 580.5 mm. This is an applica-
tion of Dalton’s law of partial pressures (see page 297). Obviously, if
the pressure of the moisture in the air is known, its volume can easily
be found (assuming that the total pressure is also known or can be taken
as standard pressure, 760 mm.).

The amount of moisture that can exist as vapor in air or any other
mixture of gases is limited. It has a certain maximum value which
depends on the temperature of the mixture. Its maximum partial
pressure is called the ‘“saturation pressure.” If it is attempted to add
additional water vapor to an already saturated mixture, the excess water
vapor condenses to liquid. Likewise, if the temperature of a saturated
mixture be lowered, some of the water vapor condenses. This is what
happens when dew falls at night. The higher the temperature, the
greater can be the percentage of water vapor contained. Table XXIV,
page 401, gives these maximum pressures for different temperatures,
expressed in millimeters of mercury.

The actual amount or pressure of moisture present may, of course,
be anything less than saturation. The percentage of saturation is often
called, in atmospheric data, the ‘““percentage humidity.” If the tem-
peraturc of the air and the percentage humidity are both known, the
vapor pressure can be obtained by use of the table and the amount of
moisture can be determined.

Ezample.—In the problem on page 14, the requirement of dry air was calculated
as 7 20 cu m. per kilogram of eoal. Suppose now it was given that the temperature
of the air was 25°C. and that it was 60 per cent saturated with water vapor, the
barometric pressure being 740 mm. From Table XXIV, the maximum pressure of
the water vapor at 25°C. is 23.8 mm. The actual pressure then is 0.60 X 23.8 = 14.3#
mm. The pressure of the dry air is, therefore, 740 — 14.3 = 725.7. And since the
143
725.7
7.20 = 0.142 cu. m. The volume of moist air required is then 7.20 + 0.14 = 7.34
cu. m. (measured at standard conditions).

In calculating the products of combustion, this 0.14 cu. m. of H:O would be added
to the rest of the H,;0.

volumes and pressures are in the same ratio, the volume of water vapor is

Excess Air.—In the problem on page 14, the ‘theoretical”’ require-
ment of air, i.e., the amount corresponding to the chemical reactions,
was calculated. In practice it is necessary, in order to ensure complete
combustion, to use an excess of air. The amount of excess is best desig-
nated as a percentage of the theoretical requirement. Thus, if it were
decided to use 40 per cent excess air for the combustion, the volume of
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excess air would be 0.40 X 7.20 = 2.88 cu. m. The total air used would
be 7.20 4+ 2.88 = 10.08 cu. m. (dry air). The total moist air would be
1.40 X 7.34 = 10.28 cu. m.

- In figuring the flue gases, the excess air should be divided into its com-
ponents (O,, N, and H,0), and each of these added in. Note that excess
air causes free oxygen in the flue gases. Oxygen in the flue gases indi-
cates excess air, and the amount or percentage of excess air used can be
calculated from the oxygen content of the flue gases.

The amount of excess air used in practice depends on the type of fuel
and the furnace design. It should be minimized; too great an excess
means lower temperature attained and wasted heat, carried out of the
furnace in the hot flue gases.

Change of Gas Volume with Temperature and Pressure.—State-
ment of the volume of a gas has no meaning unless the temperature and
pressure of the gas are also stated or understood. In order that state-
ments of gas volumes may be comparable and significant, the convention
is adopted of referring the measurement to ““standard conditions,” which
in the metric system means 0°C. and 760 mm. pressure. The best prac-
tice in metallurgical calculations is to work with volumes referred to
standard conditions, changing from the given conditions to standard
when the actual conditions are known or, at the end, changing results
from standard to given conditions when the volume at given conditions
is required.

The laws of change of volume with temperature and pressure are
well known and have been stated on page 5. It should be borne in
mind that ‘““referring’’ the measurement to standard conditions does not
mean that the conditions have actually changed; if moist air is referred to
0°C., it is not correct toassume that the moisture content must be changed
to allow for condensation of water, as would be done if the temperature
actually did change.

Ezample.—To find the actual volume of the dry air, in the example on page 19,
at 25°C., 740 mm.:

273 + 26 X 1060 _ 807 cu. m.

720 X —573 730

The actual volume of the moist air would be:

298 _ 760
(7.20 + 0.14) X 73 X 740 = 8.24 cu. m.
Or the volume of the moist air may be found directly from the dry air by subtracting
the pressure of the water vapor (found to be 14 3 mm ) from the total pressure in the
Boyle’s law factor, thus:

298 760
7.20 X 5‘7—3 X m = 8.24 cu. m.
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Unburned Carbon in Ashes.—In burning solid fuels there is a residue
of ashes, and this will contain some particles of combustible material
that have mechanically escaped combustion. The part of the fuel that
is noncombustible under any conditions is termed ‘“ash” in the analyses.
This is composed largely of SiO,, often with some Al;0;, CaO, and other
inorganic matter. The ashes left as residue include this ash plus some
combustible matter, which may be taken as carbon, though obviously
that assumption is not wholly truc. We have, then:

Ashes = ash + unburned carbon.

From this relation and the percentage of “ash’ in the fuel, the
amount, of unburned carbon may be calculated when the percentage of
carbon in the ashes is known. It may often be desired to assume some
figure for this percentage and deduct the amount of unburned carbon
from the total carbon present, before figuring the theoretical requirement
of air for combustion. In this case the term ‘‘theoretical requirement”’
would be interpreted to include the requirement, not for all the earbon
in the fuel, but for the amount of carbon which actually burns or is
assumed to burn.

Although the distinction between ‘“‘ashes’’ and ‘“ash’ is somewhat
confusing, it is an important one. The student must bear in mind that
“ash” is a chemical term for noncombustible material; the ash cannot
contain any carbon. The “ashes’ are residual matter from the furnace,
containing some carbon.

In reading the statement of a problem, care must be taken to note
how the carbon content of the ashes is designated. In some cases it is
stated that the ashes are (¢.e., contain by analysis) so many per cent
carbon. In other cases thc weight of the ashes is expressed as a percent-
age of the coal, on the same basis as the percentage of ash, in which case
the amount of carbon is obtained by simple subtraction of these two
percentages. Occasionally, the amount of unburned carbon may be
expressed as & percentage of the original carbon content of the coal instead
of as a percentage of the coal itself.

Combustion of Gaseous Fuel.—Since the volumes of combining gases
are in the same ratio as the number of molecules indicated in the chem-
ical equation, the calculations of combustion of gases are easily carried
out. For example, in the combustion of ethylene we have:

02H4 + 302 = 2C02 + 2H20

If 50 cu. m. of C;H, is burned, 150 cu. m. of O, is used and 100 cu. m.
of CO; and 100 cu. m. of H,O are formed.

A good arrangement of the work in this type of problem is shown in
the following example, the gas volumes being tabulated as obtained.
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Example 2
Natural gas of the Pittsburgh district analyzes as follows:
Per Cent

CH, 85

CH, 3

CeHs 3

H: 5

Nz 4

It is burned with 20 per cent e¢xcess air.

The air is moist, containing 1.5 per cent

water vapor.

Required: 1. The cubic meters of dry air theoretically required for combustion
of 1 cu. m. of the gas.

2. The volume of moist air used, including the excess.

3. The volume of the products of combustion.

Solution:

0, CO: | HLO| N.

CH4 + 20, = CO; +2H0..... ..... . 1.70 {08 | 170

C:Hy + 302 = 2C02 +2H,0. .. oovv el il 009 {0.06|006

CeHes + 7%0: = 6CO: + 3H:0. ........ 0.225 | 0.18 { 0 09

2H, +0: =2H.0. .. . ... ...... ... 00256 | .... | 006
Total. .. . . ... 2040 | 109|190 {004

. . 2.04
Dry air theoretically required = 031 = 9.72 cu. m. (1),
Excess air, dry = 0.20 X 972 = 194
Total dry air = 11.66 cu. m

Since the moist air is 1.5 per cent H,0, it is 98.5 per cent dry air; therefore, the
11 66 cu. m. of dry air constitutes 98.5 per cent of the moist air.

11.66

Then total moist air = 0085 = 11.84 cu. m. (2).
HO in moist air = 11.84 — 11.66 = 0.18 cu. m.
O, in excess air = 0.21 X 1.94 = 0.41
N:in total air = 0.79 X 11.66 = 9.21
Total N, in products of combustion = 9.21 + 004 = 9.25 cu. m.
Total H.O in products of combustion = 1.90 + 0.18 = 2.08
COz = 1.09
0, = 041
Total products of combustion = 12.83 cu. m. (3).

Summary.—The various items that may be included in the “products
of combustion” may be listed as follows:
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. Gases formed according to the equations.
. Gases liberated directly from the fuel.

. Nitrogen from the air.

. Oxygen from the excess air.

. Moisture from the air.

U N~

The following example will illustrate collectively the principles so
far given in this chapter:

Example 8 ./
Big lsagle coal fron West Virginia has the composition:
Per Cent Per Cent
C 79.1 S 09
H 6.9 HO 1.8
O 6.6 Ash 33

N 1.4

The flue gases from a furnace using this coal were analyzed and found to contain
6.4 per cent free oxygen, dry analysis.

The ashes from the furnace contained 20 per cent unbhurned carbon.

The atmospheric conditions were: temperature, 61°F.; barometer, 30.3 in.;
humidity, 58 per cent.

Required: 1. The cubic meters of dry air at standard conditions theoretically
required, per kilogram of coal.

2. The percentage of exeess air used.

3. 'The cubic meters of moist air actually used per kilogram of coal, measured at
the given conditions.

4. The percentage composition of the flue gases, wet.
Solution:
Ashes = ash + unburned earbon.
The unburned carbon being 20 per cent of the ashes, the other 80 per cent is

“ash,” which from the analysis would be 0.033 kg. in 1 kg. of coal. "The ashes, there-

fore, weigh % = 0.041 kg, and the carbon unburned 18 0.041 — 0 033 = 0 008 kg.

The weight of carbon burned per kilogram of coal 1s then 0.791 — 0.008 = 0.783 kg.

C + 0, = CO, N 0: = 0.783 x 2t = 1462 cu. m.
2H, + 0, = 2H,0 o 0,=0069 x 22 = 0388
S+0:=80: .. ... 0. = 0.009 X 2524 = 0.006
Total O required = 1.854 cu. m.
O, present in coal = 0.066 X 23—223 = 0.046
O, required from air = 1.808 cu. m.
Air theoretically required = %%’—18 = 8.61 cu. m. per kilogram of coal (1).

Free oxygen amounting to 6.4 per cent of the dry flue gases represents excess air,

which would amount to (—?2—41— = 30.5 per cent of the flue gases. The flue gases exclu-
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sive of excess air are 100 — 30.5, or 69.5 per cent of the entire flue gases (dry). 'To
find the dry flue gases exclusive of excess air:

CO, formed = same as O, for C = 1.462 cu. m.
H.O formed (omit from dry flue

gases)
S0, formed = same as O, for 8 = 0.006
Ny in coal = 0.014 x 22 = 0,011

N from air = 8.61 — 1.808 = 6.802
Total dry flue gases = 8.281 cu. m.

Dry flue gases including excess air = %—z—gé = 11.92 cu. m.

Excess air = 11.92 — 8.28 = 3.64 cu. m.

6
8.61
Total dry air used = 8.61 + 3.64 = 12 25 cu. m. at standard conditions,
Temperature = 61°F. = (61 — 32)%§ = 16°C.
From Table XXIV (p. 401), maximum pressure of water at 16°C. = 13.6 mm.
Humidity 58 per cent; therefore, actual pressure = 0.58 X 13.6 = 7.9 mm.
Barometer = 30.3 in. X 25.4 = 770 mm.

c s . . _ 273 + 16 760 :
Moist air at given conditions = 12.25 X 273 X 0 =79 12.93 cu. m. (3).

H,0 formed from H, = twice O, for H; = 0.772 cu. m.
22.4

Percentage of excess air used = 364 _ 42.3 per cent (2).

H,0 in coal = 0.018 X 18 = 0.022
~ S 7.9
Hzo n airr = 770———_7—9 X 12.25 = 0.127
Total H,O = 0.921 cu. m.

O in excess air = 0.21 X 3.64 = 0.764
Total N; = (0.79 X 12.25) + 0.011 = 9.688 cu. m.

Percentage composition:

Gas Cubic meters | Per cent

CO,. . . 1 462 11 39
H,O0 . . . 0.921 7.17
80,.. . ... . 0.006 0.05
O.... . 0.764 5.94
Nooeooo 0 oo L 9.688 75.45
Total.......... ..... . 12.841 100.00

Calorific Power.—The quantity of heat generated by completely
burning one unit of a fuel is known as the calorific power or heating value
of the fuel. For solid or liquid fuels it is usually expressed in calories
per gram (= Calories per kilogram) or in B.t.u. per pound. For gases
it is usually expressed in calories per liter (= Calories per cubic meter)
or in B.t.u. per cubic foot.
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The calorific power may be determined directly by burning a small
weighed portion of the fuel in a calorimeter and measuring the heat
liberated. When the percentage composition of the fuel is known, the
calorific power may be computed approximately from the analysis by
adding together the heating values of the different combustible elements
in it, each multiplied by the percentage present, and applying certain
corrections as described below. The culorific power depends directly
on the chemical composition and not on the conditions under which the
fuel is burned, since the definition of calorific power assumes complate
combustion. It is thus an important specification for the buyer and
seller of fuel. As such it cannot vary with the conditions under which
the fuel is to be used, and the seller is not cognizant of what these con-
ditions will be.

The actual amount of heat obtained from a fuel as burned is usually
a little less than the calorific power, because of imperfect or incomplete
combustion. The actual amount of heat obtained may be calculated
when the conditions pertaining to the combustion are fully known.

Calculation of heating value of fuels from the analysis is very useful
in practice; the values so obtained are found to check closely—for most
fuels within 1 or 2 per cent—with the values determined by calorimeter.
Let it be required to figure the calorific power of 1 kg. of the coal given in
Example 3. The analysis was: C, 79.1 per cent; H, 6.9; O, 6.6; N, 1.4;
S, 0.9; H:0, 1.8; ash, 3.3. The combustible or heat-giving constituents
are the carbon, hydrogen, and sulphur. The heat produced by 1 kg. of
carbon is usually taken as 8,100 Cal. This value is somewhat uncertain,
since it varies for different forms of carbon. The best determination of
the calorific power of pure crystalline carbon, in the form of diamond,
puts it at 7,870 Cal. per kilogram. But for amorphous carbon, as it
exists in fuels, the value is considerably higher. Determinations with
amorphous carbon in various forms have fallen mostly between 8,050
and 8,150, and there seems to be no reason to depart from the value of
8,100, which has long been in use, though some engineers now prefer
the value 8,080. Apparently 8,100 can be adopted with a probable
error of less than +1 per cent. The carbon in the above coal then
yields 0.791 X 8,100 = 6,407 Cal.

Determinations of the calorific power of hydrogen have fixed this
value at 33,920 Cal. per kilogram. In view of the uncertainty in the
figure for carbon, it is permissible fo round off the figure for hydrogen to
34,000, which will accordingly be used in this book for calculating calorific
powers. Not all the hydrogen in coal, however, will supply heat when
the coal is burned, since some of it is already chemically combined with
the oxygen contained in the coal. The amount estimated to be com-
bined with the oxygen must be deducted from the total hydrogen before
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multiplying by 34,000. The amount so combined is evidently uncertain,
but it is customary to assume that the oxygen in the coal is combined
with hydrogen in the same proportion as in water. Water is 2 parts
hydrogen to 16 parts oxygen by weight. Therefore, from the hydrogen
shown in the analysis, there is deducted an amount of hydrogen equal
to one-eighth the oxygen. Hydrogen in the above coal then yields

(0.069 - 0'266) 34,000 = 2,066 Cal.

The calorific power of sulphur is 2,212 Cal. per kilogram; and since
the amount of sulphur in fuel is always small, this figure may be rounded
t0 2,200. Heat contributed by sulphur in the above coal is then 0.009 X
2,200 = 20 Cal.

The calorific power of the coal is the sum of 6,407 + 2,066 + 20 =
8,493 Cal., when the assumption is made that all the H,O vapor formed
is condensed to water. This is designated the high, gross, or calorimetric
calorific power.

In furnace practice the products of combustion leave the furnace at
high temperature so that the water vapor cannot condense as it does in a
calorimeter. When water vapor condenses, it liberates its latent heat of
vaporization, and this is included in the figures above. In practical
combustion, however, this heat will not become available; consequently
a deduction should be made from the above, not only for the H,O formed
from the hydrogen, but also for the H,O present as moisture in the coal,
here shown in the analysis as 1.8 per cent. Burning the coal causes its
moisture content to evaporate and so absorb heat. The latent heat of
vaporization of H,O is 539 Cal. per kilogram when the water is at the
boiling point. Here, however, the water may be assumed to be at room
temperature, and additional heat is therefore required to evaporate it.
Regnault’s value of 606.5 Cal. per kilogram is often used for the total
heat absorption. But since steam tables give 586 Cal. per kilogram as
the quantity of heat to vaporize water at 18°C., and this figure corre-
sponds exactly to the difference between the heat liberated in forming
liquid water and the heat liberated in forming water vapor from hydrogen
and oxygen at 18°C., as given in tables of heats of formation, the figure
586 will here be adopted.

In burning the above coal the total amount of water vapor will be
(185 X 0.069) + 0.018 = 0.639 kg., and the latent heat will then be
0.639 X 586 = 374 Cal. The corrected calorific power then is 8,493 —
374 = 8,119 Cal.

The calorific power corrected as above for heat absorbed in vaporiza-
tion of water is called the low, net, or practical calorific power. It evi-
dently is of greater significance to the engineer than the high calorific
power, and in this book the term ‘‘calorific power’’ will be assumed to
refer to this lower value unless otherwise stated.




COMBUSTION 27

The precise value to be used for the heat of vaporization differs for different cases
and for different purposes. Strictly, it would not be the same for the water vapor
formed by combustion of hydrogen as for the vaporization of liquid moisture. In
the former case the true correction is the difference between the heat of combustion
of hydrogen as measured by the calorimeter and the heat of combustion as 1t takes
place in the furnace. In the calorimeter most of the water vapor resulting from the
combustion condenses and gives up the heat of vaporization. In a constant-volume
calorimeter, such as the bomb type, the condensation is practically complete, but in
a constant-pressure calorimeter of the Junkers gas type 10 to 20 per cent of the vapor
may escape uncondensed. More important to note, however, is the fact that the
vapor does not condense at 100°C. None can condense until the “dew point” of
the mixture is reached, and this will usually be in the neighborhood of 60°C. Even
there condensation only begins; and since the vapor is cooling rapidly, the greater
part of it will not condense until about room temperature. If it if assumed to con-
dense at 18° the heat given up is 586 Cal. per kilogram. No heat should be added
to this for the cooling of the vapor from 100° down to 18° any more than we add
anything to the 8,100 C'al. for carbon for the cooling of CO,.

In calculating furnace efficiencies and heat balances, the furnace would be charged
with the low calorific power of the fuel. Among the heat losses would be included
the heat carricd out in the hot flue gases. In computing this quantity, only the
sensible heat content will be included; the heat of vaporization of the H,O will not
be included because it has been deducted in obtaining the low calorific power. The
sensible heat content of all the gases will usually be figured from the actual tempera-
ture down to 0°. This places the H,O on the same basis as all the other gases and
prevents confusion. The only inaccuracy introduced is that the heat 1s figured to
0° instead of to 18° but this is a negligible error and applies to the other gases just
as to the H,0.

In the latter case, above—the heat absorbed by vaporization of the liquid moisture
content of the fuel—the problem is different. Here the hquid begins to vaporize
as soon as the fuel begins to heat up; but normally the fuel will heat so quickly that
very little will have vaporized until the temperature is 100°C. or higher. At this
temperature (100°), the heat of vaporization is 539 Cal. But the H,O has been
heated as lhquid to 100°, which requires (from 18° to 100°) an additional 82 Cal.,
making 621 Cal. total absorbed. But since the heat carried out in the H,O vapor
will include the sensible heat in the vapor all the way down to 0° there should be
deducted from 621 the heat content of H;O vapor at 100°, which is 47 Cal. This
leaves 574 Cal. However, the difference between 574 and 586 is small, and the
amount of moisture contained in fuel is likewise usually small, so that no appreciable
error is made in using 586 for the entire amount of H;O. In correcting calorimetrically
measured high calorific powers to obtain the low calorific powers, 1t is possible that
a different value might be preferable, perhaps nearer Regnault’s figure of 606.5.

Dulong’s Formula.—Dulong summarized the calculation of calorific
power from analysis in a formula, which may be stated as follows, using
constants to agree with the values used above:

Low calorific power = 8,100 C + 34,000 (H - g) + 22008 — 586 (9 H + W).

The symbols represent fractions of a kilogram of the various constituents
as shown in the analysis.

The corresponding formula in B.t.u. per pound is:

Low calorific power = 14,600 C + 61,000 (H - 89) +4,0008 — 1,060 9 H + W)
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Calorific Power of Liquid Fuels.—Because of the relatively large
amount of hydrogen contained in crude oil and other fuels of the hydro-
carbon type and the complexity of the chemical combinations of carbon,
hydrogen, and oxygen in these fuels, the probable error in applying
Dulong’s formula to calculate the calorific power is greater than in the
case of coal and similar fuels. The error may be as high as 8 per cent.
Nevertheless, Dulong’s formula is often used when only an approximate
value is needed.

The calorific powers of fuel oils of this type are found to vary pro-
portionately with their specific gravities, the lighter oils having the higher
calorific powers. An approximate empirical formula for calculation of
the high calorific powers of fuel oils from their gravities expressed in
degrees Baumé is as follows:!

B.t.u. per pound = 18,650 + 40 (degrees Baumé — 10).

The calorific power (high) of fuel oils is usually between 10,000 and 11,000
Cal. per kilogram, or 18,000 and 19,500 B.t.u. per pound.

Calorific Power of Gases.—The calorific power of a gaseous fuel may
likewise be determined from the sum of the calorific powers of the con-
stituent gases. In this case any H,O contained is already in the vapor
state. There is no latent heat to be corrected for, if the lower heating
values of the constituent gases are used. The calorimeter would, of
course, measure the higher calorific power of a gas, and a determination

TaABLE II.—CavLoriric Powers (I.ow) oF CommoN FuiEL Gasks

Gas Calories per B.tau.
" cubic meter! | per cubic foot!

CO 3,034 341
H. 2,582 290
CH, 8,560 962
C.H, 13,440 1,510
C.H, . 14,480 1,627
CeH, . 33,490 3,763

1 At standard conditions, 0°C., 760 mm., or 32°F., 29.92 in.

80 made is ordinarily corrected in accordance with the principles given
above. The lower calorific powers of the principal fuel gases are given
for convenient reference in Table II. A more extended table of calorific
powers of gases and liquids is given on page 422.

Heat Losses in Combustion.—If a furnace process were thermally
100 per cent efficient, all the heat available as calorific power in the fuel
would be utilized in the process. Obviously, however, only a small

1 SuErMAN, H. C, and A. H. Krorrr, J. Am. Chem. Soc., 30, 1626 (1908).
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portion of it is so utilized, and the balance is lost in various ways. The
losses may be classified as follows:

1. Unburned fuel in the ashes.

2. Carbon burned to CO instead of CO.,.

3. Heat carried out of the furnace in the hot flue gases

4. Heat carried out in other waste products and in cooling water.

5. Heat transferred to the ground, the furnace, and surroundings by conduction,
convection, and radiation.

The calculation of the amount of item 1 is obvious when the amount
of unburned carbon in the ashes has been determined.

When carbon burns to CO, it enters a lower state of oxidation than
when it burns to CQO., and a smaller amount of heat is generated. Oxida-
tion of 1 kg. of carbon to CO produces 2,430 Cal., as against 8,100 Cal.
when oxidized to CO;. Analysis of the flue gases and determination of
the percentage of CO in them make item 2 readily determined.

Calculation of item 3 requires knowing the temperature of the flue
gases leaving the furnace and a knowledge of the principles involved in
calculating the heat content of a hot body. This will now be considered;
calculation of items 4 and 5 will be taken up later in the book.

Heat Energy and “Heat Content.”—Heat is a transient form of
energy. Heat (¢) entering a body at constant pressure becomes part of
““heat content” (H) of the body,! while heat flow from a body decreases
the heat content thereof. Accordingly we may write:

g = —AH.

Although heat is translated into other forms of energy on ehtering a
body, the metallurgist is so much concerned with the heat requirements
of furnaces, processes, etc., that it is customary for convenience to con-
sider heat as though it remained an entity and to speak of the ‘“heat
content” of bodies. Again for convenience, we shall calculate heat con-
tent with 0°C. as a base line, obtaining not the total heat content but the
content above 0°C. The expressions used for specific heats of substances
will be given in the form of the specific heat at 0°C. plus a term or terms
for the change in specific heat per degree centigrade.

Calculation of Developed Heat Content (Sensible Heat).—When it
was stated that complete combustion of 1 kg. of carbon liberates 8,100
Cal., it was understood that the figure corresponded to an experimental
determination made in a calorimeter, the carbon being at room tempera-
ture (i.e., approximately at 18°C.) when burned. If 1 kg. of glowing hot
carbon is burned, a considerably greater amount of heat is obtained; it
is found that the total is the sum of two components, (1) a latent quantity
of heat equal to the calorific power (8,100 Cal.), plus (2) a developed, or

! In thermodynamics, heat content is usually called enthalpy.
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““gensible,” quantity of heat equal to the amount of heat required to make
the carbon incandescent, i.e., to raise it from room tenfperature to the
temperature it actually possessed when burned. (Both the above cases
presuppose that the oxygen used to burn the carbon was at room tem-
perature. If it were hot, a still greater amount of heat would be avail-
able. The heat available due to the carbon itself would be the same, but
the total would be increased by the heat content of the oxygen.) As
regards the energy content of the hot carbon, evidently it is divisible into
two categories, as follows: undeveloped, or chemically latent, energy,
which will be developed as heat when the carbon burns, and developed,
or sensible, heat, which made the carbon hot before it burned.

The Calorie is equal (approximately) to the quantity of heat required
to raise the temperature of 1 kg. of water 1°C. To raise the temperature
of 1 kg. of carbon 1°C. requires 0.206 Cal. (at 0°C.), which is called the
spectfic heat of carbon. Evidently to raise the temperature of the
carbon to 10°C. would require 2.06 Cal., and this would be the heat con-
tent of 1 kg. of carbon at 10°C. (measured from 0°C.). The general
relation is:

Sensible heat content per kilogram = specific heat X temperature
and
Total sensible heat content = quantity X specific heat X temperature.

The specific heat of substances, however, increases as the tempera-
ture rises, so that in applying the relation just stated it would not be
correct to use the specific heat at 0°C. or at the actual temperature; the
mean specific heat between these two points must be used. If Q be the
heat content in Calories at temperature t°C., W the weight in kilpgrams,
cm the mean specific heat per kilogram between 0 and ¢°, the relation
becomes:

Q = Weut.

The corresponding volumetric relation for gases would be @ = Veal,
where c. is the mean specific heat per cubic meter if V is expressed in
cubic meters. Specific heat is discussed further in Chap. V.

The change of specific heat with temperature can best be expressed
in the form A 4 Bt 4+ Ct?, or A + Bt — Ct~2, where A is the specific heat
at 0°C. and B and C are constants determinable by experiment for
various substances.! For most purposes it is sufficiently accurate to use
an expression of the form A + B, although this form does not fully repre-
sent the shape of the curve giving the variation.

1 For expression of heat content in the form of an integral and caleulation by
integration, see p. 88,
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When this form is used, if the specific heat at ¢° is A + Bt, the mean
specific heat between 0 and ¢° is A + 14Bt. In the reference tables it
will be more useful to give the expressions for mean specific heats between
0 and ¢° than for the actual specific heats at t°.

If it be desired to find the change in heat content of a body whose
temperature changes from ¢, to ¢5, we should proceed as follows:

Heat content at t; = W(A + Bt)t, = WAL, + WBt2
Heat content at {» = W(A + Bla)tys = WAty + WBIi,2
Subtracting:
Change in
heat content = WA(l; — t3) + WB(L:2 — t2?) = W[A + B(t, + t3)](tr — o).

It is here noted that the temperature change is the multiplying factor
outside the bracket, but inside the bracket the factor is the sum of the
two temperatures.

As an example, let it be required to calculate the heat content of the flue gases of
Example 3, assuming their temperature to be 1000°C. The constituent gases and
their volumes were CO,, 1.462 cu. m.; H,0, 0.921; SO, 0.006; O,, 0.764; N, 9.688.
The mean specific heats of these gases per cubic meter (measured at standard con-
ditions) between 0 and ¢° are as follows:!

(O, and SO,: 0.406 + 0.0000901.
H,0: 0.373 + 0.000050¢.
0. and No: 0.302 4+ 0.0000221.

The heat contents (above 0°C.) are, therefore:

In CO; and SO,: 1.468(0.406 + 0.00009 X 1,000)1,000 = 728 Cal.
In H,O: 0.921(0.373 + 0.00005 X 1,000)1,000 = 390
In O; and Nj: 10.452(0.302 + 0.000022 X 1,000)1,000 = 3,386
Total = 4,504 Cal.

4,504
» 8119
cent, of the heating value of the coal would be carried out by the flue gases at 1000°C.

As the calorific power of the coal was computed to be 8,119 Cal.

» or 55 per

Temperature Attained in Combustion.—When a fuel is burned, it
disappears as such, together with the oxygen used in burning it, and there
results a mixture of gases which take up the heat generated from the
calorific power of the fuel and any sensible heat present in the fuel or the
air before combustion took place. This heat is sufficient in quantity
to heat the gaseous products to a high temperature, giving rise to the
phenomenon known as flame. The flame temperature is the maximum
temperature attained by the combustion. It is sometimes called the
calorific intensity.

If the assumption is made that all the heat available or generated in
combustion is present in the gases immediately after combustion, then

1 Derived from constants given by E. D. Eastman, ‘“Specific Heats of Gases at
High Temperatures,” U. S. Bur. Mines, Tech. Paper 445, 1929,
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this quantity of heat is equal to the sensible heat in the gases at their
temperature ¢ and an equation results from which the value of ¢ can be
calculated. The assumption obviously is not wholly true, since some
heat will be lost to the surroundings while combustion is taking place.
Not all of it will be taken up by the gaseous products of combustion even
momentarily, and consequently the actual maximum temperature
attained will be somewhat less than the theoretically calculated maxi-
mum. An additional source of error results from the uncertainty
regarding the accuracy of the values for specific heats of gases at high
temperatures, which error may either increase or counteract the other.
Nevertheless, the calculated result is sufficiently close to be very useful
for comparative purposes, and the principles involved in the calculation
are very instructive as regards the nature of combustion and the relation
between quantity of heat supplied and temperature resulting.
We have:

Total heat avallable = heat 1n products of combustion,
or,
Calorific power + sensible heat in fuel + sensible heat in air
= volume of gases X specific heat X temperature
whence,
calories available
volume of gases X specific heat’

Temperature =

e

Example 4

Calculate the flame temperature of the natural gas in Example 2 (p. 22):

1. Burned with the theoretical requirement of dry air, with sensible heat in both
the natural gas and the air negligible.

2. Burned with 20 per cent excess air, moigt, as specified in Example 2, and with
the air preheated to 600°C. before combustion.

Solution: The products of combustion under theoretical conditions consist of
(see p. 22):

CO; = 1.09 cu. m.
Hao = 1.90
N; = (9.72 — 2.04) + 0.04 = 7.72

The calorific power of the.gas is:

From CH,: 0.85 X 8,560 = 7,276 Cal.
From C,H,: 0.03 X 14,480 = 434
From C¢Hq: 0.03 X 33,490 = 1,005
From H,: 0.05 X 2,582 = 129
Total = 8,844 Cal. per cubic meter

Then:
8,844 = 1.09(0.406 + 0.00009¢)¢
+ 1.90(0.373 4+ 0.00005¢)¢
+ 7.72(0.302 + 0.000022t)¢
or

8,844 = 3.483¢ - 0.000363¢2.
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Solving the equation:
t = 2090°C. (1).

With 20 per cent excess air, moist, therc was used 11.66 cu. m. of dry air and
0.18 cu. m. of H;0. This is preheated to 600°.

11.66(0.302 + 0.000022 X 600)600 = 2,205 Cal.
0.18(0.373 4 0.00005 X 600)600 = 43

Total sensible heat 1n moist air = 2,248 Cal,
Calorific power 8,844

Total heat available = 11,092 Cal.

The products of combustion arc now increased by the excess air and the moisture

of the air. Their totals as found in Example 2 are CO,, 1.09; H;0, 2.08; N: and
0., 9.66.
‘Then:
11,092 = 1.09(0.406 + 0.00009¢)¢

+ 2.08(0.373 + 0.00005¢t)t

+ 9.66(0.302 -+ 0.000022¢)¢ Stack
or -

11,092 = 4.136¢ 4 0.000415¢2.
Solving: o ;
t = 2200°C. (2). et TS
Furnace Borler
Regenerative Furnaces and Waste- P

heat Boilers.—When the flue gases leave :gL L]
a furnace at very high temperature, as 1 l
. = HLLL
in an open-hearth steel furnace or a = . “ KSID
reverberatory copper-smelting furnace, Regenerators i o=t
the heat contained in them would entail . HEREL
a huge loss were not means taken to Pl
recover a large part of it. One means of srnosnnd sl
recovery is by allowing the hot flue gases Fre. 1.—Diagram illustrating

to pass through a brick checkerwork
immediately after leaving the furnace
proper, causing the brick to heat up and
thereby absorb a great deal of heat from
the gases, which leave the ‘‘checkers”

flow of gaseous products of com-
bustion 1n lay-out of open-hearth
plant: a, gases 1in furnace; b, enter-
ing regenerators; ¢, leaving regen-
erators to enter waste-heat boiler;
d, entering stack. (Spacing of
units has been modified to simplify

several hundred degrees cooler than when lUstration.)

they entered. The incoming air used for combustion in the furnace,
and the fuel gas also if the furnace is fired with producer gas or a
similar gas, then passes through the hot checkers, the flow having
been changed by a reversing valve, and becomes heated by absorbing
the heat from the checkers. Thus this heat is carried back into
the furnace again, not only saving it, but also increasing the tem-
perature in the furnace by preheating in accordance with the principles
illustrated in Example 4. This manner of saving heat and raising the
furnace temperature is termed regeneration,
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Another method of saving heat is to cause the flue gases to pass
through a ‘‘ waste-heat boiler,” which produces steam in the same manner,
as an ordinary boiler. Often a furnace is provided with both means of
heat economy, the hot gases going first through the checkers and then
through-a waste-heat boiler (see Fig. 1).

Knowing the composition of the flue gases and the temperature at
the various points in such a system, one may readily calculate the heat
content of the gases at the different points and by subtraction find the
heat given up in the furnace proper, the checkers, the waste-heat boiler,
etc. The thermal efficiency of the checkers may then be determined if
it is known to what temperature they preheat the incoming air or gas,
and the efficiency of the boiler may be calculated from the steam data.
A simplified example will suffice as an illustration.

Example b
The natural gas of Example 2 is used in a regenerative furnace, using 20 per cent
excess air, the air being moist as in Example 2. The flue gases leave the furnace
at 1500°C. and enter regenerators at that temperature. They leave the regenerators
at 800°C., passing directly to a waste-heat hoiler. They leave the boiler at 350°C.
The regenerators preheat the incoming air to 600°C. The boiler develops 0.2
hoiler hp. for each eubic meter of natural gas burned per hour.
Required: 1. The heat given up by the flue gases, per cubic meter of natural gas
burned:
a.. In the furnace proper.
b. In the regenerators.
¢. In the boiler.

2. The thermal efficicncy of the regenerators and of the boiler.

Solution: The products of combustion have been found (p. 22). They are: CO,,
1.09 cu. m.; H,0, 2.08; O: and N2, 9.66. The heat capacity of these gases at any
temperature £ is: ’

.

CO,: 1.09(0 406 + 0.00009t)t = 0.443t + 0.000099¢2

H.0: 2.08(0.373 + 0.00005¢)t = 0.776¢ 4 0.000104¢2

N: and O:: 9.66(0.302 + 0.000022)¢ = 2.917¢ 4 0.000212¢2
Total = 4.136¢ + 0.000415¢2

When
t = 1500° thc gases contain 4.136 X 1,500 + 0.000415 X 1,500% = 7,138 Cal.
t = 800° the gases contain ' 3,574
t = 350° the gases contain 1,498

The total heat entering the furnace (found on p. 33) was 11,092 Cal.

Heat given up in furnace proper = 11,092 — 7,138 = 3,954 Cal. (a).
Heat given up in regenerators = 7,138 — 3,574 = 3,564 Cal. (b).

Heat given up in boiler = 3,574 — 1,498 = 2,076 Cal. (c).
The heat imparted to the air preheated to 600°C. (found on p. 33) was 2,248 Cal.
The heat entering the regenerators was 7,138 Cal. Thermal efficiency = %%—g =31

per cent (2a).
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By definition, 1 boiler hp. evaporates 34.5 Ib. of water per hour from and at 212°F.
To evaporate 1 lb. of water requires 971 B.t.u., or 244.4 Cal. Therefore, 1 boiler hp.
is equivalent to 244.4 X 34.5 = 8,440 Cal. per hour.
0.2 boiler hp. per cubic meter X 8,440 = 1,688 Cal. utilized in boiler per cubic
meter of gas burned.
The heat entering the boiler was 3,574 Cal.; ;—’gg—z = 47 per cent (2b).
’

Problems

Nork: The problems on combustion assume perfect combustion of the fuel in the
sense that all the carbon burned goes to CO, and all the hydrogen to H,O. The térm
‘““theoretical”’ air designates the amount as determined by the equations, without
excess air; it does not mean that all the carbon 1n the fuel is assumed to burn. Even in
caleulating the theoretieal air requirement, the amount of carbon left unburned in the
ashes is to be deducted from the total carbon in the fuel before computing the oxygen
requirement from the equations. In certain cases, combustion may be imperfect,
1.e, some of the carbon may burn to CO instead of CO;; when this is the case, the
statement of the problem will definitely make this point clear.

10. A furnace used for melting brass uses coke as a fuel. The composition of the
coke is as follows:

Per Cent

¢ 82
H 4
HO 2
Ash 12

The ashes from the furnace amount to 15 per cent of the weight of the coke. 60
per cent more air 1s used than theoretically required.

Required: 1. The cubic meters of air theoretically required for combustion of 1 kg.
of the coke. Calculate by the weight method. .

2. The volume of air actually used per kilogram of coke. Calculate by the volume
method.

3. The volume of the products of combustion (flue gases) when using only the
theoretical requirement of air. (alculate by weight and change to volume.

4. The volume and percentage composition of the produets of combustion as
actually formed (z.e., 1neluding excess air)  Calculate directly by the volume method

11. A smelting furnace burns powdered coal of the following composition:

Per Cent Per Cent
C 76.0 S 1.2
H 49 H,0 1.5
O 7.8 Ash 6.9
N 1.7

The burners are supplied with 30 per cent more air than theoretically required for
complete combustion.

Required: 1. Per kilogram of coal, the kilograms of air supplied.

2. Per kilogram of coal, the cubic meters of air supplied. Calculate both from the
result of requirement 1 and also by the direct volume method.

3. Per pound of coal, the cubic feet of air supplied.

4. Per kilogram of coal, the total weight of the products of combustion.
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5. Per kilogram of coal, the total cubic meters of products of combustion. Use
the direct volume method.

6. Per pound of coal, the cubic feet of products of combustion.

12. A sample of charcoal has the following analysis:

Per Cent
C 87.43
H 226
0O 054
H,O 821
Ash 1 56

The charcoal is burned with 20 per cent more air than is theoretically required
The air is at 15°C. and barometric pressure of 748 mm., assumed dry. The ashes
amount to 2 per cent of the weight of the charcoal.

Required: 1. The volume of air, in cubic feet at standard conditions, theoretically
required to burn 1 lb. of charcoal, calculated by the weight method.

2. The same, calculated by the direct volume method.

3. The volume of air actually used, at the conditions given.

4. The weight of air used, 1n pounds.

5. The volume and percentage composition of the productb of combustion.

6. The weight of the products of combustion.

138. A metallurgical furnace uses bituminous coal of the following composition:

Per Cent Per Cent
C 722 0O 7.8
H 50 S 08
~ N 17 Ash 125

The ashes from the furnace are one-fourth unburned carbon. The outside air s
at 22°C. and 751 mm. barometric pressure. 50 per cent more air is used than the
theoretical requirement.

Required: 1. The cubic feet of air (at standard conditions) theoretically required
to burn 1 Ib. of coal

2. The cubic feet of air actually used at the given conditions

3. The volume of the products of combustion (flue gases) in cubic feet, and thewr
percentage cormposition.

4. The cubic meters of air (at standard conditions) actually used, per kilogram
of coal. )

5. The volume of the products of combustion 1n cubie meters, and their percentage
composition.

14. A furnace burns in 24 hr. 914 metric tons of the following coal:

Per Cent

C 760
H 45
0 125
HO 10
Ash 6.0

980 kg. of ashes is made. The total volume of flue gases leaving the stack in
24 hr. is 228,000 cu. m., measured at the stack temperature of 330°C, and pressure of
725 mm.
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Required: 1. The cubic meters of air theoretically required to burn the coal, at
standard conditions.

2. The percentage excess air used.
16. A sample of coal has the following composition:

Per Cent Per Cent
C 739 N 14
H 48 H,O 54
Q 88 Ash 57

When the coal was used in a furnace, the ashes contained 18 per cent carbon a.nd
the flue gases analyzed 12 per cent free oxygen, dry analysis.

Required: 1. The theoretical requirement of air, in cubic feet per pound of coal

2. The volume of ‘air actually used, and the percentage excess air.

3. The percentage composition of the total flue gases, wet analysis.

168. A coal has the following analysis:

Per Cent Per Cent
C 53 76 N 076
H 4 44 H,O0 273
O 12 54 Ash 21 76
S 401

It is burned in a furnace, using 40 per cent excess air. The ashes from the furnace
are 25 per cent unburned carbon.

The air temperature 1s 18°C. and barometric pressure 740 mm.; air assumed dry.

Requared: 1. The volume of air theoretically required to burn 1 kg. of coal, at
standard conditions.

2. The volume actually used, under the conditions given.

3. The percentage composition of the products of combustion.

4. The grams of moisture carried by each cubic meter of the products of combus-
tion.

17. An open-hearth steel furnace is fired with producer gas that analyzes as
follows:

Per Cent Per Cent
CO 24.4 CH, 4.0
CO; 49 N: 53.7
H, 10 2 HO 28

In burning it, 10 per cent excess air is used. The air and gas enter the ports of
the furnace at a temperature of 500°C., pressure 800 mm. The products of combus-
tion leave the furnace at 1500°C., 750 mm.

Required: 1. Per cubic meter of gas at standard conditions, the cubic meters of air
used at standard conditions.

2. Per cubic foot of gas at the given conditions, the cubic feet of air used at the
given conditions.

3. Per cubie foot of gas at the given conditions, the cubic feet of air measured at
standard conditions,

4. Per cubic meter of gas at standard conditions, the cubic meters of the products
of combustion at standard conditions, and their percentage composition.

5. Per cubic meter of gas at standard conditions, the cubic meters of total products
of combustion measured at the conditions under which they leave the furnace.

6. Per cubic foot of gas under the given conditions, the total cubic meters of
products of combustion as they leave the furnace.
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18. A zine plant uses natural gas as fuel. The gas issucs from the pipes at 20°C.,
940 mm. The outside air 1s at 10 below 0°C., 720 mm., and the air is preheated to
500°C. before using.

The composition of the gas is as follows:

Per Cent Per Cent,
CH, 94 2 CO 08
CsH, 08 CO, 04

0, 06 N, 32

Required: 1. The cubie feet of air used to burn 1 cu. ft. of gas, allowing 10 per cent
excess and measuring the gas at the conditions as obtained {rom the pipes,’and the ar
at the outside conditions.

2. The same, but with the air measured as preheated.

3. The products of combustion at standard conditions, per cubic foot of gas at
standard conditions.

4. The products of combustion at standard conditions per cubie foot of gas under
the conditions as obtained.

19. The composition of a fuel gas is as follows:

Per Cent Per Cent
H, 40 O 18
CH| 22 02 1
CH, 7 0. 3
N. 4 H.O !

o

In burning it, air is supplied to an amount 15 per cent in excess of the theoretical
requirement. T

Required: 1. 'The cubic meters of air used to burn 1 eu. . of gas.

2. The cubic meters of the products of combustion from [ en m. of gas, and their
percentage composition.

3. The weight in kilograms of 1 cu. m. of gas and of 1 eu. m of the products of
combustion.

4. ,The weight of air used to burn 1 kg. of gas

5. The grams of water vapor contained in 1 cu m. of the gas and in 1| cu. m of the
products of combustion

20. Natural gas analyzed as follows:

Per Cent
CH, 82
H, 4
COo 5
CO, 7
N, 2

The gas flows from the pipe at a temperature of —8°C., pressure 820 mm., and 18
burned with air that has a temperature of 30°C., pressure 735 mm. The products of
combustion carry 3 per cent free oxygen.

Required: 1. The cubic meters of air used to burn 1 cu. m. of gas, both measured
at standard conditions, and the percentage excess air used.

2. The percentage composmon of the products of combustion.

3. The cubic meters of air used to burn 1 cu. m. of gas, both measured at their
actual congitions.
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4. The weight of 1 cu. m. of the gas, under its actual conditions.

5. The kilograms of air used to burn 1,000 cu. m. of gas, measured under 1ts actual
conditions.

21. A furnace burns the following coal, using 60 per cent excess air:

Per Cent Per Cent
C 746 0O 82
H 46 H,O 50
N 13 Ash 6 3

The ashes from the furnace analyze 20 per cent carbon. The air used is moist,
carrying 22 g. of water vapor per cubic. meter of dry air.

Requared: 1. The cubic meters of dry air theoretically required per kilogram of coal,
referred to standard conditions.

2. The cubic meters of moist air actually used, referred to standard conditions

3. The total volume of the flue gases. .

4. 1If the amount of moisture in the air were 22 g of water vapor per cubie meter
of mowt air, what would be the volume of moist air actually used for the combustion of
the coal?

22. Coal used in finng a reverberatory furnace analyzed as follows:

Per Cent. Per Cent
¢ 650 N 20
H 58 H,O 48
0O 102 Ash 12 2

The ashes from the furnace amounted to 15 per cent of the coal. 75 per cent excess
air was supphed for combustion.  The air carried 15 g. of water vapor in each cubic
meter of moist air.

Required: 1. The cubic meters of the mowst air supphed, per kilogram of coal.

2. The grams of water vapor contained 1n each cubic meter of the flue gases.

23. A bitummous conl has the following composition

Per Cent Per Cent,
¢ 76 N 14 *
H 48 HO 46
O 86 Ash 100

It was burned with 75 per cent excess air.  The ashes from the furnace contained
13.6 per cent unburned carbon. The ar used was at 15°C., 772 mm. barometric
pressure, and carried 11.6 g. of water vapor per cubic meter of dry air measured at.
standard conditions.

Requared: 1. The volume of dry air theoretieally required per kilogram of coal,
messured at the given conditions.

2. The volume of moist air actually used, and the percentage humidity.

3. The total volume of the chumney gases as they issue from the chimney at a
temperature of 420°C.

24. The analysis of a soft coal is as follows:

Per Cent Per Cent
C 724 0O 10.0
N 18 Hzo 2.4
H 64 Ash 70
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When this coal was burned in a furnace, using 80 per cent excess air, the ashes
averaged 15 per cent unburned carbon. The air used for the combustion carried
12 mm. of water vapor, the barometric pressure being 720 mm.

Required: 1. The total volume of air used (including the moisture content), per
kilogram of coal burned.

2. The volume and percentage composition of the products of combustion (flue
gases).

3. The weight of the moist air and the total weight of the flue gases of which the
volume was determined in requirements 1 and 2.

26. A Pennsylvania coal has the following composition:

Per Cent Per Cent
C 80.3 N 15
H 49 H,O 2.0
0 3.1 Ash 8 2

When it was used 1n a furnace, the ashes amounted to 12.1 per cent of the weight
of the coal. 30 per cent excess air was used, and the air was three-fourths saturated
with water vapor  The temperature of the air was 15°C , barometer 740 mm.

Required: 1. The cubic feet of air used, measured dry at standatd conditions, per
pound of coal.

2. The cubic feet of air used under the actual conditions

3. The volume of the fluc gases and the grains of moisture carried mm them per
cubic foot.

26. Bituminous coal used in a reverberatory furnace analyzed as follows:

Per Cent Per Cent
C 754 N 16
H 66 HO 20
0o 7.2 Ash 6 4
S 0.8

It was burned in a furnace with 60 per cent more air than theoretically required.
4 per cent of the carbon contained 1n the coal was lost unburned in the ashes.

Required: 1. Phe cubic meters of air theoretically required per kilogram of coal,
measured dry at standard conditions.

2. The cubic meters of moist air used if it were one-half saturated with water vapor
and at 22°C., 740 mm. pressure.

3. The cubic meters of flue gases formed in this case

4. The percentage composition of the flue gases.

5. The partial pressure of the water vapor in the flue gases.

27. A crucible furnace for melting aluminum used coke as a fuel. The composi-
tion of the coke was:

Per Cent
C 85
CH 1
H, O 2
Ash 12

The ashes from the furnace were one-fifth unburned carbon. There was used, per
kilogram of coke, 12 cu. m. of moist air, measured at standard conditions, carrying
20 mm. of water vapor. Barometer, 720 mm.
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Required: 1. The percentage of excess air used.

2. The total volume of the flue gases (wet) and the percentage of free oxygen in
them.

3. If the flue gases had contained 6 per cent oxygen, dry analysis, what percentage
of excess air would this have indicated?

28. The flue gases from a furnace burning powdered coal were analyzed and found
to contain 5.7 per cent free oxygen, wet analysis. The composition of the coal was:

Per Cent Per Cent
C 7136 N 1.7
H 53 H,O 14
O 100 Ash 80

The atmospheric conditions were: temperature, 52°F.; barometer, 28.9 in ;
humidity, 68 per cent.

Required: 1. The volume of dry air, in cubic feet at standard conditions, theoreti-
cally required per pound of coal.

2. The percentage excess air used.

3. The volume of moist air actually used per pound of coal, measured at the given
conditions. '

4. The grains of moisture carried per cubic foot of flue gas, and the partial pres-
sure of the water vapor in the flue gases.

29. A coal analyzed as follows:

Per Cent Per Cent
C 67.5 N 10
H 49 HO 2.8
0O 93 Ash 14.5

When burned in a furnace, the flue gas was analyzed and found to contain 11.5
per cent CO,, dry analysis. The ashes from the furnace carried 18 per cent unburned
carbon. Air temperature, 20°C., barometer, 765 mm., saturated with water vapor.

Required: 1. The cubic meters of air, dry, theoretically required per kilogram of
coal, measured at standard conditions.

2. The percentage excess air used.

3. The cubic meters of moist air actually used under the given conditions.

4. In making the dry analysis of flue gas, how many grams of moisture were
removed per cubic meter of wet flue gas as measured at standard conditions?

80. An open-hearth furnace used coke-oven gas as a fuel. Its analysis was as
follows:

Per Cent Per Cent
. H, 445 CH, 30
CO 60 CeHse 08
CO; 3.0 N: 84
CH, 340 0, 03 '

20 per cent excess air was used, and the air contained 20 g. of water vapor per
cubic meter of moist air.

Required: 1. The cubic meters of moist air used per cubic meter of gas.

2. The volume of the products of combustion, per cubic meter of gas.

3. The grams of water vapor contained in a cubic meter of the products of combus-
tion.
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31. The coke-oven gas used in heating the ovens at a coke plant analyzed as
follows:

Per Cent Per Cent
CO, 38 CeHy 1
CO 6 H, 44
CH, 35 N. 9
CH: 2

This analysis was made after drying the sample; actually the wet gas was 12 per cent
H,0. The air contained 3 per cent moisture.

The products of combustion from the heating chambers carried 2.6 per cent free
oxygen, dry analysis.

Requared: 1. The cubic meters of moist air used in burning 1 cu. m. of wet gas.

2. The percentage excess air used.

3. The volume of each constituent of the flue gases.

4. The grams of moisture contained in 1 cu. m. of the flue gases.

32. A coke-oven gas made from Connellsville coal has the following composition:

Per Cent Per Cent
CeHy 08 CO;, 12
CH, 30 H, 528
CH, 320 N, 04

cCO 75 H.O 23

It enters the ports of an open-hearth furnace at a temperature of 90°F , pressure
31.90 in. of mercury. It is burned with 25 per cent excess air, the temperature and
pressure of which are 1800°F., 31.20 in  The air contains 2 per cent water vapor.
The flue gases leave the furnace at 3000°F , 29 60 in.

Required: 1. The cubic feet of dry air theoretically required to burn 1 cu. ft. of
gas, both measured at standard conditions.

2. The cubic feet of moist air actually used per cubic foot of gas, both measured
at the actual conditions.

3. The percentage composition of the products of combustion, and their total
volume as they leave the furnace.

83. A zinc furnace is fired with natural gas analyzing as follows:

Per Cent Per Cent
CH. 833 H, 22
CHy 32 N, 12

CO 34 HO 26
CO, 41

The gas was burned in the furnace with 5 per cent more air than required for
perfect combustion. Air temperature, 25°C.; barometric pressure, 745 mm.; air
two-thirds saturated with water vapor. Gas temperature when burned, 15°C.;
pressure, 785 mm.

Required: 1. The cubic meters of dry air theoretically required per cubie meter of
gas, both measured at the same conditions.

2. The cubic meters of moist air actually used per cubic meter of gas, both meas-
ured at actual conditions.

3. The percentage composition of the flue gases leaving the furnace.

4. The temperature at which water vapor will begin to condense from the flue
gases (i.e., saturation temperature for the partial pressure exerted by the moisture
in the flue gases)
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5. If the flue gases are cooled down to 25°C., what will then be the percentage of
water vapor in them, and how many grams of H,O will have condensed per cubic
meter of dry gas (measured at standard conditions)?

34. Coke-oven gas used in firing an open-hearth steel furnace had the following
composition:

Per Cent Per Cent.
CH, 35 CO 6
C2H4 4 02 ]
H, 36 N, 12
CO, 4 H.0 2

The products of combustion contained 4.4 g. of moisture (water vapor) jin each
cubic foot. The air used for combustion carrnes moisture. 20 per cent excess air
was used

The saturation pressure for water vapor m the air at the temperature used 18
26 mum. Barometer, 760 mm.

Required: 1. The volume of dry air (cubie feet) theoretically required for the
combustion of 1 cu. ft. of the coke-oven gas.

2. The dry analysis (7.c., excluding all the H:O content) of the products of com-
bustion

3. The grams of moisture per cubie foot of the moist air, and the percentage
hunudity

36. A Pennsylvania coal has the following composition:

Per Cent Per Cent
C 77 20 S 142
H 510 HO0 145
0o 722 Ash 5.93
N 168

1t 18 burned with 60 per cent more air than theoretically required. The ashes
from the furnace amount to 9.30 per cent of the weight of the coal.

Required. 1. The net calorific power of the coal in Calories per kilogram and
B.t u. per pound.

2 The cubie meters of air used in combustion, per kilogram of coal.

3 The percentage composition of the flue gases. ,

1. The moisture content of the flue gases, in grams per cubie meter and in grains
per cubie foot.

36. A Pennsylvania coal has the following composition:

Per Cent Per Cent
C 76 3 S 25
H 19 H,O0O 20
0O 31 Ash 8 2
N 30

When this was used in a furnace, the ashes contained 14.0 per cent unburned
carbon. 30 per cent excess air was used. The temperature of the air was 25°C.;
barometer, 740 mm.; partial pressure of moisture in the air, 18 mm.

Required: 1. The practical calorific power of the coal, in B.t.u. per pound, and the
percentage of it lost owing to unburned carbon in the ashes.

2. The cubic feet of air theoretically required, measured dry at standard condi-
tions, per pound of coal.
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3. The cubic feet of moist air actually used, measured under the given conditions,
per pound of coal.

4. The percentage composition of the flue gases, and the grains of moisture carried
by them, per cubic foot measured at standard conditions

87. A coal has the following composition:

Per Cent Per Cent
C 760 O 7.8
H 49 HO 15
S 1.2 Ash 86

It is burned on a grate in a furnace used for melting pure copper for casting mto
ingots. 150 metric tons is melted in 10 hr., using 17 metric tons of coal. The ashes
are found to contain 25 per cent unburned carbon. Just melted copper contains
172 Cal. per kilogram. The gases leave the furnace at 1000°C.

Required: 1. The cubic meters of air used per kilogram of coal.

2. The cubic meters of flue gases leaving the furnace per hour, actual conditions.

3. The calorific power of the fuel, per kilogram.

4. The percentage of the original calorific power utilized in melting the copper.

38. A furnace burns 3 metric tons of the following coal:

Per Cent Per Cent
¢ 69 4 O 96
H 48 HO 6 2
N 08 Ash 9 2

310 kg. of ashes 18 made. The gases passing out of the stack are found to amount
to 65,200 cu. m. measured at the stack temperature of 230°C. and pressure of 725 mm.

Requared: 1. The calorific power of the coal, per kilogram.

2. The percentage of the calorific power of the coal represented by the unburned
carbon in the ashes.

3. The cubic meters of air theoretically required to burn the coal, at standard
conditions.

4. The percentage excess air used

39. A Bethlehem blast furnace burns in its combustion zone 760 metric tons of
coke per day. The coke has the following composition:

Per Cent
C 888
H 12
O 08
Ash 8.8
Moisturc 0 4

In the combustion zone of the blast furnace, conditions are such that the carbon
of the coke burns entirely to CO, while the hydrogen does not burn; there is no excess
air.

The average atmospheric conditions for the months of January and July, according
to the Lehigh University Weather Bureau, were as follows:

January: Temperature, —1°C.; pressure, 764 mm.; humidity, 78 per cent.
July: Temperature, 24°C.; pressure, 747 mm.; humidity, 68 per cent.

Carbon burned to CO develops 2,430 cal. per kilogram,
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The moisture in the air is decomposed in the combustion zone of the furnace,
absorbing 3,213 Cal. per kilogram.

Requared: 1. The cubic meters of blast (air) used per kilogram of coke, if the air is
assumed dry at standard conditions.

2. The same, but including moisture and measured at the atmospheric conditions
for July.

3. The calorific power of the coke (per kilogram).

4. The percentage of this calorific power that is actually developed in the com-
bustion zone of the furnace.

5. The kilograms of H.O entering the furnace in the blast per average day, in
January and in July.

6. What percentage of the heat developed in the furnace by combustion of the
coke was required to decompose this H,O in each of these months?

7. The percentage composition of the gas resulting from the combustion, n
January.

40. A furnace is fired with o1l having the following analysis:

Per Cent
C 84.6
H 10.9
S 07
O 38

Air is supplied 15 per cent in excess of the theoretical requirement. Specific
gravity of the oil, 0.924; degrces Beaumé, 21 3.

Required: 1. The calorific power of the oil, both kigh and low, in B t.u. per pound
and in Calories per gallon (use Dulong’s formula).

2. The calorific power computed from the formula of Sherinan and Kropff.

3. The cubic feet of air used, per pound of oil.

4. The percentage of free oxygen in the products of combustion.

41. A furnace uses coke-oven gas of the following composition:

Per Cent Per Cent
H, 376 30 56
CH, 408 CO., 37
CH, 46 N, 54
CH, 12 H,O 11

The gas is burned with 20 per cent excess air. The air carries moisture; assume
the humidity to be 40 per cent. The air temperature 1s 25°C., barometer 730 mm.

Required: 1. 'The calorific power of the gas, per cubic meter at standard conditions
and per cubic meter measured at the atmospheric conditions.

2. The cubic meters of moist air at the given conditions used to burn 1 cu. m. of
gas measured at standard conditions.

3. The total volume of the flue gases resulting from the combustion of 1 cu. m. of
gas at standard conditions.

42. Producer gas used for firing an open-hearth furnace had the following composi-
tion:

Per Cent Per Cent,
CO 25.4 CH, 21
CO, 4.4 HO 29

H, 17 2 N:. 480



46 METALLURGICAL PROBLEMS

It was burned with 10 per cent excess air. The air used carried moisture amount-
ing to 16 grains per cubic foot of moist air. Barometric pressure 750 mm

Requured: 1. The calorific power of the gas, per cubic foot.

2. The cubie feet of the moist air used to burn 1 cu. {t. of gas.

3. The percentage composition of the products of combustion.

4. The partial pressure of the moisture 1in (a) the air, (b) the products of combus-
tion.

43. Following is the composition of a coal from Newecastle, England (dry analysis):

Per Cent Per Cent
C 780 S 14
H 4.8 N 18
O 103 Ash 37

In addition the coal carries moisture equal to 4.2 per cent of its dry weight. Itis
burned in a smelting furnace with 60 per cent more air than theoretically required.
The ashes from the furnace amount to 4.3 per cent of the coal. The ar, assumed dry,
18 at 20°C., 740 mm pressure.

The flue gases leave the furnace at a temperature of 1000°C.

Required: 1 'The calorific power of the coal, dry and wet.

2. The cubic meters of air used to burn the coal, per kilogram of wet coal, at the
given conditions. :

3. The volume and percentage composition of the flue gases as they leave the
furnace.

4. The quantity of heat mn (‘alories per kilogram of wet coal carried out of the
furnace in the flue gases.

44. A furnace uses the following coal:

E Per Cent
C 80
H 4
0O 8
H,O 4
Ash 4

‘The ashes taken from the furnace consist of 315 parts ash to 1 part carbon

The amount of awr supplied was onc-sixth more than the theoretical requirement.
The air carried moisture to the amount ot 25 g. per cubic meter of mowst sar  The
gases leave the stack at 600°C.

Required: The percentage of the calorfic power of the coal that is carried out of the
stack in the hot flue gases.

46. A smelting furnace burns pulverized coal from Illinois, using air 20 per cent in
excess of the theoretical requirement, the air containing 1 per cent moisture. 'The
coal analyzes as follows:

Per Cent Per Cent,
C 548 N 11
H 39 S 386
0O 87 Ash 147
. H,O 132

The resulting gaseous products leave the furnace at 2200°F.

Required: 1. The cubic feet of air (moist) used per pound of coal.

2. The volume and percentage composition of the products of combustion
3. The calorific power of the coal.
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4. The percentage of the heating value of the coal lost in the hot gases.
5. What proportion of this loss 18 due to the excess air?
46. A bituminous coal has the following analysis:

Per Cent
C 68
H 7
o 9
HO 4
Ash 12

It is used in firing a reverberatory furnace, and the flue gases pass out of the furnace
at a temperature of 1200°C. The air contains 20 g. of moiwsture per cubic meter of
moist air.  Assume this moisture passes through the furnace unchanged

In case a, the coal is burned with 80 per cent excess air and the ashes amount to
14 per cent of the weight of the coal.

In case b, only 40 per cent excess air is used and the ashes are one-third carbon.

Compare, for the two cases, the waste of heat represented by the heating value of
the unburned carbon plus the heat carried out in the hot flue gases.

47. A furnace installation is being contemplated, and the economy of various
types of furnaces is under consideration. In one of the investigated types natural
gas of the following composition is used as fuel, with 10 per cent excess air:

Per Cent Per Cent
CO 058 C:Hs 7.92
H. 29 03 C.H, 0.98
CHs 60 70 N; 0.79

Type B furnace used as fuel bituminous coal of the following composition, with
50 per cent excess air:

Per Cent Per Cent
C 73 00 0O 970
H 520 H.O 3 20
N 140 Ash 6.75
S 075

The air used for combustion in each case would contain 35 g. of mosture per cubie
meter of moist air, measured at the conditions under which it enters the furnuace.
The air enters at 20°C., 770 mm.

Required: 1. How many kilograms of coal are necessary to furnish the same heating
value to the process as 1 cu. m, of gas, disregarding heat contained in the air?

2. Calculate the amounts of air (actual conditions) required by cach process to
obtain the same heating value as in requirement 1.

3. If the flue gases from the, gas furnace enter the stack at 1000°C., how will the
loss of heat in these flue gases ('ompare with the calorific power of the gas burned?
Also, how will the heat loss in the stack gases compare with the calorific power in the
case of the coal furnace?

48. Pulverized coal used in a reverberatory furnace analyzed as follows:
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The coal is burned with 40 per cent excess air. Assume that the coal enters the
furnace at 0°C.,, the air at 60°C. The products of combustion leave the furnace at
1200°C.

Assume the mean specific heat of SiO; to be 0.18 + 0.00008:.

Regquired: 1. 'The practical calorific.power of the coal.

2. The heat supplied to the furnace, per kilogram of coal.

3. The percentage of this heat that is carried out of the furnace in:

a. The products of combustion exclusive of the excess air.

b. The excess air

¢. The ash. (Assume the ash to be SiO; and to leave at the sume temperature
as the gases.)

4, If the furnace burns 2.5 metric tons of coal per hour, what hoiler horsepower
can be developed by passing the gases through waste-heat boilers having a thermal
efficiency of 65 per cent?

49. An open-hearth furnace hurns producer gas having the following composition,
using 9,000 cu. m. of gas per hour (measured at 300°C.):

Per Cent Per Cent
COo 220 CH, 33
CO, 57 H,O 26
H, 105 N, 559

The gas is burned with 20 per cent more air than theoretically required. It enters
the ports of the furnace at a temperature of 300°C", and the air used to burn it enters
at 800°C.

Required: 1. The cubic meters of air used to burn 1 cu. m of gas, both measured
at the temperature given.

2. The percentage composition of the flue gases

3. The calorific power of the gas in Calories per cubic meter and in B t.u. per
cubic foot.

4. The quantity of heat supplied to the furnace per minute, in C'alories.

50. A natural gas from Galveston, Tex , contains by analysis the following.

Per Cent Per Cent
CH, 92 CO, 0 27
H, 22 H.,S 010
C:H, 0 50 0. 024
CO 0 56 N: 413

The gas is used as fuel in an open-hearth steel furnace. The air supplied for
combustion is at a pressure of 780 mm., a temperature of 40°C., and contains 1.5 per
cent moisture. 10 per cent excess air is used. The flue gases enter the stack at
500°C.

Required: 1. The volume of moist air actually used under given conditions for the
combustion of 1 cu. m. of gas measured at standard conditions.

2. The volume of the products of combustion per cubic meter of gas burned
(standard conditions).

3. The calorific power of the gas, and the heat lost in the outgoing gases.

4. If the air were preheated to 1000°C., what would be the total heat input to the
furnace per cubic meter of natural gas burned?

81. Powdered coal used in a cement kiln has the following composition:
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Per Cent Per Cent

C 73.6 0, 100
H, 5.3 Ash. 8.5
N, 1.2 HO 0.6
S 0.8

Required: 1. The calorific power of the coal, both high (calorimetric) and low
(practical).

2. The calorific intensity, if completely burncd with the theoretical requirement
of air.

3. If the coal is burned with excess air, and the products of combustion are found
on analysis to contain 4.5 per cent free O, what percentage of excess ar is used?

4. What is the calorific intensity in this case?

62. Coke analyzes as follows:

Per Cent

C 805
H 11
Ash 9 4

Required: 'The theoretical maximum temperature of the flame when the coke 1s
burned:

a. Under theoretical conditions.
b. With 50 per cent excess air.
¢. With 10 per cent excess air, the air preheated to 1000°C.

63. Following is the composition of a California erude oil:

Per Cent
C 81 52
H 1101
S 0.55
0O 612
N 080

The specific gravity is 0.966. It is burned with 8 per cent excess air, the air carry-
ing 21 g. of water vapor per cubic meter of dry air.

Required: 1. The low calorific power of the oil, in Calories per kilogram and in
B.t.u. per gallon. )

2. The theoretical maximum flame temperature when burned.

54. Producer gas analyzes as follows:

Per Cent Per Cent
CO 252 CH, 40
H; 153 HO 29

CO; 50 N, 47 6

Required: 1. The theoretical calorific intensity of this gas.

2. The theoretical lame tempera