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PREFATORY NOTE

For the extensive revision demanded to bring this Edition thor-
oughly up to date, so much progress having been made in the ten years
since the Third Edition was published, I felt it was desirable to have
the collaboration of one who had been closely associated and in con-
stant touch with the researches and developments in the technology
of Fuel. I was fortunate in finding in Dr. J. G. King a willing colla-
borator and joint Author. To him my grateful thanks are due.

J. 8. 8. B.






PREFACE

This Fourth Edition is really the coming-of-age edition of Fuel,
which was first published in 1914. During the years which have
elapsed since the Third Edition was issued, there have been so m: iy
developments in the technology of fuel, some entlrely novel, like hydro-
genation, and so much active research work, as for example that carried
out at the Fuel Research Station, Greenwich, that a very complete
revision was imperative.

Coal has naturally continued to inspire the investigations of the
laboratory and its utilization those of the technician. The organized
investigation of our British coal measures, advocated as so necessary
in the First Edition, has been placed on a firm basis and already has
yielded valuable data, since it is characterized by reliability, which
could hardly be claimed for much of the earlier data on British coals.

Although these investigations must go on for many years, the
material already available has enabled us to give much more detailed
information, and the whole of the Chapters dealing with coal have been
completely re-written.

In the utilization of coal, particularly its combustion in the pul-
verized form, considerable extension has been possible. Coke, again,
has been the subject of much research particularly as regards the
evaluation of its properties. The preparation of coal for the market
has engaged the attention of technologists, and the more important
underlying principles and technique are dealt with.

Hydrogenation of coal (and to a lesser extent of tar and tar oils)
has been very much in public evidence of very recent years, and even
the layman has been impressed by its possibilities as a British source
of liquid fuels, particularly petrol. The inclusion of reliable data on
the process and the character and yield of the products is therefore an
important addition to former editions.

No section of full technology has becn the subject of more rescarch
than that of fuels for internal combustion engines, particularly since
the marked success of the high-speed compression-ignition engine
(“ Diesel ” engine). The information regarding these fuels has been
thoroughly revised, but both in this country and in the United States
of America muoh activity in researches on high-speed engine fuels is
in progress.

vil



viii PREFACE

There has been a considerable change in the economic position of
the poorer gaseous fuels—producer gas—largely owing to the develop-
ment of the heavy oil engine and electric power distribution. Whilst
the principles underlying their production has reqnired little alteration,
considerable reduction in space has been possible in other directions.
Water gas, and particularly carburetted water gas, becaus of the
much wider use of the latter in the Coal Gas industry, have required
more adequate treatment.

In the Section on Fuel Analysis and Calonmetry, the work of the
Committees of the B.S.I. and I.P.T. in standardizing methods of
sampling and analysis has been an important development in Fuel
Technology. The methods, being readily available in the publications
of these bodies, have not been dealt with in detail, but it is hoped that
sufficient information has been included to indicate the most suitable
methods and the precautions which must be observed in employing
them. Special reference should perhaps be made to new material
dealing with Recording Gas Calorimeters, instruments of great im-
portance, since the basis of valuation of gas has been changed from

cubic measurement to a calorific standard.
J. 8. 8. B.

J. G. K.
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FUEL—SOLID, LIQUID AND
GASEOUS

PARTI
SOLID FUELS

CHAPTER 1
INTRODUCTION

With the exception of natural oils, the origin of which still remains
uncertain, all forms of fuel may be regarded as derived primarily from
cellulose, often associated with materials of a gum or resin character.
During the life of a plant the green colouring matter of the leaves has
the power, under the influence of sunlight, of causing combination
between the carbon dioxide of-the air and the water in the plant to
produce ultimately the cellulose, which is the main constituent of
woody fibre, returning to the air the oxygen previously associated with
the carbon dioxide. The wonderful mechanism by which these vital
changes are brought about is quite nnknown, but the final result is
threefold—the amount of carbon dioxide in the atmosphere is prevented
from becoming excessive, which would be fatal to animal life, the
renewal of the oxygen supplies is assured, and, what is of special import-
ance since the change involves the absorption of radiant energy from
the sun, available heat is stored up by the plant, which may be utilized
afterwards by man for the thousand and one purposes for which he
requires fuel.

Cellulose, in the form of wood ; peat, where the cellulose has under-
gone some slight metamorphosis ; lignite, brown coal, and finally, all
the various kinds of coal, from highly bituminous to anthracite, cer-
tainly have derived their heat energy by this process, and whether
we employ these cellulose derivatives in their natural form or convert
them into forms more suitable than the original for special purposes,
such as charcoal and coke, or employ them as liquids (tar) and gases,
as is now such general practice, we are but recovering this energy
stored up from the sun.

. 1 B



SOLID FUELS
For a solid sy

e 0lid substance to be of value as a fuel it must fulfil the con-
dl‘tll;)ns ;’f Igniting With comparative ease, burning freely in some cases
wit & long flame, in others without flame, and possessing as high a
calon!ic value as possible. From the economical point of view regular
supplies must be available, and the cost sufficiently low.

Generally the proportion of hydrogen present is the determining factor
in the ignition point of a fuel, this being well illustrated in the case of
charcoal, which, if carbonized below a visible red heat (340°C. ; 644°F.)
ignites at 800° F., whilst if carbonized at a bright red heat (900° C.;
1634° F.) it ignites at approximately 1000° F.

The burning character will be dependent largely upon the draught
conditions, i.e. the rapidity with which air is supplied to the fuel, and
frequently for perfect combustion on the temperature of this air. For
flame to be formed a solid fuel must give off a quantity of combustible
gas, in which case combustion is spread over a large area and high
intensity is not attained. For this latter effect a solid fuel eyolving
little or no gas, but burning completely and rapidly on the fire bars
or in direct contact with the material to be heated is requisite.

With liquid fuels, used in internal combustion engines, the ignition
temperature is of great practical importance. In compression/ignition
engines firing of the oil charge (especially with a cold start) is determined
by the ignition temperature. In engines where the fuel/air mixture
is compressed before being fired by a spark, or other method, the limit
of compression permissible without risk of pre-ignition is obviously
determined by the ignition temperature of the mixture. Further, the
question of liability to detonation is closely associated.

The calorific value is dependent upon. the elements present in the
fuel which are capable of undergoing oxidation with the production
of heat, and for all practical purposes two elements only need be
considered—carbon and hydrogen. If a fuel contains only these
elements its calorific value will be the sum of their heat energies less
an' heat required to render them available for oxidation. Their ratio
is 1mportant since the calorific value of hydrogen is 62,100 B.Th.U.
(gross) and of carbon, 14,630 B.Th.U. per Ib. A high hydrogen/carbon
ratio is therefore advantageous.

In most fuels, however, a certain proportion of oxygen is already
present, so that the hydrogen and possibly the carbon to some extent
are already in combination with oxygen. The nature of this combina-
tion is not known, but it is customary to assume that the oxygen is
associated wholly with the hydrogen, the balance being referréd to as
available hydrogen. In ne substaxce used as a fuel is the amount of
oxygen present more than sufficient to satisfy the hydrogen. It follows,
therefore, that oxygen-containing fuels become proportionately poorer:
fuels as the percentage of oxygen increases.
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In considering the value of fuels from the economic point of view,
choice is limited to a large extent by proximity of supplies of a certain
type, since freight charges are diminished and interruption of supply
is less likely to occur. At one time, for example, imported patent fuel
(coal) from South Wales was the staple fuel on the Mexican railways, but
with the discovery of oil-fields in Mexico it has naturally been super-
seded by oil fuel. Similarly, wood has been displaced by oil on many
foreign railways. Given alternative supplies of fuel of a certain suitable
kind the choice should be governed largely by the heat units available
per unit of cost, or the purchase arranged on a basis of payment for actual
heat units delivered, a matter that is slowly receiving the attention
which its importance merits.

Again it may be economical to prepare a fuel, possibly of more
suitable character, by the pre-treatment of a raw fuel, as, for example,
the carbonization of wood and coal to produce eharcoal and coke
respectively, at the same time producing valuable by-products such as
the tars and gases, or even converting coal into * oils ” and motor spirit.

Before proceeding to a consideration of the various forms of fuel
there are certain important matters relating to its combustion generally,
which must be dealt with briefly.

Combustion. As usually understood, combustion or burning of
all commercial fuels is associated with chemical changes brought about
by combination of the combustible constituents of the fuel with the
oxygen of the air, the reaction developing heat and bei..g easily manifest
to the senses. Such a process is termed “ rapid combustion,” but similar
changes may take place at a much slower velocity ; the heat developed
per unit weight of fuel is the same, but owing to the slowness of its pro-
duction and its dissipation it is not always apparent. Such a process is
termed ‘‘ slow combustion.”

For the desired chemical changes to be complete in order that the
whole of the heat units in the fuel may be utilized there must be no
insufficiency of oxygen (or air), and from the composition of any fuel
the theoretical amount of air requisite may be calculated, as is shown
later. Incomplete combustion, resulting not only in losses of heat
units through causes apparent to the eye, such as smoke, may also
be present and escape observation, and can be detected only by
chemicdl analysis of the flue gases. A common case is the production
of carbon monoxide by the incomplete combustion of the carbon of
a fuel, which may occur under some conditions of boiler firing, or in the
cylinders of internal combustion engines—notably when using petrol.

Incomplete combustion may be avoided only by proper attention
to the supply of sufficient air; the intimate contact of the air with
the fuel, either at its surface or by thorough admixture with the gases
and vapours first evolved ; lastly, by ensuring that there is no cooling
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of the system to a temperature below that necessary for the reactions
to become complete. Smoke is the visible indication of incomplete
combustion, and the above principles lic at the root of its prevention.

Production of Flame. Flame is produced by the combustion of
gases and vapours, in the case of solid fuels these being volatilized by
heat from the fuel, or by the incomplete combustion of the carbon
which gives rise to carbon monoxide, an inflammable gas. The
temperature resulting from the combustion must be sufficiently high
to maintain the reaction, otherwise the flame is extinguished. In
the case of solid fuels, like coal, the amount of flame produced will
be dependent largely on the ratio between the volatile combustible
constituents and the carbon residue, which is non-volatile. It will be
seen later that this ratio is highest with bituminous coals and falls to
a minimum with anthracite.

When flame is produced, the heat units from the fuel are
generated throughout probably several cubic feet of space. High local
intensity with such fuels cannot be attained. When this is desired
combustion must take place as far as possible on the grate, so that a
fuel low in volatile constituents, such as anthracite, coke, or charcoal
must be employed.

In general, flame is inefficient for heating purposes where there is
a great difference between its temperature and that of the surface
being heated, as in a boiler. This is due to two causes, the checking
of combustion by lowering of temperature, and the formation of a
thin layer of gas, which is a poor conductor of heat, along the surface
of the plate. Much depends, however, on the luminosity of the
flame. Owing to the presence of highly heated particles of solid
carbon, to which most of the luminosity of all ordinary flames is due,
the radiant effect from such flames is fairly high, whilst with a non-
luminous flame radiation is much lesa.

Ignition Point. For active combustion to be initiated a definite
temperature must be attained, and for its continuance this temperature
at least must be maintained. The ignition point of all combustible
substances is no doubt at a fixed temperature, but many conditions
influence the ease with which combustion may be started, mass and
fineness of division being the most important. Whilst a given coal
in a finely divided condition will ignite at a low temperature, a lump of
the same coal will require considerable heating up before it takes fire,
due to the smaller surface exposed to the air in proportion to mass,
which carries away the heat.

The ignition point of solid and liquid fuels is very difficult to deter-
mine, because so much depends upon the conditions of the experiment.
Coal, for example; quickly yields smoke, vapours and gases, and with
slow heating up the ignition point found is really that of the semi-coked
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residue. No pretension will therefore be made to give exact figures
for the ignition points of various coals; at present they depend too
much upon conditions to be quoted numerically. It may be stated,
however, in general terms that the ignition point falls more or less pro-
gressively from anthracites to lignites.

F. 8. Sinnatt and B. Moore (J.8.C.1., 1920, 39, 72 T.) have used an
adaptation of H. Moore’s crucible method (see below) for ascertaining
the ignition point of coals in oxygen. These authors employed from
5 to 6 mgm. of the finely powdered coal (usually passing a 200 I.M.M.
sieve), and noted particularly the temperature and time interval before
(1) the commencement of visible active combustion, i.e. the mass
glowed ; (2) ignition, as manifested by an explosion or'the production
of flame. The time interval was, of course, lessened as the temperature
increased, and the authors take a time limit of four minutes and regard
the ignition point as the lowest temperature which will cause the fuel
to glow or ignite in this time. Such an interval seems excessive, for it
is inconceivable that the few milligrams of coal used were not raised
to the temperature of the crucible in a very few seconds; and during
such prolonged heating as four minutes in oxygen considerable chemical
action is most likely to have occurred.

A summary of Sinnatt and Moore’s results are given in Table I,
and also the ““ glow ’ temperature (at which undoubtedly active com-
bustion has commenced) for a heating period of approximately ten
seconds. In the author’s opinion these latter figures, although based
on a somewhat arbitrary standard, more truly represent the ignition
point, and from the temperature/time curves given in the original
paper, the ignition temperature begins to assume a fairly constant value
after about ten seconds’ heating, except in the case of anthracite.

That surface action plays an important part in determining the
temperature at which active combustion starts is shown by the much
higher temperatures for coal passing a 100 I.M.M. sieve, as is shown by
the following results :

Ignition temperature °C.
Passing 200 mesh.  100-200 mesh.
. 240

Indian coal . . . . Above 380
Hoo cannel . . . . . 220 » 390
Yard coal . . . . . 219 ,» 396
Gob fire coal No. 1 . . . 232 346
Gob fire coal No. 2 . . . 225 208

It should be noted that ignition temperatures are always much
lower in oxygen than in air, so that considerably higher figures would
have been obtained if the atmosphere had been air instead of oxygen.
In air the ignition temperatures of coals are of the approximate order :
bituminous gas coal, 370°C. ; prd.i'mry bituminous coal, 400-425° ;
Welsh steam cacl, 470°; anthracite, 500° C. )
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TABLE I

SroNTANBOUS IGNITION TEMPERATURE OF SorLip FurLs IN OXYGEN
(F. 8. Sinnatt and B. Moore)

Glow tempera-
Glow, Ignition. ture for 10
seconds’ heating.
°C. Seconds. °C. Seconds.!| °C.
Anthracite . . . . 250 45 258 61 340
Hoo cannel . . 225 33 230 —_ 334-343
Wigan Arley ooa.l . 181 70 188 230 272-296
Wigan Yard coal . . 219 17 219 652 270
Gob fire coal No. l . 228 29 228 64 278-300
Gob fire coal No. 2 . 228 25 228 56 265-290
Wood charcoal . . . 248 —_ 248 —_ —_
Irish peat . . . . 300 — 300 —_ —_
Cellulose N 324 — 324 —_ —_
|

1 Includes the time for glow also.

K. Bunte and A. Kolmel give the following ignition points for
carbonized fuels: wood charcoal, 252° C.; semi-coke (i.e. produced
by low-temperature carbonization), 395°C.; gasworks coke, 505° C. ;
coke-oven coke, 640° C., but, as shown by E. R. Sutcliffe and E. C.
Evans (p. 141), porosity has a very great influence on this. The
uncertainty of ignition temperature data is evidenced by the fact that
one of the authors has found that the figure for semi-coke may be
as low as 220°C.

In the case of highly volatile spirits and of gases the ignition point
of the mixture with air, as employed in internal combustion engines, is,
however, of great importance, since on this the question of the detona-
tion and pre-ignition of the charge on compression is chiefly dependent,
and the degree to which compression of the charge may be safely
carried.

H. Moore (J.5.C.I., 1917, 36, 109; also J. Inst. Pet. Tech., 1920)
determined ignition points for liquid fuels by allowing the fuel to fall
drop by drop into a crucible heated in a special metal container, and
H. Ricardo (dutomobile Engineer, 1921) and H. B. Dixon (J.C.S.,
1911, 99, 589) have used adiabatic compression of wapours With air.
The results with compression by the two observers are wxdely different
in some cases. Unfortunately, there are few instances where com-
parison is possible between the drop method of Moore with air and the
compression method. ' In the case of benzene, however, the results,
both by Ricardo and Dixon, are very much lower than by Moore’s
drop method, and the same remark applies to toluene. From the
table on p. 7 it will be seen that ignition temperatures in oxygen by
Moore’s method are very much lower than in ait. Without claiming
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any great accuracy for the adiabatic-compression method, the results
certainly are more likely to be of practical service, because compression
usually occurs in practice, and the atmosphere is air and not oxygen.

Spontaneous ignition temperatures determined with pure oxygen
are sometimes claimed as being more in accordance with practice in the
compression/ignition engine since the oxygen concentration is nearer
that of pure oxygen when the air mixture is under compression, but
the fact that the nitrogen is equally compressed and that this inert gas
is interspersed with the oxygen cannot but raise doubts on the validity
of such a claim.

TABLE II
SroNTANEOUS IGNTTION TEMPERATURES OF HYDROCARBONS, ETC. (°C.)
By drop method in hot | By adiabatic compres-
crucible. sion with air.
(Moore.) (Ricardo.) (Dixon.)
In oxygen. In air.
Petrols . . . . . . .| 270-280 | 360-390 | 353-367 —
Pentane . . . ., . . . —_ — —_ 510 (40-0)
Hexane . . . . . . . 287 — J° 366 500 (47-5)
Heptane . . . . . . . 281 — 330 —_
566!
Benzene . . . . . . .| 6201 — 419 464 (37-5)
Toluene . e e gég: — i 422 —_
Alcohol, ethyl e e 395 518 I 614 550 (15-0) '
Ether, ethyl. . . . 190 347 JI 256 315-325 |
Alocohol, 6 vols and ether, ) |
vols. . . — - | = 370 (21-0)
Kerosme e e e e 250 367-432 —_ —
Tar oil . . . 465 — —_ —_
Coal- and coke- oven t.ars .| 445-495 —_ —_ —_
1100 per cent. s “ Crystallizable.” 390 per cent. ¢ “ Pure.”

Figures in brackets to Dixon’s results give volumes of air to one volume of
vapour.

W. R. Ormandy and E. C. Craven (J. Inst. Pet. Techs., 1924, 10, 335)
have made a further study of the spontaneous ignition temperature of
volatile fuels, using a modification of Moore’s apparatus, which enabled
a variation in the size of the chamber to be made. With pure heptane
these authors obtained a value of 245° C., which was 36° below Moore's
figure, and they concluded that the chlef cause of the difference lay in
the form and volume of the chamber. Variation in the supply of oxygen
had little effect with heptane, but the results show how important
conditions are and how difficult it is to obtain an absolute value for
ignition temperatures.
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The following ignition temperatures for petrols are given :

Pratt’s No. 1 . . 285°C. SBhale . . . . 278°C.
“BP¥ . . . , 2719°C. Kerosine . . . 257°C.
Shell. . . . . 284°C.

Many factors influence the results of determinations of the S.I.T. of
liquid fuels, e.g. in the * drop ’ method the nature of the surface on
which the liquid falls ; the volume of the chamber ; the pressure and
time lag. N. J. Thompson (J.I.E.C., 1929, 21, 134) gives results for
hydro-carbons and alcohols in pyrex glass vessels and copper, steel and
chromium-plated cylinders. Bridgeman and Marvin (loc. cit., 1928,
20, 1219) and Masson and Hamilton (loc. cit., 1927, 19, 1335) have
investigated these various factors.

Increased pressure lowers the S.I.T. of vapours and gases. Tausz
and Schutte found a gasoline which ignited at 350° at 2-5 atmospheres
ignited at 232° C. when the pressure was 10 atmospheres.

The ideal method would be determination in air under the pressure
and temperature conditions of practice, especially in the case of fuels
for compression/ignition (C.1.) engines. One or two fuels were examined
under these conditions by Hawkes in the Admiralty Engineering
Laboratory, but the appliances were only possible in a large engineering
laboratory. A valuable symposium on S.I.T. was presented before the
Institution of Petroleum Technologists (J. Inst. Pet. Tech., 1932, 18,
533-94) and F. A. Foord described the apparatus developed at the
Royal Air Force Establishment, Farnborough.

Foord points out the importance of time lag between injection and
dctual ignition and the above apparatusrecords thiselectrically. Usually
the S.I.T. is taken as the lowest temperature at which the fuel, after an
infinite delay, will ignite—this may amount to seconds and clearly the
“ wait ” period is important. Naturally it is reduced by rise of tempera-
ture, and the period should not be more than one- or two-fifths of a
second.

From curves given by Foord the following delay times and ignition
temperatures (in air) have been deduced :

Seconds. 3 2 r i
Gasoil . . . . . . .| 340°C. | 350°C. | 375°C. | 500°C.
(mawply paraffin) -
Diesel il . . . . . .| 390 412 450 576
(mainly naphthene)
Creosote . . . . . . .| 485 506 533 620

Townend and Mandekar (Proc. Roy. Soc., 1933, A, 141, 484) record
that, under certain conditions of pressure, the 8.LT. of. butane/air
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mixtures fall into two more or less well-defined and widely separated
temperature ranges, and Coffey and Birchall (Chem. and Ind., 1934, 53,
245) describe how, with a modified Moore apparatus, a standard petrol
gave two fairly well-defined ignition temperatures. For example, a
lower range of 320-335° C., then on raising the temperature further no
ignition occurred until 420° C. (and above) was reached. An important
observation was that the addition of anti-knocks narrowed down the
lower zone until it finally disappeared. Similar observations had been
made by Prettre (1932).

Townend and Cohen (Chem. and Ind., 1934, 53, 267) discriminate
between the two as (a) due to ‘‘ cool ” flames (first noted by W. H.
Perkin in 1882) and (b) true ignition, and state that true ignition in the
lower temperature range with hydrocarbon/air mixtures is compara-
tively rare at atmospheric pressures, but with petrol/air mixtures at
19 atmospheres ignition was possible at all temperatures above
284° C., from which it was deduced that ‘‘knock in an engine was
related to a compression ratio adequate to allow spontaneous true
ignition in the lower temperature range, which lies within the ordinary
working temperatures of petrol/air engines.”

The ignition temperature of a gaseous mixture is not constant but
varies to some extent with concentration. Near the limiting proportion,
however, variation of the proportions of gas and air does not affect the
ignition temperature. Values are determined by mixing pre-heated
streams of gas and air or oxygen, the values obtained with oxygen being
generally the lower. Values for the more important gases are given by
Dixon and Coward as:

IoNITION TEMPERATURES OF GASEOUS MIXTURES IN °C. AT ORDINARY

PRESSURES
Gas. In oxygen. In air
Hydrogem . . . . . . 580-590° 580-590°
Carbon monoxide . . . 637-658 644-658
Methane . . . . . . 656-700 6850-750
Ethane. . . . . . . 520-630 520-630
Ethylene . . . . . . 500-519 542-547
Acetylene . . ., . . . 400440 406-440

It will be noted that, whilst in the case of simple gases like hydrogen
and carbon monoxide the ignition temperature variation is small,
in the case of hydrocarbon gases the temperature is uncertain to over
100° C. Further, whilst there is close agreement between the values in
oxygen and air in some cases, in other cases there is & marked dis-
erepancy. Ignition temperature is lowered by increase of pressure, a
factor of importance in the gas engine,
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Theoretical Air for Combustion. This is 2 most important con-
sideration, governing to a large extent the arrangements for the supply
of air, especially in internal combustion engines, and, further, enabling
the theoretical composition of the flue or exhaust gases to be determined,
which, as will be dealt with fully later, has an important bearing on fuel
economy.

Custom has established somewhat firmly the calculation of the air
required in pounds, and weight units do not involve corrections for
temperature, but since gases are measured in cubic feet and thought
of in terms of volumes and not weight, it seems more reasonable to
consider their consumption in such units. In ®ither case the calculation
is simple, being based on the known combining values of oxygen with
the individual combustible constituents, using their ordinary expression
in the form of chemical equations for'convenience.

The following data are of great service in such calculations,
since they apply to all cases of chemical combination where gases
are involved.

At 0°C. and 760 mm. At 60° F. and 30 inches
The molecular weight in pm.‘.m' pn‘.'m'
e i } = 22:32 litres 23-52 litres
'Tl:)emxlnc:sle?‘::y:vex-ght in } » cubic ft. » cubic ft.
Th;;ﬂﬂ“ﬁ;'&;‘”gh‘ in } — 3575 cubio ft. 377 cubio ft.

Conversely, the weight "of 1 cubic foot in pounds will equal
molecular weight molecular weight

—————2_ at 0° C. and 760 mm., and at
3575 377
60° F. and 30 inches.
Further, the composition of air is:
By weight. By volume.
oper | Ratio N/O | Ratio air/0| o | Ratio N/O | Retio air/O
Nitrogen . . 77 335 4-36 79 376 476
Oxygen . . 23 1 1 21 1 1

Full information as to the weight and volume of both oxygen and
air for combustion, the products of combustion, etc., for elementary
fuel constituents, and the principal constituent gases of ordinary
gaseous fuels, will be found in Table I, Appendix. An example of



INTRODUCTION 11

the method of calculation of these values is given below, the instance
chosen being the combustion of carbon to carbon dioxide.

Carbon. Air. Flue gases.

C + 0, -+ (nitrogen) = CO, + (nitrogen)
Weight in] 12 +32 +(107) =44 + (107)
gm.orlb.f 1 + 266+ (893) . = 366 + (893)

116 126

Volume sn litres.
At 0°C. 12 grams + 22-4 + (842) = 224 + (84-2)
and 760 mm.| 1 gram 4 1-86 4 ( 7-0) = 1-88 4 ( 7-0)
e A
8:-86 litres 8-86 litres
+ 23-60 4 (88:7) = 23-60 + (88-7)
gram + 106 + (7:36) = 1-96 + (7-36)

and 30 in.
N—— -
9-37 litres 9-37 litres
Volume in cubic feet.

At 0°C. 12 Ib. + 3590 + (1350) = 359-0 4 (1350)
and 760 mm. 1, <+ 300+ (112-5) = 300 4 (112-5)

N\ e’ N e’

142:5 cu. ft. 142:5 cu. ft.

At 60°F.1 12 1b. + 3780 + (1421) = 378-0 + (1421)
and 30 in.{ » 1 ,, + 3164 (1184) = 31-5 4 (118-4)
@ ~—— e

[ —
1499 ou. ft. 1499 cu. ft.
Composition of flue gases (by volume).
29-8 x 100 112 x 100
00.% = —m—— = 210 N.% = Ts_— = 79-0.

The volume (or weight) of oxygen or air for any fuel will be arrived
at by the sum of the volumes (or weights) required by the ultimate
constituents per 1b. in the case of solid or liquid fuels, and in the case
of gaseous fuels from the like quantities required for the separate com-
bustible gaseous constituents per cubic foot of the whole gas.

In regard to gases Haslam has shown that it is approximately true
that the theoretical amount of air required for combustion is & function
of its gross calorific value. His equation for calculating the number
of cubic feet of air required to burn 1 cubic foot of the gas is:
(B.Th.U.) — 52

100
Where less accuracy is required it can be taken that the heating value
of rich fuel gases calculated in terms of heat units per cubic foot of
theoretical gas-air mixture is approximately the same, i.e. 100 B.Th.U.
The relationship is less true in regard to low-grade gases, e.g. it is about
87 B.Th.U. for water gas and 65 for producer gas.

Calorific Value. The, calorific value is expressed in terms of
various units of heat. For scientific purposes in this country the
centigrade system forms the basis, but many practical men prefer the

cu. ft. air =
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system based on the Fahrenheit thermometer scale, the results being
expressed as British Thermal Units (B.Th.U.).

The calorie represents the quantity of heat necessary to raise 1
gram of water through 1°C. Three slightly different units are recog-
nized, the 15°, the 20° and the mean calorie. In the first the gram of
water is heated from 15-16° C., in the second from 20-21°C. and in
the third from 0-100° C., divided by 100. The mean calorie and the
15° C. calorie are equivalent to 4184 x 107 ergs, while the 20° calorie
is 4-180 x 107 ergs. The 15°C. is used mainly in this country.

The Calorie (large calorie) is equal to 1000 gram calories.

The British Thermal Unit is defined as the amount of heat required
to raise 1 lb. of water 1°F. (from 60° to 61°F.).

Suppose then a given unit of heat raises 1000 grams of water 1° C. ;
since 1000 grams = 2-2 lb., and 1° C. = 1-8° F., this same unit of heat
would raise 1 lb. of water 22 X 1-8 = 3-96° F., or, stated otherwise,
1 Calorie (kilogram degree centigrade unit) = 3-96 B.Th.U. ; conversely,
1 B.Th.U. = 0-252 kilogram degree centigrade unit.

A fourth unit of heat—the pound degree centigrade unit, being the
amount of heat required to raise 1 lb. of water 1°C., is frequently
employed in stating the calorific value of solid and liquid fuels. It is
related obviously to the B.Th.U. as are the centigrade and Fahrenheit
thermometer degrees, namely

Fahrenheit degree _ 180 _

Centigrade degree ~ 100
A concrete practical example will make this evident: 1 gram of coal
burnt in a calorimeter raised the temperature of 3000 grams of water
2:5° C. Its calorific value = 3000 x 2-5 = 7500 calories. 1 Ib. of coal
would have obviously raised 3000 1b. of water 2:5 x 1-8 = 4-5° F., or
its calorific value = 3000 x 45 = 13,500 B.Th.U. The calorific values
of all solid and liquid fuels referred to subsequently have this ratio
between B.Th.U, and calories.

It is frequently convenient to express these values in foot-pounds

1 kilogram degree centigrade = 3087 foot-pounds
1 pound degree centigrade = 1400 »
1 British Thermal Unit = 778 »

When a fuel containing hydro-
gen is burnt water is produced invariably, and if this water is condensed
it gives up its latent heat as steam together with the heat liberated
on cooling from its condensation point to the temperature of the calori-
meter. The total calorific value, gross, or higher heating value of a
fuel is the number of heat units liberated when unit weight of fuel
{or volume, in the case of gases) is burnt and the preducts of combustion
are all cooled to 60° F., the water vapour in them being condensed.

In many cascs, however, this heat carried by the water produced

1-8
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from hydrogen during combustion, or stored in water evaporated from
the fuel, is not available for conversion into work. Thus, it plays no
part in raising the flame temperature of burning gases, or in developing
energy in a gas engine. For all such computations it must be elimi-
nated, and the value after this deduction is termed the net calorific
value. This may be similarly defined to the gross value except that
whilst the products are assumed to be cooled to 60°F. it is further
assumed that the water vapour does not condense.

For gases in this country the unit is the cubic foot measured at
60° F. and saturated with water vapour.

No definite agreement is to be found in the literature on fuel as to
whether the net value shall be deduced simply from the latent heat
of steam, or whether by deduction from the gross of both the latent
heat and sensible heat in cooling from 100° C. (212° F.); in the latter
case it would be necessary to fix the temperature to which the pro-
ducts are finally reduced. In English practice it is usual to adopt the
formula of the Heat Engine Trials Committee of the Institution of
Civil Engineers, the net calorific value being calculated from the gross
by deducting the latent heat (1055 B.Th.U. per lb.) of the weight of
water condensed by cooling the products to 60°F.

The British Standards Institution has published authoritative defini-
tions of gross and net calorific values (No. 526—1933) and recommends
that they shall be respectively designated by the symbols H, and H;.

For many thermo-dynamic calculations the net value is of service,
but its real value must not be misconstrued. The error has arisen
that the net value is the true measure of the practical heating value
of the fuel. Flue gases and exhaust gases are seldom cooled to any-
thing approaching 100° C. (212°F.), and must carry away not only
the latent heat units in the uncondensed steam, but all the additional
sensible heat units in the flue gas, "which will depend primarily on
their temperature. To quote Professor C. V. Boys, under practical
conditions “ every user of gas should be equally entitled to a special
net value to meet his requirements.” The net value is a useful con-
vention but is in reality an artificial figure. '

Although the net calorific value at one time received official recog-
nition as a standard in the case of coal gas, it is agreed generally that
the gross value is the proper one to take, and the Gas Regulations Act
(1920), which altered the whole system of charging consumers from
one of cubic feet to “‘ therms,” specify the gross value. The inability
of most of our appliances to convert all the heat units into other forms
of energy is no logical basis for rating fuels on a value which is not
their true one ; indeed in some cases it is practicable to utilize at least
a considerable proportion of the latent heat units. In the United
States, where the calorific value of gas is considered rightly as of the
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highest importance, opinion is almost unanimous in favour of the gross
value as the standard. In 1906, the Association of German and Austrian
Engineers agreed that calorific values should be calculated on the
assumption that the whole of the products are cooled to 100° C., with
the water remaining as steam.

When it becomes a question of comparison between different sam-
ples of coal (unless of very different water content) or of oil, the net
value offers so little advantage over the gross as to be negligible, because
with coals of the same class, or oils of the same character, the hydrogen
content is so similar in different samples, that the difference between
the gross and net values is nearly constant. . The extra labour involved
in determining the hydrogen by the combustion process—the only
method available giving the requisite accuracy—is not commensurate
with the gain.

Calculation of Calorific Value. In general, actual determinations
in some form of calorimeter are preferable to calculated values; com-
parison between the methods is dealt with under Calorimetry (p. 363),
but the general method of calculating the values is referred to here in
order that other points may be elucidated.

It is assumed in practically all such calculations that the heating
value of the constituent elements of the fuel is the same as the value
for these same elements in the free condition, and that no heat is
generated beyond this, or no heat utilized in setting free the con-
stituent elements in a condition for their combustion by oxygen,
assumptions which certainly cannot be substantiated.

When carbon is burnt in oxygen with the formation of carbon
dioxide, the weights of material involved and the heat evolved may
be expressed by a thermo-chemical equation, thus :

(o] + 0’ = 00. + 97’644
12 grams 32 grams 44 grams calories
Carbon Oxygen Carbon dioxide

and when hydrogen burns with the formation of water at constant
pressure as :

. H, -t 6 o = H,0 + 3,000

grams 16 grams 18 grams i

Hydrogen Oxygen Water (condensed) oo
Water (as steam) -+ 58,100

It follows that 1 gram of carbon gives 8137 cals. (14,646 B.Th.U.),
and 1 gram of hydrogen 34,500 cals. (62,100 B.Th.U.), if the steam
produced is condensed to water at 0° C. ; if the steam remains as such
at 100° C., 29,050 cals. (52,200 B.Th.U.).

The calculated calorific value (gross) of any fuel containing only
these two elements will be found from the equation:

(Cosbon % 8187 + (Hydrogen 9% X 50 _ _yiioy (grom)
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A large number of fuels already contain oxygen, and therefore a
smaller quantity of this gas will be required for their consumption,
and the heat produced will be proportionately less. The assumption
is made that any oxygen present is already wholly in combination
with hydrogen ; again, this is certainly not the case, but since nothing
is definitely known as to the actual distribution of oxygen between
the hydrogen and other elements present, it affords the only possible
working hypothesis. Since it is known that in water 8 parts by weight
of oxygen are combined with 1 part of hydrogen, it is customary to
deduct from the total hydrogen an amount equal to one-eighth of the
oxygen present, calling the remainder the available hydrogen. The
formula thus becomes :

(C % x 8137) + {(H - %) x 34.500}

100

In the most complete form, such as may be applied to coals, the
following extended formula is employed :

Calories (gross) per gram =

Calories
¢ x a19m) + {(1 - CFT =) 50600} + (5 x 2220) — (8,0 x 600)
= 100

Here a fixed deduction of 1 per cent. is made for the nitrogen present
in the fuel, this being regarded as a fair average, although somewhat
low for English coals; sulphur, in the form of pyrites, is regarded as
furnishing heat, and an approximate deduction is made for the evapora-
tion of the moisture present in the fuel.

In the case of gaseous fuels the calorific value must not be calcu-
lated from the elementary constituents, but from the sum of the calorific
values of the constituent gases themselves, the values for which are
well established, and are given in Table I, Appendix.

Exothermic and Endothermic Compounds. If the simplest of
the formulee on p. 14, that for a fuel containing carbon and hydrogen
alone, be applied to the two gases, methane or marsh gas (CH,) and
acetylene (C,H,), it is found that in the case of methane the calculated
value is much higher than that found by a calorimeter, whilst in the
latter case it is considerably lower. Some of the heat is expended in
breaking down the methane before combustion ; in the case of acetylene
surplus heat is actually produced.

The explanation is to be found in the conditions atiending the
formation of the two gases. When methane is formed from its ele-
ments, carbon and hydrogen, heat is evolved, and to separate these
elements again and enable them to enter into fresh combination with
oxygen during the combustion, a8 much heat must be supplied as was
given out originally. Compounds which evolve heat on formation are
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termed ezothermic. Acetylene, conversely, absorbs heat on formation ;
this heat is evolved on decomposition, and adds to the heat generated
by the combustion of its constituent elements. Compounds whose
formation demands heat are termed endothermic.

It follows that all formulse for calculating calorific values must
fail unless the heat of formation of the fuel is either only slightly
positive or negative. Such formule apply fairly well to most coals,
simply because coal is very slightly endothermic, its endothermic
character increasing with the amount of oxygen present. In the case
of gaseous fuels, where the heat of formation of the constituent gases
may be either markedly positive or negative, calculation from elementary
composition will obviously give misleading results.

With gaseous fuels the results calculated from the values for the
constituent gases at constant volume are found to be in good agree-
ment with determinations made in calorimeters of the usual pattern——
Junkers, Boys, etc.

It is important to note that the calorific value is higher when the
fuel is burnt at constant pressure than it is at constant volume, for
example, in cases where the final products occupy a less volume than
the original, e.g. with hydrogen, where the steam occupies two-thirds
of the former volume, and may ultimately condense to a negligible
volume. In the case of actual determinations of calorific values of
solid and liquid fuels in a bomb calorimeter, the difference is negligible,
a few calories per gram in the case of coal.

Calorific Intensity. Whilst any given fuel is capable of develop-
ing on combustion a given number of heat units, the actual temperature
attained by the combustion will depend not only on the calorific value
but on a number of other conditions—the weight of the products of
combustion and of any excess air, their specific heat and the heat
losses which take place. Assuming that the whole of the heat is utilized
without loss in raising the temperature of the products, then it is
possible to calculate the maximum theoretical temperature attainable.
Accurate knowledge of the actual variatipn in specific heat of gases
with rise of temperature was for long wanting. Only in recent years
has sufficiently accurate data on the specific héat of gases at high
temperature been available. In practice it is seldom possible to attain
the theoretical maximum because of inevitable heat losses through
radiation and as sensible heat in the products.

Certain practical considerations however arise. Imagine a fuel is
burning under & boiler, and a steady temperature has been attained,
that is, the heat production and losses have reached a certain equili-
brium. Increase of the rate of combustion by increasing the draught
will not raise the amount of heat given out per pound of fuel, but
the production of heat increases proportionately much faster than
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the loss of heat, consequently a higher calorific intensity is attained.
Again, the use of excessive air for combustion will greatly lower the
temperature owing to losses of sensible heat. The effect may be well
illugtrated with approximate ﬁgures for the combustion of hydro-
gen. With the theoretical volume of pure oxygen the theoretical
attainable temperature is over 6000°C. (say 11,000° F.); with the
theoretical volume of air 2300°C.; with twice the theoretical air
1400° C.

" In the case of regeneratlve furnaces, where the waste heat from
the gaseous products is utilized for heating up the air required for
combustion (with the poorer gaseous fuels the fuel is heated also) it
will be seen how greatly this must add to the calorific intensity of
the reaction ; indeed, the success of such low calorific value fuels as
“ producer gases ’ is dependent entirely on this possibility of increasing

the intensity by regeneration. For example, the theoretical tempera-

ture for the combustion of carbon monoxide with twice its volume of
air, both gases supplied at ordinary temperatures, is less than 1600° C.,
but if by regeneration the initial temperature of the combustible gas
and the air is 500° C., then a temperature of a little over 2000° C. is
theoretically attainable.

Evaporative Values. It is common practice to state the thermal
value of a fuel in terms of its power of evaporating water from a tem-
perature of 100° C. (212° F.) into steam at the same temperature.

Calories (or B.Th.U.)
Latent heat of steam’
calories per gram the denominator will be 536-5; in B.Th.U. per lb.
966.

The latent heat of steam (or latent heat of vaporization) falls with
increase of temperature (i.e. higher boiler pressures). According to
Regnault, up to 230° C. (404 1b. absolute pressure), it equals 606-5 —
0-695¢, where ¢ equals the boiling temperature. The important point,
however, in practice is the total amount of heat in steam at a given
temperature. This obviously will be the sum of the latent heat of
vaporization and heat required to raise the water from feed temperature
to its boiling-point. According to Regnault, the feed being 0°C.
(32° F.), the value for the total heat up to 230°C. is equal to 606-5
+ 0-305¢ calories. From this value the temperature of the feed
water must be deducted. The value in B.Th.U. will be 1-8 times
as great.

As an enmple, a boiler is worked at 115 1b. absolute pressure ;
the feed water is at 15:5° C. (60° F.). At this pressure the water boils
at 170°C. (338° F.). The total heat equals 6065 + (0-305 x 170) =
658 cals. or 1184 B.Th.U. The heat required to convert 1 kilogram
, afm.tertaoat&munderthm&onditi?nswﬂl be 658 — 15:56 = 632-5

i ‘. s [+]

The evaporative value will therefore equal In

-
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'cals.,‘or 1 1b. of water 1138 B.Th.U. If the coal has a calorific value
of 7500 calories (13,500 B.Th.U.), the theoretical evaporative power

will be 1000 o 13,500 _ 1, o,
8325 O 1138

Limits of Combustion. Mixtures of combustible gases or vapours
with air are capable of burning only within fairly well-defined limitas.
Quoting from Burgess and Wheeler (T'rans. Chem. Soc., 1911, 2013)—
“To ensure propagation of flame, it is necessary (1) that the initial
source of heat should be of a volume, intensity and duration sufficient
to raise the layer of gases in its immediate vicinity to a temperature
higher than, or as high as, the ignition temperature of the mixture ;
and (2) that the heat contained in the products ef combustion of this
first layer should be sufficient to raise the adjacent layer to its ignition
temperature.”

*  “THg SMALLEST QUANTITY OF ANY COMBUSTIBLE GAS WHICH,
WHEN MIXED WITH A GIVEN QUANTITY OF AIR OR OXYGEN, WILL
ENABLE THIS SELF PROPAGATION OF FLAME TO TAKE PLACE, I8 TERMED
THE LOwWER LiMIT OF INFLAMMATION OF THE Gas.”

A “lower limit mixture >’ is one such that a given volume mist,
under the conditions of its combustion, evolve just sufficient heat to
raise an equal volume to its ignition temperature. There are three
factors which determine this—(1) the calorific power of the gas, (2)
the relative volume and specific heat of the diluent gases, (3) the
ignition temperature of the mixture.

The explosive range of mixtures is of considerable importance
from the point of view of risks of accident from the escape of gases
(or vapours) into the air, besides having an important bearing on the
practical use of such mixtures in engines.

The upper and lower limits are greatly influenced by a number of
factors, e.g. the shape and size of the vessel; whether the flame is
propagated downwards, upwards or horizontally, and by pressure and
temperature.

The effect of the size of the tube and the direction of propagation
is well shown in A. G. White’s results (J.C.S., 1924, 124, 2387) with all
gases, those for acetylene being :

Tube 7-5 em. 5 em, 2:5 em.

U. H. D, vU. H, D. U, H. D.

D e T L

low., .| 26 268 278 26 268 28 273 287 29
High , {>806 786 710 780 686 @35 | 700 595 550
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The effect of temperature and pressure in the upper and lower
limits is of considerable importance, since in the cylinder of an engine
the charge is always under compression at the moment of ignition,
and is heated by the compression and contact with the hot walls of
the oylinder. Increase of temperature extends the explosive range,
thus Mason and Wheeler (J.C.S., 1918, 113, 45) give the following
figures for methane/air mixtures with downward propagation of flame :

T:tgp. Lower himat. Higher limt.

. Per cent. er cent, Per oen‘t.
20 6-00 13-40 7-40
100 545 13-50 8-05
200 5:05 13-85 8-80
300 440 1425 9-85
400 400 14-70 10-70

The effect of pressure with hydrocarbon/air mixtures is to steadily
raise the upper limit, whilst with the lower limit mixtures moderate
pressure lowers the lower limit, but as the pressure is increased further
the lower limit again rises. The result, however, always is to widen
the explosive range. Data for the earlier paraffin hydrocarbons have
been published by Payman and Wheeler (J.C.S., 1923, 123, 426).

White (loc. cit.) gives a valuable summary of previous results and
new data from his own investigations. These are summarized in Table
III, the results being for 7-5-cm. tubes and upward propagation, which,
without exception, gives the extremes.

TABLE III

Exrrosive Liars oF Gasgs wiTH AIR ( White)
In 7-5-cm. tubes—upward propagation

Lower. Upper. Lower. Upper

Hydrogen . . . 415 17500 | Ethylene. . . . 302 3400
Carbon monoxide . 12:80  72-00 Propylene. . . . 218 970
Methane . . . . 535 14-85 Butylene . . . . 170 9-00
Ethane . . . . 312 1495 Acetylene . . . 260 >80-50
Pentane (n) . . . 142 8-00

Additional results for important commercial gases and vapours are
given in Table IV (p. 20). .

The explosive range of gasoline (petrol) was given in the.Motor
Union Fuel Report (1907) as 1-5 to 5-3 per cent., and by Burrell and
Gauger (loc. cit.) g8 15 to 6 per cent.

For pentane vapour, in a large globe with central ignition, Burgess
and Wheeler found the limits to be 14 and 4-5 per cent. Payman
and Wheeler, for downward propagation, found 1756 and 4-68 per
cent.

: Velocity of Flame Propagation. The speed at which a flame
will travel through a gas/air mixture is of importance in the design
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TABLE IV
Exprostve LiMiTs oF GASES AND VAPOURS WITH AIR
Gases
Lower limit, Upper limit. Authority.
Coalgas . . . . . 79 19-0 Bunte.!
70 21-0 Burrell and Gauger.?
Water gas . . . . . 1240 66-756 Bunte and Eitner.
Natural gas . . . . 50 12-0 Burrell and Gauger.
Blast furnace gas . . 360 65-0 » »
Vapours
Upwards. Downwards. Authority.
Lower. Upper. Lower. Upper.
Acetone . . . . . 289 12-95 2:93 8-60 White.?
—_ — 2-35 8-50 Payman.*¢
Alcohol, ethyl . . . 356 180 875 11-50  White.
— — 4-0 13-60 Payman.
Alcohol, methyl . . . 705 36-50 7-45 26-560 White.
— — 7-80 18-0 Payman.
Ether,ethyl . . . . 171 48-0 1-85 6-40 White.
— — 1-80 5-20 Payman.
Benzene . . . . . 141 7-45 1-4¢ 555 White.
— — 1-40 470 Payman.
Toluene . . . . . 127 675 1-28 4-60 White.
— — 1-40 470 Payman.
Carbon disulphide . . 108 50-0 191 350 White.
— — 410 — Payman.

1 Bunte (Journ. Gasbeleucht., 1901, 44, 835).

* Burrell and Gauger (U.S. Tech. Paper, No. 150, 1917).
3 White (J.C.S., 1922, 121, 1244), in tubes up to 7-5 cm.
¢ Payman (J.8.C.1., 1918, 37, 406 R).

of gas burners and combustion spaces. Too high a speed may mean
overheating of the burner or too localized heating of the furnace. In
ordinary flame combustion the rate is not only influenced by the pro-
portions of gas and air but also by the shape of the chamber in which
combustion takes place. The usual laboratory method of determining
velocities is to pass the combustible mixture through a tube at such
a velocity that the flame, started at the outlet end, just fails to strike
back or to ignite stationary mixtures. These conditions are similar to
those obtaining in gas burners and furnaces but are widely removed
from those in an explosion engine where there is always turbulence, and
combustion, except with very weak mixtures, is very rapid. Wheeler
has shown that with excessive turbulence (a rapidly rotating fan in the
mixture) flame is not so readily propagated, but if it does spread
(moderate turbulence) it travels much more rapidly than when the
mixture is at rest. The effect of turbulence, however, is not nearly
as great with rapidly burning mixtures as with weak slow-burning
ones.

The highest velocity of flame propagation does not ocour when the
proportions of gas (or vapour) with air are theoretically cozrect for
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perfect combustion, but is found at a point near the middle, between
the upper and lower combustible limits. At either end of the scale
Payman (J.C.S., 1919, 115, 1444) has shown, in the case of the first
five members of the paraffin setries, that the rate is approximately
20 cm. per second

When flame propagation is studied by the tube method it is found
that the rate decreases with the diameter of the tube to a marked
extent, the speed in a 1l-inch tube being less than half that in a 12-
inch tube. If comparisons of the different fuel gases are made under
more than one set of conditions the curves are found t6 be of the same
general shape but of very different dimensions. At low gas percentages
the rate of propagation is low ; as the percentage increases the rate
increases to a maximum and then decreases again as the upper limit
of inflammability is approached. Table V summarizes the values for
the maximum rates for a number of gases, while Figure 1 illustrates
the shape of the curves.

TABLE V

MaxiMoM SPEED OF UNiroRM MOVEMENT OF FLAME IN MIXTURES WITH AIR IN
HorizoNTAL TUBES

Diam,
Per cent. Speed of tube |
Gas. 1n muxture.  cm. persec.  cm. Authority.
Hydrogen . . (about)38 (about)480 2:5 Haward and Obagawa
(J.C.S., 1916, 109, 83).
Methane . . . 9-5 66 2-5  Payman (J.C.8., 1919,
115, 1446).
” e 96 91 50 Mas{)n (J.C.8., 1923, 123,
212).
Ethane . . . 6-6 86 25 Payman.
» Coe 6-0 127 . 50  Mason.
Propane . . . 47 82 26  Payman.
» .. 4-5 114 50 Mason.
Butane . . . 37 83 25 Payman.
» e . 36 113 50 Mason.
Pentane . . . 30 82 25  Payman.
» . e 29 115 50 Mason.
Ethylene . . . 72 142 25 Chapman (J.C.8., 1921,
119, 1678).
Acetylene . . 89 282 26 Mason and  Wheeler
(J.0.8., 1917, 111,
. 1044).
' .o 89 312 50 » »

The outstanding behaviour of hydrogen is readily seen in this figure.

It has been shown that, under the above conditions, the lowest
speeds, i.e. those of the limiting mixtures, are the same for all gases
at about 0-65 ft. per sec. It is also an important fact that the velocities
are affected by the presence of moisture, that of carbon monoxide, for
example, being considerably increased.
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It is possible to calculate from the composition of a coal gas
what are the proportions for the mixtures representing the upper and
lower limits of inflammability and that giving maximum flame
velocity. a+bdto+t

L. = a b c
ic + T, + i. +
Where L, is the required limit or maximum, a, b, ¢, the percentages
of the gas constituents and L, L, etc., their corresponding limits or
maxima. This formula cannot be applied in the case of gases high in
nitrogen, e.g. producer gas.

*
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Fig, 1.—Speed of Uniform Movement of Flame of Gases in Air.
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Flame Temperature. Flame temperature is of importance in
gas heating partly because the higher the flame temperature the more -
rapid the rate of heating and partly because the higher the flame tem-
perature the greater the thermal efficiency of the process.

Actual flame-temperatures are difficult to measure and the values
normally used are those of the ‘‘ theoretical ” temperature, i.e. that
which would be developed if the heat of combustion heated only the
products of combustion. Theoretital flame temperatures can therefore
be calculated from the heats of combustion, specific heats, and volumes
of the gases. These values are, of course, higher than the practical
values, but are of importance in being strictly comparable and serve
for the calculation of effects of pre-heating, excess air, etc. Values
for certain of the.common gases are :

B.Th.U. Flame ternp.
per eu, ft. *F,

Coal gas . . . . . . 560 3910
Water gas |, . . . . . 310 4170
”» »» Ccarburetted » . . 520 4000
ucer gas . . . . . 128 3050

" Plast furnace gas . . . ] 2660

In calculating these values the lower (net) heat of combustion of
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the gases is used since latent heat is not effective at temperatures above
212°F.

The flame temperatures of mixed gases can be calculated from
tables or graphs showing the total heat content of the products of
combustion which are mainly CO,, N, and H,0. The ‘ theoretical ”
temperatures are for cold gas and the theoretical amount of cold air.
They are decreased by the addition of excess air and increased by
pre-heating either air or gas. In practice the calculated flame tem-
perature is not realized : (1) because the data, especially specific heats,
used for calculating is not too exact, (2) some dissociation of the
products CO, and H,O occurs, (3) the flame radiates heat to the extent
of 5-20 per cent. and (4) since combustion takes an appreciable time
heat is lost by convection and conduction.

The losses under (3) and (4) depend upon specific conditions, but
those under (2) can be calculated from known data and should be
applied wherever possible by deducting the heat of dissociation from
the heat of combustion of the gas. Since heat is absorbed by the
dissociation the corrected temperatures are appreciably lower than the
uncorrected ; CO, for example, being reduced from 4500 to 3750° F.

In practice high flame temperature is achieved (1) by rapid com-
bustion, (2) by reducing excess air to & minimum, and (3) by pre-heating.
An increase of excess air from 0 t6 100 per cent. will reduce the flame
temperature of producer gas from about 3050° F. by some 30 per
cent. The same gas pre-heated to 1000° F. and burned with pre-heated
air at 1000° F. showed an increase of flame temperature of about 20
per cent. to 3800° F. Since dilution and pre-heating are such import-
ant factors in practice arrangements are made in most modern furnaces
for heat interchange from flue gas to combustion gas or air and, where
dilution is necessary, to achieve this by the circulation of hot flue gas
rather than by increasing the excess air.

Heat interchange is achieved either by regeneration or recuperation.
The former process is discontinuous, the hot gases giving up their heat
in a checker brickwork chamber for a short period and the chamber
giving up its heat again to the gas or air. Two chambers operated
alternately at short time intervals form a complete system. Recupera-
tion is a continuous process, heat being-given to the gas or air from the
hot flue gases through brick or metal partitions, the gases flowing
counter-current to one another.

Space does not permit of a discussion of the design or respective
merits of regenerators or recuperators. It is sufficient to say that the
former are generally used where a high degree of pre-heat is required.
They do not suffer from possible leakage of flue gas into the air stream
but do suffer from greater operating cost and from the variability of
the air temperature.



CHAPTER II

WOOD, PEAT, AND MINOR SOLID FUELS

Classification of Fuels. Fuels are employed in the solid, liquid
and gaseous condition. The solid fuels are essentially naturally occur-
ring materials, principally wood, peat, and coal, although for special
purposes they are carbonized for the production of charcoal and coke.
Liquid fuels are mostly direct natural products, such as the petroleum
oils, but considerable quantities are obtained as the result of destruc-
tive distillation of solid fuels (tars, etc.); whilst gaseous fuels occur
naturally only to a very limited extent (natural gas), but are mainly
the result of destructive distillation of solid fuels (coal gas, coke oven
gas) or. liquid fuels (oil gas), or the result of the incomplete com-
bustion of solid fuels in gas producers either by an air blast (producer
gas), steam (water gas), or a combination of air and steam (Dowson
or semi-water gas).

With such a large variety of materials available classification is
difficult, but the following is a general scheme.

GENERAL SCHEME OF CLASSIFICATION oF FurLs

/ Wood ; spent tan; cokernut shells,
eto.
Unchanged {F&tty oils—fish, palm, etc.
Natural fuels < Natural gas.
Peat (slightly).
\Metamorphmed {Coa.l (in degree).
Mineral oils (completely).
. . Charcoal, coke.,
( By destructive action of {Ta .
8, benzole (shale oil).
heat on natural fuels Coal and coke oven gaa.
Prepared fuels{ By « Jimited "’ combustion Producer gas; water gas.
By fermentation. Ethyl aloohol.
By synthesis Methyl and ethyl aleqhol.
\By hydrogenation ** Motor spirit ™ ; tetralin.
The chief solid fuels are as follows :
Wood . . . . . = Wood charcoal
Peat . . ) ] L= {Put charcosl
Lignites and coal' . . .‘-{c"n"’i stod fust
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In addition to the above important solid fuels, large amounts of
various waste materials are frequently available in certain industries
—spent tan, bagassé (the residue of canes after sugar extraction), Nile
-sud, coconut and other nut shells, ete.

WO0O0D

Composition and Thermal Value of Wood. The abundance of
wood throughout man’s existence, its comparatively rapid growth and
reproduction, and the ease of obtaining supplies, naturally made it
one of the earliest and most generally used of all fuels. At the present
time it is only of importance as a fuel in countries where large forests

still remain.
The combustible portion of all woods consists of a modified form,

of cellulose lignin, which contains a higher percentage of carbon and
oxygen than the cellulose from which it was derived. Cellulose approxi-
mates to the empirical formula #(C,H,,0;), the percentage composition
being C = 44-44; H = 6-17; O = 43-39 per cent. In many woods,
more particularly the comferous, considerable quantities of resinous
substances of much higher calorific value than lignin are found. It
will be noted that in cellulose the hydrogen and oxygen are present
in the proportions existing in water—in other words, as far as calorific
effect is concerned the hydrogen is negligible, and the heating value
is dependent on the carbon and any resinous constituents present. The
average calorific value of cellulose is 4150 calories (7500 B.Th.U.).

The average composition and thermal value of dry wood is given
in Table VI

TABLE VI
CoMPOSITION AND CALORIFIC VALUE oF Dry Woop

Pounds Hydro- Calories { B.Th.U.
percu. ft,| Carbon. | "o, " | Oxygen. | Ash. | ,oryilo, | per Ib.

Ash 46 49-18 827 4391 0-57 4710 8480
Beech 43 4906 6-11 44-17 0-57 4774 8591
Elm 35 48-89 620 4425 0-50 4728 8510
Oak 52 50-16 602 43-36 0-37 4620 8318
Fir., . . —_ 50-36 5-92 4339 0-28 5035 9063
Pine . , 30 50-31 6-20 4308 037 5085 9153

In general, woods containing much resinous matter, as with fir,
pine, etc., exhibit a higher calorific value, a pine knot exammed by
Slossen giving about 6005 calories (10,860 B.Th.U.).

Perfectly dry wood, therefore, is but a poor fuel from the point
of view of thermal value, but in practice the best attainable condition



26 . SOLID FUELS

is that resulting from prolonged air-drying. When freshly cut the
moisture in different woods varies throughout a wide range, from
26 per cent. in willow to over 50 per cent. in poplar. Great variation
is also found in the same wood at different seasons and in different
parts of the plant. By proper air-drying the range of moisture con-
tent is reduced, so that it lies usually between 15 and 20 per cent.
Low as is the calorific value of perfectly dry wood, it is apparent
that the value is still further reduced by the presence of this residual
moisture.

Under the most favourable conditions wood will be of low value
as a fuel, for (1) only some 80 per cent. is actual combustible ; (2)
the calorific value of this combustible is low ; (3) the large amount of

¢ moisture present demands much of the available heat for its vaporiza-
tion. On the other hand, wood is easy to ignite, and is for that reason
employed largely to kindle less easily ignited fuels; it can be burned
completely without difficulty, and contains but little ash, seldom ex-
ceeding 1 per cent. on the air-dried material. The composition of
the ash is very variable, but since the amount is so small it is a factor
of such minor importance from the fuel point of view that its further
consideration is unnecessary.

Wood has been used for the production of town’s gas from quite
early times. The yield from dry firwood, carbonized at 1200°C., is
about 30,000 cu. ft. per ton, with a calorific value of some 360 B.Th.U.
per cu. ft.

Wood gas consists of CO,, 13 ; hydrocarbons, 2 ; carbon monoxide,
24 ; hydrogen, 45; methane, 15; nitrogen, 1 per cent. The charcoal
yield is about 19 per cent. of the dry wood. Wood, and especially
waste wood, has also been used successfully for the manufacture of
producer gas. Wood for this purpose may contain as much as 50 per
cent. of moisture. A typical wood-prodicer gas contains CO,, 9;
CO, 25; H,, 10; CH,, 3; N,, 53 per cent., calorific value 143 B.Th.U.
per cu. ft.

Wood Charcoal. Wood charcoal is obtained by the destructive
distillation of wood which, if carried to completior, leaves a residue
retaining the original shape and structure of the wood, and which
consists almost entirely of carbon. With lower temperatures the dis-
tillation i8 less complete, and combined hydrogen and exygen are left
to a greater or less extent in the mass.

By carbonization there.is necessarily a large loss of heat units in
the liquid and gaseous products, and the yield of solid fuel is very
low. Although wood contains from 49 to 50 per ocent. of carbon,
under the most economical conditions of carbonizing in retorts 27
per cent, is the highest attainable yield. Wasteful as the ‘prapess
usvally is unless careful attention is paid to utilization of the liquid
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tars, etc., certain great advantages result. Since the useless con-
stituents of the wood, the combined hydrogen and oxygen, are mostly
removed, the charcoal has a high calorific value, 11,000 to 13,500
B.Th.U., and owing to its porosity and combustion without flame it
has high calorific intensity. Since concentration results the ash will
be considerably higher than in the original wood.

Charcoal was formerly a metallurgical fuel of great importance,
and the production at one time was so large as to cause complete de-
nudation of forests, so that restrictive legislation on the output was
imposed.

The introduction of coke and raw coal for iron smelting has dis-
placed charcoal entirely from its position of importance, and now its
use as a fuel is confined almost wholly to certain metallurgical operations
where great purity of fuel is desired, for owing to the low mineral
content and freedom from sulphur, phosphorus, etc., charcoal has great
advantages.

Production of Charcoal. This was at one time carried out en-
tirely by restricted combustion in heaps, a portion of the wood furnish-
ing the necessary heat for the carbonization of the remainder. This
process is necessarily wasteful, the yield seldom exceeding 15 per
cent., and at present it is confined to countries where waste is not
considered or where deforestation is a desired object. If the wood
had a calorific value (dry) of 8500 B.Th.U., the yield of charcoal was
20 per cent., and of the highest calorific value, 13,000 B.Th.U., the
actual percentage of heat units in the product would be about 30.

The production of charcoal by dry distillation of wood in closed
retorts, externally heated, enables valuable by-products to be recovered.
Where charcoal production is the primary object the distillation is
carried out at a high temperature, and the liquid distillate is Stockholm
tar or wood creosote, which, owing to its great preservative value, is
employed largely for creosoting timber.

Distillation of wood, however, is now largely practised, especially
in the United States, more particularly for the valuable liquid products,
and charcoal is the by-product. In order not to impair the value of
these products the temperature employed is lower than for complete
carbonization. In practice oil-heated retorts are used with an initial
temperature of 200° C. (392° F.) and finishing temperature 330-340° C.
(625° F.). The yield of the various products per cord of wood
(4000lb.) is :

Best turpentine. . . . . . 40 gallons
Light oils . . . . . . 18
Heavy oils . . . 0 128,
Charcoal . . . 950 1b

In addition to the liquid products of distillation large volumes of
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gases are also evolved during the process. Lawrence (J.8.C.I., 1911,
728) gives the following analysis of such gases :

Per cent.
Heavy hydrocarbons . . . . . . 82
Methane . . . . . . . 123
Carbon dxoxlde . . . . . . . 314
Carbon monoxide . . . . . . 351
Hydrogen . . . . . . . . 109
Nitrogen . . . . . .21

Charcoal obtained as a by—product is not of high quality; the
wood is selected as far as possible to give the most valuable distillates
and not for the production of charcoal primarily, and further the low
temperatures employed do not permit of complete carbonization.

It is of interest to note that the destructive distillation of wood
involves a strong exothermic reaction which, according to Fawsitt
and Klason, sets in at 275°C. Hornsey estimates that 12 per cent.
of the heat of combustion of the wood thus becomes available for the
distillation process.

In many wood-producing countries very large quantities of other-
wise waste wood are available for treatment for by-products and
charcoal.

Lawrence (J.8.C.I., 1918, 37, 5 T.) gives the following yields of
products from rich and lean woods :

TABLE VII
Propucts FROM Wo00OD DISTILLATION
Rich wood Lean wood
Products. (4 cords = 16,600 (4 cords = 16,000
Ib.). 1b.).
Charcoal . . e e e 4284 1b. 4400 1b.
Refined turpentme e e e 41-5 gals. 2075 gals.
Pine oil . . e e e e e 116 42
Resin spirit . . . . . . . . 216 ,, 120 ,,
Resinoil, . ., . . . .. 1410 ,, 6475 ,,
Creosote oil . . . . . . . . 4656 ,, 210
Wood alcohol . . .. 60 26
Calcium acetate (80 per unt) .o 300 Ib. 350 1b.
Pitch . . . .. 1400 ,, 6256 ,,
L

Composition and Properties of Charcoal. If distillation is
carried out to the highest extent the products should be simply carbon
and ash. Charcoal, however, has enormous absorptive powers for gas
and is fairly hygroscopic. After exposure to air, even when fully carbo-
nized, it contains much occluded gas and moisture, up to 8 or 9 per
cent. If incompletely carbonized, it retains in combination hydrogen
(2 to 3 per cent.) and oxygen (12 to 14 per cent.).
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If charred at quite low temperatures red charcoal (rothkéle, charbon
roux) is obtained, and this contains actually a higher percentage of
combustible than the high temperature product.

During recent years special attention has been directed, especially
by the French Government, to the production of charcoal for use in
small portable producers for driving automobiles with producer gas.
The utilization of waste wood in the French forests was expected to
replace an appreciable amount of the imported petrol. Governmental
support gave an impetus in 1927 to the building of portable kilns and
the design of producer-driven vehicles in France. Such vehicles are
also of interest in our colonies where wood is available in quantity.
Information regarding progress in this direction is available in the
Reports of the Rallyées des Carburants Nationaux of the Automobile-
Club de France. A comprehensive Colonial paper is that of Rennie
(Trans. Inst. Eng., Australia, 1930, 2, 101). Rennie shows that 16 Ib.
of charcoal is equivalent to 1 gallon of petrol, and quotes lorry tests
which show 0-240 lb. charcoal per ton-mile against 0-144 lb. petrol.
Under these conditions charcoal at 5-1d. per 16 lb. compares favour-
ably with petrol at 22d. per gallon.!

PEAT

Importance of Peat. Enormous quantities of peat are available
for fuel purposes, but owing to the situation of the bogs in sparsely
populated districts, difficulties in removal of the excessive water, to
its low density and low calorific value, its utilization has been only on
a comparatively small scale. A D.S.I.R. report quotes the 1921 world
production at only about 4 million tons. The production has definitely
increased since then and in Russia alone 7-5 million tons were manu-
factured in 1928 (Paper R 5, World Power Conference, London, 1928).

In Europe the peat area is estimated at 140 million acres, whilst
in Greut Britain and Ireland there are approximately 2 million acres;
in Ireland alone Frank estimates the available peat as equal to 2500
million tons of coal. Of the colonies, Canada is possessed of some
30 million acres. In the latter country, exhaustive inquiries were
made in 1913 into the possibilities of economically using the vast peat
accumulations, and valuable reports have been prepared by Haanel
(Can. Dept. of Mines, No. 299, 1914) and Larson (Can. Dept. of Mines,
Peat Bull. No. 4). The utilization of peat on any scale is mainly
dependent on the cost of excavation and handling of the large quantities
of such wet, raw material, and removing the large excess of water, a
process which must always precede its use as fuel.

* For further information on the utilization of wood and its products, the
reader is referred to the Destructive Distillation of Wood, by H. M. Bunbury (Benn
m “i?z’i or Wood Products, by P. Dumesny and J. Noyer (Socott, Greenwood

)
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Formation of Peat. Peat consists of partially decomposed vege-
table matter, the result of luxuriant growth of lower forms of plant
life, mostly mosses, under such favourable conditions as moisture and
temperate climate. While the lower part of the stem dies off the
upper part continues its growth, so that in the course of time a thick
deposit results; as the under portions become buried deeper and
deeper in the swamp decomposition through bacterial and other agencies
progresses. The result is that whilst the upper parts of the bed are a
matted, water-saturated sponge, the lower portions have largely lost
their vegetable characteristics, and have become a semi-solid brown
to black mass, in which greatly disintegrated vegetable structure is
visible under the microscope.

When sufficiently felted together the upper parts of peat bogs
can be cut into blocks and air-dried to give a bulky and porous fuel.
A denser fuel is obtained by macerating the peat, pumped from the
bog by any suitable means, and extruding the macerated material in
layers for drying in the air. The raw peat consists of two distinct
materials, plant residues and peat humus. The latter swells greatly
in water but forms a hard mass on drying. Shrinkage is prevented
in the hand-cut peat by the presence of plant remains, but when these
are macerated in the case of machine-cut peat greater shrinkage be-
comes possible and the fuel bedomes denser. In addition, the humus
after drying will no longer absorb water to the same extent. The
increase of density may be as much as from 0-4 to 0-8.

Moisture in Peat. The amount of solid matter in even a well-
drained bog is small, amounting to from 10 to 16 per cent. The water
content of peat at an exposed face or bank may be 88 per cent., but
at the actual surface may be much lower. Hand-cut sods will usually
contain from 88-90 per cent. of water. P. Purcell in the Report of the
Director of Fuel Research (H.M. Stationery Office, London, 1922-23),
quotes water/dry peat ratios as follows :

Very wet peat . . . . . . . 19
Undrained bog . . . . . . +13-14
Cut peat . . . . . . . 9
Lowest for raw peat . . . . . 67
Air-dried peat . . . . . . . 033

These ratios show clearly the amounts of water associated with
say one ten of dry peat at different stages.

On complete air-drying, peat reaches an equilibrium with the air
at from 13 to 18 per cent. of moisture. In practice the water content
is seldom below 20 per cent. and the inner portions of the blocks of
peat seldom reach so low a figure. It has been estimated that, for
domestic requirements, the moisture content should not exceed 30-35
per cent. and, for industrial purposes, not more than 30 per cent.
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Peat Drying. It is not possible to reduce the water content of
raw peat by pressing or filtration. J. W. Hinchley (J.8.C.1., 1922, 41,
365 T.) has shown that a pressure of 800 lb. per sq. in. will not reduce
the water content below 75 per cent. and that any filtering medium
is rapidly choked by colloidal matter. By using steam in the press
this figure can be reduced to about 60 per cent. Several processes of
this type have been tried, but none have yet achieved success.

The most widely practised methods are those of air-drying on
prepared surfaces near the bog. Since this air-drying depends upon
climatic conditions the drying can be done only during the summer
months. In Ireland where the climate is moist the peat-winning season
lasts only 160-200 days. Cut peat dries more slowly than macerated
peat. Purcell has shown that, during July and August in Ireland,
the relative times of drying are respectively 30-40 days and 60 days.
Similar drying periods have also been quoted for Russia.

The conditions of drying are important, the freshly formed peat
is dried as deposited until it is firm enough for handling (water /peat
ratio 5) and then * footed ”’ or built up into heaps for further drying.
Footed peat is stated by Purcell to have dried to a water ratio of 2 in
18 days as against 26 days for flat-spread peat.

In the preparation of machine peat the extruded material is cut
into blocks on the field. (See Paper R 5., World Power Conference,
1928, describing work in the Russian fields.) The original thickness of
the layers is not more than 20 cm. and the dried briquettes are approxi-
mately 5 cm.

The stages in drying are quoted as follows :

Start. | Turning. St;::‘k,:.of Heaps. Dumps.
Moisture per cent. . . 88 84 79 70-50 25
Time (days) . . . . — 7-12 7-10 14 | 28-36 Total
Shrinkage Vo/Ve . . .| 0 15 26 | 3440 43

The finished bricks may be 25 x 5 x b cm.

'Composition of Dry Peat. The composition of the pure peat
substance, i.e. with water and ash eliminated, varies over only a
moderate range. The following data are mainly from analyses by
Bunte on Bohemian peats, and by Brame on British peats. There is
quite close agreement between thé results in each case:

Limit. Average,
Carbon o e . . . b56-63 575
Hydrogen . . . . . b57-63 61
Sulphur . . . . . 086-10 —
Nitrogen . . . . . 1-8-27 —

Oxygm . . . . . 3138 349
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The ash in peat is a very variable quantity. It is exceptional to find
less than 3 per cent., but not uncommon for over 10 per cent. to be
present, most of which is undoubtedly due to infiltration. The lower
layers will contain usually high ash as compared with the felted peat.

An analysis of a typical Irish Peat is given in Fuel Research Tech-
nical Paper 4 (1921) as carbon, 60-1; hydrogen, 5-8 ; sulphur, 0-6;
nitrogen, 1-4; oxygen, 32-1 per cent.

The volatile matter in peat varies with its position in the bog.
Purcell gives an example for different Irish peats :

Volatile matter.  Ash.

Brown peat, Ticknevin‘ ... 612 10
Black ,, . . . 65 78
Dense 'black peat . . 655 71
Light fibrous peat, Denbigh Moor . 704 07
De}lle black Peﬂt. ” ” . 618 15-2

Calorific Value of Peat. On the air-dried peat this will be natur-
ally a very variable factor for the same peat, owing to moisture varia-
tion under different conditions. For air-dried peat, 256 per cent. of
moisture, Ekenberg takes an average of 3450 calories (6230 B.Th.U.).

Calorific value also varies with the position of the peat in the bog.
Irish peat (Director of Fuel Research, 1922-3) provides the following
data from Lullymore bog :

Depth (feet). Ash per cent. B.'l'h.g‘.yper 1b. Dry, ash free.

2 0-89 8017 9600
5 1-14 10,113 10,230
8 310 9260 9560
12 4-39 9548 9990

The average value for Turraun peat is quoted as 9262 B.Th.U. for
an ash content of 4-54 per cent. or 9700 B.Th.U. for the pure peat.
Rather higher figures are given in Fuel Research Technical Paper 4,
of 9590 and 9640 B.Th.U. for peats containing 4-31 and 4-59 per cent.
of ash. The pure peat has in this case a calorific value of 10,060 B.Th.U.
per Ib. Taking a good commercial peat at 20 per cent. of moisture
and 3-5 per cent. of ash it should have a calorific value of 7700 B Th.U.
per lb. Its specific gravity should be just under 1.

Use of Peat as a Fuel. The methods may be classified as :

1. Direct burning of air-dried peat briquettes or dried peat powder.

2. Conversion into peat charcoal.

3. Briquetting after semi-carbonization (Ekenberg process).

4. Gasifying.

Peat, either hand-cut or machine-won, has a oonndmblﬂ spplication
as a domestic fuel in countries where coal is not available, For com-
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mercial purposes its high cost of winning in a dry state has militated
against it. In Ireland extensive experiments have been made but
have now been discontinued. Better progress has been made in
Northern Europe, mainly Sweden and Russia, and machine-won peat
has been used fairly largely for power production. It is unlikely
that hand-cut peat will ever become a cammercial proposition in the
same way.

As a boiler fuel dry peat (20-30 per cent. moisture) is a perfectly
satisfactory fuel in the form of the blocks produced by air-drying,
or in briquetted form. Paper R 6 (World Power Conference, 1928)
describes satisfactory results obtained in Russian power stations in
which as high thermal efficiency was obtained as with coal.

The problem of high moisture content has given rise to much ex-
periment with artificial drying and perhaps the most important process
is that of drying in the form of powder followed by briquetting. In
the “ Hydro peat *’ process the peat is pumped from the bog, coagulated
with ferric hydrate, vacuum-filtered, and pressed (50 atmos. pressure)
with the addition of 10 per cent. dry peat powder. At this stage
the peat contains 60 per cent. moisture. The drying is then completed
in rotary driers, using exhaust steam at 50 lb. pressure, to 15—38 per
cent. moisture. The dry peat is then briquetted without a binder at
1200 atmospheres pressure in stamp presses. An average briquette
is 5 %X 6 x 18 cm. and has a density of 1-27. These have a high pack-
ing capacity of 77 lb. per cu. ft. or only 30 cu. ft. per ton.

Peat Powder. Peat powder has found somewhat extensive use
on the Swedish State railways, being excavated and prepared at
Histlagen, near Vislanda. The peat is spread on large drying fields
and the moisture reduced to 40 per cent. It is crushed and ground
and further dried by passing through long passages with combustion
chambers beneath. The water content is reduced to 12-15 per cent.
and the material sieved and further crushed. The peat is carried on
the tender of the locomotive in an air-tight tank, and is forced by
air pressure to the furnace, in which a small coal fire is kept burning.
The average kilograms of steam generated per kilo. of fuel are given
as 471 kilos. (calorific value of peat, 7,740 B.Th.U.) as against 6-81
kilos. for coal (calorific value, 12,000 B.Th.U.).

Successful results have been obtained in the use of dry peat powder
for steam raising in Sweden, injection by air heated to 200° F. being
employed. From 12 to 1-4 Ib. of dry peat were equivalent to 1 1b.
of coal, the relative’ cost per ton being stated as 16s. 6d. and 9s. 4d.,
but some coal is required when starting up. This method seems un-
likely to find wide application.

. Peat Charcoal. The denser forms of air-dried peat and peat
briquettes lend themselves to gasification in retorts, for the production
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of peat coke and gas. Since peat has no binding properties on car-
bonization it must be treated in lump form if lump coke is to be
obtained. Originally peat was carbonized in heaps as in charcoal
manufacture, but retort systems were in use in Germany and Russia
in the early part of the century. The Ziegler process (Engmeenng,
Nov. 15, 1907) gives the following yields :

Peat coke, 33 per cent. Semi-coke, 45-50 per cent.

Tar, 4-56 per cent. Tar, 2 per cent.
Carbon . . . 86-88 per cent. 74 per cent.
Hydrogen . . . 20 36
Oxygen . . . b52-56 14-5
Sulphur . . . 03 0-2
Calorific value . . 14,500 B.Th.U. 12,400 B.Th.U.

The by-products are of considerable importance, and the yields
for a plant working 35,000 tons of air-dried peat per annum are given
from two sources : (1) Zwingenberger, Eng. and Min. Journ., 1907, 83,
143; and (2) Captain Sankey, Brit. Assoc., September, 1908, from
actual results at Beuerberg, Munich.

35,000 tons air-dried peat give :

(1) 2
Peat coke . . . . 11,855 tons 13,80(0)t.ons
Ammonium sulpha.te . . . 140 ,, 184 ,,
Calcium acetate . . . . 210 ,, 270 ,,
Methyl alcohol . . . . 70 92 ,
Oils, heavy and light . . . 1240 ,, 13801 ,,
Paraffin, solid . . . . 117 230 ,,

1 Assuming average gravity of 0-85.

The charcoal has proved of value for carburizing armour plate,
and the semi-coked peat was tried as fuel in the German Navy; but
although no data can be quoted as to its density, such fuel is unlikely,
however carbonized, to prove sufficiently dense to be a useful bunker
fuel.

Experiments on the production of town’s gas are described in Fuel
Research Technical Paper 4 (1921). Irish block peat was carbonized
in Glover-West continuous vertical retorts and gave very satisfactory
results as follows :

Carbonizing temperature . 980°C. 850° C.
Yields per ton of peut (20 per cent. H,O)—— -
Coke . ewt. 54 54
Gas . . . . . ou. ft. 14,900 13,760
» . . . . . BThU. 325 340
" . . . . . therms 484 468
Tar . . . . . . gals. 126 213

The peat charcoal was fairly hard and dense and made a reactive
fuel ; it had a high calorific value of 12,600 B.Th.U. per Ib. dry, with
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10 per cent. of ash. It would find useful applications for certain metal-
lurgical purposes.

Gasification of Peat. Great expectations have been entertained
that by gasification, with recovery of perhaps 80 per cent. of the nitrogen
as ammonium sulphate, a great deal of peat could be utilized, a matter
of considerable importance in countries often poorly supplied with other
fuels. Many large power schemes have been visualized on these lines,
but the great depreciation in the value of ammonium sulphate, through
extensive production synthetically, has profoundly altered the economic
prospects of all such schemes.

The gasification of peat has been successfully carried out in pro-
ducers (Chapter XVI) modified suitably to meet the conditions of
wetness and low density of the peat as charged. The following figures
are amply supported by tests made by the Power Gas Corporation
and others:

Per metric ton
(dry peat substance).
Cubic feet of gas at 0°C. and 760 mm. . X
Calorific value per cubic foot . . . . 157 B.Th.U.
Tar . . . . . . 110 Ib.
Calcium a.oeta.te . . . . . . 9,
Ammonium sulphate . . . . . . 165 ,,

From the available results it may be confidently expected that
1 ton of dry peat substance will yield 90,000 cu. ft. or over of gas of a
calorific value of 140 B.Th.U. per cubic foot.

Taking these figures as a basis, and assuming that a good gas engine
will, under varying working loads and everyday running, give an
efficiency of 25 per cent., thus requiring 10,180 B.Th.U. per H.P. hour,
one ton of theoretically dry peat will be equal to an output of 1240
H.P. hours, or 1-8 1b. per H.P. hour. High-class modern gas engines,
working at or near full load, will require only 8500 B.Th.U. per H.P.
hour, and on this basis one ton of dry peat may be expected to give
1480 H.P. hours, equal to 1-51 lb. per H.P. hour. Converted into
electric energy the consumption of dry peat per kilowatt would be
therefore about 2 lb.

Working with a peat containing 2:2 per cent. nitrogen, Messrs.
Crossley Bros. obtained in their earlier trials 140 Ib. sulphate per ton
( = 63 per cent. yield), and later 177 lIb. ( = 80 per cent. yield).

MINOR SOLID FUELS

As these are closely allied to either wood or peat, consisting chiefly
of cellulose, they may be considered here conveniently.

Bagasse (Engineering, 1910, 89, 197) is a fuel of considerable
importance in cane-sugar-producing countries, and consists of the re-
sidual crushed cane after the extraction of the juices. It is usually
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burnt under boilers, the best results being obtained when over 100 lb.
per hour are burnt per square foot of grate area.
Bagasse contains :

Fibrous material (oelluloae) . . 38-50 per cent.
Sugar . . . . 17-10 »
Water . . . . . . 32-56 »

Naturally the amount of fibrous material available for fuel is
dependent largely on the degree to which the juices are pressed out.

The calorific value of dry bagasse ranges from 4600 cals. (8280
B.Th.U.) to 4800 cals. (8650 B.Th.U.), with an ash content of 1-6 to
2-25. The value of the pure combustible approximates very closely
to 4750 cals. (8560 B.Th.U.).

Spent Tan. This will have much the same composition as wood.
According to D. M. Myers (School of Mines Quarterly, 1910, 31, 116),
hemlock tan has the following ultimate composition :

Carbon . . . . . . 51-8 per cent.
Hydrogen . . . . . . 604 »
Oxygen . . . . . . 4074
Ash . . . 142

The calorific value of air-dried bark is 3150 cals. (5675 B.Th.U.),
and of the wet tan 1480 cals. (2665 B.Th.U.), the average moisture
being 65 per cent. (Myers).

Spent tan has been successfully employed in suction gas plants.

Nile Sud. Considerable attention has been given to the utiliza-
tion of the enormous quantities of grass clumps which at certain seasons
are carried down the Nile, it being realized that in a country dependent
almost entirely on imported fuel, the application of this sud for fuel
purposes is an important economic factor. The material is collected,
sun-dried, disintegrated, and finally briquetted. It is claimed that,
produced on the banks of the Nile, the fuel is 50 per cent. cheaper
than imported fuel.

Town Refuse. The disposal of the waste material from dust-
bins, etc., is. an important sanitary problem, and its destruction by
burning in suitable “ destructors ¥ is not only a satisfactory method
from a sanitary point of view, but can generally become.remunera-
tive when the heat is utilized for steam raising. As an adjunct to
the ordinary boiler plant in electricity generating stations ‘‘ destruc-
tors ” have considerably reduced fuel consumption, and with a good
type of destructor little nuisance from dust, etc., should be experienced.

Refuse varies considerably in character according to the towns,
and with the season ; the average amount of combustible matter for
London is stated to be sbout 38 per cent.

The Dawes report on the public cleansing of London states that
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refuse collection costs about 8s. per ton and its disposal 9s. 6d. per ton.
The nature of the Londen material is as follows :

Winter. Summer.

Fine dust . . . . . . 3 17
Fuel cinders . . . . . . 32 15
Putrescent mteml . . . . 9 24
Paper . . . . . . 10 23
Metal . . . . - . 3 5
Rags 1 2
Glass 2 3
Bones . . 2 1
Miscellaneous 7 9

_ The raw mixture contains from 10 to 40 per cent. of moisture and
has a net calorific value of 3000-4000 B.Th.U. per Ib. In the northern
towns, where the refuse contains more cinders, the calorific value is
higher, 4000-5000 B.Th.U. per Ib.

Several types of refuse destructor have been described by E. W.
Smith (J. Inst. Fuel, 1932, 6, 88) who states that thermal efficiencies
of over 64 per cent. on the net value can be obtained. The thermal
losses are waste gases, 18; unburned fuel, 7, and radiation, etc., 11
per cent. A modern unit destructor will handle 30 tons of refuse per
day. The material is all handled mechanically, passing over magnetic
separators to remove metal, and being forcibly charged to the destructor
cells which may be either of the high-pressure blast type or the rotary-
kiln ‘type. Special grates are generally necessary to dispose of the
large proportion of non-combustible matter, these may be rocking or
rotatable grates to keep the burning mass in motion.



CHAPTER III
COAL AND ITS CONSTITUENTS

Formation of Coal. It has long been realized that coal has been
formed by the decay of plant materials accumulated millions of years
ago—the presence of so many recognizable plant remains in coal is
sufficient at any rate to warrant the belief. The process by which the
coal has been formed and even the particular part of the vegetable
matter responsible for the formation are, however, matters of consider-
able controversy. ‘

It can be safely said that during the deposition of the cdal measures,
the sea and earth movements played very important parts. The
extensive primordial forests flourished and vegetable matter accu-
mulated either where it grew or at places such as lakes and estuaries to
which it had been transported by water. These areas later became
submerged owing to the changing contour of the land brought about
by earth movements, etc., and the vegetation decayed, giving the first
step towards coal. Later these areas were again exposed and the cycle
started once more.

This alternate exposure and submersion of portions of the earth’s
surface led to the vegetable remains accumulating in layers, whence by
the action of various agencies such as pressure and temperature coal
seams resulted.

The original vegetation contained constituents with varying resist-
ances towards decay, some such as waxes and resins being almost
unaffected during the coalification process, whilst others have been
transformed into materials with little resemblance to their original
parent substances.

Fischer and Schrader (Brennstoff Chem., 1921, 2, 37) have suggested
that during decay, bacterial action has decomposed the celluloses into
gasecous and liquid products whilst the lignin has been converted into
humic substances (or ulmins, i.e. brown or black colloidal substances
soluble at first in alkali solutions), which in turn have heen transformed
into the amorphous material which constitutes the bulk of coal, the
extent of the transformation determining the type of the resultant coal,
a comparatively slight transformation giving rise to an immature brown
coal in which the ulmins are still soluble in alkali, whilst a more extensive

38
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transformation would give rise to a more mature bituminous or
anthracitic coal in which the transformed ulmins are no longer alkali-
soluble. It is of interest to trace the origin of the term ° ulmins.”
In Brande’s Manual of Chemustry (1841) it is stated that * the peculiar
brown matter which may be extracted from bog-earth, peat and turf is
frequently termed ‘ humus’ . . . there is also a brown exudation found
upon the bark of trees, and especially of the elm, and hence called
‘ ulmin,” which contains a similar matter combined with potassa . . .
by digestion with weak solutions of caustic or carbonated potassa, a
brown liquid is obtained from which acid throws down ‘ ulmin.””

In contradistinction to Fisher, Bode, Marcusson, Berl and others
postulate the complete disappearance of the lignin and the formation of
coal from cellulosic bodies. The present state of knowledge does not
admit of a definite pronouncement in favour of either theory.

Whatever may be the claims of the supporters of either theory, the
following facts bearing upon the origin of coal are worthy of attention.
Bergius (J.8.C.I., 1913, 32, 463) found, on subjecting pure cellulose to
the action of water at about 340° C., that a black substance was formed
which had the composition C, 84 ; H, 5; O, 11 per cent. and which in
some respects resembled coal; the yield is not stated.

Later (Chem. Ztg., 1928, 52, 447) he heated cellulose and wood with
water to 6000 kg. per sq. cm. and obtained a * coal ” containing 87
per cent. of carbon. The gases evolved were methane, hydrogen, and
oxides of carbon. E. Berl and A. Schmidt (4nn., 1932, 493, 97 ; 496,
283) have prepared artificial coals from cellulose and lignin at 150° to
350° in the presence of water and saturated salt solutions and under
high pressures. They conclude that there is a fundamental difference
between cellulose and lignin coals and quote the following figures :

Cellulose Lignin
oal.

[ ooal.
Bitumen soluble in benzene . . 15 0-5 per cent.
Coal yield . . . . . 33 65 »
Phenols in distillation . . . 36 0-5 "

On this basis Berl and Schmidt suggest that plants rich in cellulose,
but poor in lignin, resins and waxes formed bituminous coals, while
plants rich in lignin formed the brown coals.

Groppe and Bode (Braunkohle, 1932, 31, 277, 299, 309) have heated
peat to 300° C. at 1800 atmospheres, and believe that lignin yields
bright coal and cellulose tough matt coals.

Mackenzie Taylor (Fuel, 1926, 5, 195; Colliery Guardian, 1930,
141, 1781) has offered a novel theory that coal is the result of two types
of bacterial action.

(i) Action not truly ansrobic, leading to the formation of peat.

(i) Continuous ansrobic fermentation under alkaline conditions
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leading to the formation of bituminous coal. The alkalinity necessary
for absorption of the carbon dioxide produced has been maintained by
base exchange in the layer of alkaline clay which Taylor suggests covers
every deposit of coal. Differences in the alkalinity of the clays have
created the different types of coal recognized; lignites, where low
alkalinity has limited the extent of fermentation, and bituminous coal
where the roof is sodium clay of high alkalinity. This theory indicates
How all types of coal can be formed without presupposing the aid of
high temperatures or pressures.:

To illustrate the general course of the differences in types of coal
Percy has constructed his well-known table (Table VIII).

TABLE VIII

Tyres or CoaL
CARBON = 100

Available hydrogen.ﬂ

Hydrogen. Oxygen. (Hy drogen — — _y_gon)
Cellulose, pure . . . . . 139 111-0 00
Wood, average . . . . . 12:0 88-0 10
Peat . . .. 10-0 570 30
Lignite (Klnrgxs Steppt’:S) - 7-8 54-0 11
Brown coal (Europe) . . . 79 36-0 34
Lignite (Europe) . . RN 6-9 30-0 35
Bituminous coal (Sta.lfs) .o 6-0 210 34
Steam coal (Welsh) . . . . 50 55 43
Anthracite (Welsh) . . . . 475 52 41
Anthracite (Penns.) . . . . 28 18 26
Graphite . . . . . . . 0-0 0-0 00

The regular progression of these changeseis clearly illustrated in
Fig. 2, given by H. G. A. Hickling (Trans. Inst. Min. Engs., 1926, 72,
261), where, until the anthracite Zone is reached, the concentration of
the carbon and oxygen may be represented by a straight line. The
more rapid concentration in the anthracite region has not been satis-
factorily explained, although it has been suggested that it is due to
abnormal heating.

MACRO- AND MICRO- COMPONENTS OF COAL

Visual examination of coal in the seam or in large pieces shows
that it is not homogeneous throughout its mass. With most coals

1 For further consideration of the processes mvolved in the formation of coal
the reader is referred to Walcot Gibson’s excellent treatise on Coal in Great Britain
(Edward Arnold).
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differences in texture are apparent, some bands having a dull and others
a bright appearance. These bands may be separated from one another
by “ dirt ” bands or may merge into one another without visible partings.
These differences are most marked in the case of bituminous coals but
can be traced in lignitous coals, in certain black lignites and, to a less
extent, in carbonaceous coals. The identifiable macroscopic con-
stituents in bituminous coal have-been termed by Stopes vitrain,
clarain, durain and fusain, and by Thiessen, anthraxylon (vitrain and
clarain) and detritus (durain). Similar terms in German nomenclature
are glanzkohle, mattkohle and faserkohle.

Vitrain. Vitrain is the bright black brittle coal which normally
occurs in very thin bands. It breaks with a conchoidal fracture and,
when viewed in very thin sections, is generally translucent and amber-
red in colour. It is almost free from plant structures but shows a faintly
defined cellular structure. A typical thin section of vxtra.m is shown
in Plate I (a).

Clarain. Clarain is bright black but less bright than vitrain.
It is often finely banded so that it tends to break irregularly. In thin
sections it shows partly the same appearance as vitrain and partly
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transparent plant remains such as spore exines, cuticle and woody
fragments. Plate I (b) shows typical clarain structure.

Durain. Durain is the dull greyish-black coal which is hard and
tough and breaks irregularly. In thin sections it is fairly opaque and
showe large and small spore exines and woody fragments in a matrix of
opaque grains. Plate I (c) shows a typical durain structure with large
flattened macrospores.

Fusain. Fusain is the soft black powdery material which occurs
in very thin layers in the'coal and at which fracture tends to occur.
It shows the original cell structure of wood, though considerably
deformed, and is considered to be woody fragments which have under-
gone a different processof decay from the rest of the coal. See Plate I (d).

Quite marked differences in the proportions and properties of these
constituents are found in British coal seams. In five Lancashire seams
the differences in proportions are shown by Sinnatt (T'rans. Inst. Min.
Eng., 1922, 63, 307) to be as follows:

Vitrain. Clarain, Durain. Fusain.
1 14-6 65-9 18-1 14
2 9-8 53-1 35-2 19
3 70 700 21-2 18
4 . 1.3 987 nil nil
N’
5 . . . . . 730 26-p 0-5

Differences in properties are shown by King (Preparation, Selection
and Distribution of Coal, 1931) to be:

i Vitrain. | Clarain. | Durain. Fusain.
Moisture . . . . . . . . 17 14 12 0-9
Volatile matter . . . . . . 346 378 322 191
Ash . . . . . . . . . 0-6 35 46 9-6
Carbon. . . . . . . . . 84-4 82-2 85-8 88-7
Hydrogen. . . . . . . . 54 57 53 40
Sulphur . . . . . . . . 10 23 09 10
Nitrogen . . . . . . . . 1-6 19 14 07
Oxygen . . . . . . . . O 66 56
B.Th.U. per lb. (dry, ash-free) . | 14,790 i 14,790 | 15,100 | 14,840

i

On carbonization the vitrain gave a grey, slightly swellen coke, the
clarain a similar but more swollen coke, the durain a dul-black friable
coke and the fusain a pulverulent residue.

Resins. Different woods vary rather widely in their resin content,
conifers, for example, being rich. Since resins are resistant to decay
they are frequently found as such in ceal. In certain lignites and brown
coals fragments can readily be separated by hand. In bituminous coals
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the resinous bodies are normally of microscopic size and can be seen in
thin sections as spherical or oval globules of a yellow-red colour.
Occasionally it is possible to pick out small fragments of resin.

Spores. It appears certain that the bulk of the plants from which
eoal was formed were propagated by means of spores, some large (macro-
spores) and others of microscopic dimensions (microspores). During
the process of decay the contents of these spores have disappeared, but
the resistant cuticle has survived and can be seen in microsections
(PlateIc). In transversesection these spore exines appear as flattened
double-walled discs having been compressed during the consolidation
of the matrix, but in sections along the bedding planes they are nearly
circular.

. INORGANIC CONSTITUENTS

The inorganic constituents of coal can be seen in part as (i) thin
dirt partings separating the coal and layers and forming lines of weak-
ness at which lump coal breaks readily ; (ii) lump pyrites in the form of
dull gold nodules ; (iii) disseminated pyrites in the form of glistening
scales ; (iv) white * ankeritic ” partings, usually perpendicular to the
bedding plane of the coal and the coal bands, consisting mostly of calcium
magnesium carbonates deposited by infiltration in the shrinkage
cracks in the coal substance. The distribution of these inorganic
constituents and of those not visible to the eye can be seen clearly in
an X-ray photograph (Plate II). The British pioneer work in this field
has been carried out by C. N. Kemp (T'rans. Inst. Min. Eng., 1929,
177 (2), 175), to whom this photograph is due. Even in those parts
of the coal which are most free from inorganic constituents the ash
content is 2-3 per cent. The variations in distribution generally
follow the horizontal coal bands, but the presence of constituents of
high atomic number in the shrinkage cracks is particularly noticeable.
These are the so-called ankerites. With the exception of the pyritic
section, which shows 11-3 per cent. of ash, the whole of this inorganic
matter shown would be regarded as inherent and not adventitious (see

Chap. IV).

THE CHEMICAL CONSTITUTION OF COAL

Researches conducted in order to elucidate the problem of the
constitution of coal have followed three main lines :

(i) Decomposition of the coal by the application of heat following
by chemical examination of the products.

(i) Separation of the coal into fractions by the action of solvents
and their separate chemical examination.

(iii) Degradation of the coal by the controlled action of chemical
reagents and subsequent examination of the products.
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Action of Heat. In this field much of the work has a double
significance, coal constitution on the one hand and carbonization on
the other. There is no clear distinction between the search for know-
ledge as regards the constitution of coal and investigations relating
to its coking properties. When coal is heated it gives as volatile producty
tar, liquor and gas, and as a residual product coke, which may be weak
and friable or hard and cellular according to the nature of the coal. The
composition and nature of these products vary with the temperature,
the pressure, the rate of heating and the nature of the coal.

The thermal decomposition of coal has been the subject of close
investigation over a considerable period, chiefly by Wheeler and his
collaborators.! It has been established that when a bituminous coal
is heated there is first evolved the occluded gases, composed mainly of
higher paraffin hydrocarbons, followed by substantial amounts of water
at about 200° C. Thereafter appear at intervals sulphuretted hydrogen
and olefines (270°), oils unaccompanied by marked gas evolution (310°),
and finally, commencing at about 350°, a continuous gas evolution
together with much viscous oil. The nature of the evolved gas alters
as the heating progresses. Below 450° it largely consists of paraffin
hydrocarbons, but these cease to be evolved at temperatures above
700°, whilst this latter temperature marks a sudden rapid increase in
the quantity of hydrogen evolved.

The composition of the tar evolved below 450° has been studied by
both Wheeler and Pictet ® and their respective collaborators, who have
ascertained the presence of large amounts of naphthenes and unsaturated
hydrocarbons together with smaller quantities of phenols and aromatic
hydrocarbons, and very small quantities of bases.

That the above facts are substantially correct is shown by their
independent confirmation by other workers, amongst whom may be
mentioned Porter and Taylor, but the * explanation” of these facts
has led to considerable controversy; the foundations upon which
theories have been built have been shown by more mature thought and
work to be insecure. Nevertheless, it should be possible, if our
Jmowledge were adequate, to trace the connection between the products
of thermal degradation and the constituents of coal. This has recently
been attempted by Holroyd and Wheeler (Fuel, 1930, 9, 40, 76, 104),
who examined the products obtained by the distillation of several coals
in & high vacuum, thereby largely avoiding secondary decomposition.
Their results are summarized in the following table (IX):

1 Burgess and Wheeler, J.C.8., 1910, 97, 1917 ; 1911, 99, 649 ; 1914, 105, 131.

Clark and Wheeler, J.C.S., 1913, 103, 1704
”Jo'l;gg and Wheeler, J.C.S., 1014, 105, 141, 2582 ; 1915, 107, 1318; 1916,
109,
.8 s ngxectet, etc., Comp. Rend., 1013, 157, 1436; 1018, 160, 629. Ber., 1915,
' g . '
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TABLE IX
REsoLuTION oF Brruminou$ CoaLs By HEar
(Holroyd and Wheeler)
Prinoipal Prineipal Liquid Products.

Constituent. Gaseous |——— ————  — —— - - - - —
Products. Character. Quantity. gz:’g’sg‘;"c'

Free hydro- | Paraffins in | Saturated and | Equal to origi- 225-300.

carbons. small quan-| unsaturated nal amount of
tity. hydrocarbons | free hydrocar-
in nearly equalj bons in the

amount. coal.

Resins . Paraffins and| Resins and un- | Usually rather 325-375.
higher ole- | saturated less than ori-
fines. hydrocarbons. | ginal amount

of resin in the

coal.
Structured | Oxides of | Unsaturated About 30 per 300-320.
Plant En-| carbonand| hydrocarbons,| cent. of ori-
tities (e.g.| some par-| neutral oxy-| ginal plant
spore affins. genated com- | entities in the
exines). pounds and| coal

water.

Ulmins Paraffins and}| Phenolic and | Decreases with | Decomposition
some oxides| acid oils, the “rank” | point increases
of carbon. | unsaturated of the ulmin| with “rank”

hydrocarbons, | 6-1 per cent.| of ulmin from

aromatic and | of water and | 290-365 with

hydro-aroma- | 3-0-05 per coals ranging

ticcompounds | cent. phenols| from 77-80 per

and water. with coals cent. earbon.
ranging from | All oils distilled
77-90 per cent.] below 400.
carbon.

The constituents mentioned in the table were also distilled separately,
when it was found that the hydrocarbons could be distilled unchanged,
the resins decomposed partially ¢n vacuo at 200-300°, and the organized
plant remains above 300°. The ulmins decomposed at definite tempera-
tures depending on the rank of the coal. It seems probable that the
hydrocarbons either exist as such in coal, or are loosely attached to the
complex ulmin molecule.

Recently some work has been carried out on the thermal decomposi-
tion of coal in a very high vacuum. Stone and Travers (J.5.C.I., 1933,
52, 686) have used pressures of 0-01 and 0-001 mm. Hg., and state that
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the yield of distillate at 350° C. approaches the amount of extract
obtained by Bone (see later) with benzene under pressure. Moreover,
the distillate consisted of a soft reddish-brown pitch almost completely
soluble in benzene, and of liquid and gaseous hydrocarbons. The
formation of carbon dioxide and hydrogen sulphide shows that some
decomposition had taken place at this temperature even under such low
pressures.

Juettner and Howard (J.4.C.S., 1933, read Sept. 11) employed an
evaporative still under pressures of 0-01-0-001 mm. Hg. at temperatures
up to 525° C. They concluded, since condensible products could not
be obtained, even under the most favourable conditions, until the
temperature was such that gas evolution was considerable, that any
chemical entities which may be present in coal cannot be distilled in
experimental time owing to their low vapour pressure.

It will be seen that research on the thermal treatment of coal has
added little to our knowledge of the constitution of coal. The amount
of distillate is small in comparison with the amount of residue, and more-
over, the nature of the products is so complex that little has been
discovered about them. The work done has, however, served a useful
purpose in supplying information of value to the carbonization industries,
and has thrown light on the relationship between low- and high-tempera-
ture tars.

Solvent Extraction. At first sight it would appear that solvent
extraction of coal must be a promising line of attack ; this probably
explains the fact that a very large number of solvents have been tried
upon coal. Very few of these have, however, given results of any real
value and only on one or two have extensive researches been made.
These are benzene (under pressure) and pyridine and perhaps certain
binary mixtures.

Benzene under pressure has been used by Fischer and his collabora-
tors in Germany and later in this country by Bone and others.

Fischer heats the coal in an autoclave in contact with benzene at
205° C. for one hour, and repeats the procedure with fresh solvent until
no more extract is obtained. The concentrated extract is poured into
34 times its own volume of light petroleum (b.p. 40-60°) and the
precipitate of “ solid bitumen ” filtered off, the filtrate being evaporated
to give a residue of ‘ oily bitumen.” Bone’s procedure is to extract the
coal in an autoclave of the Soxhlet type, in an inert atmosphere. The
extract is concentrated and poured into five times its own volume of
light petroleum (b.p. 40-60°) and filtered.

The filtrate is evaporated to give the oily bitumen, but this is fraction-
ated to give Fraction Ia, I and II.

Fraction Ia, volatile in steam, soluble in light petroleum.
Fraction Ib, not volatile in steam, soluble in light petroleum,
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Fraction II, insoluble in light petroleum, soluble in a 1 : 4 mixture
of benzene and light petroleum.

The precipitated solid bitumen is extracted with absolute ethyl
alcohol to give:

Fraction III, soluble in ethyl alcohol.
Fraction IV, insoluble in ethyl alcohol.

These fractions are described by Bone (Proc. Roy. Soc., 1928, 120A,
523 and J.S.C.I., 1931, 50, 407) as follows:

Fraction I. A yellow-brown, viscous, non-nitrogenous neutral oil
of vaseline-like consistency with a C/H ratio less than 10 and low
oxygen content.

Fraction Ia has a higher oxygen content than Fraction Ib, and the
latter may be regarded as an unchanged constituent of the coal.

Fraction II. A reddish-brown solid with a softening point below
60° C. and a C/H ratio about 13.

Fraction III. A non-nitrogenous, reddish-brown, brittle, resinous
solid, usually softening below 150° C. and having a C/H ratio of about
12-5.

Fraction IV. A neutral, amorphous cinnamon-brown nitrogenous
powder, softening only at temperatures above 150°, usually between
150° and 250° C., uhdoubtedly of a benzenoid nature and with C/H ratio
about 15-0.

Bone regards Fraction II as being probably a mixture, while
Fractions Ia, I, III and IV are each composed of a single type of
chemically distinct substance. There is, however, considerable doubt
about this.

The important observation has been made that no matter what
type of coal is employed for the extraction with benzene under pressure,
the insoluble residue is always entirely devoid of any coking propensity.
It is natural, therefore, to try to relate the coking power of a coal to the
benzene extract or specific portions thereof. Unfortunately the two
schools have advanced conflicting opinions and at present there is no
adequate explanation of this divergence. Fischer claims that the “ oily
bitumen ” (Bone’s Fractions I and II) is mainly responsible for the
caking property of a coal while the swelling is due to the *“ solid bitu-
men "’ (Bone’s Fractions III and IV), and has published photographs
in support of his claim. Bone, on the other hand, contends that
Fraction I makes no contribution to the coking propensity of a coal,
Fraction II may or may not, but Fractions III and IV are mainly
responsible for the coking property, although the contribution by
Fraction III is inappreciable because the amounts of this fraction are

mall. In fact, the relative agglutinating powers of a series of bitumin-
ous coals run nearly parallel to their yields of Fraction IV.
It is not held that the coking property is entirely due to the presence
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in the coal of certain substances, but, in addition, other factors operate,
which circumstance may account for the conflicting results.

More recently Fischer, Peters and W. Cremer (Brennstoff Chem., 1932,
13, 364) have shown that the amount of extract obtainable with benzene
and other solvents at their boiling-point can be increased more than
10 times by grinding to u size (0-001 mm.). The increase is sudden.

Reduction of particle size makes no difference until particles of the
order of 10x are reached. The increase in extract between 10 and 14
i8 not proportional to the increase in surface, and Fischer and his
colleagues have suggested that the solvent can only affect a surface
layer, which in view of the sudden increase of extract with particles of
size 1u, must be of a thickness of the order of one-half u.

The action of pyridine as a solvent for coal has been investigated
exhaustively, principally by Wheeler and his collaborators. The yield
of extract obtainable from a bituminous coal, provided the solvent is
pure and anhydrous and that the extraction is carried out in an inert
atmosphere, amounts to 20 to 25 per cent. on an average, as against
7 to 15 per cent. for benzene under pressure. The pyridine extract is
further fractionated with other solvents, the method being shown

diagrammatically :

o
Pyriil:line
InaoLble Sol!tble
Chloroform
|
| 1
Insoluble Soluble
|
Light Petroleum
Insoluble Soluble
Ethyll Ether
‘Inaciluble Soluble
Acetone
ALPHA BxTa — GaMma,  Gamma,
Insol. Soluble .

Gamma, Gamma,

The bela fraction is generally regarded as being similar in type to the
alpha fraction, and Wheeler suggests that it comsists of dispersible
1 Since the original publication appeared the procedure has been curtailed
Gn:n the fractionation stopped at this point. This insoluble residue is now terméed
mes.
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ulmins whilst the alpha fraction consists of undispersible ulmins of
higher molecular weight. This is supported by Mahadevan (Fuel,
1929, 8, 462), who examined these fractions by the X-ray diffraction
method.

The gamma fractions are regarded as being the hydrocarbons and
regins present originally in the coal ; and are described by Cockram and
Wheeler (J.C.S., 1927, 700 ; 1931, 854) as follows :

Gamma, was of vaseline-like consistency, and was found to consist
of — :
(a) Saturated hydrocarbons, 40 per cent., containing C, 87-40;
H, 11-13 per cent. These contained hydrocarbons of other than straight
or branched chain structure.

(b) Unsaturated hydrocarbons, 40 per cent.

(¢) Resins (dark red in colour), 20 per cent., containing C, 84-21;
H, 7-31 per cent.

Gamma, was a brick-red powder, m.p. 100-110°C, containing
15 per cent. of saponifiable matter consisting of phenols and carboxylic
acids (as esters), some of which contained hydroxyl groups. The
unsaponifiable portion, m.p. 90-100°C., resembled the resin from
Gamma,. Its composition was C = 84-0; H: 7-2; O = 8-8 per cent.
Nitrogen and sulphur were absent. No carboxylic, ketonic, aldelydic,
or alcoholic group was present, and the oxygen was probably present as
non-reactive bridge linkages.

Gamma,, Gamma, were brown powders similar in composition and
general properties, being insoluble in alcoholic potash.

Cockram and Wheeler (loc. cit.) found that hard well-fused cokes were
produced from mixtures of alpha and beta with gamma, and.gamma,
but not with gamma,.

Hoffmann and Damm (Brenn. Chem., 1922, 3, 73, 81 ; 1923, 4, 65)
examined the neutral oil obtained from the pyridine extract of an Upper
Silesian coal, and isolated a number 6f paraffins (including heptacosane),
saturated and unsaturated hydrocarbons and also methyl anthracene.
The identification rested on physical properties and is therefore not
entirely satisfactory.

Of the other solvents which have been employed mention may be
made of tetralin, used by Novdk and Hubatek (Paliva ¢ Topeni, 1927,
9, 165, 187 ; 1928, 10, 3, 22, 28, 41), and of mixed solvents used by
Szilard and Istvan (Szén-Koze, 1927, 2, 45). With regard to mixed
solvents it was found that 50 : 50 mixtures of benzene and alcohol gave
higher yields of extract than either solvent alone. A papeér by Ashmore
and Wheeler (J.C.S., 1933, 1405) draws attention to the fact that in
some cases the use of mixed solvents leads to the formation of con-
densation products which are included in the extract,

For further details concerning these solvents reference should be

n B
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made to the comprehensive paper by Bakes (Fuel Research Tech.
Paper No. 38), which contains an excellent literature summary and also
an account of an attempted correlation between pyridine and benzene-
pressure extractions.

From the account that has been given of the action of solvents on
coal it is obvious that the amount of real knowledge gained about the
structure of coal, while greater than that afforded by a study of the
action of heat, is still only slight.

Chemical Degradation. The greatest iLsight into the constitution
of coal has been gained from the examination of the chemical degrada-
tion products of coal or natural or regenerated ulmins. It will be
readily understood that chemical degradation leads necessarily to the
formation of substances less complex in type than those originally present
in the coal so that the characterization of degradation products can
only give information of the presence of structural units with which
the complex coal structure has been built and can give little or no
information concerning the complexity of the structure. Nevertheless,
a knowledge of the building units is important from many aspects, not
the least of which may be the more scientific utilization of our coal
resources.

Although a great variety of reagents has been employed in the attack
on coal, yet only in a very few instances has the examination of the
products been prosecuted with any thoroughness, and even in some of
these cases assertions have been made on very meagre evidence con-
cerning the identity of certain constituents. Of the many methods
employed oxidation has proved to be the most useful.

The products of decay, the ulmins, of the various plant entities which
have taken part in the formation of coal are at first soluble in alkali, but
as the age of the deposit increases, further changes take place in the
character of the ulmins until they become devoid of any acidic character,
and in their place appears the amorphous material, insoluble in alkali,
which constitutes the bulk of any bituminous coal. It is considered
by Francis and Wheeler (J.C.S., 1925, 127, 112) that the original alkali-
soluble ulmins (present in peat and brown coal) and the insoluble
ulmins of & bituminqus coal have the same nuclear structure but differ
in their external groupings. Whatever may be the truth of this asser-
tion, it is a fact that mild oxidation, say with air, largely transforms a
bituminous coal into alkali-soluble material closely resembling alkali-
soluble ulmins. This procedure has been called by Francis and Wheeler
“ regeneration ” of the ulmins. These authors have shown that vitrain
can be oxidized with air at 150° C. and rendered soluble in dilute caustic
alkali to the extent of 97 per cent. of the coal substance. The ulmins,
natural and regenerated, are readily recovered from solution in alkali by
precipitation with mineral acid and washing free from electrolyte.
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From considerations of the nitrogen and hydroxyl content and
equivalent of regenerated ulmins these same authors (S.M.R.B. Tech.
Paper No. 28) conclude the molecular weight to be 680 or some multiple
thereof, each unit of 680 containing one nitrogen atom, one hydroxyl
and four carboxyl groups. The further oxidation of the regenerated
ulmins with hydrogen peroxide gave rise to oxalic, succinic and probably
benzene-carboxylic acids, whilst the use of nitric acid (30 per cent.) gave
4 : 6-dinitroresorcinol and acetic, picric and mellophanic (1:2:3:5
benzene tetracarboxylic) acids.

The chemical properties of humic acids (i.c. natural alkali-soluble
ulmins) vary according to their source and have been closely investi-
gated by Fuchs. He considers the reaction product with dilute nitric
acid, the so-called nitrohumic acid, to be an isonitroso-tetracarboxy-
trihydroxy compound, whilst for the completely methylated * nitro-
humic acid > from Kassel brown coal he proposes the formula
Css Hje 0,7 (COO CH;), (O CH,), (CO.C:NOH) with a molecular weight
of 1200-1400.

Sven Oden has shown that alkali-soluble peat ulmins contain
four carboxyl groups per molecule and has suggested the formula
Ceo H;; O, (COOH),. In view of the uncertainty of the ulmins being
chemical individuals, such conclusions should be accepted with reserve.

Tropsch and Schellenburg (Ges. Abh. z. Kannt. der Kohle, 1921, 6,
196) have examined the fusion products of humic acids with caustic alkali
and have found small quantities of formic, acetic, oxalic, isophthalic,
m-hydroxybenzoic and hydroxyisophthalic (1:3:5) acids. The same
authors (loc. cit., p. 214) oxidized humic acids with nitric acid and
isolated a trinitrodihydroxybenzene of unknown constitution:

Recently Fischer, Peters and Cremer (Brenn. Chem., 1923, 14, 184)
have investigated the slow oxidation in a current of air of x coal (i.e.
of particle size of the order of 1 # = 0-001 mm.) and have obtained a
crystalline sublimate containing phthalic acid.

Fischer and Schrader have oxidized coal with air by heating with
alkali under pressure and have obtained formic, acetic, succinic and
various benzene carboxylic acids including benzoic acid.

An important contribution to our knowledge of the constitution of
coal has been furnished by the work of Bone, Horton and Ward (Proc.
Roy. Soc., 1930 [A], 127, 480), in which the insoluble residues from the
pressure-benzene-extraction of various types of coal were oxidized with
boiling alkaline potassium permanganate solution. It was shown that
all types of coal from a brown to a well-matured coking coal gave
appreciable yields of acetic and oxalic acids and from 33 to 50 per cent.
of the original coal substance as benzene carboxylic acids. It was thus
inferred that a eonsiderable part of the orlmipal coal substance had a
“ benzenoid > structure.



CHAPTER IV
COMPOSITION AND CLASSIFICATION OF COAL

It was pointed out at the commencement of Chapter III that coal
as mined consists of the coal substance itself associated with certain
inorganic constituents and with variable amounts of free dirt. In
order to compare types of coal one must consider the coal substance
only, but in assessing the value of the coal for certain purposes it is
necessary also to include the amount and properties of the inorganic
constituents which form ash on combustion. There are also certain
minor constituents which are not included in comparing types of coal
but whose presence and amount may limit the uses to which a coal
can be put.

This chapter deals not only with the comparison of types of
coal, ie. classification, but also with the effect of the different
constituents such as moisture, ash, etc., which are not dealt with
in Chapter III.

Moisture in Coal. The moisture in coal may be divided into
accidental or ““ free *’ moisture, and the moisture due to the hygroscopic
properties of the coal itself. Thus an oven-dried coal will again absorb
moisture up to a certain limit, or a wet coal exposed to the air will
lose water down to a certain limit. Lignites and brown coals frequently
contain from 30 to 45 per cent. of moisture as mined, and, even in
summer, on exposure to air retain frequently 20 per cent., in this
respect resembling wood. Bituminous coals may contain from 1 to 12
per cent. after air-drying. The moisture retained by the coal on air-
drying is sometimes called “ inherent * moisture. '

High moisture is, of course, prejudicial to the buyer: it is paid
for and transported at fuel prices, it adversely affects the coal in the
furnace by chilling the fire, so giving greater chances for smoke to
form, and it demands heat for its vaporization. This latter loss seldom
needs to be taken into account, for even under poor conditions of
flue gas température it approximately amounte to 0-1 per cent. of .
the total calorific value for each per cent. of moisture,

A ocertain minimum of “ free ” moisture is ofadvanugem boiler-
firing, about 5 per cent. giving optimum results for thermal efficiency.
Similarly, in the coking of coal the best results are obtained with charges

82
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containing 3 to 5 per cent. of free moisture. The presence of moisture
cannot, therefore, be condemned out of hand.

The amount of moisture which a coal retains on air-drying in the
laboratory can be taken roughly as a measure of rank. High-oxygen
coals retain high percentages of moisture; the non-caking coals of
Leicestershire retain 8 to 10 per cent. of moisture. Low-oxygen coals
retain low percentages of moisture ; the coking coals of Durham retain
only 1 to 2 per cent. of moisture as also do the Welsh steam coals and
anthracites.

‘“ Ash* in Coal. The mineral matter in coal is derived in part
from that present in the original vegetable substance (inherent), in
part from material carried by flood water, etc., amongst the decaying
vegetable matter, and may also be due partly to shale, etc., derived
from the strata adjacent to the coal seam, which it has been imprac-
ticable to remove by picking or washing, even where this has been
attempted (extraneous). The mineral matter in coal is generally termed
“ash ” since it is measured by the inorganic residue remaining after
“ ashing ” the coal completely.

‘“ Ash > is inert material in the coal ; it is valueless mineral matter
paid for at coal prices. An excess of ash may d detract seriously frem
the value of the coal by restricting the air passage through the grate,
thus lowering the rate of combustion and the output of the boiler ;
frequent cleaning of the fires is necessary with the accompanying
losses through open fire doors ; the loss of carbon carried through into
the ash pit may be considerable ; it causes deposits in tubes and flues,
and in addition, if of a fusible character, is especially troublesome
through the formation of clinker. In boiler plants using powdered
coal the ash generally necessitates the provision of special plantto trap
the dust and grit. In producer gas practice fusibility is a serious ques-
tion, and coals otherwise suitable may be unworkable except with
such excessive steam supply that the efficiency is adversely affected.
In chain-grate stokers a certain amount of ash is desirable in order
that the back-end of the grate will remain covered and not allow the
formation of air-holes.

The ash of coal is seldom under 1 or 2 per cent.; up to b per
cent. quite usually in good coals, and not infrequently it amounts
to over 10 per cent. According to Lessing (J.8.C.I., 1925, 277 T)
Clarain and Vitrain are relatively free from mineral matter, giving
usually but little over 1 per cent. of ash and this is almost entirely
“ inherent ’ ash, light and powdery, with a good percentage soluble in
water.

Durain has a much higher content, which is finely divided
“ extraneous ” mineral matter, being clayey material mechanically
carried amongst the decaying mass of vegetation. The ash of fusain
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Lessing ascribes to the infiltration of hard and sometimes ferruginous
water.

Often well-defined “ cleats ” or “ partings ” are found, with a thin
scale of white or brownish mineral matter, termed * ankerites,” and
these have been formed from the infiltration of hard waters, and
consist of carbonates and sulphates of lime, magnesia and iron.

Finely divided ‘‘ inherent ” mineral matter, whether from the plants
or muds, cannot be removed by mechanical methods, washing, etc.,
but the higher specific gravity of undispersed shale, pyrites, etc., enables
washing to be successfully carried out.

The determination of the amount of ash involves burning off all
the combustible matter from the coal. Consequently this will simul-
taneously involve decomposition of such components as carbonates,
the oxidation of pyrites and the driving off of constitutional water
from shale. It may be that the determined ash figure is several per
cent. lower than the true mineral matter content of the coal. Further,
with carbonates present, the results for organic carbon in the ultimate
analysis will be too high. A formula for the calculation of mineral
matter from the ash percentage is given on page 55.

With coal from a given seam, the amount of ash is usually highest
in the smaller sizes, due to the easy separation of pure lump coal and
the consequent concentration of mineral matter in the fines.

‘Where the coal in the seam is hard and the dirt is friable the above
is true. In some cases the coal is friable and the dirt hard, when the
increase of ash with decreasing size may not be so marked or may even
be reversed. The hard coals of Nottingham, Lancashire, Staffordshire,
Cumberland and Scotland show this segregation, but the softer coals
of Durham, Kent and Yorkshire (partly) are more variable. Chapman
and Mott (The Cleaning of Coal) quote the following ash contents for
sizes of Yorkshire coals :

8ize (1n.). Over 1. 1-§. . l - - Average.
Silkstone . . . .| 64 81 44 | 215 | 118 | 143
igh Hagel . . .| 18 56 90 | 157 | 208 72

and for one Durham coal.

Bige (in.). Overl. | 14 - o ot | <A

Ashperoemt. . .| 48 | 186 | 1905 | 195 | 156 | 158

»
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With infusible ash, the value of two coals of similar character
will be fairly proportional to their relative ash content, but it is quite
otherwise if one gives a fusible and the other an infusible ash. A
low ash content of a fusible character may be far more detrimental
than a high ash of infusible character.

Essentially the mineral matter consists of silicate of alumina together
with the basic oxides lime (Ca0Q), magnesia (MgO), and iron (Fe,0,),
together with traces of sulphates, carbonates and phosphates. Wood
ashes are characterized by the presence of high proportions of alkalies,
potash (K,0), and soda (Na,0), in combination with carbonic acid
with little or no alumina. Peat ash contains a high percentage of
lime and a little alumina. Coal ash is characterized largely, then, by
the high percentage of alumina which is present. It may be noted
that alumina as a constituent occurs in any quantity only in those
plants existing to-day which are allied to those of the coal forma-
tions. Silicate of alumina (clay), however, would be the principal
substance carried amongst the decaying vegetable matter when in a
partially submerged state, judging by the usual shale beds accompany-
ing the coal seams.

The composition of coal ashes varies widely; the following are
quoted by King and Crossley (Fuel Research Tech. Paper 28, 1933)
a8 normal limits relating to British and American coals:

Per cent. of ash.

Constituent. American. Bnitigh,
Silica . . . . . . 40-60 25-40
Ferric oxide . . . . . . 52 0-30
Calcium oxide . . . . . 1-15 1-10
Magnesium oxide . . . . 7. 054 0-5-5
Titanium oxide . . . . . 033 0-3
Alkalies . . . . . . . 1-4 1-6
Sulphur trioxide . . . . . — 1-12

Whilst it is difficult to correlate composition of the ash with
clinkering property, it is certain that the nearer the composition
approaches that of aluminium silicate (A1,0,.28i0,; Al,Oy = 458 per
cent., 8iO, = 542 per cent.), the more infusible it will be ; that on
replacement of part of the alumina by other bases, such as lime and
magnesia, and more particularly iron oxide, the more easily fusible
will it become, due to the formation of, double silicates, which are far
more fusible than the simple ones.

The following results are selected from a paper on the fusion tem-
perature of coal ash by King, Blackie and Millott (Fuel Research
Tech. Paper 23, 1929).
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Constituents. 8i0, | T10, |A1,0, |Fe,0, MnO | CaO MgO»NlE:g 80,
1. Lancashire coal. . |27-1| 09 [282(20-2| 01 | 71|27 (82|78
2. Yorkshire coal . . |4902| 1.2 (359| 85| — | 27 | 07 | 50 | 21
3. Durham coal . . [489| 14 (388 21| — |49 |08 | 21| 21
4. 8. Staffs coal . . 473|138 (382| 11| — |63 |08 |13 ]| 36
5. Soottish coal . . |483| 28 318! 93| — |19 |21 |25 | 16
6. Anthracite . . . |374| 18 (319(197] — [ 87| 17| 186 ! 25
Fusion Temperature ° C. 1 2 I 3 4 l 5 6
s 11220 | — — — — | 1315
Oxidizing atmosphere : "1 1310 _ ___ _ . 1340
. a .| 1115 | 1520 | 1550 | 1560 | 1430 | 1215
Reducing » b .| 11556 | 1555 | 1605 | 1600 | 1470 | 1285

(a) Temperature of softening. (b) Temperature of fusion.

Fieldner and Selvig have classified ashes as follows :

Refractory . . . . soften above 2600° F. (1427°C.)
Medium . . . . " 2200-2600° F. (1204-1427°C.)
Fusible . . . . »  below 2200° F. (1204° C.)

The colour of the ash is some indication of its fusibility since red
ashes show the presence of an excess of iron oxide. Some white ashes
may be fusible if they are high in lime ; such ashes show a high sulphate
content, e.g. No. 1 above.

The use of catalysts in the hydrogenation of coal has directed atten-
tion to the rarer constituents of coal ash. It has been found that
most ashes contain appreciable amounts of boron, chromium, molyb-
denum and vanadium, whilst in some notable quantities of germanium,
tin and zinc have been found. The presence of some of these elements
may prove to be of some importance.

Oxygen in Coal. The amount of oxygen in coal.has an important
bearing upon its properties and, as will be shown later, can be used
in coal classification systems. Regarding coal solely as a fuel, oxygen
is more undesirable as a constituent than moisture or ash ; an increase
of 1 per cent. in oxygen content reduces the calorific value of a bitu-
minous coal by about 17 per cent. Increase of oxygen content in
bituminous coals is also associated with decrease of coking power and
increase of moisture content; high oxygen.coals are non-coking and
hold over 10 per cent. of moisture even when air-dried ; low-ox
bituminous coals are strongly coking and hold only 1 to 2 per cent.
of moisture when air-dried.

Nitrogen in Coal. It is unusual to find less than 1 per cent. of
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nitrogen in the coals of this country or more than 2-5 per cent.; in-
deed, it is exceptional to find a coal giving a higher figure than 2 per
cent.

‘When coal is distilled or carbonized about 15 per cent. of the nitrogen
is converted into ammonig together with small amounts of cyanogen
and pyridine bases. More than 50 per cent. normally remains in the
coke. When ammonfia recovery from carbonization processes was of
economic importance the percentage of nitrogen in the coal used was
also important. Now that most of the industrial ammonia is made
synthetically the nitrogen content of coal is not of particular significance.

Sulphur in Coal. This element is found to about the same extent
as nitrogen, viz. 0-5 to 2:56 per cent. It occurs in three forms: in
pyrites in combination with iron as FeS,, which on heating under
oxidizing conditions becomes iron oxide (Fe,0,) with liberation of
sulphur dioxide ; as organic sulphur compounds, from which the sulphur
compounds in tar and gas are mainly derived ; as sulphates, principally
galcium sulphate (Ca80,), forming a constituent of the ash. In some
cases it is desirable to distinguish between the ﬁxed sulphur (occurring
in the coke) and volatile sulphur.

Sulphur is of great importance in fuels, especxally those used for
metallurgical purposes, since it may pass into the metal under treat-
ment. Pyrites loses part of its sulphur by distillation on strongly
heating, hence, when raw coal containing pyrites is burnt part of the
sulphur set free may be absorbed by the grate bars, and since the
sulphide of iron formed is comparatively fusible, may give rise to
serious trouble, whilst, if the sulphur be burnt to sulphur dioxide,
serious corrosion of copper tubes, etc., with which the gases come in

-contact may occur.

When coal containing sulphur is distilled in retorts or coke ovens
the sulphur found in the coke is always somewhat less than in the
coal, the actual loss probably being.dependent mainly on the organic
sulphur compounds present. Pyrites also may lose some of its sulphur,
becoming ifon mono-sulphide (FeS), and calcium sulphate may be
reduced by contact with the hot carbon to the sulphide. In the
majority of cases the coke will still contain over 80 per cent. of the
original sulphur of the coal, and this residual sulphur may not be as
objectionable in its altered condition of combination. It is quite con-
ceivable that pyrites gives off elementary sulphur vapour which is
readily absorbed by iron or other metal, but that iron sulphide loses
sulphur only as the dioxide which may have little effect on the metal.

Numerous processes have been proposed for the further reduction
of the sulphur left in the coke, but the most satisfactory method is
that of washing the crushed coal, when a fair proportion of the pyrites
may be mechanically separated.
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Iron pyrites has been credited with the main responsibility for the
spontaneous ignition of coal, but little importance is now attached to
this theory. The question is fully discussed later.

Some discussion has arisen as to whether sulphur present in pyrites
should be regarded as a heat-giving constituent in fuels, an important
consideration when the calorific value is calculated from the elementary
composition. Whilst calcium sulphate cannot-undergo combustion,
sulphur in organic combination and as pyrites may do so and add
to the calorific value. Lord (Trans. Amer. Inst. Min. Eng., 1897, 27,
p- 960) investigated the question, and concluded that practically the
iron and sulphur give nearly the same heat as when burned in the
free condition, and therefore the calorific effect of sulphur should find a
place in formule used in such calculations.

Arsenic and Phosphorus. Arsenic and phosphorus occur in small
quantities in most solid fuels, the former probably as arsenical pyrites.
Their presence has no significance when the fuel is used for steam-
raising or gas making, but in process work as, for example, the metal-
lurgical use of coke, even small quantities can have a very undesirable
effect on the product. A. Bayet and A. Slosse (C.R., 1919, 168,
704-706; J. Soc. Chem. Ind., 1919, 38, 336 A) suggested that the
illness of certain persons engaged in Continental industries connected
with coal was probably chronic arsenical poisoning, due to the presence
of arsenical pyrites in coal. During the inquiry into arsenical poisoning
from beer (Royal Commission, 1901-03) it became known that malt
had, on occasions, been dangerously contaminated with arsenic from the
fuel used in the kiln, also, of the various typeg of fuel examined gas
coke appeared to be the least desirable. Since that period interest
has abated, and there has been very little published information of
the distribution of arsenic in fuels. Hence, many of the published
figures available are probably not representative, their use at the time
of publication being solely to establish the dangerous or innocuous
nature of the fuel concerned in malting practice :

Grains Arsenio per lb. of fuel.

Coal . . . . 021 to 29 (Chapman, Moon, Daubrée)
Anthracite . . . nil to 0-13 (Wood, Smith and Jenks)
Gas Coke . . . . nil to 062 (Wood, Smith and Jenks)
Lignite . . . . nil to 140 (Daubrée)

Chapman, Analyst, 1901, 26, 253 ; Moon, J. Gas" Lig., 1901, 77,
1061 ; Daubrée, C.R., 1858, 47, 959 ; Wood, Smith and Jenks, J.8.C.I.,
1901, 437.

As only a part of the arsenic is volatilized from coal or coke on
combustion, the fitness of a fuel for use in malting depends only on the
proportion of * volatile arsenic ”’ present. McGowan and Floris {loc.
cit.) gave 23 analyses of anthracites for * fixed ” and * volatile ”
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arsenic, the average “ fixed ” arsenic amounted to 0-029 grains As
per lb. fuel, the “ volatile ” arsenic 0-014 grains per Ib.

The amount of phosphorus in coals is important if they are to be
used for the manufacture of coke for metallurgical purposes. If the
phosphorus in the coke is more than 0-02 per cent. it may have a dele-
terious effect upon the metal produced, In clean British coals 0-05
per cent. is seldom exceeded and in most cases the amount of phos-
phorus is less than -005 per cent. Extreme cases of 1 to 2 per cent.
have been reported. =

Gases in Coal. Coal occludes considerable quantities of gases,
principally methane and other saturated hydrocarbons with smaller
amounts of oxides of carbon. The occlusion of oxygen and nitrogen
has now been disproved by Fischer (see later). The gases are obviously
of importance since the evolution of methane (fire damp) in coal mines
may lead to dangerous explosions, although the latter are more often
due to outbursts of gas from hollows, fissures and porous rock where
it has been confined under pressure. Truly occluded gas is not evolved
so readily.

The quantity and composition of the gases occluded by coal has
been the subject of a great deal of research. The following may be
consulted for further details: Porter and Ovitz (U.S. Bureau of Mines
Tech. Paper 2, 1911), Darton (U.S. Bureau of Mines, 1915, Bull 72),
Monro (J.8.C.1., 1922, 41, 129 T), Fischer, Peters and Warnecke (Brenn.
Chem., 1932, 13, 209), Lawell and Morris (Amer. LM.M.E., 1933. See
Colliery Guardian, 1933, 146, 1100).

Porter and Ovitz found that with coals of a bituminous and semi-
bituminous nature obtained from * fiery ’ mines the methane escaped
rapidly at first, that its escape ceased in from 3 to 18 months, that
during crushing of the sample the evolved methane equalled 25 per
cent. of the volume of the coal and that from 50 to 150 per cent. escaped
on continued exposure. The maximum evolution was found to be the
equivalent of 1562 c.c. of methane from 100 gm. coal in 17 months.

Darton (loc. cit.) states that gas emitted by coal at the face, or in
the laboratory varies in composition, but in most cases contains over
80 per cent. methane. The proportions:of the other constituents CO,,
N,, and O, are very variable and appear to be unconnected with the
visible appearance of the coal or with the fixed carbon or volatile matter.

Monro has shown that coals may be divided into three classes
according to the oxygen/nitrogen ratio of the occluded gases when
removed by means of vacuum—

viz. (1) bituminous coals . . Oy/Ng > 0284:1 i.e., the air ratio
(2) lignites . . . . . Oy/N,=0264:1. These coals have little oc-
cluded gas.

(3) pitch and brown coals O,/N, Small. - .
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Monro considers that the gases are present as a solid solution.
This, however, does not take into account the pockets of gas which
undoubtedly occur in enclosed spaces in the coal seam.

Most of the work which has been carried out on the quantity and
composition of the gases occluded by coal has been shown to be of
doubtful accuracy by Fischer, Peters and Warnecke (loc. cit.). By
crushing coal to u size (0001 mm.) in a specially constructed gas-
tight ball mill from which gases were pumped off continuously, it
was found that much greater quantities of gas could be removed and
also that the amount removed was independent of the temperature.
They also showed by analysis of the nitrogen in these occluded gases
that it contained argon to the same extent as the air, and hence proved
that the nitrogen and oxygen in the gases is adventitious. Their re-
sults are tabulated on a nitrogen-free basis in Table X. ‘

It is to be noted that the composition of the gases obtained is very
much the same for coking coal and for anthracite, while the volume of
gas obtained from the latter is the remarkable figure of 10 times the
volume of the coal itself.

TABLE X
Gaszs REMOVED FROM CoALs GROUND TO 4 SIZE IN VAcuuM Bary Mmn

I Anthracite from

Coking coal from Mathias Stinnes Mine. Sophhl{a-Jooobs
1ne.
Coal. Banded '
B‘ggfd Banded| ocoal | Durain | Vitramn
h coal out | coarse | picked | 20-30 mm. par-
aftor | 8tored | from a | powder | ~ pea ticle size.
mimng. 1 week. ;?:g.c;. <3 mm.| size.

Time of grinding, | 15 10 4 4'5 3 7=5| 208
hrs. hrs. at

| Room
temp.

Temperature . . | Room | Room | 100° | Room | Room | 2 hrs. | Room
—_ at 100°
c.c. gas/100 gm. coal| 125 196 130 68 125 880 890
Analysis of Gas :

COp . . . .| 17 | 20 | 74 | 88 | 53 | 42 | 52
co . . . .l 13 |05 | 03| 07| 10| 05 | 05
Hy*. . . .| (25 | (30| (285 | 37 | (36 | (40 | [27]
CH, . . . . 938 |935 |886 |852 |803 |911 | 908
CHy. . . .| 07 | 09 | 08 | 08 | 04 | 02 | 08
CH,. . . .| 00 | 01 | 06 | 08 | 04 | — | —

* The hydrogen figures are doubtful owing to the method of auslysis,
Classification of Coal. The satisfactory classification of coal
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offers numerous difficulties, and a number of systems have been elabo-
rated. . As Curtis (Chem. and Ind., 1932, 350) has stated ““ no simple
classification of coals can be made and an elaborate classification defeats
itself.” Until something more definite is known of the constituent
bodies, resins, humus, etc., it is unlikely that any great advance will
be made. It is well known that pure chemical compounds exhibit
isomerism, i.e. whilst having the same percentage composition exhibit
entirely different properties. Although coal is not a definite com-
pound, the same condition is found. Anderson has pointed out that
the splint coals from the Clyde basin are frequently almost identical
in composition with the softer coals of the same district, and instances
might be multiplied ; variations not only in the external physical
characters but in the other properties, notably that of caking, are
found with coals of practically the same ultimate composition. There
is further the gradual change of character from coal of one class to
that of another ; the agreement in one constituent and disagreement
in others, so that hard and fast boundaries are impossible—if they
are proposed they are purely arbitrary.

Classification based on such characters as softness, hardness, long
flame and short flame, caking or non-caking ; or on commercial applica-
tions, such as “ steam raising,” * gas making,” etc., are far too genera.l
for it is not uncommon to find & coal described as “ steam, gas or manuZ
facturing.” On the other hand, classification on the elementary con-
stituents alone of the pure coal substance cannot indicate such important
characteristics as fusibility and coking qualities, hardness or friability,
gas yielding or burning characters. ,

When coal is subjected to the action of heat in a vessel under such
conditions that, whilst any volatile matter resulting from its decem-
position may escape, access of air is prevented, gases and liquid pro-
ducts distil off, and a residue of coke, which includes the ash, remains,
The results obtained therefore yield the amount of volatile matter,
the coke, and, if the latter is finally heated with access of air, the ash
alone remains, so that the loss during this latter operation is due to
carbon (usually together with a little hydrogen) which remained in
the coke and is termed fized carbon. Such an analysis is termed the
prozsmate analysis, and although again it gives no information as
to the real compounds existing in the coal, it is invaluable from the
information it affords as to the character of the coal and its suitability
for practical purposes, besides aﬂ'ordmg the simplest and probably the
best method of class:fymg the various coals.

A general relationship is found between the results of the proxxmate
examination and the ultimate composition, the volatile constituents
beirtg highest when the total carbon is low and the oxygen content high,
a8 ocours with lignites and bituminous coals ; whilst with anthracitic
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coals, where the total carbon is high and the oxygen low, the volatile
matter is lower than with any other class of coal.

The general relationship in ultimate and proximate composition
of the pure coal substance for typical coals is shown in Table XI.

TABLE XI
UrriMaTeE ComposiTioN OoF CoaL

Carbon. | Hydro. | OXYgen Fixed | Volatile

gen. mtrogen. caroon. ma T
Lignites and brown coals. . | 695 55 25-0 52-0 480
Splint coal (Fife) . . . .| 820 | 50 128 | 610 | 390
Gas coal (Durham) . . . 850 55 82 66-0 34-0
ingecoal, . . . . . 87-3 5-05 69 735 26-5
Smokeless steam (Welsh) . . 91-3 405 39 85-5 145
Anthracite (Scottish) . . . 91-1 35 465 88-5 11-5
Anthracite (Welsh) . . . 91-0 39 428 93-0 70

Broadly speaking, the amount of volatile matter in coal is dependent,
then, on the presence of certain bodies rich in oxygen. It does not
follow that in two coals of the same ultimate composition the oxygen-
containing substances are identical, indeed, as will be shown later,
they may probably be of a totally different type, so that it is not sur-
prising that coals identical in ultimate composition behave quite dif-
ferently under the action of heat, both in the actual yield of volatile
constituents and in the character of the coke which results.

For any system of classification it is essential that the coal substance
alone shall be considered, variables such as ash and moisture being
excluded even although they may be determining factors in the use
of the coal. The proximate analysis provides an easy means of dif-
ferentiating between diverse classes such as anthracites and bituminous
coal, but is of little value in sub-dividing such classes. The “ ultimate ”
analysis or the analysis of the elementary constituents is necessary for
this and can also be correlated roughly with the proximate analysis.

The different stages or variations in the composition of coals are shown
in Table XII which also illustrates the gradual transition from wood,
etc. The analyses are typical of the classes but, in making comparisons,
it should be remembered that each class merges into its neighbours

coals of intermediate type are common. In the table the gradnal

ination of oxygen. is seen from 40 per cent. in wood to 2 per cent.
in snthracite. At about 18 per cent. oxygen obvious woody structure
disappears and at about 10 per cent. the coal begins to possess coking
properties. During the removal of oxygen hydrogen is also elimin-
ated partly se that the C : H ratio increases with decreasing oxygen
conteat. -
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In lignites the ratio is about 13 : 1, in bituminous coals it ranges from
14'5 to 16-4 to 1 and in anthracites is about 27 to 1.

The regular nature of the variations shows where classification
systems can readily be attempted. The first attempt was made by

Regnault in 1837 and modified later by Griiner in 1874.

Regnault

classed his coals in terms of their carbon, hydrogen and oxygen con-
tents and in Griiner’s modification bituminous coals are divided into
five classes as shown in Table XIII.

TABLE XII
Staces 1IN THE TRANSITION OF CoALs
Lignite. ' Bltuminous. ‘
Wood. | Peat. | -- — - i Carbon-| Anthra-
‘ Brown.| Black ] 1. 2. I 3. ; 4.
Air-dried. | |
isture 20 20 18 15 i 10 3 1 1 ] 1 1
Volatile matber,
less moisture. | — 50 47 41 ' 85 34 32 | 30 | 11 8
Fixed carbon . | — | 27 28 32 | s 58 ez | 64 84 88
Ash. . . . 0-5 3 7 12 ! 5 5 , 5 4 3
B.Th.U.perIb. | 6,400 | 7,700 { 9,900 | 10,200 10, 700 13,900 | 14,300 ' 14,400 | 15,000 | 15,000
Ash fru dry. ] |
Carbo . .| 50 60 67 74 77 84 856 | 87 92 04
Hydtogen . 65 8 55 54 5 5 5 531 4 3
Ox: 43 32 26 19 16 8 5-4 47 2 2
8 ur and ni- i
no% 05 2 15 1-6 2 3 3 2 1
B.Th.U. per Ib. | 8,000 | 10,000 l 13,200 | 13,900 13,400 | 15,100 ! | 15,;00 i 15,300 15,800 | 15,600
{
Bituminous 1. Lignitious, long-flame steam and house coal.

”

2. Para-bituminous, hard steam, hox:I and manufacturing coal.

REGNAULT-GRUNER CLASSIFICATION OF BrrumiNous CoaLs

Ratio|
L)

H

43
3-2

2-1

Volatile
matter.

40-50

32-40

26-32

18-26

10-18

" 3. Para-bituminous, gas and coking
" 4. Onh&bitu!nlnous. coking coal (Durham).
TABLE XIII
lzﬁ':f Cho::li'erof Carbon. Hgy&ro Oxygen.
( Dry, long
I.(( ﬂa.u?e, non- }75-80 4:5-56| 15-19-6
u.{ Tat, | long }80-85 50-58| 10-14.2
Fat, pro- ) .
III.{ perly ~ so |-84-89 |50-5:5|5:5-11-0
called  |)
IV.{ Pat, short }88—91 45-55| 4:5-6:5
Lean coals
V. { —anthra- }90—93 4-0-45| 3-66
cite

Nature of coke.

Powdery or slightly
coherent.

Caked, but friable.

Caked, moderately
compact,

Caked, very com-
pact, lustrous,

Powdery or slightly
ocoberent.
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The range of composition for & class is not wholly consistent with
that of this class as found in Great Britain, so slight adjustment is re-
quired. Further, the important ““ Navigation * and “‘ Smokeless Steam
Coals,” very distinct classes, require inclusion. In the coals of low
rank, although lignite proper only occurs in very small® quantity in
Great Britain, there are * dry >’ coals, with high oxygen content, between
the lignites and the usual steam ‘‘ non-caking long flame coals,” which
seem to demand special groupings, and for these the terms lignitious
and ligno-bituminous have been adopted. Brame’s modified and
extended form of Griiner’s Classification is given in Table XIV.

TABLE XIV
GRUNER CLASSIFICATION MODIFIED FOR CoALS OF GREAT BRITAIN
}:l:':.f Name of class. Carbon. Hg::) " | Oxygen. X,‘fxﬂ"#

L Lignitious . . . . .| 75-80 | 4-8-55 |12-20 | 35-47
IL Ligno-bituminous . . 78-84 | 4-5-6 8-13-5 | 3545

III Long flame, non- oakmg
(steam, ete.) . . 82-86 5-6 6-12 30-40

v Long flame, pmly calnng
(gas) . 82-86 | 4-5-5:5 | 5-9 3040
\A Short ﬂame (ookmg) . .| 85-80 |4:5-56| 4-76 | 20-30
VL Semi-bituminous . . . | 89-92 4-5 2456 | 13-20
VIL Semi-anthracite . . . . ; 91-93 346 | 3-5 8-13
VI Anthracite . . . . . |over92:5| below 4 | below 3 | below 8

A closely allied classification on the basis of the Griiner system
has been adopted by W. A. Bone, the main groupings being lignites,
bituminous, semi-bituminous and anthracites, with sub-division of the
bituminous into non-caking long flame, caking long flame, hard coking
and hard coking short flame, and the anthracite group into anthracitic
and anthracite.

It must again be emphasized that no such system can be rigid ;
for example, a gas coal towards the lower limit of volatile matter may
be satisfactorily worked for coke in a suitable oven, and a semi-
bituminous caking coal may be equally good for coking whilst not so
well suited for burning owing to its caking properties.

A number of other classifications have been attempted since. The
most important of these are described below.

. 1. Frazer (Pa. 2nd Geol. Survey, Rept. M.M. 879).

In this scheme the ratio of fixed carbon to volatile matter was used.
The system failed mainly because of considerable overlapping of classes
and limitation to one particular coalfield.
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geographical one, the hydrogen lines corresponding to parallels of
- latitude and the carbon lines to those of longitude ; just as the position
of a place is defined geographically by defining latitude and longitude
8o the position of a coal can be defined by quoting its C : H values.
Then, by reference to a chart the nature of the coal is at once clear.
Such a system of definition should be clearer than a system of names.

Later Seyler added to his chart other values in the form of isovalent
lines showing the regular variation of different properties of coals.

In the chart the common types of coal fall within the rectangular
areas to the left and together form a curved band which is sometimes
termed the coal band and resembles that of Parr. Coals of higher
hydrogen content (perhydrous) are bogheads and cannels of less common
occurrence. Subhydrous coals are fusain and certain durains.

The isovalent lines are as follows. The lines of equal calorific
value (isocals) slope upwards from left to right while those of equal
volatile matter (isovols) cross these at right angles. The former are
parallel, equally spaced lines, following Dulong’s law, but the latter
are less regular outside the region of 10 to 40 per.cent. volatile matter.
In themselves these lines have no great significance, but their insertions
indicate means of coirelating calorific value and volatile matter. The
isocals are also lines of equal air requirements for the combustion of
the coal and have been correlated by Seyler (loc. ¢it.) and Rosin and
Fehling (Das It. Diagramm, Berlin, 1929), with flue gas volumes,
calorific intensity and flame temperature under conditions of adiabatic
combustion. In the chart (Figure 4), Seyler has added a number of
scales showing the combustion characteristics appropriate to the isocal
lines. The top and bottom scales are metric and British units respec-
tively.

For a fuller account of Seyler’s diagram reference should be made
-to the original papers, particularly the following—Proc. of S. Wales
Inst. of Engs., 1931, 47, No. 3, Part I1; J.S.C.I., 1933, 52, 304T ;
J. Inst. of Fuel, 1934, 7, 181.

The chart can be shown in a much more simple-form showing the
C: H axesand the coal band only. A simplified chart has been prepared
by King (Prep. Selection and Dist. of Coal, Colliery Guard, Ltd., 1931).
Figure 4. ‘

That there is a discontinuity in the coal band has been shown by
E. 8. Grundell (Trans. Inst. Min. Eng., 1931, 81(2), 214 : 81(3), 308).
When the calorific value of a large series of coals is plotted against
their carbon content a coal band is obtained which shows a sharp bend
at about 86 per cent. C. indicating that above this point the coals
diverge from the Dulong formula. Below the point agreemjent of
observed calorific value with that calculated from the Dulong formula
is found within reasonable limits. Grumell prefers to consider dull
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and bright coals separately as having different sources and shows that
their coal bands do not coincide. A coal band of this type is a useful
guide to fuel composition since it is comparatively narrow in both
dimensions below the band at 86 per cent carbon. For example with

CoAL CLASSIFICATION AFTER SEYLER
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bright coals the iso-calorific lines may contain coal differing by 1-2
per cent. of carbon and the iso-carbon lines coal differing by only 155
calories. It seems probable that even these margins may be reduced
by more accurate analysis.



CHAPTER V
COMMERCIAL AND EMPIRE COAL

LIGNITE

Nature and Occurrence of Lignite. Reference has been made
already to the intermediate position which lignites occupy naturally
between peat and coal. Lignites vary very widely in character and
composition according to the metamorphosis which the lignin of the
plant has undergone, from bituminous wood to material so closely
resembling ““ dry  bituminous coal that it is difficult, if not impossible,
to distinguish between them. They are characteristic of strata more
recent than that of the true coal formations, but frequently have
become so altered by local conditions as to merge into bituminous
coals or even semi-coked material resembling anthracite.

Lignites are of later (Tertiary) geological formation than coal. In
Great Britain there are only limited deposits, the brown lignite of
Bovey Tracy, Devonshire, but in Europe, North America, Australia,
New Zealand and India the deposits are extensive, brown lignites being
sometimes found in seams 100 ft. thick so near the earth’s surface that
they can be quarried at very low cost.

Lignites occur in a number of well-defined forms and can be classi-
fied by their physical characteristics :

(1) Woody or fibrous brown coal having the structure of wood.

(2) Earthy brown lignite, compact but friable.

(3) Brown coal, having a slight woody structure, a slaty cleavage
and a dark-brown colour.

(4) Bituminous lignite or * pitch-coal,” black in colour with a
conchoidal fracture. It resembles coal and sometimes anthracite in
appearance. This form has been classified by the U.S. Geological
Survey as ““ sub-bituminous ”’ coal.

As mined, brown lignites usually contain a very high percentage
of moisture, much of which is retained on air-drying ; Bischoff records
an average of 44 per cent. on German lignite ; Schrétter 57 per cent.
on Austrian samples.

Black lignites contain less moisture, normally 14 to 16 per cent.

Composition of Lignite. So many carbonaceous fuels of distinotly
vegetable character are classed as lignites, frequently on their geological
occurrence, that it is difficult to state an approximate composition.
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LIGNITE 1

Some idea of the relative occurrence of these in Europe is obtainable
from the following analyses of 62 samples :

TABLE XVII i
CoMposrrioN oF LioNrres (European). (Calculated to the dry, ash-free fuel)

Range of Carbon. | aio0f | Ceonper | Dydrogen | Oxygon per
Below 60 per cent. . | 5 | 571 22 | 58 81 | 373 289
60-65 per cent. . . 8 633 %8 56 3 311 333
65-70 . .| 25 671 309 55 $1 | 274 27
70-75 oo 19 | 726 % | 58 [ | 216 339
75-80 oo 2 | 763 %6 1 73 83 | 164 117
Above 80 ,, .. 3 | 844 B89 54 3% | 102 132

Note.—In all tables where the composition of solid fuels is given as above,
the mean figures are shown in larger type, and the maximum and minimum

figures in small type.

It will be seen that over 90 per cent. of the samples in Table XVII
contain under 75 per cent. of carbon and over 20 per cent. of oxygen.
The last three have a composition in good agreement with a large
number of English coals (for which the term ‘lignitous” has been
accepted. Since classification based on geological evidence is thus
capable of including totally dissimilar fuels, it is agreed that lignites
proper contain under 75 per cent. of carbon and over 20 per cent. of
oxygen.

The volatile matter in lignites falling within the above range is
seldom less than 48 per cent. ; it usually exceeds 50 per cent., but in
a large number of cases the ratio of volatile matter to fixed carbon is
approximately 1 to 1.

The following analyses are typical of the most important lignite
deposits : )

TABLE XVIII
ANALYSES (DRY, ASH-FREE) OF LIGNITES
Cuton. T30 | B2 | 3| oy BT
Brown :
Heathfield, Devon . .| 657 55 2:1 10 | 257 |1L200
Germany . . . . .| 690 49 09 07 24-5 | 11,300
Australia (Morwell) . . | 649 48 S—— 295 | 10,300
Black : 08
Saskitchewan, Canada . | 73-0 59 08 16 18-8 | 13,050
New Zealand . . . .| 730 54 05 11 200 | 12,620
Buma, . . . . .| 705 45 10 10 230 |11,200
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Calorific Value of Lignite. This will be dependent to a very
large extent upon the closeness or remoteness of its composition in
relation to wood on the one hand and lignitous coals on the other,
and to the amount of moisture and ash present.

The calorific value of the combustible may range from 5000 to
7500 calories (9000 B.Th.U. to 13,500 B.Th.U.). In practice the high
moisture content is a serious disability in that it greatly reduces the
net heat units available.

Lignite as Fuel. The high percentage of moisture and sometimes
of ash generally present makes lignite an inferior fuel to coal. Brown
coals are generally air-dried to 12-15 per cent. of moisture and briquetted.
These briquettes, apart from a tendency to spontaneous combustion,
form an excellent fuel, having a calorific value of 9000 B.Th.U. at
15 per cent. moisture. The black lignites * weather ”’ badly on exposure
to air and disintegrate rapidly to slacks. For this reason attempts
have been made to produce from them a lump fuel by carbonization
and subsequent briquetting of the coke, but as yet without complete
success. In some places (New Zealand) black lignites are mixed with
coking coals and used for gas manufacture. The reason is, however,
mainly in order to control the inordinate fusibility of the caking coal.

Yields obtained by the carbonization of Saskatchewan lignite are
quoted by Stemsfield :

Moisture content 31-8 per cent. : Gas, 3505 cu. ft. (c.v. 385 B.Th.U.
per cu. ft.) ; tar, 59 gals.; ammonium sulphate, 11-4 Ib. ; carbonized
fuel, 1020 lb. per ton.

In Gerfhany large quantities of brown coal are carbonized, yielding
from 17 to 26 per cent. by weight of tar per ton of dry material. Large
quantities of the tar have been treated by catalytic hydrogenation at
high pressures, and it has been stated that from this source 100,000
tons of motor spirit have been obtained per annum.

Lignite coke is specially liable to spontaneous ignition. It has
served as a source of ‘‘ activated ”’ carbon.

Lignite has been employed successfully in gas producers. Tests
made in the United States (U.8. Geol. Survey, Bull. 416, 1910) have
indicated consumption 2 Ib. of lignite at 26-6 per cant. moisture per
B.H.P. developed.

CANNEL COAL )

This variety of coal differs in character from the lignites and true
bituminous coals, and the organic matter from which it was derived
differed no doubt from that from which the other varieties were
produced. According to Bertrand and Renault, Boghead cannels are
composed mainly of gelatinous algse; but Jeffrey disputes this, and
oontends that they are composed mainly of the spores of vesoular
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Recent work upon the examination of micro-sections of
various cannels tends to confirm the former opinion. Fish and other
animal remains are found frequently with cannel coals, which, together
with the usual form of deposition in beds thinning out at the edges,
indicates that they were deposited from fairly stagnant water.

Cannel coal has been of great importance in the manufacture of
gas, since on distillation it gives a good gas yield of exceptionally high
candle power. When illuminating value became of less importance,
owing to the extensive use of the incandescent mantle, and later, by
the introduction of calorific value as a basis of supply instéad of candle-
power, the use of cannel in the manufacture of coal gas greatly declined.
Cannel derives its name from the candle-like flames emitted on burning ;
some varieties split with a crackling noise on heating, and are termed
* parrot ” coals ; others, from the odour emitted on burning, as *“’horn ”
coal.

The Torbane Hill or Boghead cannel coal, found only in the Arma-
dale district of Scotland, was a very rich species of cannel yielding as
much as 120 gallons of oil per ton. This material is now mainly of
historic interest since the field was exhausted in 1862. It was charac-
terized by a high percentage of hydrogen and of volatile matter and a
very high ash.

The proximate and ultimate constituents of cannel or Boghead coals
vary within such wide limits that it is impossible to correlate properties
and composition, but clearly it must be due to the gelatinous alge
that cannels on distillation give a much higher proportion of stable
gaseous hydrocarbons than bituminous coals.

TABLE XIX
ComposiTION OF BoagHEAD AND CANNEL CoALs

Total | Hydro- Fixed | Volatile | Ash on
carbon. | gen. | OXYE®M.| carbon. | matter. | dry coal.

~

Boghead cannel (Tor-

bane Hill). . 78-1 1043 | 1147 | 122 878 330
St. Helens . . .1 790 605 | 14907 | 4726 | 5275 306
Wigan . . . . 824 570 | 11-90 —_— — 270

The proportion of volatile matter to the fixed carbon usually is
high (50-50), but there are many exceptions in which this ratio is no
higher than in an ordinary bituminous coal (33-66). In Lesmahagow
cannel, a former gas-making standard, the volatile matter is given as
54 to 56 per cent. and the fixed carbon as 44 to 46 per cent. of the
pure coal.

On distillation cannel coal yiclds tar of a more paraffinoid character
than bituminous coal. The yields also are much higher, as much as
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90 gallons per ton (dry, ash free). The Fuel Research Board have
shown that 54 gallons are obtainable from Welbeck cannel (Rep. of
Test on Fusion Retort, 1926).

BITUMINOUS COAL

As stated above, the black lignites merge into a class of lignitous
coals. These in turn merge into the bituminous coal species without
any clearly defined division. The lignitous coals and the bituminous
coals are normally regarded as one class of widely divergent properties
which vary gradually and regularly from one end of the class to the
other. The bituminous species comprise coals containing from 24 to
40 per cent. of volatile matter and 84 to 91-2 per cent. of carbon.
Lignitous or non-caking bituminous coals contain over 10 per cent. of
oxygén, while the high-rank coking coals at the other end of the scale
contain less than 5 per cent. As devolatilization of the coal increases,
the ability of bituminous coal to form a hard coherent coke when
carbonized also increases.

In the seam, all bituminous coals exhibit a banded structure, the
coal showing alternate bands of bright and dull coal arranged parallel
to the bedding plane. Four types of band have been defined in this
country by Stopes as vitrain, clarain, durain and fusain and two bands
have been defined in American coals by Thiessen as attritus and
anthraxylon. The anthraxylon corresponds to the vitrain and clarain,
and the attritus to the durain.

Vitrain has a glassy lustre and normally occurs in very thin bands
about 0-2 inch thick. In thin sections it is pale brown and translucent
and microscopically appears almost devoid of structure. Clarain
appears in thicker bands and is less bright and less brittle than the
vitrain. It is translucent in thin sections and shows disintegrated
plant remains when examined under the microscope. Durain is the
dull hard coal which occurs in definite bands from a fraction of an
inch to someétimes a large proportion of the seam. It is hard and
strong. Microscopically it contains plant remaips embedded in a
granular matrix which is opaque in thin sections. Fusain occurs
chiefly in lenticles and forms points of weakness in banded coal. It is
dull, granular and fibrous and usually very friable. Microscopically it
consists of woody tissue, opaque in thin sections.

Photomicrographs of typical sections are shown in Plate I, and
other data on p. 42.

The measurement and examination of the bands in bituminous
coal seams form a means of exploring the variations which occur in’
the different parts of the coalfield.

It has been shown that the amount of volatile matter present in
ghe coal substance is an important property of coal and affords a
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useful basis of classification. The volatile matter governs largely the
character of the combustion, determines the suitability of a coal for
special purposes, and the design of grates and furnaces for the most
efficient combustion of the different classes of coal.

Flame is produced largely by the combustion of these distillation
products, which form a mixture of hydrocarbon gases, tarry vapours,
etc. Smoke results entirely from their incomplete combustion. It
follows that the proportion of the total heating units of a coal derived
from combustion on the grate and in the combustion spaces respectively
varies with the amount of volatile matter. Schniewind estimates that
in a coking coal 72 per cent. of the heat units are available in the
coke, 23 per cent. in the gases, and 5 per cent. in the tar. For bitumihous
coals it may be taken approximately that one-third of the heat units
are present in the volatile matter. Owing, however, to variation in
composition of the volatile matter, its heating value is not always
proportional to the amount in different coals.

Where intense local heating is required, it follows that a fuel with
little volatile matter must be employed, such as anthracite ; whereas,
on the other hand, where long flame is essential, as in a reverberatory
furnace, the proportion of volatile matter, which provides the necessary
combustible gases, must be high ; that is, the greatest number of heat
units possible must be obtained away from the grate.

For steam-raising these considerations obviously will govern the
relationship between grate area and combustion space, the admission
of air above and below the grate, for the best results to be obtained
for coal of a given type. For steam-raising then, although high calorific
value is esgential, other considerations are equally important, and these
depend largely on the amount of volatile constituents. The effect of
ash and moisture has already been dealt with. The ignition point
of coals low in volatile matter is high (p. 6), and generally the rate of
combustion is low, so that strong draught is necessary; bituminous
non-coking coal ignites easily, and burns readily with moderate draught.

Constam and Schlipfer have investigated the influence of volatile
constituents on combustion (see Eng., 1909, 90., 93), and found that
coals containing about 20 per cent. (calculated on the combustible)
yield the highest temperature and thermal efficiency. With too high
volatile matter gases escape unburnt, and too much excess air must
be admitted above the grate ; and, on the other hand, with low volatile
matter an excessive air supply is requisite for the fuel on the grate.
Further, whilst the carbon from any coal yields the same number of
heat units, equal weights of the volatile constituents develop com-
paratively less heat as the volatile matter increases. The highest
economic efficiency will be attained, therefore, with coals of medium
volatile content, say, from 16 to 23 per cent.
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The steaming capacity, or output of the boiler, will be dependent
on the furnace temperature, which again is dependent on calorific
value, but more especially on the rate at which the coal can be con-
sumed, anything tending to lower this being prejudicial. The influence
of ash has been considered ; very small coal, by interfering with the
free passage of air, will greatly affect this, so also will tendency to
cake, which, if the draught is moderate, may seriqusly lower the rate.
It follows, therefore, that the ratio of grate area to heating surface
and the draught conditions for a given coal may yield far from the best
result with another coal, and therefore that the selection of a coal
for given conditions is dependent o many considerations outside of
calorific value. Although fine coal interferes with combustion, small
coal frequently is an excellent fuel if free from dust; uniformity of
size is desirable in general.

By far the largest proportion of coal in common use for steam-
raising contains very much higher volatile matter than that found
most economical by Constam and Schlipfer. Complete combustion
without objectionable smoke is difficult to ensure, even with con-
siderable excess of air, unless some suitable form of mechanical stoker
is employed, Good efficiency can be obtained, but this necessitates
careful and scientific control of the combustion by attention to the
composition of the flue gas ; without such attention the losses generally
are enormous.

In producer-gas practice the volatile constituents of the fuel govern
entirely its suitability for different types of producers, or, conversely,
the design of the plant for the most economical fuel available. Again,
the presence or absence of volatile constituents will determine largely the
character of the gas ; where present the latter will obviously consist
of a mixture of the products of destructive distillation (coal gas)
with producer gas proper, and since the former has the higher calorific
value, the mixture should be richer than that obtained from a fuel
yielding practically only producer gas, such as from anthracite. Part
of the products of destructive distillation of a bituminous fuel must
be tar, and it is the difficulty of removing this in most suction plants
that limits the choice of fuel to anthracite or coke. The question of
tar is not necessarily one of quantity, since the tar from certain forms
of coal can be dealt with more easily.

Caking coal is admissible only in special types of producer. In the
normal type it would need constant poking to work it, and large chan-
nels would form, through which the blast would pass and fail to yield
good combustible gas. Uniformity of size is another important factor,
The influence of the fusibility of the ash has been dealt with already
(p. bB), but it sbouldbementmmdugunth&tfuslbmtyuoﬁmmm

important than amount.
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Coking coal is distinguished from other bituminous coals by its
vproperty of undergoing a partial fusion when subjected to heat, and,
decomposition ensuing at the same time, the gases evolved give a
cellular structure to the coke. The coal loses its original form and
structure entirely, thus distinguishing it from coals which do not possess
this property of fusion, the cokes from the latter retaining more or
less the original shape of the pieces of coal. Necessarily there are inter-
‘mediate grades between these extremes, and a coal may possess the
fusion property only in a moderate degree, so that selection of a suitable
form of oven and carbonizing conditions is essential to the production
of serviceable coke from it.

Reference has been made already to the difficulty of correlating
this fusing property with the ultimate composition of the coal. Results
from a particular coalfield are sometimes fairly concordant, and this
has given rise to the fixing of dogmatic limits of composition within
which coking properties are found, but these same limits are frequently
quite inapplicable to another coalfield. It is certain, however, that
as the coals approach the lignites on the one hand, and anthracites on
the other, no tendency to coke is observed.

Authorities are agreed that the only sure guide to determine whether
a coal is suitable for coking is a practical test. Valuable information
often is to be gained from the nature of the coke obtained during proxi-
mate analysis in a platinum crucible, but the rate of heating in some
cases may modify considerably the result. Rapid heating will, with
some coals, drive off all the volatile hydrocarbons so quickly that
the cementing action of the pitch has little chance, whereas slow
heating may yield a fair coke. It is therefore difficult to relate the
results from the crucible test to practice, where the rate of heating is
so much slower. )

The Gray-King assay is typical of a number of carbonization assay
methods for the evaluation of coals for this purposec. The method
(p. 349) gives the character of the coke and yields of products at 600° C.
or at 900° C. Lessing (p. 349) has proposed a similar method.

In coking pra.ctlce the accepted method of test of small samples is

the “box  test in which a box containing about 300 Ib. of the test
coal is placed on the bottom of an oven before charging. The box is
recovered later and the coke examined.

The Campredon coking test is designed to give a ‘‘ caking index
for various coals; it represents the amount of sharp sand which 1
gram of the coal is capable of just binding into a coherent mass. A
good coking blend will cohere with 14 to 16 grams of sand. The sand
method has been standardized and issued as an accepted method by
the Fuel Research Board. The * caking index ” is the ratio of the
weight of graded sand to the weight of coal which under the standard
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conditions of carrying out the test (detailed on p. 349) give a coke
capable of supporting without crushing a 500-gramme weight, at the
same time not yielding more than 5 per cent. of non-coherent powder
on the weight of mixture. Good coking coals give ‘ caking index ”
figures of 16 or over.

Objection has been taken to the use of sand, since in some cases
it is not inert to the coal ash. Electrode carbon, suggested by Sinnatt
and Grounds (J.8.C.I., 1920, 39, 83 T.), is a good alternative.

NAVIGATION, BUNKER AND SMOKELESS STEAM COALS

No term descriptive of coal is employed so widely as * steam coal
and includes all coals other than strongly-coking coals and anthracites.
Any of the bituminous steam coals already described can be used for
navigation and bunker purposes, but the most valuable are the semi-
bituminous or carbonaceous coals. These coals represent the transition
stage between bituminous coking coals and anthracite and occur chiefly
in South Wales although similar seams occur in East Kent. Those
containing about 5 per cent. of hydrogen and 20 per cent. of volatile
matter are caking steam coals ; those containing up to 4-7 per cent.
hydrogen and 18 per cent. volatile matter are second-class Admiralty
steam coals; those containing 4-0 to 4-5 per cent. of hydrogen and
10-15 per cent. of volatile matter form the celebrated Welsh steam
or first-class Admiralty steam coals.

Coal of this latter type is particularly valuable in having a low ash
content and a high calorific value (15,800 B.Th.U. per.lb. on the dry,
ash-free fuel) and for its smokelessness and free-burning qualities on the
boiler grate.

ANTHRACITE

Anthracite is the least widely distributed of the coals and one of
the most valuable. The most notable deposits are those of South
Wales and Pennsylvania, in both of which anthracite of very high
quality is obtained. Anthracite is hard and lustrous, and does not
soil the fingers. The ash is lower than in bituminous coals. Owing
to its low content of volatile matter it burns almost without smoke
and does not soften or cake. This, with its high density, makes it a
particularly valuable fuel for use in stoves.

In many parts coals of similar composition to anthracite are found,
which have resulted from the intrusion of igneous rocks into bitumirous
coal measures. Here the ash is higher than in the unaltered coal, and
such coal may be regarded almost as a semi-coke. True anthracite
appears to derive its special characteristics from the nature of the
original deposited carbonaceous matter, or from changes brought about
in it very shortly after deposition, and existed as anthracite before
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denudation or serious disturbance of the strata took place. Where
great subsequent giistu:bance of the strata has taken place, the anthra-
cite still has the same characters and composition, but has become
broken down into a coarse powder called “ culm.”

Anthracites proper contain less than 8 per cent. of volatile matter
with 93 per cent. or over of carbon. Pseudo-anthracites, e.g. the Scotch
anthracites, are higher in volatile matter and approximate to about
12 per cent.

The chief industrial uses of anthracite are steam-raising, central-
heating and malt and hop drying.

COMPARATIVE ANALYSES

Comparative analyses of typical coals are shown in Table XII (p.
63), analyses of wood and peat being included to show the general
trend of changes in composition.

COMPOSITION OF COALS OF THE BRITISH EMPIRE

Great Britain. There are 40 detached areas in Britain in which
coal-bearing strata occur. All of these form part of four main tracts
in which the original plant debris was deposited : (i) Central Scotland,
(i) Northumberland, Durham and Cumberland, (iii) North Wales,
Lancashire, Yorkshire and Midlands, (iv) South Wales, Forest of Dean,
Bristol and Somerset. Geological information regarding the fields is
fairly complete (see Walcot Gibson, Coal in Great Britain, E. Arnold
and Co., London), but until recently reliable data as regards the analyses
of British coals was difficult to find. Since 1922, however, the Fuel
Research Division of the Department of Scientific and Industrial
Research has started “‘ survey " work upon the most important seams.
Nine local laboratories have been set up in the coalfields and are
conducting investigations of the principal seams in each. Arrange-
ments have been made to cover 96 per cent. of the coal-bearing areas.
In addition to the examination of seams the surveys include the analysis
of samples of commercial grades, i.e. the fractiohs into which the coals
are divided for sale by considerations of size and quality. Eventually
the series of reports should form a reliable guide to British coals ; the
reports are available at H.M. Stationery Office.

Detailed information of a more general character is available in
Mineral Resources, published by the Imperial Institute in 1920 and in
Resources of the British Empire: Fuel, by G. W. Andrew (E. Benn,
London, 1924). .

Space permits only of & brief description of the types of coal found
in the different coalfields.

The Scottish coals are in general bituminous, high in volatile matter -
and of low coking power. Coking coals are found mainly in the Lanark-
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shire field. but these are not of high quality. A survey of the coking
coals of Scotland was made by Gray in 1917 (Fuel Research Survey
Paper No. 15). In many areas the coal seams are interbanded with
cannel. In the Lanarkshire and Fifeshire fields there occur pseudo-
anthracites formed by igneous intrusion.

The Northumberland and Durham field is divided by the Tyne into
two distinct parts. North of the Tyne the coals are practically non-
coking and are high in oxygen content ; they are, therefore, steam and.
producer coals. South of the Tyne the seams develop coking properties
and south and west of Durham they provide the best coking coal in
the country. Certain of the main seams of the field vary considerably
in properties from place to place.

The Cumberland field is small ; the coals being mainly coking and
gas coals.

The Lancashire field contains a number of seams of excellent coking
and gas coals. Much of these are sold for general and household pur-
poses. The North Wales field contains somewhat similar coals, but
of lower coking power.

The Yorkshire, Nottingham and Durham field is our largest coal-
field, yielding about 80 million tons of coal per annum. The coal
seams are all bituminous, but vary widely in properties. Coking
properties tend to decrease in a southward direction with a corre-
sponding increase of oxygen content and decrease of carbon content.

The North Staffordshire field is very much faulted and the properties
of the coal in the seams therefore vary very widely. The upper seams
are coking and the lower vary from coking in the west to non-coking
in the east. In South Staffordshire, Leicester and Warwick, the coals
are of the same weakly coking type.

In South Wales the coal shows a gradual trans:taon from bituminous
coking and gas coals i in the east and south-east to semi-anthracitic
coals and anthracites in the west and north-west. The cokmg coals
of the east are continued in the small Forest of Dean area and in the
Bristol and Somerset fields where they are of higher coking power and
higher volatile matter.

In East Kent the coal seams are deep ; the coal is of low volatile
matter varying from 10 to 22 per cent., those seams containing 18 to
22 per cent. having a very high coking power, those of low volatile
matter resemble the carbonaceous coals of South Wales., The Kent
coals are characterized by high friability.

The following tabulation (Table XXI) gives analyses quoted from
the Fuel Research Survey Reports and, where these are not yet avail-
able, of data obtsined from other reliable sources. It should bo realized
that one analysis cannot represent all the coal jn a seam since that
seam will vary throughout the ares. In addition seams aro sekdom
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sold as such. Coal for sale is more frequently cither a portion of the
seam, e.g. “ hards ” or ““ softs ”’ or a “ size-fraction >’ which may include
the same “ size-fraction” from one or more other seams.

The Survey Reports, in addition to analyses, contain Gray-King
carbonization assays, ash-fusion temperatures and other relevant data.
The seams covered so far include the following :

Lancashire.—Arley, Ravine, Smith, King, Wigan Four-Foot and
Lower Mountain Mine seams.

Yorkshire.—Correlation of Yorkshire, Notts and Derby Fields;
Parkgate, Barnsley and Silkstone seams ; South Yorkshire commercial
grades.

Northumberland and Durham.—Yard, Main Brockwell and Hutton
seams.

North Staffordshire.—Coalfields.

Scotland.—Scottish Coking and Furnace coals, Kinneil coal.

Somerset.—Parkfield coal.

Australia. Large deposits of coal are found in New South Wales,
Queensland, and there are smaller fields in South Australia, Victoria,
West Australia and Tasmania.

In New South Wales the coalfield covers over 8000 square miles,
the coal measures containing over 70 ft. of workable coal in 10 or 12
seams. Louis gives the following proximate analyses for three seams :

l Moisture. | Ash. yn:l::::f Sulphur,
- | — — o — ] —
Bulli (Sydney) . . . . . 10 107 i 23-1 05
Lithgow (West) . . . .| 18 1211 314 07
Borehole (North) 20 87 | 360 05

The first two are coking coals, and the third a house and gas coal.
The coals of the middle measures are more friable and that of the
lower measures is bard and suitable for domestic purposes and steam-
raising. :

New South Wales also contains seams of shaley coal of Triassic
age and some lignite.

In Queensland the coal is very variable owing to faulting, varying
from anthracitic to gas coal. Lignite is found in seams of 57 ft.

In Victoria there is little true coal but immense deposits of lignite.
Louis gives the analysis of Wonthaggi (house) coal as ash 9-2, moisture
69, volatile matter 28-3. The lignite deposits at Morwell have been
described by Bone (Proc. Royal Soc., 1921, 99 A, 236) and comprise
seven beds totalling over 1000 ft. On mining the lignite (brown coal)
is high in moisture, 40 to 60 per cent., but loses half of this in air-drying.

F. o
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Its analysis when dry is ash, 40; carbon, 62:5; hydrogen. 49;
nitrogen, 0-4 ; sulphur, 0-2 per cent., and calorific value 10,080 B.Th.U.
pe: Ib.

New Zealand. The coals, which occur in both the North and
South Islands, are of considerable importance. The main deposits
are of lignitic character, but various gradations of bituminous coals,
including coking and good quality steam coal to anthracite, are found.
Large quantities of steam coal were at one time shipped for Admiralty
use in the East.

The Dominion Laboratory of the New Zealand Department of
Scientific and Industrial Research is gradually collecting and publish-
ing comprehensive data regarding the occurrence and properties of
New Zealand coals and lignites. Bulletins 3, 8, 10, 14, 20 and 39 all
deal with coal. In addition coal resources or properties are dealt with
in the following : N.Z. Parliamentary Paper D-2, appendix C. 1926,
W. P. Evans, N.Z.J. Sc. and Tech., 1924, 2, 79.

The analyses of certain of the important coals are shown in
Table XXI; the analysis of a typical lignite has been given on

page T1.

TABLE XXI
CoMPOSITION OF NEW ZEALAND COALS
Cal.
ml:&l:e Ash. | Carbon. Bgygit.m Te";‘_" Sulphur.| Oxygen. Bv'l.'lhu%
/1b,
Semi-Anthraocite :
Paparoa Mine. | 16-8 49 84-6 44 0-7 51 {15,000
Bituminous :
Brunner Mine. | 37-0 56 786 49 0-9 2-3 77 |14,500
Millerton Mine | 34-8 35 81-1 53" 10 2-9 62 {14,400
‘“ Blackball” . | 50-0 0-2 782 59 0-9 4-4 104 | 13,300
Semi-Bituminous :
Greymouth Mine| 452 | 0-7 |. 76-4 50 11 16-4 113,900

The coking coals such as Blackball are remarkable for their fusi-
bility on heating and, when used for gas manufacture, must be blended
with lignite to control this property. Some of them have also very
low ash contents, 0-2 per cent. ,

India. The coals of India are of earlier (Triassic) formation than
the coals of Great Britain. The most important fields are those of
the Bihar and Orissa Province, one of which (Raniganj) extends into
Bengal, and is the nearest source to Calcutta. The Central Provinces
and Central India both contain a number of small coalfields of which
the most important is the Rampur of the former field. In Assam seams
have been found, ranging from 15 to 100 ft. in thickness, of reasonably
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good coal of appreciable coking power. In Burms cosl and black
lignites are both found, but are of doubtful economic importance.

In general, it may be said that India possesses large coal resources,
but that comparatively little is known regarding the coal itself and
that only these fields near industrial centres have been worked to any
extent. The coal is normally of low coking power and high ash con-
tent. The inorganic matter is generally disseminated so that slack
coal is of lower ash content than the lump coal. Analyses of certain
Indian coals are given in Table XXII.

TABLE XXII
Average Composition of Pure Coal (i.e. moisture and ash free)

. I
District. Carbon, | HYdro- | gyiphur, le:tfe " | Volatile Afl}:-yon
gen. oxygen. ! matter. coal.
Assam . . . . 81-1 5-8 29 10-2 l 46-2 36
Baluchistan , , . 79-8 59 32 11-1 —_ _—
Bengal : {
Klumardlubi . . 83-6 56 0-6 10-2 —_ 141
Jodepure . . . 82-3 56 03 11-8 —_ 9-2
Laikdih . . .| 853 54 0-6 87 — 94
Central Provinces . 814 52 0-5 139 458 105

Canada. Canada possesses a number of coalfields which may be
grouped roughly into four divisions :

1. The Maritime Provinces; comprising Nova Scotia and New
Brunswick.

2. The Central Plains and Eastern Rocky Mountains—Manitoba,
Saskatchewan, Alberta, British Columbia.

3. The Pacific Coast and the Western Mountains—British Columbia
and the Yukon.

4. The Arctic-Mackenzie Basin.

The last named division consists wholly of lignite, but bituminous
coal is found in each of the other three whilst anthracite is found in
divisions 2 and 3.

The coals of the Maritime Provinces are similar to ordinary grades
of English coal though, in the average, they have higher ash and sulphur
contents. Most may be taken to be fair to good clean coals and excellent
for domestic use.

The coals of the Central Plains and Eastern Rocky Mountains are
of comparatively recent formation and many contain large quantities
of disseminated mineral matter.

The Western coals are best developed in Vancouver and Graham
islands ; little is known of these coals except that from Vancouver
island which is more or less' normal bituminous.
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TABLE XXIII
CoMproSITION OF CANADIAN Coals (dry, ash-free ooal)

vM. | o H. | N, 8. 0,
. 383 | 822 | 54 | 15 | 34 75

Nova Beotia . { 40 | 47 | 52 | 09 | 80 | 112
New Brunswick . . 376 82-2 54 0-7 6-8 49
Alberta . . . .| 330 | 843 | 50 | 08 | 12 89
British Columbia . | 278 | 864 | 50 | 06 | 14 66
459 | 800 | 52 | 10 | 13 | 125

Vancouver Islands { 351 | 832 | 650 | 10 | 11 97

Organizations working upon the development of Canadian lignites
have been active for a number of years. These are, in Alberta, the
Scientific Industrial Research Council; in Saskatchewan, the Govern-
ment Province Committee; and in Ontario, the Ontario Research
Foundation.

South Africa. Coal is distributed over a wide area, covering
chiefly the Transvaal, Natal, and Orange Free State. In general
composition the coals resemble those of India, being weakly-coking and
of high ash content, although coking coal is found in limited quantity
and pseudo-anthracitic coal in Natal.

The chief field in the Transvaal, indeed in South Africa, is the
Witbank, regarding which detailed information is available in Coals
of the Witbank Dustrict, by Graham and Lategan, Transvaal Chamber
of Commerce, 1931.

The coal, and also that of the Orange Free State, is friable, producing
a high proportion of slack on mining, and non-coking, and is good steam
coal. The Natal coals are of better quality, but in many places are
spoiled by igneous action.

Analyses of South African coal are given in Table XXIV.

TABLE XXIV
1 C. H. 8. ‘N. 0. |B.Th.U.
* Natal :
Southern or Klip River Coo.l
field . 866 | 48 | 17 | 17 52 (13,600
Vryheid District . 84| 60 | 07 | 227 57 |15550
$ Transiaal : :
Witbank, "No. 1 seam .| 846 | 4.7 07 19 81 | 15,100
. No. 2 seam . .| 823 | 54 14 1.9 90 —_—
» No. 4 seam 800 | 46 1-6 21 | 117 —
iF. A, Steart, 3rd Empire Min. and Metall. Congress, S. Africa, 1930
$ Hall, J. Chem., Met. and Min, Soc. of 8.A., 1930,
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A Fuel Research Institute was started in 1930 to carry out
research and survey work upon Seuth African coals, but no results have
yet been published.

In the other African colonies coal is found in Rhodesia, N yassa.land
and Nigeria, the first and last fields being of considerable economic
importance. The Udi coal of Nigeria is lignitous and disintegrates
rather badly on weathering. Its analysis is: carbon, 81-4; hydrogen,
6-1; sulphur, 0-9; nitrogen, 2-1; oxygen, 9-5 per cent. Calorific
value, 14,180 B.Th.U; all calculated to dry, ash-free coal.

PHYSICAL PROPERTIES OF COAL

Specific Gravity and Stowage Capacity. The specific gravity
of coal is dependent upon two variables—the character of the com-
bustible poition and the proportion of ash; the latter being of much
higher density than the coal substance, and consequently exercising
considerable influence on the specific gravity of the whole coal. The
specific gravity varies between 1-27 and 1-45; only in exceptional
cases will it fall outside these limits. On an average, anthracite is
from 10 to 15'per cent. denser than bituminous coal.

The stowage capacity, or number of cubic feet per ton, will depend
upon the specific gravity and size of the coal (relation of air spaces to
solid).

Technical Data on Fuel (Brit. Nat. Ctee. of World Power Conf.,
1932) give the following :

Anthracite . . . . . . 55-60 lb. per cu. ft.
Bituminous coal . . . . . b0-865 ,, »
Steam ooa.l . . . . . . 50—55 »» »

The size of the coal has an important effect on its stowage capacity,
for example :

2lin. . . . . . . . 41871b. per cu ft.
+3im. . . . ... . w4 ,
ki . . . . . . . 361 ,
‘512"'0 in., . . . . . . . 3663 ” ”

These figures are for dry coal and moisture has a considerable effect,
giving an optimum low density in the case of coal slack at 8-10-per cent.
moisture.

1b. wet coal 1b. dry coal
Moisture %. per cu. ft. per cu. ft.
0-9 4990 48-8
83 417 38-3
11-5 436. 38-6
149 . 4748 40-5

Coherence. The resistance to breakage on handling is a most
important factor; coals of otherwise excellent character are some-
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times so soft that they are broken down during transport, with the
production of so much small coal as to detract seriously from their
value, Durham coking-coals are of this friable character. The waste
in mining such coals is also great, and much of the small can be utilized
economically only by briquetting or in producers. In shipment by
older methods of tipping great crushing frequently results, which
besides giving so much small coal, has a most important influence on
the liability to spontaneous ignition. More recent methods involve
the use of anti-breakage devices.

Lump coal tends to break down if stored for any length of time ;
some black lignites disintegrate in a short time' completely to powder.
The U.S. Bureau of Mines have developed a “ slacking ” test for coal
in which a measured quantity of graded coal is alternately wetted and
dried under standard conditions and the formation of undersize
measured by screening. This test is likely to have wider application.

Thermal Properties. Calorific value is obviously one of the most
important properties of a fuel. Methods of determination and calcula-
tion from analysis are described in Chapter XVIII. Until recently
many of the published calorific values were open to question owing to
the faulty methods of determination used. Now it is becoming recog-
nized that the only reliable means is a calorimeter of the bomb type
and standardized conditions. In considering calorific values of coal
from the same source it is often of value to calculate the calorific value
to the dry ash-free fuel and to use this value as a check. All consign-
ments of the same coal should conform to the same dry ash-free calorific
value, although small variations may occur in mixed consignments.

When coal is carbonized as in gas or coke manufacture the thermal
changes involved (heats of reaction) are small. The complex bodies
in the coal are broken down to simpler bodies in the products of
carbonization, and since there is a difference in the heat of formation
of the original and final bodies, the distillation is accompanied either by
an evolution or absorption of heat. Mahler and Euchdne were the
first to attempt to estimate the magnitude of the thermal changes, the
former by determining heats of combustion of the coal and of pro-
portionate amounts of products, and the latter by preparing a thermal
balance of a large scale carbonization. In more recent years the
tendency has been to carry out experiments in specially designed
calorimeters. References to three of the more important papers are
given below.

In nearly all cases the thermal effect is small and variable, exo-
thermicity or otherwise depending on the temperature of carbonization.
In general, it may be said that peats, lignites and younger coals are
more exothermic than the older coals, exothermiocity apparently being
somewhat connected with the oxygen content. Strache and Grau
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quote the following figures in calories per gm. for carbonization at
700°C. :

. Wood + 168 to 4 323 cals.
Lignites + 103 to 112

Brown coal + 25 to + 98
Bituminous coal 4+ 30 to — 67

Below 600° C. some coals are exothermic and some endothermic,
but above that temperature there is a general tendency towards
endothermicity which is more pronounced above 800°C. The
difficulties of experimental determination of definite values are very
great and cannot readily be eliminated. They rather tend to show
that the amount of labour necessary in this determination is out of
proportion to the reliability of the results obtainable.

Terres (Bituminous Coal Conference, 1928) has also provided figures
for the ““ coking heat »* of coal. The “ nett coking heat ” is the number
of calories required to convert 1 kg. of coal at 20° C, into coke at a
definite temperature, including the energy in cals. correspondmg to
the external work performed by the distillation products. The *
coking heat *’ includes the radiation loss from the ovens and the senslble
heat content of the flue gases. The temperature normally adopted is
1000° C. The “ heat of decomposition ” is the net coking heat at the
temperature in question minus the sensible and latent heat content of
the coke and volatile products, and the heat equivalent of the work
performed by these products against the atmosphere. In exceptional
cases this heat of decomposition may vary from + 110 at 930° C. to
— 75 cals. at 1010° C. Such a coal would require a long coking time.
The net coking heat varies between 450 and 200 cals. per kg. of air-
dried coal. Coking heats are highest in the case of coals having a high
endothermic heat of decomposition The more exothermic the decom-
position, the lower is the coking heat and the more endothermic the
decomposition, the higher is the coking heat. When the heat of
decomposition is zero the normal coking heat is approximately 325.
The time required for coking coal in a coke oven can be calculated from
Terres’ data.

References: Davis, Place and Edeburn, Fuel, 1925, 4, 286

Strache and Grau, Brenn. Chem., 1021, 2, 97.
Terres and Meier, Gas u. Wass., 1928, 71, 451, 490, 519.

Specific Heat. The specific heat of coal is of interest in con-
nection with carbonization problems generally. Coles (J.S.C.1., 1923,
42, 425T) gives the following values for dry ash-free coal at normal
temperature :

Fussin . . . . . . 021-022 gm. cals./gm./°C.

Anthracite . . . . . 022028 ,, »
Bituminous coal . . . . 024026 ,, ”
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In the case of coke Terres and Schaller (Gas u. Wass., 1922, 65, 761
et seq.) have shown that the specific heat varies with the ash content
and gives values of which the following are typical :

©C. Mean sp. heat in cals./gm./7C.
600  0-325-0-00081A
1000  0-382-0-00135A [ "here A = ash per cent.

Thermal and Electrical Conductivity. Terres has also provided
formule for the mean thermal conductivity of certain coals between 0
and t° C.—t being the temperature of carbonization.

For coking coals giving a coke of high density (low porosity)

¢ { )\
k= 00003 + 00018 x 1o + 00016 x {5555) -
For gas coals giving a coke of average density
t t \?
k = 00003 4 0-0013 x m+0m15 X (m) .
For gas coals giving a spongy coke
¢ ¢\t
k = 0-0003 + 0-0013 x 1000 + 0-0010 x (m) .

Processes have been suggested for the electrical carbonization of
coal, in which case the conductivity or specific resistance of coal and
coke is of special interest. A certain number of determinations of
resistance have been made, but the values appear to vary within very
wide limits and can as yet be accepted only with reserve. Fischer
gives a value for bituminous coal of 5 X 107 ohms and Sinkinson gives
a value of 4 x 10% and states that fusain has a very much lower value,
362 ohms. These values are quoted per c.c.

Solubility. Organic solvents are capable of dissolving coal in
part, the amount dissolved depending upon the solvent and varying
from about 0-1 per cent. with cold benzene to 47-3 per cent. with boiling
quinoline. The most complete solution is assured in any solvent by
acting upon finely divided coal at the boiling-point of the solvent or
under pressure. Solubility in solvents has been made use of in separat-
ing constituents from coal which confer special properties such as coking
power upon the coal. The two most commonly used have been pyridine
at 118° C. and benzene under pressure at 275° C. The solubility of
coal in pyridine varies with the type of coal from 7-5 to 42 per cent. and
with benzene under pressure from 3-5 to 21 per cent. Further informa-
tion regarding the properties of the extracts obtained is given in
Chapter III. The effect of other solvents also varies with the type of
coal. The more important of these are: acetone up to 3 per cent.,
aniline up to 12 per cent., phenol up to 35 per cent., tetralin up to 45 per
cent., alcohol, carbon disulphide and ether all less than 1 per cent.
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Further information upon the action of solvents is given by Bakes
(Fuel Research Technical Paper 38).

Softening or Melting-point. When a coking coal is heated it
passes through a series of stages, softening, swelling, setting and shrink-
ing. The softening stage may be due to the liquefaction of the soluble
fractions and is described variously as softening, melting or fusion of
the coal. The temperature of inception varies with the type of coal
and increases with the maturity of the coal. Charpy and Durand
quote temperatures varying from 395-550° C., but Audibert prefers
320—400° C. The latter has shown that the value observed may vary
with factors such as rate of heating, for example, in a parabituminous
coal slow heating at a rate of 1° per minute gives a melting-point of
365° C., whereas rapid heating gives a figure of 325° C.

The relation between softening temperature and the temperature of
rapid evolution of gases is of importance in affecting the type of coke
produced on heating and in determining the best conditions under
which a coal or blend of coals should be carbonized to give the best
results.

Grindability. The behavjour of coals on grinding has become of
importance in connection with the production of pulverized fuel,
where the coal is reduced in size so that 90-95 per cent. will pass a
240 B.S.I. sieve. On grinding, all coals give particles of the same
irregular shape, but the particles from air-swept mills have generally
a rounded appearance, as distinct from the sharp edges seen in particles
from the other mills. Wide variations are possible in the power required
to reduce different types of coal to the same degree of fineness, but exact
data are not yet available. It has been suggested that from this point
of view bituminous coals increase in hardness up to the stage of 15 per
cent. volatile matter and that the carbonaceous and anthracitic coals
of lower volatile matter are progressively easier to grind. Grindability
similarly increases with increase of volatile matter above 14 per cent.,
but exceptions occur in that durain coals are considerably harder than
bright coals. In the grinding of coal it is accepted at present that
Rittinger’s law holds that the rate of increase of surface is proportional
to the power applied in grinding. Coals could be compared on this
basis if it were not for the fact that the power applied in grinding may
be a very small percentage of the total power used by the mill.

In-grinding coal to the necessary degree of fineness it is, of course,
obvious that a large proportion of the coal will be very much finer
than the upper limit. It may be taken that 30 per cent. of pulverized
coal has a smaller particle size than six u, i.e. one-tenth of the.size of the

largest particle.



CHAPTER VI

TREATMENT AND STORAGE OF COAL. BRIQUETTES.
POWDERED COAL. COAL-OIL SUSPENSIONS

PREPARATION OF COAL

A small proportion of the coal mined is sold directly without further
treatment (run-of-mine coal), but by far the greater proportion passes
through some form of treatment before being marketed. Such treat-
ment may consist of (1) separation of types of coal, (2) grading into
size, (3) washing or cleaning, (4) mixing.

In a thick coal seam there may be more than one type of coal, i.e.
brights and hards, and these may be brought to the surface separately.
Similarly, sections of the seam which are high in ash or sulphur content
may be kept separate. Grading consists of separating the coal into
fractions of different size, each size being suitable for a specific purpose.
Washing and cleaning consist in removing from the coal extraneous
dirt introduced as pieces of the roof or floor, or dirt bands, imper-
fectly separated by the miner. Finally, mixing or blending is used
to modify the properties of coal to suit one purpose. It should be
realized that screening is also a mixing operation if a number of seams
are being worked at one colliery, since ohe screen size will contain
varying proportions of the coal from each seam.

Coal grading is to-day of the utmost importance. Coal cleaning,
although not so 1mportant if clean seams are being worked, is important
for small coal and will increase in importance as the thicker coal seams
become worked out.

The first operation in dealing with coal at the surface is preliminary
screening.

The chief requisite of the screening plant is that it should require
little attention, that it should produce as little breakage of the material
as possible, that it should be uniform across its surface and that the
screen apertures should not tend to clog. Screening plant consists of
several types, revolving screens, shaking screens and vibrating screens
and the apertures in the surface may be either round or square holes.
In screening, the shape of the coal and dirt is of importance and the
greatest accuracy in screening is achieved when dealing with large
dry coal on a vibrating horizontal screen, the material containing no
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flat pieces. The most common type of screen, however, is the longi-
tudinal belt screen in which the angle of inclination is about 45°. The
capacity of a 6-ft. screen of this type operating on 1}-in. coal, is about
100 tons per hour.

After screening, the large coal (over 3} in.) is passed over picking
belts where the foreign material is removed by hand. On a 100-ft.
belt, six boys can pick as much as 100 tons of coal per shift.

The smaller coal may be sold without further treatment or it may be
cleaned and sized carefully. In 1931, 66-7 million tons of this coal was
cleaned, representing 30-4 per cent. of the coal mined and perhaps
70 per cent. of the small coal available. In 1927 the percentage was
only 20-5. The 1931 coal was cleaned as follows :

By washing process . . . . 0594
By dry cleaning . . . . . 7-2}66-7 million tons
By froth flotation . . . . . 01

Cleaning processes depend chiefly upon differences in specific gravity
between clean coal and dirt, the specific gravity of coal being about
1-3, of shale about 2-5 and of pyrites over 4-0. Other physical properties
which differ are coefficients of friction, resilience, shape and surface
tension. Density differences are the most important and coals can
be assayed for cleaning purposes by density separation, using mixed
liquids of different densities for floating off the coal in fractions. Such
liquids may be mixtures of carbon tetrachloride and toluene, or solutions
of calcium chloride. An example of such a separation is shown in
Table XXV of a coal containing 15-3 per cent. of ash.

TABLE XXV
P FroTaTION OF COAL
Floating material. Sinking material.
8p. Gr. of liquid.
% yield. ash %, % yield. ash %,
1-25 5 0-8 95 160
1-30 85 24 35 393
1.35 75 - 31 35 51-8
140 79 38 21 585
50 . . . 82 4-5 18 64-1
160 . . . 85 56 16 700

If clean coal of less than 5 per cent. ash were required it would
be necessary to ““cut” at 1-50 sp.gr. in which case the yield would be
82 per cent. of coal at 4-5 per cent. ash. The performance of a washery
would be judged in terms of how closely it could work to the assay
results. These results can also be expressed graphically, as shown in
Figure 5.
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The clean coal and dirt curves are self-explanatory. The increment
curve shows the ash content of the coal corresponding in specific gravity
to the ““ cutting ” point. The dotted line represents the “ cut ’ selected
from the tabulated results.

In one commercial process (Lessing) simple gravity separation is
used, the liquid being & solution of calcium chloride in water. In
most commercial washing processes, however, the principle employed
is the rate of settling of the particles in a fluid, such as water or air.
This rate reaches a constant or terminal velocity when the resistance
of the fluid equals the weight of the particle. Neglecting shape, in-
crease of size or denmty affects the terminal velocity. The principle is
applied directly in upward current washers of which the best known

-
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is the Draper Tube. If the velocity of the upward current of water
is slightly greater than the terminal velocity of the coal, the heavier
dirt will sink and the clean coal will be carried forward in the water
stream. The great difficulty with this type of plent is the obvious
necessity for close sizing. In practice the size range cannot be more
than 2 to 1. For this reason this type of plant has not a wide applica-
tion in coal cleaning. Commercial washers may be dxvxded into classes
as follows:

1. Wet Processes, (i) Gravity separation, (ii) Upward current washers,
(iii) Trough washers, (iv) Jigs, (v) Concentrator tables, (vi) Froth
flotation ; 2. Dry Processes, (vii) Air tables, (viii) Spirals, (iv) Berresford
process.

In trough washers the coal is caused to flow down a launder in
such a rlanner that stratification according to density takes place and ,
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mechanical separation becomes possible. In the Rhcolaveur type the
trough contains slots specially arranged to separate the dirt.

In Jig washers water is caused to pass upwards through a bed
of coal (1 ft. thick) in & series of pulsations so as to create stratification.
The lighter clean coal passes over asill on to screens, while the dirt
is discharged through the gates in the side of the box. This type of
washer is the most favoured in this country for general operation.
Figure 6 illustrates the wash-box of a British Baum Jig washer where
the pulsations are given by compressed air.

INLET SiLL

Raw CoaL
NoRrmAL WATER
LEVEL Bep oF CoaL

BEING WABHED

INLET WATER —= Gate CoNTROL
of DiRT DiSCHARGE

. —— — DIRT DISCHARGE

Pug‘ TING
WATER FLOW

Fing DIRT
ConveyoR

DirT ELEVAaTOR

Fi1a. 6.—Diagrammatic Section of British Baum Wash-box.

Concentrator tables are identical in action to those used in ore
dressing. The table, which is fitted with wood riffles, is oscillated
lengthwise while coal is fed to the top and water flows transversely.
The combined action of the oscillations and the water stratifies the
coal, the clean coal riding over the riffles and the heavier dirt being
carried along the riffles to the far end.

Air tables are similar in action, the table being perforated and
the air coming through from below. The specific importance of air
tables and other dry cleaning processes is their ability to produce
products which do not have the disability of high moisture contents.
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It is generally recognized, however, that they are not quite so efficient
in that the ash content of the clean coal is higher.

Froth flotation processes are used only to a very limited extent
and for further particulars regarding this and the processes outlined
above, reference * to Chapman and Mott (Chapman & Hall London,
1928) is recommended.

In all cleaning processes the fine coal (less than g in.) is the cause
of much trouble. In wet processes, it forms a slurry which requires
special auxiliary plant for its separation from the washery water since
this has to be kept below a certain percentage of solids in suspension.
In dry processes it necessitates the installation of elaborate dust-collect-
ing plants. At many collieries, the coal before cleaning is dedusted to
avoid this complication, the dust being sold for such purposes as
pulverized fuel.'

COMBUSTION OF COAL AND FORMATION OF SMOKE

The combustible elements of coal consist of carbon, hydrogen,
and a portion of the sulphur, and when their combustion is properly
completed the flue gases should contain only carbon dioxide, water
vapour, and sulphur dioxide, in addition to the large volume of nitrogen
which accompanied the oxygen of the air used in the process. The
theoretical amount of air for fuel of any given composition can be
calculated readily, but in practice it is found impossible to get the
best results without using a considerable excess of air.

The combustion of coal is in practice a compromise ; it means striking
the best balance possible between losses of heat units through incom-
Pplete combustion on the one hand, and losses through heat units carried
away in the flue gases by an excessive supply of air on the other hand.
The calculation of the theoretical supply of air and the losses through
the last-named causes are dealt with fully in Chapters I and XIX.
Here, it is only necessary to deal with the question of incomplete com-
bustion, more particularly in its relation to the formation of smoke.

Theoretically, an average bituminous coal requires 11 lb. of air
or 140 cu. ft. per lb. but perfect combustion under the best conditions
of grate firing cannot be attained without 20 per cent. excess, say 170
cu. ft. Incomplete combustion may exist without visible evidence
when carbon is partly burned to carbon monoxide instead of the dioxide,
and when hydrocarbon gases escape unburnt. Visible evidence of
incomplete combustion is given by the formation of smoke. When
carbon is burnt to carbon monoxide, out of the possible 8130 calories
per kilogram (or 14,650 B.Th.U. per 1b.) only 2490 calories. (or 4480
B.Th.U.) are actually produced. 'With escaping hydrocarbon gases
the losses may also be very high, since these gases have a very high

18ee also Coal-cleaning Conference, J.8.0.1., 1927, 46, 220T.
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calorific value. The conditions favourable to the formation of carbon
monoxide are a thick fuel bed (see Theory of Producer Gas Reactions,
p. 275) and insufficient supply of air over the bed. The 20 per cent.
excess air will ensure against both these losses with reasonable manage-
ment, but by no means ensures absence of smoke, other very im-
portant factors being involved.

Smoke is formed from the distillation products of the coal, which,
owing to imperfect systems of firing and furnace arrangements, escape
before combustion is completed. Obviously, the smaller the amount
of volatile matter commensurate with free burning properties, the
less the liability to smoke, which explains the special characteristics
of Welsh smokeless coals. The production of smoke is best under-
stood by following the sequence of events when a bituminous fuel
is hand-fired. A layer of white-hot solid carbon is on the firebars,
with probably an excess of highly heated air passing through ; coal is
thrown in and partially checks the hot air supply over a portion of
the grate; there is a local sudden cooling due to cold coal and the
evaporation of moisture from the coal, and a rush of cold air through
the open door produces general lowering of temperature over the grate.
Possibly the interaction between steam and carbon, which absorbs
heat no matter whether producing carbon dioxide, or the monoxide
together with hydrogen, also exercises a minor cooling effect. Almost
immediately the destructive distillation of the coal sets in, and with
small coal this may be extremely rapid, with the evolition of large
volumes of combustible gases and vapours over a small interval of time.

A ton of bituminous coal will yield 11,000 cu. ft. of gas, and in
addition large volumes of vaporized products (the tars resulting in
gas manufacture), giving a total which may be taken approximately
at 13,000-14,000 cu. ft. per ton, or about 6 cu. ft. per Ib. of coal charged.
With a moderate charge of 40 lb. of coal this means that some 240 cu.
ft. of gases are set free; on an average each cubic foot will require
3 cu. ft. of oxygen or 15 cu. ft. of air, so that the air supply for complete
combustion of these volatile products must be 3000 cu. ft.

For the perfect combustion of these gases there must be obviously
no deficiency in oxygen ; further, that as intimate a mixture as possible
of combustidle gas with the necessary oxygen must be made; and
lastly, that as high a temperature as possible shall be maintained,
otherwise combustion will be checked and smoke formed. The neces-
sity for the last two conditions is well illustrated by the actions with a
paraffin lamp. Lighted up without the chimney the flame extends
iteelf greatly m ite effort to obtain the necessary OXygen ; owing to
this diffusion It becomes so cooled that smoke is formed freely, and
the flame towards its edges is of a red colour with little luminosity,
due to its low temperature.. With the chimney the air supply is directed

r H
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properly on to the flame, which is greatly reduced in size, the increase
in the intensity of its combustion is manifest by the disappearance
of the red colour and the increase of luminosity, and no smoke is formed.
If the conditions of combustion of coal under any boiler fail in one
of these points, smoke will result.

The supply of the large number of cubic feet of air during the first
few minutes after firing is the first consideration. It is well known
that keeping the door open for a short time, or providing for sufficient
air inlet through suitable louvres in the door arranged so that they
may be gradually closed, is effective in preventing smoke, if the other
conditions named are satisfied, but a good draught is essential. When
a boiler is working for some time below its maximum, the chimney
damper being partly in, there may be difficulty in getting the requisite
air over the grate unless an ash pit damper is provided. Obviously,
the provision of sufficient air at any and every moment will be simplified
and better opportunity of proper mixture ensured if there is no rush
of combustible gases at any time. This will be best attained by a
continuous feed of fuel, as with mechanical stokers, or, if ngcessarily
intermittent, as in hand-firing, by the adoption of either a ““ coking ”
or “alternate ” system of firing. By charging the fuel on a dead
plate just inside the door with suitable air admission above the grate,
distillation proceeds slowly, the products passing with the necessary
air over the highly incandescent fuel on the bars, where they meet
with further excess of air at high temperature. When distillation is
completed the coked mass is distributed over the grate. The objection
to the method is mainly that it is frequently impossible to burn the
quantity of fuel requisite for maintaining steam, but it is certainly
the most scientific method of hand-firing.

Alternate firing may be either in sections over the front and back
of the grate, or sections to the right or left. In either case proper
acmuxture with air and maintenance of the necessary temperature
are assured, if the furnace construction is a proper one. Necessarily
the more frequent opening of the doors with the acoompanying losses
through excess air are involved, and success with either coking or
alternate systems is dependent on the skill of the fireman. '

The question of mechanical stokers and their operatfon is outside
the scope of the present volume, but brief reference to one or two
points may be made., All are dependent upon the principle of prac-
tically continuous feed, with its advantage of uniform evolution of
the smoke-producing elements. It is therefore easy to adjust the
air supply so that, whilst ensuring complete combustion, no unneces-
sary excess is employed, whereby the highest efficichcy is secured,
providing the arrangement is such that towarde the back of the grate
air is not able to pass freely in through a residue of nearly completely
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consumed fuel. The amount of fuel which can be burned per square
foot of grate area is higher under these uniform conditions, and conse-
quently the duty of the boiler is increased, which often leads-to a re-
duction in the number requisite for a given output. Again, it is
frequently possible to use a cheaper grade of fuel than with hand-firing,
and saving in labour costs is also effected.

The second essential for smokeless combustion is efficient mixing
of the gases and air. This will reduce the length of the flame-and
increase its calorific intensity, enabling the combustion to be com-
pleted before an inordinate space, with possible contact with cool
surfaces, has been traversed. A suitable direction to the in-going air
may be given at the door by plates, etc., and sometimes a steam jet
or jets can be effectively employed. In an internally fired boiler there
is seldom any difficulty as regards mixing, owing to the rapid sweep of
the gases and air towards the firebridge.

The third condition of maintenance of a high temperature is of
equal importance to the supply of sufficient air. In the domestic
fire there can be no question of any deficiency of air, but its smoke-
producing powers are obvious and are due primarily to cooling, and
to a minor extent to insufficient mixture. In boiler practice it is
essential that the mixture of gases, vapours, and air in a state of in-
complete combustion shall not come in contact with any surface at a
comparatively low temperature, such as that at which the boiler plates
and tubes are. With an internally fired boiler there must be suffi-
cient space between the grate and plates, which will be governed largely
by the character of the fuel to be generally employed, that is, its per-
centage of volatile hydrocarbons. With cross-tubes it is impossible
to avoid this contact. Beyond the grate and divided from it by a
firebridge a capacious combustion chamber of firebrick reduces the
speed of the gases, and enables combustion to be completed before
the gases are drawn into the flues. In a water-tube boiler the incom-
pletely burned mixture must be prevented from contact with the
lower tubes, either by suitable arches, baffles or fireclay covering to
the tubes.

The partial failure of one or other of these conditions will exercise
an important influence on the character of the smoke. On distillation
at low temperatures coal yields chiefly tar-forming bodies and rich
hydrocarbon gases, while at high temperatures, after the former have
distilled off, other bodies break up, yielding gas very rich in hydrogen.
The tarry bodies (existing partly as heavy vapours and gases in the
furnace, and possibly even as liquid vesicles) and the hydrocarbon
gases will differ very much in their combustion. It will be more diffi-
cult to ensure complete admixture of the former with air, especially
if liquid vesicles are present, and they will escape with very little altera-
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tion beyond combustion of the more volatile portions, giving a brown
tarry smoke. The hydrocarbon gases will mix more readily with air,
and if intensity of combustion is maintained, will undergo complete
combustion, but should this be checked by cooling, dense clouds of
black smoke, consisting largely of free carbon, will be produced. Should
this free carbon once be produced no excess of highly heated air will
cause its combustion, a result which has frequently given trouble in
burning liquid fuel. The high-temperature gaseous products of dis-
tillation, consisting mainly of hydrogen, will offer no difficulties in
combustion ; it is the low-temperature products, given off with a
rush on firing, and the character of these products which are wholly
responsible for smoke. Deficiency of air and improper mixing will
result chiefly in brown (tar) smoke with little free carbon ; checking
of combustion will be the primary factor in the production of black
smoke.

A great deal is made of the losses of fuel due to the formation of
smoke, and results are quoted frequently showing the great saving
in fuel which has resulted when the boiler plant has been remodelled,
primarily to overcome the smoke difficulty and to satisfy the local
authority. These very great savings are, however, dependent far more
upon avoidance of heavy losses through excess air and bad flue gases
than upon heat units saved by utilization of the smoke. Under the
old system very large excess of air was general in the attempt to avoid
dense smoke; with the modernized system it has been possible to
reduce greatly the air supply and still attain much better combustion.
What percentage of the heat units in the fuel actually escapes in smoke
it is impossible to ascertain directly. From an approximate estimate
by Cohen and Ruston (Journ. Gas Ltg. 1910, 112, 201), the amount
of soot collected by filtration of the air in the manufacturing district
in Leeds is equal to 0-5 per cent. on the coal consumed. They state
the quantity to be over 5 per cent. for domestic fires, and therefore
that the estimate for industrial smoke is probably low. The com-
position of the combustible portion showed 85 per cent. carbon and
15 per cent. tarry matter, and on this basis it would have a calorific
value of 8500 cals. (15,330 B.Th.U.). Allowing 1 per cent. of the
coal escaping as smoke, with average bituminous coal the percentage
of heat units escaping would be 1-2 per cent. By raising the carbon
dioxide in the flue gases only 1 per cent., twice this saving of heat
units could be effected, and fortunately the means taken to overcome
the smoke trouble, usually the installation of mechanical stokers and
careful regulation of air, are just those which enable better economy
to be obtained through generally better conditions of combustion, and
the economy found is ascribable only to a limited-extent to heat units
recovered from the smoke itself. -
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Harmful and objectionable in every way as smoke is, it must not
be overlooked that the sulphur dioxide which accompanies it is one
of its most injurious features, and that whilst the visible smoke may
be reduced or abolished, this sulphur dioxide will still pass into the
atmosphere.

The erection of very large electricity generating stations, where
large quantities of coal are burnt daily, has directed attention to the
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