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GENERAL PREFA “ETQ THE SERIES

——

T object of the series of volumes collected together upder
the general title  Outlines of Indugtrial Chemistry ” is to provide
students and persons employed on the technical side of. any
particular industry with & handbook explaining the chemical
aspect of the operations carried on in that industry. It is hoped,
too, that the series may be found useful and interesting to many
business heads and subordinates who are employed mainly in
the office, but who still take an interest in the processes by which
their dividends or salaries are earned.

Only a slight acquaintance with chemistry is assumed on the
part of the reader ; in fact, a principal object of the series is to
provide a link between the elementary chemistry taught in
schools and institutions which provide instruction up to, say,
the matriculation standard of a modern university, and the
larger text-books dealing with the details of the separate
industries. In most cases these large works are quite beyond
the intellectual and financial reach of those who enter industrial
employment, and the result is that a clear understanding of the
essential processes of an industry can only be obtained by slow
®absorption from the busy senior members of the staff.

It is believed, moreover, that each volume in the series, though
it deal with the chemistry of one industry only, will serve an
educational as well as a purely utilitarian purpose. Examples -
which illustrate the general processes of deduction, and of the
building up of an hypothesis or theory by the scientific method,
may be drawn from the particular set,of chemical facis to be
‘met with in almost any one industry., Thus, while familiarising
‘himself With just those phenomens which are of fundamental
importance to him, the student will be learning” how they ‘may
‘be_correlated and welded together into a @oherent scientifis
qmm.
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AThe sdfence of cl;emis'tryf‘ibﬁsf grown:so Yapidly,in recent yeass,
and such igmense mfsses of knowledge have been accymulated,
that ne one man can hope to become even moderately conversant”
with every branch of the subject. A student possessing an
elementary general knowledge of chemistry, and only a limited
time for study, is theretore justified, even from an educational
point pf view, in spending that time in the study of the class of

Macts mostntimately associated with his particular industry.

Such & gourse has the further advantage that it will stimulate
the Dest dntellects to seek for a deeper knowledge of pure
chemistry. A thinking student will soon find that he has come
face Po fuce With phenomena which he cannot explain in the
light of the knowledge he has already acquired. He will feel
that progress in the chemical side of his industry may very
possibly be obtained by careful investigation of the unexplained
and unexpected anomalies that occur from time to time; or,
perhaps, by the application or adaptation of principles or
processes discovered by purely scientific workers in the labora-
tory. In this way he may be brought back to study more
deeply the methods and principles of pure chemistry; such a
study can but react to the benefit of the student, the employer
and the industry concerned.

It is peculiarly fitting that the first volume of the series to be
issued should be that on *“ Fuel.” In this country, owing to a
general lack of water-power, the combustion of fuel is the
primary source of energy in almost every industry. The,
development of this energy is the special task of the engineer.
It is hoped, therefore, that Dr. BrisLee's book may be found
especially useful to engineering students and others concerned .in
‘the purchase, valuation and utiisation of fuel. .Dr. Bmsmg’sa
"acquaintance with these important practical matters is a wide®
‘one, and his pioneer research-work on combustion, especially in-
locomotive fireboxes, proves that he is equally familiar with the
scientific aspects of the subject with which he deals. e

GUYe D. BENGOUGH.



PREFACE

—_—

Tre following book is the outzome partly of teaching and
partly of technical experience. In it I have attempted to bridge
the gap that exists between the ordinary elementary text-books
of chemistry, and the large treatises dealing with fuel which
enter into minute details of the chemical composition of fuels, the
design of coke ovens and producers, and other purely descriptive
matter. To this end, I have described the principles of fuel
analysis, and the methods of determining calorific power, and of
high temperatures. The last subject has been treated with a
fair amount of detail, particularly as regards the methods of
calibrating a pyrometer, an operation which is rendered
increasingly necessary owing to the exact regulation of
temperature requisite in many processes. The reversibility
of a chemical reaction and the conditions governing it have
been indicated, and the ideas of chemical equilibrium and
reaction velocity kept in prominence throughout the book. The
reasons for non-attainment of equilibrium in technical practice
have been outlined. In the discussion of solid fuels, I have
given only a few salient points, since very full details are
published in the larger text-bogks of fuel, and no gain would bs
‘vealised by reproducing long lists of fuel analyses. Gaseous
{uel has been treated at some length, and an attempt has here
"been made to introduce the calculations of Jiiptner, since they
show, in% very admirable way, the application of the modern
methods of physical chemistry to technical problems. This
elapter can be omitted by the student at the first reading.’ In
it the notation of the infinitesimal caleulus has been used, and
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the fundamental forpula ‘derived from the Ciapyron-Cléusius
tquation. ) o

The" descriptions of coke-making plant and gas producers
have been kept within naryow limits, since these are excellently
dyseribed in many treafises.

All qalcnlatlons are made with the gram and litre or cubie
\netre, as «nits of weight and volume respectively, because ®of
the simpliaity thereby introduced into the calculation of reactmg
quantities from a chemical eqeation. The calorie is used as the
unit of heat, and for the conversion of this and the units of weight
and volume into other units, a simple conversion table has been
given in Appendix V.

In Chap. XV. I have tried to show the various considerations
which determine the selection of a fuel for a given purpose, and
the chemistry of its economical combustion. The importance of
utilising the waste heat contained in the products of combustion
cannot be over-estimated, and the net gain effected by utilising
gome of this for heating the air supplied to the furnace, is
strikingly shown in some figures kindly supplied by my friend
Robert Bruce, Esq., M.LM.E., which are given in Chap. XIV,,
p. 284 and f.

The book makes no pretensions to completeness, but deals
with the main principles rather than full details; it is hoped
that it may serve as a starting point for further study, and
some usoful text-books are mentioned in the Appendix. The*
excellent book of Jiptner, Lehrbuch der Chemischen Technologie
der Energie, shduld be read by all who wish to follow the sub]ect
further.

I am greatly indebted to Mr. G. Nelson Holmes for the care
and skill with which he prepared the drawings for this book, to
the Cambridge Scientific’ Instrument Co., Ltd., Cambridge, and
‘to Mr. Chas. W. Cook, Manchester, for the loan of blocks and_
illustrationg  on pyrometry and the bomb calorimeter ; also to
Meshrs. Babcock and Wilcox for defafls of*boiler performangps
and hegt balances, whioh are given in Chap. XV, I'am also
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greatly indebted to my friends Mr. Rébert Bruce, M: A. B
Bruce, anfl to my colleague Mr. R. P. Nash, for reading througls
the proofs, for kindly criticism and much useful information, the
result of many years of technical experience; and to all I beg to
express my gratitude and thanks. \

PrEscor, LANCS,,
1911,
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AN INTRODUCTION TO
‘THE STUDY OF FUEL

CITAPTEE I
GrNeranL Criemican Princrenes

Tue phenomenon of combustion i one of the most frequent
«chemical reactions which takes place, and was one of the earliest
to be investigated. The correct understanding of this phenomenon
led to the foundation of modern chemistry. :

Before procoeding with the systematic study of fuel, it is
necessary to outline briefly some of the more important chemical
and physico-chemical laws which are applied and used in the
later chapters.

Combustion is the term usually applied to the combination
of an element with oxygen, the combination being accompanied
by the evolution of heat and light. In its widest sense, however,
the term may be applied to many reactions which take place
between two or more elements with the evolution of heat and
Nght, and it is not necessary that one of the reacting elements
should be oxygen. Tor example, hydrogen will burn in chlorine
with o moderately bright flame, forming hydrochloric acid—

Iy + Cly,= 2 TICL

Many metals, such as antimony, copper, ete., will burn in
chlorine, forming the respective chlorides.

In the following pages the term combustion is used in its
restricted %ense to denote the union of certain elements and
compounds ‘with oxygen. When the combination tgkes place
with great rapidity and is‘ accompanied by light and noise,’ it
is spoken of as explosion. The slow process of decay is cqually

F. . B



2 AN INTRODUCTION TO THE STUDY OF FUEL

n case of combustnon differing only in $he velocity with Wwhich
the combination ‘With oxygen occurs, the wmbmatzon takmg
place yvxt]x great rapidity in the one case, and with such slows
nesg In the other that the heat is radinted away almost as
fast as it is evolved, and does not make its presemce visible
ws flame.

It js assumed that the reader is familiar with ordinary
clementarsy chemical theory, such ag the meaning of chemical
symbols and equations, both qualitatively and quantitatively
exptesseds and only the more important points for the subject
under consideration will be treated here. The illustrations and
examples will, so far as possible, be selected from the point of
view of the present subject, viz., fuel.

(1) The Weight and Volume of Reacting Substances.

A chemieal equation denotes not only the substances which
react together, but also their weights, and in the case of gases
their volumes. The units of weight and volume most con-
venient are the gram and litre respectively, and these units
and theiv multiples will be used. They can readily be converted
into pounds, gallons, or cubic feet, by multiplying by a factor
(see Appendix). The unit of weight of a substance participating
in a chemical reaction is the gram molecule, that is, the molecular
weight of the substance explesse(l in grams. I'or cxample, the
gram molecule of hydrogen is Hy =2 grams, carbon dioxide
('), = 44 grams, oxygen Oy = 32 grams, etc., and in the case of
solid substances like carbon, where the number of atoms in the
molecule is not known, the gram atom may be used, ¢ =12 gmms,”
in the case of carbon. The unit of volume in the case of gases
is the volume occupied by one molecule. The molecular weight
of any gas expressed in grams. occupies 22-82 litres (or 234
litres in round numbers). Thus O = 82 grams = 224 litres,
II, = 2 grans = 22+4 litres, C'0; = 44 grams = 224 litres, CO =
98 grams = 224 litres, all the gases being measured at a definite
temperature and pressure, viz, 0° C. and 760 mm. The weight
and volume of the substances taking part in certain chemical
refetions will now be ealculuted, so a8 to make the preceding
paragraph clearer, Consider the combustion of carbon in tir.
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Ai# cam be represented By (0, + 4 N) ; thig gives the proportion
of oxygen and nitrogen as 20°0 per cent. and 800 per cent. by,
volume respectively, whereas the correct figures are 20°8 pex cent.
and 792 per cent., but owing to the great simplification of caleu-
lations by this method, the slight error is unimportant for the
present purpose. The combustion of earbon to form carbon-

digxide is then represented by .
(@ + ”-_) + 4 .\'-_g = ( '()2 + 4 N. (1)

12 grams 4 32 gramy + 112 grams Hograms + 112 gragns .
Tvol. + 4 vols. 2 Tvol + 4 vols,
or 224 litres 4+ 4 x 224 litres = 22-4 litres 4 4 x 22:1 litres
all measured at normal temperature and pressure (N.'I.12.) = 0° C.
and 760 mm. TFrom this it follows that when carbon is burnt
with the theoretical quantity of air, the products consist of

20 per cent. carbon dioxide.
80 ,, nitrogon.

A more complicated case is the combustion of a hydrocarbon-
like marsh gas with the necessary amount of air.
C]l.; + 2 (()2 + ‘ ‘\vg) = ('()g + 2 l]g() + 8 J\vg (2)
16 grams + 2 (L E grams) — 4 grams + 2 X I8 grams 4 16 x 14 grams,

or 1 vol. + 2 vols, oxygen
+ 8 vols. nitrogen = 1 vol. + 2 vols. + 8 vols,

If the mensurements are made at N.T.D. the water condenses
and hence occupies no volume, or rather the volume occupied
by the liquid is so small compared with the gas that it can be
heglected. The composition of the products would then be one
volume of carbon dicxide and eight volumes of nitrogen, or

Carbon dioxide . . . . 111 %
Nitrogen . .. . . 889 %

1000

From eguation (1) it is evident that 12 grams of carbon
require 144 grams of air for its complete combustion and form
166 grams of products. The products occupy <112 lifges’
at N.T.P. ‘ ¢
- It frequently happens that gases cannot be measured ot

. B 2
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‘ Coe o .

N.T.P., out the vp]umé observed must be corrected for .tew-
Jperature and pressure. .
(2) The Corvection. of a (ias for Pressure and Temperature.
(«) The relationship of the volume of a given mass of gas
to the pressuro is expressed Dy Boyle’s law, which can be

stated thus:—
“The volume of a given mass of any gas varies inversely as the
< pressure upon it if the temperature of the gas remains constant.”
1f'the volume of a given mass of gas is vy ab a pressure py,
the volume at any other pressure I’; is given by the equation

.

Joto _ 1~
B = T

The variation of the volume of any gas with the temperature
is expressed in Gay-Lussac’s law.

() “'The volume of a given mass of gas varies directly as
the absolute temperature of the gas if the pressure upon it
remains constant”’; and

(¢) Tho pressure of a given mass of any gas varies directly
as the absolute temperature if the volume remains constant.

These three laws can be combined together into the form of
o single equation as follows. Let the temperature, pressure, and
volume of a certain mass of gas all change, and let the original
values be po, 7o, To, and the final values py, vy 11 Suppose
{hat the volume remains constant at vy and the temperature
of the gas reaches its final value 77, the pressure will then be P,
80 that r

Po __ 4o '
T @

Now let the gas expand from v to v, at constant temperature
T}, then the pressure is given by ‘the equation

. Pry=pr 0
hence p=n4. (2
. Vo )

Sulgatituting this value for P in equation (1) the expression

Poto _ Ty *
Pl vl - 111 (8)
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L]
is obthined. This equation can be stated thug: The product of
the pressure and volume of a gas is proportional to the absolute *
temperature. .
Equation (3) may be written thus:—
Poto _ 1ty 4
=T )
. )L . . .
or®*the expression ! e for a given quantity of gas®is always
constant. .

By Avogadro’s law the gram 1molecular weight of all gases
occupy the same volume under the same conditions of tempera-
ture and pressure; hence it follows that for this volume of any
gas the expression will have a constant value, i.e., -

.

= constant = It %)

The value for I can be calenlated thus: The volume oceupied
by one gram molccule of any gas is 22:82 litres at 0° C. and
760 m.m. pressure. The pressure of a column of mercury
76 c.m. high and 1 sq. c.m. cross section is the weight of 76 X
1 c.c. of mercury. The specific gravity of mercury is 1359, and
Lence the weight of 76 c.e. is 76 X 1859 = 1,083 grams, and
tho pressure is 76 x 1359 = 1088 grams per square centimetre.

The ubsolute temperature is 7' = 278°

Substituting these values in equation (5)

1,088 :7;")“'”(—) = 81,456 gram centimotres
s obtained ; if this is divided by the mochanical equivalent of
heat expressed in the same units, a value for 12 is obtained in
calories, which will be used in subsequent calenlations
n = 1,033 x 22,320 — 84,456

T OOT8 x 42,350 42,850
or in round numbers .

I = 2 gram calories,

Il =

= 198,

hence the"equation may be written

pr.=2rT
wieon thermal units are employed. (See Appendix for values of
R in other units.) *
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‘ [ .
l'lquntlon (4) may ‘l)e used for uu.lculu.tlnﬂ‘ the vn]ume which a
« gas will oteupy at N.T.P., when the volume has heen moasured
at ¢ €. and a pressure py, then since py =760 Ty, =278 T =
(278 +1), equation (4) becomes
760 X rg iy
T T T 4
IIRE! 273
760 T (273 F o)
and in this form it is in geyeral usc for correcting the volumes
of gases for temperature and pressure.

hence Ty =

(8) Reversible I:"'m'(ions and Balanced Actions.

Thero are a number of reactions known which under one set
of conditions proceed in one direction and under another set of
conditions proceed in the opposite direction. For example, if’
hydrogen he passed over red hot magnetic oxide of iron, Fry(),,
it is reduced to metallic iron and the hydrogen is oxidised to
water :—

FegOy + 4 Hy = 3 I'e 4+ 4 11,0,
and if steam be passed over red-hot iron, the water vapour is
decomposed, the iron oxidised to magnctic oxide nnd the
hydrogen liberated :—

SFe+ 4110 = FeyOp 4+ 4 1,

It is evident that the second reaction is the reverse of the
first, and reactions of this type are known as “reversible
reactions,” and are usually written thus:— '

8 1 4 4 Th0 == FeyO + 4 Il

The two arrows pointing in opposite directions arve used to
indicate that the reaction can ploceed in either direction. Now-
this reaction can bu used for two different purposes, viz., (1) to
prepare a small quantity of iron by the reduction of the oxide,
and in this case hydrogen gas is passed over the hvxted oxide of

- iron; or (2) it may be employed as a inethod of' preparing
hydrogen gas, and in this case steam is passed over the red-hot
iron. If the readtion is desired to proceed in the sense

FegOg+ 4 1y — 8 Fe 4+ 4 1,0 («)
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L]
thescurrent of hydrogen is so regulated that thp water formed is
carried away from the iron, or the water vapour conglensed ns
rapidly as formed, so preventing the reverse reaction from t.zl\mg
place. On tho other hand, if the reaction is to proceed in
the sense

8 Fe 4+ 4110 — FeyOi+ 411, ()

the,steam must be sufficient in quantity to remove the hyd’\a"en
liberated and prevent the occurrence of the reaction (a)

The question now arises as to what will happen if all four
substances, water vapour, red-hot i1%n, iron oxide, and fx) drogen,
are allowed to remain in coulact with each other. This can be
answered by considering an imaginary way of carrying out the
experiment. Suppose that, on the one hand, iron oxide, I'¢30
and hydrogen are contained in a gas-tight box and heated for
a considerable time to a constant temperature ¢, until no more
interaction takes place. At the end of the heating it will be
found that the four substances, I, I'ey Oy Il and Ha0 are
present in the resulting mixture in certain definite proportions.
1f, on the other hand, iron and water vapour are enclosed in the
box and heated to the same tewperature # until no further
reaction takes place, then at the end of the heating all four
substances Fe, I'vyOy, Il and T, will be found in the mixture,
and the proportions of each will be in the same ratio as in the
previous case.  This means that the reaction

8 Fe 4 4 HyO — FegOy 4+ 4 I,

proceeds until a certain amount of iron oxide and hydrogen are
formed and then stops, and that similarly the reverse reaction

FeyOy 4 4 1y — 8 Fe 4 4 11,0

proceeds until a certain amount of metallic iron and water
vapour are produced and then the reaction ceases. Expressed
in other words, a condition of chemical equilibrium is established,
and henee for each temperature the quéntity of each of the four
substancet in equilibrinm is constant. If (', Cy, (', Cy are
the quantities of water, iron, hydrogen and iron oxide in
eq.uilibrium in the reactien . i

8 I'c + 4 Ha0 T 4 Hy + Feg0,,
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then the expression,
8 x ( 1
(‘1" X ('

= K = constant

. for each given temperature, and this has been proved to hold by
a number of experiments. Sinco Ca and Cjy refer to solid sub-
star.des, '\'vhich undergo very small change in concentrafion
compared with gaseous substances, the above equation may be
cowverted into )

., . ,

(,;7 = ]’1 or '((—ll = ]\-2,
neglecting the terms referring to the solids. This last equation
shows that al each given temperature the ratio of the concentra-
tions of the water vapour and hydrogen in equilibrium with iron
oxide and metallic iron is constant. The above can be put into
the form of a general equation. Let the number of molecules
Ny, ng ... of the substances Aj, da ... react together and form

P, P2 ... molecules of By By ... At equilibrium let each
have the concentration ay az, p1 and pa respectively,

‘)11[[1 + Il-g.’lg + (:: 1)1]))1 -+ 1'2“2,

and hence 't X ' o,

Dyt X by

The constant K is ealled the equilibrium constant, and the
above equaticn is fundamental in all cases where chemical
equilibrium is dealt with. Xxamples of equilibrium are very
numerous, and it is now customary to view all reactions as
reversible, although in many cases the reactions have proceeded
almost, but not quite, completely in one dircetion. The theary
of equilibrium is of great importance in the theory of the gas
and water gas production, in high temperature combustion, and
explosion combustion. « Chemical equilibrium is influenced by
temperature, pressure, and concentration of the reacting sub-
stances, and Le Chatelier has given a principle, or theorem, which
indicates the effect of varying one oy more of these factors, and
can be stated thus: « Every change of one of the factoxs of
equilit)rium oceasions such a change within the system as tends
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to*compensate the first ¢hange.” This can‘be aade cleat by the
following considerations. Let n chemical system consisting of ,
iy molecules of - and na molecules of B3 be in equilibriusa with
1 moleeules of ¢

md 4 mB T pC,

and let the reaction proceed-from left to right with absorption of
heat and with decrease of volume, then any change in%he factors
of equilibrium will produce effects which can be predicted by aid
of the above theorem. For example, a rise of tempemture, at
constant volume, favours a change which will tend to lower the
temperature, i.c., favours the change which absorbs heat, hence
the above reaction would proceed in the sense of the equation
from left to rizht. Conversely a fall of temperature at constant
volume would favour the reverse reaction. Similarly an increase
of pressure, at constant temperature, favours the changes which
take place with a diminution of volume, i.c., which tend to reduce
the pressure. The converse also holds. Finally, any increase
of concentration of any of the substances present in the system,

at constant temperature and pressure, produces such a change in
the equilibrium conditions that as a result the conc entrution of
this substance tends to decrease. In the above general reaction
it, for example, the quantity of C is increased by gonme means,
then the reaction will tend to go from right to left, some of C
disappearing in the process. The concentration of the various
substances present is most conveniently expressed in gramn

. molecules for solids and in partial pressures or fractions of unif
volume in case of gasos. The number of gram molecules is
found by dividing the weight of the substance in grams, g, by
the molecular weight, M.

n = g/ .
On the other hand, if a gas has the composition

'O "= 880 % by voluma
0y, =4009% »
No=2T0%

100°0

- "

I
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at a pPessure of, oue atmosphere, thé composmon may e
.expressed as

Fraction of Partial Pressure
e Unit Volume, in Atmospheres,
(O = 033 volume. ... 033 atmosphere.
COy =040 e 040 ”
Ny =027 027 »”
. — _
100 .. 100 "
— =

It the préssure iy not 1 atmosphere, but p atmosphere, then
the partial pressure of each of the constituents can be readily
found by multiplying each by p, thus

Total pressure p = pu, + P, + P,
p=033p+ 0—101) + 027 p.

This is based upon Dalton’s law, that the total pressure of a
gas is equal to the sum of the partial pressures of its con-
stituents. The pressure of the atmosphere upon any given
occasion is due to the partial pressure of the oxygen, plus the
partial pressure of the nitrogen, and the partial pressures are
directly proportional to the quantity of each present, i.c., to the
percentage volume of each constituent. So, for example, when
the column of mercury in a baromcter is 760 mm. high, the
partial pressure of the oxygen is 760 X 0-21 = 159°6 mm., and the
nitrogen 760 X 0-79=000"4 mnm.

4) Reaction Telocity and Catalysis.

Chemical reactions exhibit striking differences in the time
which they require for their completion. On the one hand there*

. is the explosion of & mixture of hydrogen and oxygen, or carbon
monoxide and oxygen, which is complete, practically instan-
taneous, while on the other hand the combination of carbon
and oxygen to form carbon dioxide requires a consu]emblo
length of time for its completion.

The term “reaction svelocity ” means the ratio of the
quantity of substance changed to the time required for that
change. Thus the quantity of carbon converted into carbon
diogide, perehour or per day, can be uysed as a measure of the

velocity of the readtion ¢
C + Ua = C()a
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at % definite temperatute and pressure. The,velocity of many
reactions has been measured, and the O\yporimcnt:d methods ,
employed for the measurements are very different, but. these
methods cannot be described here. It may be pointed out,
however, that when a reaction takes place with a change of
volume, the progress of the reaction can conveniently be followed
by observing the change of pressure at definite intervals of fime.
Examples of reactions which can be followed in this whay ave the
decomposition of carbon monoside into carbon and carb fn dioyide,

200 2 (M4 (O, ’ '

2 vols, I vol.

the reaction taking place with a decrease of volume, and therefore
the rate of decrease of pressure can be used as a measure of tho
velocity of the reaction, and the dissociatim of substances like
peroxide of nitrogen Na0)y and carbonates like calcium carbonate
CaC'0y
MOy T 2NO,
Cal'Oy 52 Cal) 4 0y

can be followed by the changes in pressure which oceur as the
reaction proceeds.

The velocities of reactions can be increased by two different
methods, viz., rise of temporature and by a catalyst. All
oxidisable substances undergo oxidation at all temperatures, but
with very different velocities. The coal stored in a cellar
undergoes oxidation just as surely as the coal which is burning
dn a furnace, and in some cases, where the conditions are such
that the radiation of the heat evolved is prevented, the tempera-
ture rises, the velocity of oxidation is accelerated, and rapid
combustion of the coal ensues. This is known as the spontaneous
ignition of the coal. Again, by lowering the lemperature the
renction velocity of all reactions cun bo reduced, and finally at
absolute zero — 278 C.—all reaction is believed to cease. As
8 striking illustration of the effect of temperature upon the
-velocity ot reaction, the combination of hydrogen and oxygen to
form water will be considered. A mixture of hydrogen and oxygen
m the proportions indicatdd by the equation

21 4+ O3 = 2 11,0
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were ehclosed in a suitable vessel heated to different tempéra.
tures, and the following results were obtained :—

At 2:0" C. practically no combination, even after several
months.

At 3007 C. water was slowly formed, and after several weeks the
containing vessel showed a deposit of dew when cooled.

At +450” C. the reaction proceeded more rapidly, a few qays
being sufficient, but the reaction was still incomplete.

At 600" C. ignition took place, and the reaction was complete
‘in a few seconds.

At 2,000° C. the reaction was complete in less than 1 X 10—
second.

A second method of increasing the velocily of roaction is
by means of a catalyst or catalytic agent. The phenomenon
is known as catalysis. A catalyst or calalytic agent increases
the speed of a reaction without itself undergoing any permanent
change. I'or example, hydrogen and oxygen may be kept in
admixture, at room temperature, for an indefinite period without
any combination taking place, but if a small quantity of spong
platinum (made by igniting ammonium chloro-platinate (NHy)
(PtClg)) is introduced into the vessel containing the mixture,
combination takes place rapidly and the progress of the com-
bination can be followed by the diminution of volume. In some
cases the platinum becomes so hot that the mixture is ignited
and explosion takes place. Advantage has been taken of this
property of platinum and also of palladium, and gas lighters
have been constructed in which the gas and air impinging upon
the platinum (or palladium), which becomes red- and then white-
hot, is ignited. Many metals behave similarly, but as a rule
they have to be at a higher temperature before they act as
catalysts in the above reaction.” Auother example of catalysis
is the decomposition of carbon monoxide into carbon and carbon
dioxide, .
200 =+ CO,

This reaction is accelerated by both nickel and iron, especially
the forme1$ when in a finely-divided, state. Further, traces of
water accelerate .mu,ny reactions ; for example, perfectly &ry
carboxt, sulphur, and phosphorus will not burn in perfectly dry
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oxygen, even when strongly heated, but when t}}ie sﬁghtest' trace
of moisture is introduced the combustiod proceeds rapidly.
(Catalysts or catalysers can be defined as substances which
accelerate the velocity of reactions that otheriise proceed slowly,
the catalyst undergoing no permanent change. The catalyst
does not make a reaction take place which would not otherwise
oceur, but only increnses the velocity of a reaction *which, in
the *absence of a catalyst, takes place with extreme uslowness.
Ostwald pictures the action of a catalyst in the u)llomng
way : Imagine a wheel whose axis iy rotating with great friction
in consequence of the thick oil on the bearings, and hence is
only revolving slowly. If fresh oil is introduced on to the
hearings they begin to run more freely, although the driving
power is not inereased by the presence of the new oil. The
action of the oil is comparable to that of the catalyst in so far
ag the oil is not used up in its working.

It will be seen later (Chapter I1L.) that every combustion process
yields a finite quantity of heat. If this heat does nothmg else
than heat up the products of combustion, it will raise their
temperature to cortain degree which can be caleulated (see p. 116
and £), This temperature is known as the maximum combus-
tion temperature, and is purely a theoretical temperature which i3
never attained in actual practice. The reason for this is that
the heat evolved in the combustion has to heat up the surround-
ings in addition to the products of combustion. Thus, when coal
or coke is hurnt in a furnace, a certain amount of the heat is
absorbed by the furnace walls and other furnace parts, & portion
is radialed away, and another portion used for heating the
excess of air, which is always necessary, it being not possible
to ensure complete combustion when the theoretical quantity of
air is used. The actual temperature is therefore always lower
than the theoretical temperature. By increasing the velocity
of combustion, by means of a forced oy induced draught, the
temperature of the fire is raised, since the production of heat
by the confbustion is faster than the loss of heat by the above
causes. The action of the forced draught is that it,raises the
tem'pemture by increasing the velocity of combustion and thus
increases the quantity of fuel which can be burnt in a furrce in
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a givenl time. (ertain attempts have Deen made to introdiice

, *“fuel ecmomisers," which are really combustion catalysts.
Their. use is, Iowever, by no means general, nor is their method
of action certain. It is probable that they act by lowering the
ignition temperature, and the following is a simple experiment
which tends to support this view: A piece of lump sugar is
broken in two 8o a8 to obtain two pieces as similar in composi-
tion as pbssible. One is introduced into the flame of a cadle
or faper ‘and the time vequired for it to ignite is observed ; the
other portion is first touched with a trace of tobacco ash and
then introduced into the flame, care being taken to keep aboub
the same amount of sugar in the flame in each case, and the
time for ignition again observed. The second time will be found
to be very much less than the first, and the burning, when once
started, proceeds more rapidly than in the first case. It is
difficult to make the above experiment quantitative, but as a

- qualitative demonsiration it is striking, and illustrates the reality
of & combustion catalyst.

(5) Dissociation,

A class of reactions which require mention here are those
in which a single molecule is decomposed into -two or more
constituents, usually by the influence of heat, recombination
taking place when the system'is cooled down. Such reactions
are termed dissociation, and they do not differ fundamentally
from other balanced or reversible reactions, the laws which
govern the one apply also to the other,  Sowme typical cases of
digsociation are :—

(a) The dissociation of water vapour;

1,0 72 11, + % 0,1
b) The dissociation of carbon‘dioxide,

COT2C0 + 5 0, ®
(¢) The dissociation of nitrogen peroxide,

NoOy T2 NOy + NOy

- . .
) 'l‘hc‘ expression “§ 0" is frequently used to avoid doubling the cxprogsion’
throughout, .
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(@) The dissociation of-caleium carbonate,
L
CaC'O3 T2 (aO) 4 CO;,.

These reactions take place in the sense of the equation from
left to right with rise of temperature and in the reverse direction
with fall of temperature. Inthe cnseof water vapour and carbon”
dioxide the dissociation is only measurable at high teiaperatures
an®in the case of nitrogen peroxide the dissociation is complete
at about 140° C. The experimental measurement of dissqciation
is frequently a matter of great difficulty, especially when the
amount of dissociation is small, as in the case of water vapour
and carbon dioxide. When the dissociationsis accompanied by
a large change of volume as in the dissociation of nitric peroxide
and calcium carbonate,

NoOi 7> 2 N0,
1 vol. 2 vols,
CaC’()y == (a0 4 ('Oq

0 vol. O vol. 4 1 vol

the dissociation ecan be mensured by the change of pressure, the
pressure being measured Dy a wmercury gauge similar to a
barometer.

In the case of solid substances which dissociate into & gaseous
product, ¢.0., Ca 'Oy, it follows that for every temperature there
will be a definite pressure of the gas in equilibrium with the
solid. This pressure is called the “dissociation pressure,” and
is characteristic for each solid substance at each temperature.
Again, nitrogen peroxide decreases in density as dissociation
progresses:—

N20y4 :.__‘)_ 2 NO;
Density == 46 Density = 23,
.

and here the dissociation can be followed by determining the
deusity of the gas at different temperatures.

The degree of dissociation or the fraction of a gram molecule
which is dissociated into the simpler bodies can readily be
caleulated. As an example the dissociation of nitrooen narnvida
will be used. s

. € NyOy T2 2'NO,,
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Let ‘one molecﬁle of N3Oq be present.at the start, and af a8
, certain temperature t°> C. let the fraction z of one gram molecule

be dissociated. The undissociated fraction will be (1 — x) gram
molecule, and the gis will now consist of

Nat)y (1 — ) gram molecule,
AV()z 2 £ 2 ”
Total (14 x) ,, "

Let the density which is measured at ¢° C. be I). The densities
of Ny0, and N0) are 46 und 23 respechlvely (The density of
gases, compared with h)dloffen, is one-half their molecular
weights.) The ralip of the numbm of moleeules at temperature

> C., to that initially present - i the same as the ratio of

tl 1 +
the density of the dissociated gas to that of the gas when no
dissociation has taken place, hence

1 _ D
142" 46
and therefore
_46-D
=",

This gives = as the fraction of one gram molecule which is
dissociated into simpler bodies, and when multiplied by 100 it
gives the percentage dissociation. Thus at 60° C. the density of
the gas is 80, the percentage dissociation iy therefore

— 46 —30
_ = 780
and z =537,
The gas, therefore, consists of a mixture of NyO; and NO; in the
proportions

x 100,

NOg . . L 4TY
NOg « . . . 589%
100

Yn most of thesases considered in the following pages dissocia-
tion qf the products of combustion can be neglected. It if of
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importance in the theory of explosion and eyplosion ehgines,
and a knowledge of the degree of dissociatioft of

IO T2 Hy 430 «
wnd CO; 200 44 0y
is necessary in order to calculate the maximum work which can

ihepretically ho done by the above reactions when' they- are
sarried out in an explosion engine.



CHAPTER 11

Weranr anp Vorvme or A Regeinkn ror CoMBUSTION
« <

Pracrreanny all the energy utilised in the various industrial
processes is gained by the combustion of fuel. The phenomenon
of combustion is one of the most important to engineers and
chemists alike, since, from a study of it, the carlier chemical
Investigators were able to deduce the nature of the changes
involved and the composition of the products, and the engineers
were able to utilise the energy liberated when these changes took
place, and so to transform the chemical energy into mechanical,

“electrical, or other useful form.

There are certain combustible bodies which occur in nature in
such large quantities as to render their use possible on a com-
mercinl scule as a means of converting chemical energy into some
useful form of cnergy by means of combustion. Such substances
are called fuels, and consist chiefly of carbon or compounds of
carbon and hydrogen, and they may be either solid, liquid or
gaseous.

By far the greater proportion of fuel utilised in industry is
golid fuel, in the form of coal or coke. When carbon burns in
air it combines with the oxygen' of the air, producing carbon
dioxide, a gas, and giving out a certain amount of energy in the
form of heat.

This can be expressed in the form of an equation

C+ 0y= COy+ Q,
where @ is the so-called heat of reaction, which can be measured
in a ‘calorimeter of ‘suitable design. Calorimeters will be
discussed in & later chapter. It will be seen that this quantity
of heat, Q, is definite for each combustible substance, with either
efement Or comgpound, and when expressed in suitable units
forms, & useful aid to the valnation of a given fuel. <

When coal, for example, is burnt in a suitable grate or furnace
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with a sufficient supply of air, the products of combgstlon are
carbon dioxide and water vapour which pass up the flue, together
with the atmospheric nitrogen and a small quantity of nitrogen
from the fuel. The heat which is generated by the chemical-
reactions is absorbed by the surrounding objects or is lost by
radiation. Each furnaco or gmte is designed so as to gain the
magimum quantity of this heat in a form available ither for
heating & metal smelling furnace, or for steam raising, or fm
some other uscful purpose. .

Tt has been already pointed out tliat fuels contain carbon and
hydrogen as combustible constituents. Most solid fuels, such as
wood, coal and coke contain also a certain quantity of mineral
matter, which is left behind after combustion in the form of ash.
The quantity of the ash must be taken into account when valuing
a fuel for its heating effect. At present, however, for the sake
of simplicity, & fuel consisting of hydrogen and carbon alone
will be considered. When such & fuel is burned in a grate
the products of combustion, carbon dioxide, water vapour, and
nitrogen pass along the flues on their way to the chimney. In
practice it is difficult to regulate the air supply so that complete
zombustion eusues and no excess air accompanies the products
of combustion on the way to the chiney; hence a certain
quantity of unused air is almost invariably found when chimney
gases are analysed. If the chemical composition of the fuel is
known the theoretical quantity of air necessary for its complete
combustion can be calculated. The average “composition of dry
air free from carbon dioxide is—

Oxygen . . 219%byvolume 23 % by weight.
Nitrogen . . 79% % .
WeieHT OF AIR REQUIRED FOR COMBUSTION.
To burn carbon to carbon dioxide, the 0xygen required is—
C+ 03 =C0
12 + 82 = 44 parts by weight, .
heneo 1 part by weight of carbon requires 2:67 parts by weight
of oxygen, and yields 8'67 parts by weight of carbon dioxide..
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Air contruns 28 per cent. by weight of oxygen, therefore fhe
* weight of air containing 2-67 parts by weight of oxygen is

_ 267 x 100/23 = 1161 parts.

‘,The products of combustion will consist, therefore, of 3-67 parts
by weight of carbon dioxide and 894 of nitrogon.

If. the unit of weight chosen be 1 Ib., then 1 1b. of carbon
requires 267 bs. of oxygen, or 1161 1bs. of air for complote com-
bustion, and yields 12-61 Ibs. of products, containing 3:67 1bs. of
carbon dioxide and 894 1bs. pf nitrogen.

The weight of air required to burn 1 part by weight of hydrogen
may be calculated in a similar way—

2 ,[) + ()2 =2 112”
2X243832=2x18

KR 1 4+ 8 = 9 parts by weight,.

The air containing 8 parts by weight of oxygen is,

8 x 100/23 = 3478 by weight,
and the yield is 85'78 parts by weight of water and nitrogen m
the proportion of 9 of water, 2678 of nitrogen.

Yorume oF Amr ReEQUIRED ¥oR CoOMBUSTION.

One gram of carbon requires 1'86 litres of oxygen for complete

combustion, and 1°86 litres of oxygen is contained in

186 X 100/21 = 8'86 litves of air,
and the volume of products will be 886 litres, consisting of
1-86 litres of carbon dioxide and 7 litres of nitrogen.

Taking the pound and cubic foot as the unit of weight and
volume respectively, then 1 1b. of carbon requires 4545 X 1'86
litres of oxygen (1 lb. avoir. ="454'5 grams) = 845'5 litres (or
since 1 litre = 0035 cubic foot) = 296 cubic feet, and the
volume of the pmduct will be 296 cubic feet of carbon dioxide.

The volume of air will be

29°6 X 100/21 = 141 cubiz feet.
* Again, ‘hydrogen requires 558 litres of oxygen per gram, or
5'58 X 454'5 = 2,586 litres, or 2,586 X ‘085 = 8878 cubiccfeet
of oxygen per pound of hydrogen.
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The volume of water Yormed is 177°56 cubic,feet, assurlling the
water to remain in the gaseous state. .
The volume of air required per pound of hydrogen is

8878 x 100/21 = 4228 cubic feet.

The volume of products will be as follows :—

1 1b. of earbon will yield 141 cubic fect, consisting of 29'6 cubie
feet of carbon dioxide and 1114 cubic feet of nitrogen.

" 1 1b. of hydrogen will produce 511'6 ¢ubic feet, consisting of
1776 cubic feet of water (in form of steam) and 834 cubic feet
of nitrogen.

T'he volume of air, and oxygen and products (except the water)!
are caleculated at 0° C. and 760 mm. (82° F'. and 29-92 inches).
At other temperatures the volumes can be calculated in the
usual way.

In the case of a fuel containing + per cent. of carbon and y per
cent. of hydrogen, the weight and volume of air required for the
complete combustion of 11b. of the fuel, and also the weight
and volume of the products, can readily be calculated.

ER
100
x &

=3 ) e BT . .
= {0 X 11'61 1bs., or T X 296 cubie fect.

Air required to barn 1b. of carbon

s vadn n
Air required to burn 00
Y

= 00 X 8478 lbs., or

1bs. of hydrogen

u - .
100 X B8 cubic fect.
.. Totul volume of air required is the sum of these
"_"-—".- 90 1"[/ 76 le foe
100 X 296 + 100 X 8876 cubic fect.

Total weight of air required
1
= 150 (11‘61 x + 3478 y) 1bs.

! The water is assnmed to be im the form of vapour, ang the volume it Would

agrupy at 0° C.and 760 wm., if it could cxist as & gas at thut temperature, is
caleulated,
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P | .
The*weight of garbon dioxide producetl is
¢
¢ A

' 100 367 lbs.,

and the weight of carbon dioxide and nitrogen is
t

' ’
g 116 .
100 X 11°61 lbs

v
The weight of water produced is

e

9 b,
IOOX.)I)S

The weight of water and nitrogen is
S x 85781
iop X 88T bs.

The more complex cases can be caleulated by aid of these
figures, and an exampie is given below.

Suvyary oF Dara ror rur CownusTioN oF 1 Li, oF
CarBoN 10 C'()y.

Oxygen required,

Air required,

'ty procineed. (03 + Nitrogen.
Weixht Volume Weight Valume Weight Volume Weight Yolume
nlbs, in feet,t in Ibs, in feet.8 n Ihs, in feet.8 in Iby, in feet,8

2:67 ‘ 206 | 1161 . 141

' |
367 | 296 1‘..'61i 141

ComnustioN or 1 LB, o HypRroGEN To TT,0.

Oxygen required, l Air rl‘q\‘lirv'd. ‘ a0 produced. ! Ha0r + Nitrogen,

S I . . L e S - e
Weight | Volume Weight YVoluma Welght Volume Weighy Volume
in Iy, in feet.8 in lbs, in feets in b, in fent.8 in lbe, In feet.d

80 | 8878 | 8478 l 422-&' 9¢ l177~56
Q‘ | i

9578 I 5116




.WEIGHJI‘ AND VYOLUME OF AIR FOR GOﬁBIK%TIdN 23

'Bhe following weights®and volumes of variou§ gases are*useful

in fuel caleulations :—

Hydrogen .

Oxygen

Nitrogen

Air . . . .
Carbon dioxide, CO, .
Carbon monoxide
Marsh gas, ('T1;.
Ethylene, (.11, .
Acetylene, (a1,
Sulphur dioxide, S0,

|
1
!
1

.
Weight of 1 litre in grams,

| Volume of 1 gram

in litres,

Caleulated, Mensured,

0:0900 0-08998 1412
14978 14292 06997
12503 12505 07997
1-2928 ¢ (1-2928) 07736
1-9633 1-9768 0°5059
1-2494 1-2503 07999
07153 0-7168 1-8951
12508 1 12787 07851
1-1608 1-189 08410
24583 2:9266 0-3117

Iydrogen
Oxygen

Nitrogen .

Air . .
Carbon dioxide
Carbon monoxide
Marsh gas, (‘11
Ethylene, (311,
Acetylens, (lly
Sulphur dioxide

g -
! Weight of 1 cubic foot
! in 1bs.

0-005616
008422
007806
008070
01234
007805
004475
007944
007422
01827

Voluwe of 1 1b, in cubie
feet,

1780
11°18
12:81
12-39

810
12-81
22-85
12:58
1347

547

These are caleulated at 0°C and 760 mm. pressure. For
different temperatures and pressures .the correction must be
made in the usual way. The column under “measured ” weight
of 1 litre in grams are the figures obtained by direct determina-
tion of the various densities, and these figures have been uged
fog calculating the remaining data. One litre isYaken as 0:035315
cubic foot and 1 kilo. as 22 Ibs. avoir.
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. ' . [§ '
REQUITED To FINF (a‘) it WEGHT AND VOLUME OF AIR NECESSWRY
ror domrLerr CompusrioN ; (b) e Weieat axp CoMposrrion
OF THE l’nonua:u's.

Suppose that the fuel bas the following composition :—

Carbon . . | . 8809
Iydrogen . . . 55 9%
Oxygen .. . . 60 %
Nitrogen . . . . 05 9

The carbon will be burwt to earbon dioxide. The oxygen
present in the fuel is assumed to be combined with its equivalent
of hydrogen, i.c., with 075 parts, and the remainder (55 — 0.75)
= 4'75 parts are burnt, forming water. The nitrogen does not
burn, but is found in the products of combustion.

Let the quantity of fuel burnt be 1 kilo. = 2:2 Ibs. This
contains.

~Carbon . . . . . . 088 kilo.
Hydrogen available . . . 00475,
Hydrogen and oxygen combined . 00675 |,
Nitrogen . e .. 00050 ,,

1:0000 kilo,

The quantity of fuel burnt is assumed to be 1 kilo.
The carbon requires

880 x 32
e = 2,347 grams oxygen.
: 9939
88“? 2—“—»‘-'—3--" = 1636°8 litres oxygen.

The weight of air required for the carbon is

2,847 X 100
23

The requisite volume df air is therefore

16366 X 100 __ 700,48 litres,
21
. (]
One gram of hydrogen requires 8 grams of oxygen ; henge
47°5 geims need 8800 grams of dxygen,

= 10204'3 grams.



WEIGHT AND VOLUME OF AIR FOR COMBUSTION 25

.~ *Weight of air contaifniug this oxygen is

JR() X 100 = 16522 grams,
23
and the volume is
2652 ;)] 100 _ 19627 litres.

The remaining hydrogen and oxygen find their way as water
vapour into the productq, together with the nitrogen preseut in
the fuel and in the air supplied.

The total weight and volume of oygen required for the com-
bustion of 1 kilo. of fuel is the sum of the above quantities, i.c.

Weight in grams, Volume in litves.
Oxygen . . . . 272740 1,902
and corresponding to these we have :—
Weight in grans, Yolume in litres,
Air .. L. 118365 9,057

The products of combustion will be :—

Weight in grams, Yolume in Jitres,
From the coml)ustmn of (| 'y = 38227 16368
carbon , . S Na = T85T8 615TS
From combustion of hy- ANL0= 4275 5301 (as vapour)?
drogen . . SNy = 12722 9975
Wafm fmm eombmod ll | ILO= 675 84 (as vapour)!

and O in fuel . . '
Nitrogen from fuel . . 50 | 4

Totd . . . 12856'5]94]0'2

I‘lm ])lO(]lILt‘i of combustion consist of :—
- ——

| Weight. ' Volume,
[
i

Oarbon dioxide .| 32270 = 20 10 %l 16868 = 1749
Water | u950= 8859 | Gld= 5
Nitrogen | .| 91345 = 71 059 | 11590 = 704 %

‘123 5654 100 od'- T onga teoo
T . Tt

} See note on p. 21.
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LY .
If*the products of combustion are® subjected to analysis, the
water would bo fSund to be condensed, and therefore could not
be measured under the ordinary conditions of analysis.
The composition of the dry gas would thus he :—

- 7 i ) Weight, i Volume, )
Catbon dioxide . - 2610 % ‘ 186
Nitrogen ... T890% | 81

| L b -
L 100:00 ©105°0

The above calculation is for the theorelical quantity of air
required for the combustion of one kilo. of tho fuel. In practice
there must always be an excess of air, since it is impossible to
carry out the combustion of fuel on the large scale with exactly
the theoretical quantity of air. If now .{, denotes the theoretical
amount of air neccessary for the combustion, and 4; the amount
actually employed, then

Ay = nd,
where n denotes the excess of air, and is an unknown factor
which must be determined by experiment.

A large excess of air must be avoided, or much heat will be
carried off in the products of combustion. A certain degree of
excess is, however, necessary as a means of ensuring sufficient
contact between fuel and air, and also because it enables certain
reactions to proceed to completion which would otherwise be only
partly completed. It is also important to mix the partially
burnt gases with air before they leave the combustion chamber,
and 8o to avoid loss of combustible materials, such as hydro-
carbons formed by the destructive distillation of the coal, and
carbon monoxide formad by the incomplete combustion of carbon.
The value of n varies considerably for different designsof furnaces.
In cases of bad firing the value of = may be 4'5 or more, while
for careful firing and good management of fire doors and
dampers it ma} be as low as 1'5 — 25, It depends partly gpon
the eharacter of the fuel used; for instance, fuel in lumps offers
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a mwch readier passage for air than fine slack, and in the Tatter
case 7 will be smaller than in the former,
Most fuels contain small amounts of sulphur, and this is burned
to sulphur dioxide. Any moisture present is dried at the expense
* of some of the heat of the fuel. Any mineral malter forms ash,
which remuains on the grate, and has to be removed from time to
time. The healing effect of the fuel is greatly influenced both by
the quantity of moisture and by the amount of ash present.
The combustion of carbon is by no means always completg.
It may result in the formation ofea gaseous product which
is still combustible. When carbon, or coal, or coke is burng
in a limited supply of air or oxygen, or when carbon dioxide
is passed over strongly heated carbon, earbon monoxide is
produced :—
(1) 2C 40, =200
Q) 40, =0
@ CHco,=200

The carbon monoxide may result from ‘either of the two
reactions expressed in the above equations, i.c., the carbon may
burn directly to carbon monoxide as in (1), or earbon dioxide
may be the first product (2), which in turn is reduced by the
strongly heated carbon (8). Carbon monoxide can, under favour-
able conditions, decompose into carbon and earbon dioxide ;
hence equation (1) is better written as a reversible equation

C+ Oy T2 9 00,

the sign <> denoting that the reaction can take place in either
direction, according to the conditions. This equation is of great
importance in connection with the theory of the gas producer.
The reaction .
(@ C+Co=200
differs frorm the reaction

) €+ 0y =0,

in the very important detail that whereas heat is evolved in (§)
!leaﬁ is absorbed in (a); hence the presence of e#rbon monoxide,
In any considerable quantity, in the waste flue gases mebus a
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. ‘ L]
consulemble logs of heat in addition *to the loss of fuel, due to
combuskble gases 8sc aping up the chimney. The utilisation of
fuel to the greatest advantage isan exceedingly important problem,
and for its solution many factors must be considered.

When coul is burnt in a furnace, some of the air is supplied’
through the fire-bars at the bottom of the grate; as the gases
rise through the heated layers of fuel, the air becomes used up
and theh the strongly heated fuel begins to reduce the carbon
djoxide to monoxide.

The quantity of carbon edioxide reduced to monoxide depends
upon the velocity with which the gases pass through the heated
fuel. A second supply of air (secondary air) is admitted above
the surface of the fire to consume any combustible gases that
may be formed, such as earbon monoxide as deseribed, or hydro-
carbons resulting from the destruetive distillation of the coal
thrown on to the surface of the fire. Tf this secondary air is
excessive in quantily, the furnace temperature is lowered and a
great loss of effective heat results. Also, if the air and the gases are
not efficiently mixed, or if the velocity of flow-is so great that
they are swept away into the flues before combustion can tuke
place, loss of fuel will again result. Turther, the gases must
be deprived of their heat as far as possiblo before they escape
up the chimney. In order to ensure the most economical
combustion of a fuel the following points must be considered :—

(1) The design of the furnace, especially ag regards the grate
area, heating surface, and air supply.

(2) The chemical composition of the fuel employed. As o
rule the -determination of the (@) moisture, (b) volalile matter,
(¢) coke, and (d) ash, and oceasionally sulphur, is sufticientin the
case of solid fuel.

(8) The calorific powar of tho fuel.

(4) The composition of the waste flue gases.

(5) The temperatura of the flue gases.

From the two latter and the weight of fuel burnt, the quantity
of air used in burning unit weight of the fael can be calculated,
gnd henoo the total volume of gases passing up the chimney. The
heat loss, due fb sensible heat carried off by these gases, can then
be estimated. :
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Fimally, if the heat be *used for steam raisinggand the wéight
of water evaporated be known, then, from fhe above data, the
heat balance sheet of the furnace can he drawnup. The methods
of determining and calculating the various fators will now be
described, but for details of the requisile oxperiments larger
works must be consulted, the exact description of these processes
being outside the scope of the present hook.



CITAPTER IIT
Ananvsis oF Fukn anp FLue Gases

Tur analysis of fuel for enginsering or other purposes usually
resolves itself into the estimgtion of—

(1) Moisture.

(2) Volatile matter.

(8) Coke.

(4) Ash.

In some instances it is necessary to determine the composition
of the fuel more exactly, i.r., to estimate the carbon, hydrogen,
oxygen, nitrogen, and sulphur, present in the fuel. Such a
complete analysis involves the use of methods similar to those
used in the analysis of organic compounds. 'The principle of
the analysis of fuel only will be dealt with here.

(1) Determination of Moisture.

The coal is sampled in such a way as to obtain an average
sample. The method of doing this differs in different cases,
but in the case of a 10-ton waggon of coal the procedure is
ag follows: A quantity of the coal is shovelled from each end
and the middle of the truck, part being taken from the top,
middle, and bottom of the coal. As the coal is removed, a pro-
portion, e.g., a quarter, is put on one side. In amount this will
be about 5 cwt. for a 10-ton load. The large pieces are then
broken up and the whole thoroughly mixed and again divided
into four quarters, one quarter being put aside. This is more
finely divided and quartered again and the process of grinding
and quartering repeated «until a sample of the coal, 2 to 8 lbs. in
weight is obtained. This is then used for analysis. «When the
sample is obtained it is best kept in tins with good fitting lids to
prévent loss of moisture by evaporatien.

About 50 or 180 grams of the coarse fuel are weighed out isto
a weigﬁed porcelain dish and then heated in & steam or air bath
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to 106° C., the heating being continued until the we{ght is consant.
From the loss in weight the percentage of Boisture present is
obtained. The amount of moisture present must not be excessive,
and should not be higher than 8 per cent. *Any considerable
*amount of moisure results in a loss of heat whon the fuel is
introduced into the fire, since it has to be dried before it burns,
and this will utilise some of the heat. Also the steam produced
carries away *“ sensible ” heat into tho flue and chimmncys

(2) Determination of Volatile Matter.

The fucl is next finely ground in asmortar and sifted through
a 60-mesh sicve; 1 to 2 grams of this are weighed into a
platinum crueible, which is covered by a lid. The erucible
is now heated by a Bunsen burner with a long flame, the volatile
matter is distilled off and burns round the loose-fitting cover.
As soon as this flume drops the heating is discontinued and
the mass allowed to cool somewhat. The cover is then removed
and the soot on the sides of the crucible burnt, by cautiously
heating with the burner for que minute, then it is allowed to
cool in & desiceator and weighed, the loss of weight gives the
volatile matter present; the residue represents the coke. or
non-volatile carbon, and the mineral matter present in the
sample.

(8) Determination of Ash,

From 2 to 5 grams of the finely-powdered coal are weighed
out into a shallow porcelain dish and heated in a muille
to a dull-red heat until all the carbonaceous matter has been
burnt. Care is necessary to avoid caking the coal or fusing
the ash, but with a little experience concordunt results can be
obtained. After the combustion of the carbon is complete, i.c.,
when no carbon particles can be seen in the ash, the dish is
removed from the heat and allowed to cool in a desiccator. The
weight of the residue is the weight of thg ash of the fuel. The
percentage of ash is then subtracted from the percentage of
mineral matter and non-volatile.carbon obtained from (2), and
the percentage of coke thereby obtained. This calcplation is
not free from objection, sinde the ash is necessarily somewhaf
oxidised and may not represent the mineral matter origimally
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(

Furnace

heated by bunsen burners

- L
Substance

Cupric oxide

F1e¢ 1.—Apparatus for Esiimation of Carbon and Hydrogen in a Fuel.

present in the , coal.
For example, sul-
phides might be con-
verted into either
sulphates or oxides,
aceording to the con-
dition of heating
and the nature of
the mineral matter
present, but for ordi-
nary technical pur-
poses the ash may be
taken as representing
the mineral content

" of the coal. A high

percentage of ash is
very undesirable.
Apart from the fact
that it is incombusti-
ble, it may clog the fire
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