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PREFACE

THE purpose of this text is to describe from the standpoint
of chemistry, the more common materials used in the various
branches of engineering. Emphasis is accordingly laid upon
the occurrence, the mode of manufacture, the properties, and,
to a limited extent, the uses of the various materials. The
text is an elaboration of the author’s lecture notes used dur-
ing the last eight years in the courses of industrial chemistry
for second year engineering students. The compilations of
data have been taken from various sources, many of which
are indicated in the footnotes.

The work presupposes a knowledge of elementary physics
and general chemistry. By a selection of suitable subject
matter, it is hoped to give the prospective engineer a working
knowledge of the chemistry of the materials and processes
with which he will deal and the ability necessary to interpret
chemical analyses and apply them in the preparation of
specifications and in the pursuit of experimental research
which now so frequently accompanies the solution of engineer-
ing problems. The topics of greatest interest and importance
to engineers, such as fuels and combustion, clay products and
cement, are treated quite fully; other topics are necessarily
dealt with more briefly than in the larger text-books but in
all cases the bibliographies at the ends of the chapters will
guide the reader who desires to go farther. These bibliog-
raphies have been compiled with care and brought closely
down to date; it is believed that they will be useful to prac-
ticing chemists and engineers as well as to students. In these
bibliographies, books are first listed alphabetically by authors,
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vi PREFACE

then follow titles of journal articles, etc., in chronological
order.

The author has endeavored to make each chapter suffi-
ciently complete in itself and the index of the book sufficiently
full so that (if the index be used) the topics may be taken up
in a different order than that of the book if the teacher pre-
fers. Some teachers will probably prefer to use the first chap-
ter on general processes and apparatus chiefly for reference
and to begin class study with Chapter II.

The writer takes pleasure in acknowledging his indebted-
ness to his colleagues, Professors H. G. Byers for helpful
advice and suggestions, and J. M. Johanson for assistance
in the critical examination of the manuscript. Acknowledg-
ment is made also to Mr. Henry B. Allen, Metallurgical
Engineer, Examiner of Iron and Steel Products in the U. S.
Customs Service, Professor Charles F. Binns, Director of the
New York State School of Ceramics and Clay Working, Dr.
Otto Kress, Instructor in Engineering Chemistry in Columbia
University, and Mr. Walton Van Winkle of the Water Re-
sources Branch of the U. S. Geological Survey, for revision
of the manuscript as a whole or of those parts relating to their
respective specialties.

It is desired also to express here appreciation of the kind-
ness of numerous manufacturers in furnishing cuts and draw-
ings used to illustrate the text.

H. K. B.

June, 1913.
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CHAPTER 1I
GENERAL PROCESSES AND APPARATUS

Tue application of chemical processes to the manufacture
of industrial and technical products has developed various
forms of apparatus which enter largely into the economy and
practicability of these processes. While the field thus to be
considered is very wide and embraces a great variety of
special forms, it nevertheless will simplify the discussions
which follow to outline briefly the general processes and the
means employed to carry them on. This may be done most
readily, perhaps, by considering the operations with which
the student is familiar in the laboratory as they become
modified or changed in large scale operations.

The following classification of processes is proposed:

I. Transportation of materials.
1. Gases.
2. Liquids.
3. Solids.
II. Grinding and mixing.
ITI. Calcination and fusion.
IV. Evaporation and distillation.
V. Filtration and separation.
VI. Drying appliances.

I. TRANSPORTATION OF MATERIALS

The selection of a proper conveying apparatus is condi-
tioned by the character of the material, whether dry or moist,
viscous or limpid, free from liability to evaporate or gasify,

3 " b >
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GENERAL PROCESSES AND APPARATUS 5

inert or corrosive, etc. Typical forms only can theréfore be
described in a brief discussion.

1. Transportation of Gases.—The appliances used in
moving or conveying gases from one point to another may
consist of the steam jet blower, fan blower, air compressor, or
vacuum pump. In certain processes obnoxious gases are also
removed by means of chimney draft, as in ventilation and in

F1c. 2. Lead Lined Acid Fan.

producing the draft necessary for carrying away the products
of combustion.

The steam jet blower (Fig. 1) can be used only where the
admixture of steam to the gases to be moved is not objection-
able. The blower may act either as a blower proper for in-
troducing a mixture of air and steam into a gas producer, etc.,
or more frequently as an exhauster to produce rarefaction of
pressure and thereby increase the velocity of a column of
moving air, as when applied to chimneys, ventilating flues,
etc. The principle governing the construction of jet appara-
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tus is the mechanical effect of a gaseous current (of steam) in
agitating and setting in motion the surrounding medium or
atmosphere. Steam enters at S, passes through the nozzles,
M, and is discharged at D, while air is sucked in at 4.

The fan blower is used for handling large volumes of gas at
a moderate velocity and with a minimum expenditure of
power. Blowers of this type may be employed either for the
introduction of gases or as exhausters. Their efficiency

Fi16. 3. Four Stage Air Compressor.

depends upon the details of construction, such as the form of
the blast wheels, relation of inlet to outlet, etc. When gases
of an acid or corrosive character are transported the steel
plates are lead lined (Fig. 2). Earthenware may also be used.

For conveying gases at a higher pressure than that of the
atmosphere the air compressor is generally employed. In its
construction it differs from an ordinary air pump in that its
mechanism provides for the cooling of the piston and valves
by water circulation or air cooling (Fig. 3). For many
operations the compressor gives way to the vacuum pump, as
in the evaporation of liquids and in driers. The vacuum
pump differs from an ordinary compressor only in the fact
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~ that it does work equivalent to that required in taking a gas
at 28 inches of vacuum and delivering it at atmospheric
pressure.

Chimneys serve the purpose of removing obnoxious gases
and creating a draft in the combustion of fuels. Size is the
essential factor in the former operation and height in the
latter. The quantity of gas capable of being carried away by
a chimney depends upon the velocity and density of the gas
and the size of the chimney. Since the velocity increases and
the density decreases with a rise in temperature, it follows
that there must be a temperature at which the weight of
gas delivered is a maximum. Most chimney calculations,
however, are based on a temperature of 600° F., a considerable
variation of temperature having but slight effect (less than.
4 per cent) in the quantity of gas delivered.

The intensity of draft is dependent, however, on the dif-
ference in weight between the outside and inside columns of
air. Various computations to find the draft of a given chim-
ney in the usual units (inches of water), or to find the height
of a chimney necessary to give a specific draft power, are
given in the engineering texts! and treatises 2 dealing with
this problem.

2. Transportation of Liquids.—The appliances used in
the transportation of liquids are quite numerous, consisting
of such forms as injectors, syphons, eductors, montejus, air jet
lifts and pumps. Of these the injector is perhaps best known
in connection with the feed water supply of boilers and needs
no further explanation. For the moving of chemicals in
solution, however, some care must be exercised in the proper
selection of the materials used in the construction of the
appliance, which may be made of iron, steel, copper, lead,
bronze, stoneware, or hard rubber.

! Carpenter: Heating and Ventilating Buildings, p. 191.

2 Nagel: Mechanical Appliances of the Chemical and Metallurgical
Industries, p. 124.
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The syphon operated by the steam jet above described is
often used in industries where large quantities of liquid are
transferred from tank to tank, as in the manufacture of paper
pulp, leather, sugar, etc.

.
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Fic. 4. Air Jet Lift.

For the lifting of water or oil from wells the air jet lift
(Fig. 4) has been successfully used. In the operation of the
air jet lift, air (4) is pressed into the lower end of a submerged
pipe and mixed with the liquid (/) inside the air jet lift. The
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mixture, because of its lighter weight, is therefore forced up-
wards, giving a continuous discharge (W) of liquid. The
quantity of the latter is easily regulated by regulating the
quantity of compressed air. Since the air jet lift is stationary
and has no movable parts it may be readily constructed of
hard rubber or stoneware and is therefore especially desirable
for use in acid plants and chemical works. Compressed air
as a motive power for lifting liquids is used also in moniejus
or so-called acid eggs, which are constructed of cast iron, lead
lined iron, or copper. They are built on the principle which
utilizes the buoyancy and weight of a float respectively to
open and close the valve, admitting the compressed air.

Instead of steam or compressed air, water may be used in
the operation of jets or educfors which are of a construction
similar to that of the jet blowers. In an apparatus of this
type water under a high pressure is made to pass with great
velocity through the apparatus thus creating a vacuum and
causing the liquid to be elevated to enter the discharge pipe.
Obviously this form of apparatus, if used for solutions, would
cause great dilution and is therefore of very limited applica-
tion. It finds its chief uses in draining cellars, mines, filter
beds and in general where high pressure water is more econom-
ical for use than steam or compressed air.

Many types of pumps are in use, driven by steam, com-
pressed air, electricity, gas engines or water turbines. A
pump in general use in chemical industries is the centrifugal
pump (Fig. 5), which may be constructed either as the volute
or the turbine type. In the former the water, after its dis-
charge from the impelling blades, enters a volute or specially
shaped discharging chamber to reduce its velocity; while in
the turbine type, diffusion or guide vanes are made to serve
this purpose.

3. Transportation of Solids.—To convey solids a very
large variety of appliances are in use, of which only the more
common types can be briefly described in this treatise. For
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dry materials, such as rock and cement powders, bucket eleva-
tors (Fig. 6) are frequently employed. These consist of

cast iron or steel troughs
‘mounted at intervals in
chains or on belts, each
bucket delivering its con-
tents after passing over
thehead wheel. Screw con-
veyors consist of a central
shaft, with spiral plates
mounted in iron or steel
troughs, the material be-
ing transported by the
spiral action of the
blades. Carrying convey-
ors consist usually of three
types, known as apron,
bucket, and belt convey-
ors, and are used mostly
for horizontal or oblique
transportation. Theapron
conveyors consist of either

F1c. 6. Bucket Elevator.

plain or corrugated steel plates secured to two strands of
chain supported by self-lubricating rollers; bucket conveyors

TSI

e

F1c. 7. Supports for Belt Conveyor.

are similar to bucket
elevators; while belt
conveyors consist of a
continuous belt sup-
ported at intervals by
rollers both on the car-
rying and idle run
(Fig. 7). The rollers
are sometimes plain
cylinders, but more
frequently those placed
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in the carrying run are troughed so as to increase the carry-
ing capacity. Solids in a fine dry state of division are also
transported by fan blowers as in the Raymond system of
air separation (Fig. 8) and in the fuel feed systems such as
pulverized coal in cement mills or where sawdust constitutes
the bulk of the fuel
as in sawmills. The
vacuum created by
the steam jet (Fig. 1)
is also sometimes
utilized in the han-
dling of dust and
poisonous solid ma-
terials in powder
form.

II. GRINDING AND
MixiNG

For the grinding
and mixing of raw
materials and fin-
ished products a
large number of ap-
pliances are availa-
ble. The factors
governing the selec-
tion are largely the
nature of the sub-
stance to be reduced
.as to hardness, dryness, fineness, as well as the desired char-
acter of the finished product. For the purpose of keeping
in mind the especial types commonly used in the preparation
of the products described in this text special attention will
be given to the appliances used in the rock products, cer-
.amic and paint industries.

F1c. 8. Air Separator.
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The grinding and mixing appliances which find large ap-
plication in the rock products industry may be roughly classi-
fied as crushing and pulverizing machines. In the former
operation may be used the jaw crusher which utilizes the
pressing force of a moving jaw; crushing rolls, which make
use of the pressing force of revolving fixed cylinders; and the
gyratory crusher which employs a crushing head mounted upon
a vertical spindle, the bottom of which passes loosely through
an eccentric driven from a hori-
zontal shaft by bevel gears,
giving a gyratory motion to the
crushing part of the mechan-
ism. Stamp mills (Fig. ) are
also employed especially in the
mining industry. In pulveriz-
ing rock powders ball mills,
tube mills and Griffin or Fuller
mills are quite generally em-
ployed. A ball mill (Fig. 10)
consists of a short drum, re- u , u

b

b,...

S
[

volving on a shaft, partially
filled with steel balls. The lin-
ing of the drum is made up of
curved overlapping steel plates
which form steps. As the drum
revolves the balls drop over
the steps, pounding the material to pieces. The ground
material passes from the drum through screens. Ball mills
are much used for the grinding of material to a fineness of
30 to 4o mesh. A tube mill (Fig. 11) differs from the ball mill
in having less diameter and greater length of the drum or
wrought iron tube, having usually a diameter of four or five
feet and a length of twenty feet. Its axis is nearly horizontal
and it revolves on trunnions which rest in bearings at both
ends. The tube is lined with porcelain or similar material
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.~
and is about one-half filled with flint pebbles. The tube mill
is rotated slowly at about 22 to 27 turns per minute, and the

SPLS i

Fi16. 10. Sections through a Commercial Type of Ball Mill.

O

ground material is discharged through a sieve into a bin or
conveyor underneath. The grinding in tube mills is often to
a fineness of 100 to 200 mesh.
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Griffin mills (Figs. 12 and 13) involve the use of a crushing
roll revolving against a fixed ring or die under a centrifugal
force, while in the Fuller mills the grinding is done by four un-
attached chilled iron balls that are propelled by four equidis-
tant horizontal arms radiating from a vertical central shaft,
the grinding being done between the surfaces of the balls and
the circular steel die constituting their orbit.

F1G. 12. One Type of Griffin Mill. General View.

In the manufacture of ceramic products the clays and
shales are ground and mixed in disintegrators and in dry or
wet pans. A type of the former (Fig. 14) may be described
as consisting of two rolls, revolving at different speeds. The
slow roll driven at 75 to 100 revolutions per minute is the
feed roll. The speed roll is driven at 650 to 8oo revolutions
per minute. It is fitted with eight steel bars known as the
cutting bars. The material to be ground is introduced
through a hopper at the center of the apparatus.
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The wet or dry pan (Fig. 15) is used for crushing lumpy
clays and consists essentially of a pan and runner revolving
in opposite directions. The bottom of the dry pan consists
of a sieve through which the ground material is discharged.
In the wet pan the ground material is discharged by means of
a chute or scraper.

Fic. 13. Griffin Mill (of slightly different design)—Section.

For grinding paste mixtures, such as pigments in oil, stone
mills (Fig. 16) are used. These consist of two horizontal
stones moving in opposite directions. The material is fed
from a hopper to the mill and is transferred by centrifugal
action to the grinding surfaces of the stone.

The nature of the appliances used in the mixing of materials
has already in part been shown in the description of the
grinding machines above. Other machines and forms of ap-
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F16. 14. Clay Disintegrator.
(A) Front View.

(B) Rear View.
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paratus are, however, especially adapted for the mixing of
various kinds of materials. Mixing machines (called kneading
machines when the material to be mixed is wet), in general,
consist of a receptacle containing mixing blades or arms which

possess different forms according to the requirements of the
particular material to be mixed.

For the stirring and agitation of liquids or their saturation
with gas the steam jet agitator may be used. The action of
the steam in issuing from a small nozzle into a larger one is
to give the surrounding air a velocity sufficient to overcome
a pressure of fully eight feet of water. When the discharge
pipe from a steam jet blower is immersed in a liquid the escape
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F16. 16. Stone Mill.
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of air causes violent agitation and effectively stirs up any
solid matter resting at the bottom of the tank. In many
cases the admission of air and its use for the agitation of
liquids is not permissible. Mechanical agitators similar to
the mixers already discussed are therefore employed. The
receptacle is fitted with an agitator consisting of a series of
paddles set at an angle. This gives the mass being agitated
an upward motion and insures thorough mixing.

ITI. CALCINATION AND FusioN

The chemical industries make use of various forms of fur-
naces to furnish the proper temperatures at which the reac-
tions necessary for a given product may take place. For
example, the cement industry makes use of a rotary kiln fired
by an oil burner (Figs. 35 and 36). The ceramic industry
utilizes a method of direct firing from the usual type of fire
boxes, the down draft and large area of kilns giving a method
of excellent control (Fig. 45).

For general purposes of heating and calcination, i. e., the
heating of materials to remove water or burn out organic
matter, the regenerative furnace designed by Siemens may
be taken as a type. In such a furnace the fuel may be either
an industrial gas or the gases liberated during incomplete
combustion, the construction of the furnace being such as to
yield the maximum heating effect from minimum fuel con-
sumption. In the regenerative furnace of Siemens (Fig. 17)
the gas enters the gas regenerative chamber and passes up
between the checkerwork of bricks, laid with many spaces
between, and enters the melting hole. The air enters and
passes up through its regenerative chamber, meeting the gas
at the melting hole. They there combine and, passing
through the melting hole, divide into two parts which pass
through the regenerative chambers on the other side. Pre-
vious to beginning the operation, all of the brickwork in the
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regenerative chambers has been heated red hot by means of
a wood fire. The gas and air have therefore absorbed a good
deal of heat from the brickwork before they meet. As they
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F1c. 17. Sieinens Regenerative Furnace.

pass down through the regenerators on the outgoing side,
they will still further increase the heat of this brickwork,
giving up their temperature to the checkerwork. This causes
them to go to the stack at a relatively low temperature, and
when the current of air and gas is reversed, each now entering
from the other side, they become more highly preheated than
before, thus serving to heat the opposite pair of regenerators.
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After all four regenerators have been raised to a high tem-
perature, the reversal of direction takes place about every
20 minutes, and thus a uniformly high temperature is ob-
tained with low temperature of chimney gases and resultant
fuel economy.

IV. EVAPORATION AND DISTILLATION

The process of evaporation is carried on by means of heat
from furnaces or from steam. Steam is applied either by

F1c. 18. Section through a Yaryan Evaporator.

means of coils in the liquid or by means of a jacket which
surrounds the vessel as in the so-called steam jacketed kettles.
In order to keep the contents of such vessels uniformly heated
many of them are provided with agitators or stirrers driven
mechanically. By subjecting the space above the liquid to a
diminished pressure or vacuum, the boiling point of the liquids
will be materially lowered and lower temperature (exhaust)
steam may be used. To effect a still further economy the
principle of multiple effect evaporation is often employed.
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F16. 19. Quadruple Effect Evaporator of Yaryan Type.
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To secure this effect the steam evolved in evaporation may be
led into another set of steam coils and used again for evapora-
tion. An example of multiple effect evaporators may be
found in the Yaryan type (Figs. 18 and 19), which is fre-
quently employed in chemical industries.

The operation of the Yaryan evaporator consists in feeding
the liquid into the evaporator in such a manner as to keep it
in rapid motion and in contact with the heated surface for a
very short time. The apparatus consists mainly of a series
of tube coils (4—Fig. 18) which carry the liquid. These coils
are placed within a cylindrical chamber into which steam at
(E) is admitted. The liquid is fed into the coils in a small
continuous stream, is immediately converted by the heat into
a mass of spray in which the proportion of steam (vapor) con-
tinuously increases as it rushes along at a high velocity, and
is finally discharged into the separator, B. The latter is a
chamber fitted with baffle plates, C, which serve to remove
the entrained liquid from the steam, the former falling to the
bottom and being conducted into coils, while the latter is led
into the second effect where its heat is utilized to evaporate
the liquid passing through a series of coils similar to the first
“effect.” In the second “effect” the liquid from the sepa-
rator of the first effect is therefore partially vaporized. This
process may be repeated in a triple or quadruple effect
(Fig. 19). Finally the steam from the last effect is condensed,
forming thereby a high vacuum in the separating chamber and
consequently in the coils, and lowering the temperature at
which the liquid would boil at ordinary temperatures. It
will be seen from this description that in multiple effect
evaporators of this type a gradual reduction in pressure and
boiling temperature occur, which reduction is so adjusted
that the liquid is brought to its boiling point by the steam
produced by its own evaporation in the preceding effect.

Among other types of evaporators may be mentioned the
Ordway apparatus, in which alternate cooling and heating is
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utilized for the removal of solids in solution; the submerged
tube evaporator represented by the Swenson and Zaremba
(Fig. 20) evaporators, in which the steam is carried within
tubes submerged in shallow layers of liquid; and the so-called
“climbing film” evaporator (Fig. 21) in which the liquid in
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F1c. 21. Kestner Climbing Film Evaporator.

the bottom of long vertical tubes (about 23 feet in length) in
boiling carries a thin film of liquid which is discharged against
the vanes of a centrifugal separator and thence into the bot-
tom of a set of tubes in the second effect.

Distillation is a case of evaporation, in which, by conduct-
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ing the vapors through condensers, separation of one liquid
from another may take place, for example, the removal of
carbon disulphide from a solution of petroleum oil in carbon
disulphide. When there exists a considerable range between
the boiling point of the respective liquids, their separation
may be effected in a plain still, heated in the same manner
as in evaporation, but, in cases where liquids are volatile in
steam or have nearly the same boiling points, distilling col-
umns are placed intermediate to the still and its outlet. In
the former case, i. e., in the use of the ordinary: pot still,
separation of the constituents comprising the liquid is only
partial, since the composition of the vapors which arise from
the liquid bears a direct relation to the composition of the
liquid in the still. Accordingly, the greater the proportion of
heavy constituents in the liquid the greater their proportion
in the vapor, and in a mixture of light and heavy liquids even
the first portion which passes over carries with it more or
less of the higher boiling constituents. To secure more com-
plete separation it is necessary to make repeated distillations
into fractions or else use a column still (Fig. 22). The latter
consists essentially of a number of small simple stills placed
one above the other in the same column. When a liquid com-
posed of a number of constituents of different boiling points
begins to vaporize and the vapors encounter the perforated
plates or capped openings, partial condensation of the heavier
constituents takes place, leaving the lighter vapors to pass
upward where the same operation takes place. Finally the
vapors that reach the top of the still are, in the early stages
of the distillation, nearly pure or at least represent a definite
mixture. Column stills are either continuous in operation or
periodic. In the latter case distillation is discontinued from
time to time, the residues emptied out, and the still recharged
for another distillation.

In Figure 22 is an illustration of a type of still used in the
recovery of alcohol from fermentation of substances contain-
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ing sugar. The fermented liquor enters through the feed pipe
and passes through the preheater, 4, where a portion of the
liquor is vaporized and passes into the primary column, B,
at the top, while the unvaporized portion of the liquor flows
into the column, B, above the boiling chambers, c. Here the
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F1c. 22. Continuous Column Still.

lighter components are vaporized while the heavier constit-
uents continue to drop upon the lower series of boiling cham-
bers at d, and finally are discharged through an automatic
device, . The ascending vapors next pass into the rectifying
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column, C, where further separation by means of boiling
chambers at ¢ and in the condenser, E, takes place. The high
boiling constituents may be withdrawn at f from the bottom
of this column while the lighter vapors pass into the con-
denser, D, where final condensation into high proof alcohol
takes place and is withdrawn at g.

The efficiency of distillation is sometimes greatly increased
by the use of a vacuum pump attached to the receiving
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Fic. 23. Filtration of Crude Oil.

vessel. In this way distillation is carried on under diminished
pressure or “in vacuo,” resulting in the use of a lower tem-
perature and frequently yielding better products.

V. SETTLING, FILTRATION AND SEPARATION

For the separation of a liquid from a solid, or vice versa, a
number of appliances are used, such as filter presses, centrif-
ugal machines, hydraulic presses and extraction apparatus.
The simplest and most widely used method of separation is
that of settling the solid by gravity. The usual form of ap-
paratus is a tank or a series of tanks. The mixture to be
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separated is run into the tank, allowed to settle, and the
liquid drawn off carefully so as not to disturb the settled por-
tion. The settled portion is then flushed out through a cock
at the bottom of the tank. Filter presses represent in large
scale operation what is accomplished in the laboratory by
the use of the funnel and filter paper. The filter press con-
sists essentially of a series of chambers made by alternately
placed plates and frames forming a solid edge or margin with
projecting lugs resting on a
pair of parallel bars. The fil-
tering medium, consisting of
cloth or paper, is stretched
over the surface of each
plate, the plates are then
forced together by means of
a heavy screw, and the
material to be filtered is
pumped into the press
through an inlet in the head
of the press and distributed
over the surface of the filter-
ing medium. The liquid
passes through the cloth, is
collected by grooved chan-
nels on the plates and de-
livered to receptacles, while
the solid is retained in the
frame or recessed plate and finally formed into a cake. The
latter may be washed by a repetition of the process using
liquid suitable to the particular solid separated.

Figure 23 shows an installation of a Sperry filter press for
filtering crude oil. The gauge and air chamber “N” is con-
nected to the head of the press; to this is screwed the relief
valve “M.” Below this the tee “O” is connected to receive
the steam or air supply for blowing out the press. Below this

oad

F1c. 24. Centrifugal Separator.
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comes the check valve “B,” then the union connecting pipe
“D” leading to the discharge pipe of the pump. After passing
through the press the filtered oil passes to the gutter “K,”
which is connected to the filtered oil tank through pipe “G.”

‘_.;&,.“ R ¢

F16. 25. Bowl of Centrifugal Separator.

The drip-pan of the press should be connected by pipe “F”’
to the crude pipe “A.”

Centrifugal machines are extensively used in the separation
of cream from milk and are being rapidly introduced into
many chemical industries. They separate solids from liquids
by centrifugal force generated by a high speed of rotation.
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This throws the solid or heavier particles towards the walls
of the basket while the liquid simultaneously escapes through
perforations of the basket into the curb. The average surface
speed is about 10,000 feet per minute. Figs. 24 and 25 show
the construction of the DeLaval separator which is typical of
this kind of apparatus. Centrifugals are also much used
for separating oil from water. '

Hydraulic presses are used largely for the expression of oil or
heavy liquids from solids, although frequently the primary
purpose may be to free the solid from adhering liquid. Under
this head should also be considered mechanical presses. The
latter are driven by belts from some form of mechanical power
and are often equipped with automatic regulators to stop the
press after a certain compression has been attained. The
hydraulic press (Fig. 26) consists of the press proper and the
press pump. The latter is usually of the plunger type and
produces a pressure on the liquid of the pump, this pressure
being transmitted to the liquid in the cylinder, thereby ex-
erting the same pressure per unit area upon the piston of the
press as exists upon the piston of the pump.

Extraction by chemical solvents is a well known method
(Soxhlet apparatus) in the laboratory. It is practiced on a
large scale in a number of industries, the production of rosin
from pine chips being an industrial example. Various forms
of apparatus are in use but the principle involved is the same
in all cases. The solid material is treated with a solvent which
dissolves the oil or other substance to be separated. The re-
sulting solution is then delivered to a still where the solvent
is removed and recovered, leaving the extracted substance
in the still, whence it may be drawn off in a relatively pure
condition.

VI. DRYING APPLIANCES

The removal of liquid, especially water, from raw mate-
rials, and finished products requires a number of forms of
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F16. 26. Hydraulic Press.
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apparatus. As already pointed out, the bulk of liquid is re-
moved by a mechanical operation, such as filtration or centrif-
ugal force. In order completely to remove the water or ad-
hering liquid, contact with air is often necessary. To hasten
the operation heated air is applied by numerous devices.
The most primitive method is that of the /%ot plate, which con-
sists essentially of a platform of iron or clay plates, heated
by a fire underneath or by chimney gases conducted through
flues underneath the plates. This system proves economical
in those industries where there is a large amount of heat that
otherwise would be lost, as in the drying of brick by the gases
from the kilns (Chapter XI) and the drying of acetate of
lime by the heat radiated from the retorts (Chapter IV). To
facilitate the circulation and motion of drying gases, fans of
the blower or exhaust type are often employed and special
drying chambers are built in such a way as to favor the speedy
removal of the air after its saturation point (i. e., its maximum
moisture carrying capacity for a given temperature) has been
reached.

When applicable, one of the most economical kinds of dry-
ing apparatus is the rofary dryer, in which the material to be
dried is kept in constant motion. The method of operation
of a common type of the rotary drier, as shown in Fig. 27, is
as follows: The heated air and products of combustion from
the furnace pass through the brick lined connecting flue into
the inner shell to the rear end, whence they return, through
the drying material and an exhaust fan or stack to the outer
air. The material is fed through the front head into the space
between the two shells, is picked up by the lifting buckets
and dropped into the inner shell. By the revolution of the
machine it is dropped again to the outer shell, the operation
being repeated until, due to inclination of the machine, it
reaches the rear end where it is elevated and discharged
through the center of the rear head. On entering the machine
the temperature of the products of combustion is about
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1400° C., but they begin to
transfer their heat at once,
through the wall of theinner
shell to the cold and wet
material held on top of it
by the radial vanes. As
they pass toward the rear
end they give up practically
all their heat, so that when
they turn to pass back
through the drying material
they have been reduced to
about 250° C. Additional
outside air is then ad-
mitted to mix with them,
so that the outside shell is
cool at all times and the
loss by radiation is practi-
cally nothing. In passing
back through the drying
material from the delivery
end to the feed end, they
are still further reduced in
temperature until, when
they pass out through the
fan or stack, they have
been reduced to 100° C. or
less. It is claimed that 88
per cent of the fuel value
is utilized in this type of
drier.

For the drying of ma-
terials which may be dam-
aged by high degree of
heat, as in the case of
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Fi1c. 27. Rotary Dryer.
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many organic and crystalline hydrated inorganic compounds,
a system of vacuum drying is commonly employed. This
method of drying accomplishes a great saving in time,
labor, and fuel.
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CHAPTER II
THE ATMOSPHERE

THE atmosphere is much less complex than either the
earth’s crust or natural water. In general it may be consid-
ered as primarily a mixture of three components, oxygen,
nitrogen, and argon. The various other substances found in
air, important as they are, may be looked upon as impurities.
The relative quantities of oxygen, nitrogen, and argon are,
according to Sir William Ramsay, as follows:

By weight By volume
Oxygen. 4. bt AL I 23.024 per cent 20.941 per cent
INitrogen St KT 75.539 & 78.122 =
ATEORY W AN, TR SRR .037 5

With the argon occur the so-called inert gases, helium,
neon, krypton, and xenon, all of which are present in minute
quantity (about 1 part in 1 to 100 millions). In addition to
the elements above enumerated, ordinary ait contains a vari-
able quantity of water vapor, about o0.04 per cent carbon di-
oxide, and an exceedingly variable amount of dust which in-
cludes both inorganic matter and organic matter living and
dead. At certain times or in certain places measurable
amounts of other substances are found in the atmosphere.

From an industrial standpoint interest in the atmosphere
is largely centered in its sanitary control, as in ventilation, air
purification and humidification; in the effect of its impurities
upon industrial operations; in its use as a drying, heating and
cooling agent; as a source of supply for the manufacture of
nitrates and other nitrogen compounds; and as the main
source of supply of oxygen for combustion of fuels.

38
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COMPOSITION AND SANITARY PROPERTIES OF AIR

Oxygen.—As above noted, about one-fifth of the volume of
air consists of oxygen. Some of this is consumed by the proc-
esses of respiration, fermentation, combustion and decay,
carbon dioxide and water being the chief final products.
Some oxygen is also consumed in the “fixation of nitrogen”
(g- v.) and in the oxidation of sulphides to sulphates. These
losses are balanced by the processes of plant growth, in which
by means of the energy of sunlight acting through the agency
of the chlorophyll cells, carbon dioxide and water react with
the (ultimate) production of carbohydrate and liberation of
oxygen. These processes are so nearly equal that the average
oxygen content of the air is practically constant.

The function performed by the oxygen of the air in respira-
tion is similar to that in the ordinary processes of combustion
(q. v.). Expired air is richer in carbon dioxide and poorer in
oxygen than ordinary air, as illustrated by the following
typical analyses: !

Normal air Expired air
(O T e S S 28 £ 20.8 per cent 15.4 per cent
INtrogen v: i 2t e TP 2Rt FORY 5
Carbon dioxide. .. ....... g 1 U3l s

Accordingly it follows that the function of the oxygen is to
burn the foodstuffs which serve as fuel to the body whereupon
the resulting carbon dioxide is expelled through the lungs.

Industrially oxygen is beginning to assume an important
role. The most economical production is by the distillation
of liquid air. Liquefaction is accomplished when air is com-
pressed and then cooled by a portion undergoing adiabatic
expansion in the apparatus of Claude? or by the Linde

! Billings: Ventilation and Heating, p. 87.
2 Compt. rend., 1900, II, p. 500; 1905, 11, pp. 762 and 823; also Ewell:
Physical Chemistry, p. 131.
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process, in which air is compressed under about 200 at-
mospheres of pressure and a portion of the air thus com-
pressed is allowed to expand through a small opening. Un-
der atmospheric pressure nitrogen boils at — 194° C. and
oxygen — 185° C. This difference of boiling points enables an
almost complete separation of oxygen and nitrogen to be
made. The Linde process has found successful application on
a commercial scale and has greatly increased the uses to which
pure oxygen may be applied. Its use therapeutically and in
submarine boats and nautical chambers is well known and it
constitutes an important feature in the equipment used in
mines rescue work.

Nitrogen.—In the free state and under the ordinary condi-
tions of the atmosphere, nitrogen is relatively inert. The
nitrogen compounds are however essential constituents of
plants and animals and are important agents in agriculture
and in many manufactures. By means of an electric dis-
charge nitrogen may be caused to combine with oxygen and
hydrogen. Rain water after a thunderstorm usually con-
tains small amounts of nitrites and nitrates. The recently
developed methods of manufacturing nitrates and ammonia
from atmospheric nitrogen are of great interest at the
present time and are discussed more fully elsewhere in this
chapter. .

Carbon Dioxide.—The amount of carbon dioxide in rooms
and audience chambers is often taken as an index of the
purity of the air. The quantity in outdoor air is not con-
stant, as may be seen from the following amounts quoted
from Billings, p. 65:

Parts in 10,000 of air

Geneva, Switzerland. . ................ 4.6
Munich, Germany. ................... Q7
London, England'. .« . ¥ RS R L. 3.8
IBaltimore) iU ISIA 1o F et ANErR T 3.7

ST e e S N e s B T ol oio ot ol © 2.69 t0 3.12
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In public balls and theaters the amounts are often very
much greater, as is indicated in the following analyses ! made
on samples of air from buildings in Boston:

Parts in 10,000

IRestonNtheater tv . . L Ll 7 oS e e 30.13 to 44.72
Globe theater (34 full). ... .............. 23.38 to 35.88
Globe theater (24 full). ... .............. 19.00 to 24.72
HtntinrtoplHalll. .. .5 . o0 55 0t 18.48 to 17.24
SN G FANBUIlAINE . o\ S T AR s 36.43 to 32.59
Trinity Church (Gallery). ............... 20.52 t0 19.12

Carbon dioxide is a colorless gas, one and a half times heavier
than air. Itisa product of combustion, respiration, oxidation
of organic matter in decay and fermentation, volcanic ac-
tion, and chemical action. Its use in fire extinguishers is
based on the fact that air, in which the oxygen is reduced to
18.5 per cent, containing 2.5 per cent carbon dioxide, does not
readily support combustion.

Industrially carbon dioxide is used for carbonating bever-
ages and in the liquefied form serves as a refrigerating agent
for cold storage and low temperatures. The annual output
of liquefied carbon dioxide from 4o factories in the United
States is about 30,000,000 pounds.

Water Vapor.—The amount of water vapor (moisture)
present in the atmosphere is a very important factor in pro-
ducing physical comfort or discomfort. The term used to
express the amount of water in the air is humidity. Actual
humidity refers to the actual weight of water vapor present
in a given unit volume of the air. Relative humidity ex-
presses the relation between the vapor actually present at a
given temperature and that which the air would contain if
saturated at that temperature.

Relative humidity is determined by several methods, the
more usual one being to measure the difference of tempera-

1 Woodbridge: Tech. Quar., Vol. 2, No. 2.
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ture as recorded by “wet” and ‘“dry” bulb thermometers.
The wet bulb should be tightly covered with clean muslin and
moistened with distilled water. The muslin should be re-
newed from time to time, as by long use it may tend to be-
come stiff and to absorb the water less readily. The two
thermometers are placed side by side in the air current to be
measured, taking care tg keep the dry bulb sufficiently far
away from the wet bulb so as to remain unaffected by the
moist air. For good results, the current of air whose humidity
is to be determined should have a velocity of not less than 15
feet per second. :

After the correct differences between the temperatures of
the dry and wet bulb thernsometers have been found, thes
relative humidity may be found by consulting Fig. 28, in’
which T is the temperature recorded by the dry bulb; T’ is
that recorded by the wet bulb; and 7-T5 the depression of
the wet bulb thermometer. The actual humidity increases
greatly with increase in temperature. The relative humidity
will therefore give no idea of the actual amount of water car-
ried by the air unless we know the water content of saturated
air for that temperature. This relation is graphically ex-
pressed in the hygrometric chart (Fig. 28) where the curved
lines represent relative humidity in percentages, the hori-
zontal line of figures indicates the grains of moisture per cubic
foot of air and the vertical figures are degrees of temperature
on the Fahrenheit scale.

If for instance the dry bulb thermometer reads 70°, and the
wet bulb 62° the difference (T-T5) or “wet bulb depression”
is 8°. On the chart under the heading “Difference in Tem-
perature between Dry and Wet Bulb Thermometer (7-T),”
will be found curved lines sloping downward to the left.
Follow the 8° line until it intersects the dry bulb tempera-
ture and the relative humidity will be found from the scale at
the bottom of the chart to be 63%4 per cent. The absolute
humidity may be similarly ascertained by following the
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curved line sloping to the right from the same point of inter-
section and reading from the scale at the right of the chart
which shows in the case here cited 5 + grains of moisture per
cubic foot of air.
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Fic. 28. Hygrometric Chart.—Copyrighted by Warren Webster and
Company, reproduced here by special permission.

The amount of moisture present in air at complete satu-
ration varies greatly with the temperature. To saturate a
given volume of air requires 3o times as much moisture at
100° F. as at o F. When the temperature is 70° F., a relative
humidity of 70 per cent is very comfortable, but at go°® F.
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L
with a humidity of go per cent the conditions are almost un-
bearable.

When the temperature is suddenly reduced so as to fall
below the temperature at which the air is saturated, i. e., 100
per cent humidity for that temperature, we have a condensa-
tion of moisture. This represents the dew point for the
amount of moisture retained.

The humidity of the atmosphere has an extremely impor-
tant influence upon many industrial operations.

Carbon Monoxide.—This gas is sometimes a constituent
of the air of rooms due to leakage in the draft of stoves and
furnaces, or of gas fixtures. It is extremely poisonous, less
than 1 per cent being sufficient to cause death when breathed
for several minutes. It is also found in coal mines, where the
timbering has been charring, or as the result of explosions.
Its effects are said to be as follows:

Carbon monoxide

in air, per cent  Time breathed Effects
0.05 30 minutes dizziness.
0.10 30 minutes weakness; loss of control of limbs.
0.20 30 minutes loss of consciousness.
1.00 several minutes loss of consciousness and death.

When mixed with air in the proportions 2 of carbon monox-
ide to 5 of air, it forms an explosive mixture. It is often seen
burning with a blue flame above a fire of coked coals. It is
a constituent of blast furnace gas, of water gas, and of pro-
ducer gas.

Odors.—In populous centers the gases of decomposition
and putrefaction are occasionally noticeable constituents of
air. They are formed from the breaking down of organic
matter containing nitrogen and sulphur. Swulphur dioxide is
produced in the combustion of coal containing pyrites (Fe S,).
Its presence in gases from coal stoves is usually easily detected
by its pungent odor. It is also discharged in large quantities
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from smelters ! and ‘metallurgical plants treating sulphide
ores. Mingled with the moisture of the air it becomes a very
active corrosive agent, as is evidenced from the destructive
action on bridges and other metallic structures in the path of
locomotive gases. Its action on animal life in the small
quantities usually existing in the air? is not markedly in-
jurious but the effects on vegetation even in minute quantities
are very destructive. Hydrogen sulphide is liberated in the
breaking down of many organic compounds, but ordinarily
in such minute quantity as to be of inappreciable effect.
Ammonia is formed from vegetable and animal matter and
is usually present in traces in the air as ammonium salts.
Methane is formed from the decomposition of vegetable mat-
ter and escapes from stagnant pools in bubbles. Both
ammonia and methane are present in such minute quantities
in ordinary air that their effects are of no importance.
Suspended Matter.—The particles in suspension are of
various types. By collecting the dust particles upon a
nutrient material, or culture, it is possible to get an idea of the
number of micro-organisms in the air of a room or locality.
According to Aitken ® the number of dust particles present in
a cubic inch of country air is estimated at 2,000; in city air
3,000,000; and in air of an inhabited room in the city,
30,000,000. Among these millions several hundred micro-
organisms, chiefly moulds and bacteria, may be found, some
- of them possibly of a pathogenic (disease producing) char-
acter. In recent years it is being increasingly recognized that
the mineral dusts also are distinctly dangerous for even if not
directly poisonous, such dust often brings about conditions

1 Prof. Cottrell estimates the amount of sulphur passing up the stacks
of the largest smelters at 1ooo tons per day. See article J. Ind. Eng.
Chem., 4, 182 (1912).

2 Baskerville has measured the sulphur dioxide content of the air of
cities, see summary in Toch’s Maierials for Permanent Painting, p. 179.

3 Nature, 31, 265 (1870); 41, 304 (1880).
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which make later infection with tuberculosis easy. Dust
from the abrasion of hard material is particularly objection-
able in this connection because of its cutting effect. Engineers
who are responsible for the conditions surrounding their work-
men should give special attention to the adequacy of the
means provided for the prevention or removal of dust. For
further discussion of this important matter, the reader may
be referred to Oliver’s Dangerous Trades.

Combustible dusts floating in the air are dangerous as a
possible cause of explosions. It is now believed that coal dust
is the cause of many of the explosions so common in coal
mines. Similarly combustible dust may cause explosions in
mills, as for example in flour mills. Non-combustible dusts
such as that of a cement mill evidently will not give rise to
this particular danger.

MINE AIR

In deep mines the gases contaminating the air are methane
or fire damp, carbon dioxide or black damp, carbon monoxide
or white damp, and hydrogen sulphide, or stink damp. The
latter is usually the forerunner of fires or spontaneous heating
and is a warning to the miner to guard against other gases
of a more dangerous nature.

VENTILATION

The purpose of ventilation is to furnish the requisite
amount of air of a suitable character for every person within
a given building, mine, or other enclosure. Ventilation may
consist merely of an exchange of vitiated air for air from the
outside, but frequently it has to do also with the heating,
purifying and humidifying, and in some cases the cooling -
of air.

Quantity of Air Required.—Taking average conditions of
a man at restinan audience hall, with temperature 70° F. and
humidity 7o per cent, the amount of air expired is 480 cubic
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inches per minute. This air will contain about 4 per cent
carbon dioxide and 5 per cent water vapor. It will be warmed
from 70° to go° F. and will be about 3 per cent lighter than
when inhaled. A considerable amount of water will also be
evaporated from the skin, about 214 pounds daily. In order
to carry away this amount of vapor about 414 cubic feet of
fresh air per minute are required. The expired air, however,
vitiates the surrounding air and allowance for the diffusion
must be made. Although pure air contains 4 parts of carbon
dioxide in 10,000 of air it is considered allowable to maintain
the air in a state of vitiation represented by 6 parts of carbon
dioxide in 10,000 of air, an increase of 2 partsin 10,000 (0.0002).
Estimating the amount of carbon dioxide produced by an adult
at rest as .6 cubic feet per hour it will require for dilution to
this state of purity 0.6 - 0.0002 = 3000 cubic feet per hour.

This applies to adults at rest, but this condition is more
theoretical than actual, and it is a matter of modern practice
to base the amount of air to be admitted upon the actual
conditions that prevail. How complex these conditions are
may be seen when mention is made of the more usual ones
such as climate, artificial illumination, size of rooms, time the
rooms are occupied, occupants, their state of health, activity,
etc. A good system of ventilation should usually provide for
at least 5o cubic feet of fresh air per minute, or 3,000 cubic
feet per hour for each person.

Systems of Ventilation.—The methods used to supply
fresh air may be classified as follows: (1) natural currents of
air entering and leaving rooms through windows, doors, etc.;
(2) outlet flues or chimneys, such as open fireplaces, stoves,
and flues leading to chimneys; (3) mechanical suction—
“exhaust systems”’; (4) forced draft, as in the “plenum sys-
tems”’; (5) combined plenum and exhaust systems; (6) jets
of compressed air or steam to set air in motion; (7) sprays of
water to produce movement of air.

The best system of ventilation is by a forced draft or a
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combination of forced draft and exhaust. The comfort of the
body requires not only a sufficient amount of pure air and
sufficient circulation of air, but requires that the air shall
have the proper degree of warmth and content of moisture.
Heating and ventilation may therefore be carried out by the
same system.

In the exhaust system a fan is used to withdraw air from
an enclosed place. In thus exhausting a room a partial
vacuum is created and the movement of air is from without
inward. This gives no choice as to the selection of quality of
air nor does it provide for the proper heating of the air.

The plenum system forces air into a room and this air
supply may be perfectly controlled in regard to purity, tem-
perature, moisture content, and amount. Being under slight
pressure the movement of air is outward, preventing the en-
trance of polluted air into the room.

Combinations of the plenum and exhaust systems have
now been brought to a high state of development.

Air Purification.—In localities where the quantity of dust
in the air is unusually large it is highly desirable to remove
these particles by filtration. A number of methods are used:
(1) filtration of air through cheese cloth screens, the solid
matter being arrested and deposited, (2) the use of coke
washers, where the air passes through columns of moist coke
which act as an absorbent, and (3), the water spray system,
where the air is washed mechanically. In the latter system
(Fig. 29) the outside air, after contact with the preliminary
heating or cooling coils (4), passes through the spray cham-
ber (B) containing a number of specially designed nozzles (C)
placed in such relation to each other that no air can pass
through the spray chamber without encountering particles of
water. After depositing all the heavy particles like soot, dust,
etc., at the bottom of the tank, and after absorbing all the
moisture it will hold, the air passes on to the eliminator (D).
This consists of a number of baffles so constructed and set
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that the air striking against them deposits the dirt laden
moisture carried mechanically. Before the air is admitted
to the spraying chamber it is first passed over a tempering
coil (B), and by this means the amount * of relative humidity
of the subsequently heated air may be controlled. A purifier
of this type ? used in the City Hall, St. Louis, guarantees the
removal of 96 per cent of dust, an average relative humidity
of 70 per cent, with 3 per cent variation, and a temperature
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F1c. 29. Plan of Air Purifier.

in summer of not more than 4° above the temperature of
water. In winter, use is made of internal circulation by
passing the used air through the washers, the impurities being
absorbed and enough fresh air admitted and tempered to re-
store it to a proper degree of purity.

1 The air cooling system in the New York Stock Exchange takes air
at 85° F. and 83 per cent humidity and reduces it to 55° F. and 100
. per cent humidity. For description see Eng. Rec., §I, 491 (1905).

2 Eng. Rec., 51, 86 (1903).
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AIR AS A HEATING AND DRYING AGENT

Heat may pass from a warmer body to a colder by three
general methods: (1) radiation, in which the heat waves are
transmitted like those of light; (2) conduction, in which heat
is propagated through substances by producing a rise of tem-
perature in the latter; and (3) convection, or the carrying of
heat due to the motion of the particles which comprise the
fluid mass. By this method liquids and gases are almost
solely heated. The air of a room therefore becomes heated
when by its motion it comes into contact with radiators,
heated pipes, hot walls, etc. This property of air is sometimes
employed for dessication and evaporation.

The rate of drying depends upon the amount of moisture
carried by the air both on entering and on leaving the drying
chamber. Thus if air, saturated with moisture, is blown into
a drying room of the same temperature as the air, it will not
absorb any more moisture and consequertly the material will
not be dried. On the other hand if the air which leaves the
drying room is below the saturation point, it has not per-
formed its maximum drying power and heat is wasted.

The manner in which hygrometric measurements may be
applied to dessication may perhaps be better illustrated by
citing an example taken from The Heating and Ventilating
Magazine (Vol. 6, No. 10, p. 16). Assume that the material
to be dried enters the chamber at 70° F. and must not be sub-
jected to a higher temperature than 200° F. Assume also the
external air to be at 62° F. and 6o per cent saturation, that it
enters at 200° F., and that it is completely saturated upon
leaving the drying chamber. The problem is to determine
the amount of heat to be supplied as heated air to evaporate
one pound of water. This may be done by making use of
the expression

T—t C

4 : in which
Weey .24 4475y
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'T =the temperature of the incoming air,

t =the temperature of the outgoing air,

W =the weight of water in one pound of the air leaving the
chamber,

y =the weight of the water vapor in one pound of the entering
air,

C =the number of heat units (B. t. u.) required to evaporate
one pound of water from the material.

.24 =specific heat of air,

.475 =specific heat of steam.

The value of y may be found ! from the hygrometric chart
(Fig. 28) as follows: 1 cubic-foot of air at 62° and 60 per cent
saturation will hold .co0528 pound of water. At 62° F., 1
cubic foot of dry air weighs .076081 pound, while the weight
of the ajr in a cubic foot of 60 per cent saturated air at 62° F.

.000528
-075233
weight of the water vapor in 1 pound of air.

The values of C and W depend upon t and the value of the
latter must next be found. In an installation it may of course
be measured experimentally by means of wet and dry bulb
thermometers. To evaluate it without its experimental de-
termination, it is convenient to employ the “cut and try”’ or
“inspection’’ method. Assume in this case that the value of
t is g1° F.; then by means of the hygrometer chart and satu-
rated steam tables the values of W and C respectively may be
found. The equation now becomes

is .075233 pound. Hence, y = or .oo7o2 pound, the

200 — QI 1071.6
= o
.031942 — .00702 .24333
4360 =4407, which is as close an approximation as can be

expected when t is expressed in whole numbers.
By consulting the hygrometric tables it will be found that

T

! Complete hygrometric tables may also be found in Bull. 235, Weather
Bureau, U. S. Dept. Agriculture.
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1 pound of air at 91° F. and 100 per cent saturation contains
.031942 pound of moisture. Therefore in passing through
the drying chamber 1 pound of air takes up .031942—.00%702 =
.024922 pound of water and to evaporate a pound of water

: T c
it will require or 40.1 pounds of air.
.024922

The amount of heat required to raise 40.1 pounds of air and
its accompanying moisture to a temperature of 200° C. is cal-
culated as follows:

(40.1 X .24 + 40.1 X .00702 X .475) (200 — 62) = 1346 B. t. u.

If the material contains, for example, 50 per cent moisture,
we may ascertain the amount of heat required to dry 1oo
pounds of material per hour by simple calculation thus:
100 X .50 X 1346 = 67200 and the number of pounds of air
by 100 X .50 X 40.1 = 2005.

REFRIGERATION

In cold storage plants air is frequently cooled by mechan-
ical refrigeration and distributed to the various storage cham-
bers. It has also been proposed to cool the air admitted to
buildings through ventilating systems by refrigeration, but
this has not proved generally feasible on account of the ex-
pense involved. Its value in such institutions as hospitals,
sanitariums, in food distributing stations, in iron and steel
manufacturing, and in chemical industry can hardly be es-
timated in terms of money.

Mechanical refrigeration depends on the fact that a fluid
in changing from a liquid to a gaseous condition absorbs heat,
which in turn is given off on again resuming the liquid state.
These different states are brought about by changes in the
pressure exerted upon the gas or liquid. By means of a
compressor (q. v.) the refrigerating agent in a gaseous condi-
tion is compressed to such a point that it may be liquefied.

For refrigerating agents many different volatile fluids may
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‘be used but those which have proved most practical are an-
hydrous ammonia (NH;), and carbonic anhydride (CO,).
The same principle underlies the use of all such liquids, but
their varying physical and chemical properties demand dif-
ferences in the construction and operation of refrigerating
apparatus. At the present time ammonia leads the list in
popularity and it is safe to assert that in the United States
there are now 199 ammonia compression plants sold to one
carbonic anhydride system. For ammonia the pressure on
the evaporator or absorption side is about 15 pounds and on
the liquefying or condensing side about 220 pounds, while for
carbonic anhydride it is 300 pounds on the evaporating and
from g3z0 to 1250 pounds on the condensing side.

The operation of an ammonia refrigerating system consists
first in the liquefaction of ammonia gas under pressure and
condensation. The heat liberated in the compression is ab-
sorbed and removed by the condenser waters. The liquid
ammonia at a temperature of about go°® F. next flows through
a controlling valve into the refrigerator where after expansion
(and consequent partial change of state from liquid to gas)
the temperature falls to o° F. Theoretically about 18 per
cent of the liquid is converted into gas in cooling the balance
of the liquid to the refrigerator temperature, o° F.

In ice making plants the liquefied ammonia is contained in
coils of piping which are immersed in brine solution, this
brine being caused to circulate through the piping system used
for cooling the air or water. The brine being warmer than
the ammonia causes the latter to boil (boiling point of am-
monia is 29° F. below zero) and the resultant gas is returned
to the compresser and condensor and re-liquefied, thus com-
pleting the cycle. Accordingly it may be noted that a re-
frigerating equipment consists essentially of (1) the com-
pressor, (2) the condenser, and (3) the evaporator.

Refrigeration has assumed an especial industrial signifi-
cance in the Gayley system (q. v.) for drying the air used in
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blast furnace practice, aside from its specific function of pro-
ducing low temperatures.

UTILIZATION OF ATMOSPHERIC NITROGEN

Nitrogen compounds constitute an essential factor in agri-
cultural and in many technical industries. Germany an-
nually consumes nitrogen in the form of its crude commercial
compounds to the extent of 5.18 pounds per capita. The per
capita consumption of the United States is little more than
one-half that for Germany, but over $32,000,000 is annually
spent by the United States for importing nitrogen in its
various combinations, over half of which goes to Chile for
the purchase of Chile saltpeter (sodium nitrate).! Inasmuch
as conservative opinion in Germany tends to regard the ex-
haustion of the Chilean beds now under development as
certain within the next half century, the nitrogen problem is
of a most serious character and in the quest of its solution a
large amount of intensive research work has been undertaken.

The supply of nitrogen is in fact unlimited. If we take, for
instance, the atmospheric nitrogen which is above 1 square
mile of land, we shall find its weight to be about 20,000,000
tons which at the present rate of consumption would satisfy
the entire world’s requirements for the next 5o years. The
difficulty which confronts us, however, is to bring it lnto a
form available for the wants of mankind.

A very minute fraction of the atmospheric nitrogen is con-
tinually being utilized by the vegetable and animal kingdoms,
where it passes through a series of transformations which
constitute the “nitrogen cycle.” By electric discharge a part
of the nitrogen of the air is burned to nitric acid, as a nitrate
in the soil it enters into plant life, becomes a part of the plant
structure, passes into the bodies of animals, and is again re-

1 An interesting non-technical account of nitrate mining in Chile will
be found in Bryce’s recent book on South America.
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turned to the soil. These transformations are shown by
Prof. P. H. Guye in the following diagram:

r—— Legumes and bacteria ———————— l
Atmospheric atmospheric Nitric acid Organic nitrogen
_} .—_.-»
nitrogen, N © electricity HNO; compounds
T Denitrifying '
: 2 %
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Aside from the fixation of nitrogen by the agents indicated
in Prof. Guye’s diagram, it will be necessary to rely upon in-
dustrial processes if atmospheric nitrogen is to be utilized in
the formation of the various nitrogen compounds which are
indispensable to modern industrial conditions.

The methods employed for the fixation of nitrogen are:
(1) the direct oxidation of nitrogen of the air forming nitric
acid, nitrates, etc.; (2) the synthesis of ammonia from nitro-
gen and hydrogen; (3) the fixation of nitrogen to metals
forming nitrides; and (4) fixation by carbides forming cyana-
mide. Only a brief outline of these processes can be discussed
here. For more complete historical accounts and descrip-
tions of the apparatus used the student is referred to the
bulletin (Special Agents’ Series No. 52) issued by the Bureau
of Manufactures, U. S. Department of Commerce and Labor,
and to addresses delivered by Dr. Samuel Eyde and Dr. H. A.
Bernthsen before the Eighth International Congress of
Applied Chemistry in 1912. (Transactions, Vol. 28, pages
169-81, 182-202.)
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The oxidation of nitrogen to nitric acid is accomplished
by means of the apparatus of Birkeland and Eyde or that of
Schoenherr. In both forms of apparatus a volume of air is
introduced into a furnace or chamber, the flame of which
consists of an electric arc. The principle underlying this
process is the union of oxygen with nitrogen to form nitric
oxide, a colorless gas:

N; 4+ 0y — 2NO

This gas leaves the furnace at a temperature of about
750° C. and it must be cooled down to 50° C. in order that it
may be oxidized to nitrogen peroxide:

2NO + O — 2NO, or NyO,

The nitrogen peroxide is next converted into nitric acid in
absorption towers in which the current of gases passes up-
wards and meets a descending column of dilute nitric acid or
water whereby the nitrogen peroxide is absorbed according
to the reactions: A

2NO; + H,0 — HNO; + HNOs, or with excess NO,

The liberated nitric oxide in the last equation in the pres-
ence of oxygen and water repeats the cycle of changes until
finally all of the nitric oxide is changed to nitric acid.

The manufacture of nitric acid and its salts is carried on in
Norway. It is dependent on cheap electric power generated
by water power. The cost of such power in Norway is about
$3 per horse power year. The actual production of “air
nitrate,” as the nitrates manufactured from atmospheric
nitrogen are called, shows the rapid growth of the new in-
dustry.

TaBLE 1.—Exports of Calcium Nitrate

TGOSY 5% Lo Ml o e A e A C R MO oy 115 tons
TQO7A = . o T n et S R S e b 1,344
TQEOs AL S T S O St P, . Y 13 ST
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The synthesis of ammonia has been recently worked out by
Prof. Haber (German Patents 229126 and 238450) and the
first factory is now (xgr2) under construction at Oppau, Ger-
many. Two essential principles are involved in the union of
nitrogen and hydrogen: (1) a pressure of from 175 to 200 at-
mospheres and (2) the presence of a catalytic agent, such as
uranium.

In this process nitrogen is obtained, as above described,
by the Claude or Linde process and can be produced at a
cost of about o.5 cent per pound. Hydrogen may be obtained
as a by-product from electrolysis of solutions of common salt,
or by passing steam over red hot iron, or by liquefying water
gas (q. v.) in the Linde apparatus and separating the hydro-
gen from the carbon monoxide. The cost of production is
about the same in the three methods mentioned and is suffi-
ciently low to enable hydrogen to be used on a commercial
scale for the manufacture of synthetic ammonia.

A third method for the fixation of atmospheric nitrogen is
based upon its ready absorption by certain metals to form
nitrides.

Of these aluminum nitride appears to offer the most prom-
ise and a plant capable of producing 30 tons of aluminum
nitride daily has been erected in the Savoy district by a
French company. The method employed in this plant was
elaborated by Dr. Serpek and consists in treating in an
electric revolving furnace, in an atmosphere of nitrogen, a
charge of alumina, coal, and oxides of iron and calcium, the
nitride being withdrawn from time to time at one end of the
furnace. It is claimed by Serpek that, under the prevailing
conditions of his process, alumina and aluminum carbide
react first thus:

ALO; + ALC; — 3CO + 6Al

and the nascent aluminum then easily combines with nitro-
gen to form the nitride, AIN. The latter compound as pro-
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duced in this process is a hard, bluish gray mass which slowly
decomposes in moist air, giving off ammonia, and when boiled
with water it gives off all its nitrogen as ammonia, the alu-
minum being changed to the hydroxide. :

The production of calcium cyanamide is represented in the
main by the reactions:

CaO +C - Ca 4+ CO
Ca + 2C - CaC
CaC2 + Nz = CaCNg + C

Its manufacture is carried on in relatively small drum-
shaped ovens, each provided with a source of heat in its
center derived from the electric current. A number of drums
are filled with calcium carbide, which has been properly
crushed so that the particles allow easy passage for the cir-
culation of nitrogen and yet insure maximum conductivity of
heat. The doors of the oven are then tightly closed and the
electric terminals of the carbon resistance are connected with
the current. The air in the ovens is displaced by nitrogen
and the oven connected with a constant supply of nitrogen.
After the current has been turned on and the resistance has
transmitted heat to the surrounding layers of carbide to pro-
duce a temperature of 1100° C., the reaction between the car-
bide and nitrogen takes place. This reaction is exothermic
and the heat thus liberated is communicated to the inclosing
carbide which is finally heated to the reaction temperature
and more heat is liberated. The supply of electricity is
therefore no longer required and the reaction proceeds to
completion after its initiation in the center of the oven. It
is necessary to maintain a rather delicate thermal balance.
within the oven, since at 1360° C. the reaction above given
for the formation of calcium cyanamide is reversed and cal-
cium carbide is regenerated. On the other hand if the tem-
perature is allowed to fall below 1000° C., the reaction is par-
tial or fails completely.
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Cyanamide works have been established in various coun-
tries at an expense of over $15,000,000. More or less un-
certainty prevails as to the quantity of cyanamide produced
annually since it may either be converted into ammonia by
superheated steam and thence into ammonium sulphate or it
may be used directly as a fertilizer. The following list taken
from the report of Thomas H. Norton (Special Agents’ Series
No. 52, U. S. Dept. of Commerce and Labor) represents an
approximate annual productive capacity of calcium cyana-
mide works:

IBToAd . Oritatsltaly et e A e 10,000 tons
Il falb G ermamiy=t 5 St S Lo BTN 2 e (lolio) 1[4
e D e L i S LR AT I S S 60,000 “
IRl Eeminsan Vo R TS, e P LIARIE | 5. = § 10,000
Spandau, o 2 TR T S 40,000 “
Notre Dame de Briancon, France............. 10,000
Martigny, Switzerland'.. .. . .0 hdr 0N 10,000
A INOIWAY: - P et Sk o o AR e e s 12,000
N arasBalls, " Canadalsfdie A8 Sha R ReE 10,000 “
Imaniatas Japans S ol er roh. bkt ot e 40,000

iRctal annuallcapaGitynr. w12 i SRt ors 242,000 “
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CHAPTER III

INDUSTRIAL WATER

No attempt will be made in this chapter to discuss all the
aspects of water supply either from the standpoint of sanita-
tion or of the various specific industries in which water is an
important factor. Water will be considered under three
heads: (1) a brief consideration of some of the sanitary as-
pects, (2) water for steam generation, (3) water for irrigation.

SOME SANITARY RELATIONS OF WATER SUPPLY

Absolutely pure water is not found in nature and never
enters into domestic or industrial use. Practically, water may
be considered pure when it contains no disease-producing
bacteria, nor an excess of foreign matter of any kind. A
pure water supply is one of the most important safeguards of
the health of any community whether it be a city, a country
village, a factory, or a mining or lumbering camp. Of the
specific diseases known to be transmitted by water, the most
important are typhoid fever, dysentery, and Asiatic cholera.
A pure water supply, however, has been found to improve the
general health of the community and to decrease its death
rate beyond the decrease due to the elimination of the specific
diseases mentioned. This must mean either that diseases not
ordinarily regarded as being carried by water are in a certain
proportion of cases so transmitted, or that the use of a pure
water supply so improves the general health that individuals
become less susceptible to other diseases. It is probable that
the latter explanation is the correct one and that the better
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health due to a purer water supply has also a considerable in-
fluence in the direction of increased efficiency.

Water may be classified according to its source as:

(1) Rain water (and melted snow),

(2) Surface water (from rivers, streams, ponds, etc.),

(3) Ground water (from springs and deep and shallow
wells).

Evidently waters derived from such different sources are
likely to differ in the impurities which they contain. From
the sanitary standpoint the most important considerations
are the possibilities of contamination with material which
may carry injurious microorganisms. Next in importance
are the dissolved organic and mineral matters, the solvent
action of the water on lead, its hardness, and its physical
properties such as color, clearness, coolness.

Rain water washes the air of its impurities, the nature of
which has been discussed in the preceding chapter. Of prin-
cipal importance in this connection are microdrganisms, soot
and dust, and the products of combustion and sometimes of
decomposition of organic matter. If collected from roofs,
additional matter may be present. The first portion of every
shower should therefore be rejected. On account of the
presence of these impurities, rain water is now not so highly
prized as formerly. It is, however, free from any considerable
degree of hardness, and hence is sometimes used for domestic
purposes where the usual supply is too hard for washing, too
alkaline for cooking, or too brackish for drinking.! Bacterial
growth in rain water after storage may be very rapid on
account of the food material often present. It should
therefore be used in as fresh a condition as possible. Stored
rain water may also become a breeding place for mosqui-
toes.

Surface water flows in streams and is collected in ponds,
lakes, or impounding reservoirs. The character of a surface

! Water Supply Paper No. 255, U. S. Geol. Survey, p. 54.
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water depends largely upon that of the surface over which it
flows. If the surface consists of very insoluble material such
as gneiss, or granite, the water will resemble rain water.
Usually, however, the water, by direct solution or by decom-
position of earthy material, takes up varying amounts of
salts of calcium, magnesium, and sodium. It may also dis-
solve certain amounts of organic matter and carry both or-
ganic and inorganic materials in suspension. It is conse-
quently frequently colored more or less noticeably and
possesses a marked taste and, occasionally, a distinct odor.
Usually surface waters are improved by storage in large
reservoirs where sedimentation takes place, and by subse-
quent filtration. Since surface water is often exposed to
pollution and may contain disease germs, sterilization by
addition of bleaching powder or liquid chlorine or by boiling
the water is also resorted to in many cases. See references
at the end of the chapter.

Ground water may be obtained from springs, shallow wells,
deep wells, and artesian wells. Spring water is highly es-
teemed for its purity, when found remote from dwellings, and
is often found to possess some unusual value owing to the
presence of a considerable amount of salts in solution, such
waters being generally called “mineral waters.” The term
“mineral water,” however, may be more accurately defined
as a ground water which contains dissolved mineral matter
unusual either in quantity or kind for the region in which
it occurs. It is. known commercially under two classes:
(1) medicinal water, and (2) table water. Medicinal
waters are those mineral waters which produce marked
therapeutic action,—usually of a laxative or purgative
character. Table waters are those mineral waters which
for some markedly pleasing characteristic (carbon dioxide
under pressure, sparkling clearness, etc.,) are especially
palatable.

The water from shallow wells represents seepage water,
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and when near human habitation is often found polluted even
though in appearance it may be perfectly clean, and also
palatable. Deep well water is obtained from wells sunk
through an impervious layer into a water bearing stratum, or
else sunk to great depth through permeable strata. As this
water has usually travelled a considerable distance, the proc-
ess of filtration and clarification is more nearly complete.
Wells of this type often constitute the water supply of cities.
Usually, however, supplies from this source are inadequate in
quantity for the needs of an urban population. Any well in
which the water rises under hydrostatic pressure is an artesian
well. An artesian well from which the water issues at the
surface is a flowing well.

The suitability of water for drinking is ordinarily deter-
mined by means of a “sanitary analysis,” which may in-
clude bacteriological, chemical, microscopical, and physical
studies.

In recent years methods for the detection in water of bac-
teria of the B. coli type (indicative of sewage pollution) have
been greatly developed and simplified. Bacteriological ex-
amination is therefore much more practicable than formerly
and rightly occupies an increasing prominent place in the
sanitary examination of water supplies. A common method of
conducting and reporting a bacteriological examination is to
show what volume of water must be taken in order that the
presence of bacteria of the B. coli type may be demonstrated,
the volumes usually taken being 10 cc., 1 cc.,and o.1 cc. In
very good water there may be no evidence of B. coli in 10 cc.;
in badly contaminated water even o.1 cc. may plainly show
their presence.

In the chemical examination attention is directed particu-
larly to the amount of chlorides and of each of the four forms
of nitrogen—ammonia and its salts (reported as “free am-
monia”’), nitrogenous organic matter (reported as ‘“albu-
menoid ammonia”’), nitrites and nitrates. The results of a
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chemical sanitary analysis are usually expressed in parts per
million (milligrams per liter) or in grains per gallon.!

Standard methods for the examination of water, including
bacteriological, chemical, microscopical and physical tests
and measurements, have been adopted and published by the
American Public Health Association. The general adoption
of such standard methods is especially desirable because of
the fact that the judgment upon any given sample of water
usually involves comparison with the analyses of other
samples.

The interpretation of a water analysis is a matter of con-
siderable difficulty requiring both good judgment and a
knowledge of the character of the locality from which the
water is obtained, and a careful study of comparable data.
This subject is too complex for adequate discussion here; the
student is referred to works on sanitary chemistry, sanita-
tion and hygiene. The bibliography at the end of the chapter
includes the titles of a few representative books in this field.

Water Purification.—Where no better supply of water is
to be obtained, it is frequently necessary to use water which
is polluted. In order to render such water fit for use, various
processes are employed: (1) impounding; (2) filtration; and
(3) chemical ireatment. For discussion of these processes
reference must be made to works on sanitary chemistry, sani-
tation, and hygiene.

WATER FOR STEAM GENERATION

The chief industrial difficulties caused by water in steam
generation are scale formation in the boiler, the corrosion of the
iron of the boiler, and the foaming and priming of the water
during steam generation.

1To convert parts per million (p. p. m.) to grains per gallon multiply
the former by .0584 (since one gallon contains 58,400 grains), and vice

versa to convert grains per gallon to parts per million multiply the former
by 17.12.
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Scale Formation.—Scale is formed by the deposition of a
sludge, or soft scale; of alkaline earth carbonates; of a hard
adherent scale consisting of sulphate of calcium and magne-
sium; of hydroxide of magnesium; of silicious or aluminous
matter, or of a combination of these; of a porous rubber-
like scale from dirty oil; or by mixed deposits of the above
nature.

The manner of scale formation is dependent in part upon
the solubility of the various salts under the conditions of
boiler service. An example of the effect of pressure and tem-
perature upon the solubility of calcium sulphate is given in
the following table taken from Engineering (Dec. 25, 1903)
which shows that calcium sulphate is much less solubleé in hot
water than in cold.

TABLE 2.—Solubilities of Calcium Sulphate in Grains per Gallon

(American)
Corresponding 3
Temperature steam pressure Calc'zum sulphate
degrees F. pounds grains per gallon
68 P o 140.6
212 o 125.9
284 37 45.6
323.0 79 32.7
356 131 T5-7
464 484 10.5

The greater solubility of salts in water containing carbon
dioxide and the corresponding reduction of solubility of the
same salts at the boiling point of water are also important
factors in causing deposition in the boiler. A few examples
based in part upon data given in Harrison’s Purification of
Water for Boiler Feeding are quoted in Table 3:
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TaBLE 3.—Solubilities in Parts per Million

In water
Substance 0 Ba cantam:mg. In water
at 60° F. | carbon dioxide prORt s

at 60° F.
Calcium carbonate. . . 12 1,100 21
Calcium sulphate. . . . 2,010 A 1,620
Calcium oxide. . ..... 1,200 qatk 580
Calcium hydroxide. . . 1,700 b 3 770
Magnesium carbonate 383 27,500 nearly o
Magnesium oxide. . . . 7 Woe o nearly o
Magnesium hydroxide| nearly o sl nearly o

The bad effects of boiler scale are: (1) its poor heat con-
ductivity, (2) necessity of frequent cleaning of boilers, (3) de-
crease of efficiency and capacity due to the decrease in area
of cross-section of inside of boiler tubes, thus reducing capac-
ity and circulation, and (4) accidents caused by differences
in the heat resistance of varying thicknesses of scale deposited
on the boiler plate and softening and sagging of boiler plate
through overheating due to presence of scale. The kind of
scale has much to do with the effect on the boiler service. It
has been found by Rankine that the heat resistance of dry
calcium carbonate scale is 17 times as great as iron, and that
of calcium sulphate scale, 48 times. This insulating effect of
boiler scale requires an increased consumption of fuel. Ex-
periments show that scale 4 inch in thickness means a loss in
heat transmission of 1o to 12 per'cent and this reduction of
efficiency increases as the square of the thickness of the scale.!
The introduction of water softening plants (for prevention of

! Sames: Mechanical Engineers’ Pocket Book.
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scale) at 17 stations of the Chicago and Northwestern Rail-
road in 19o3 effected a saving of 26 per cent in laborers (due
to less work in cleaning and repairing), and reduced the boiler
failures 79 per cent in a single year.

The method to be used for prevention of boiler scale de-
pends upon the nature of the scale forming substances. The
latter may be considered under two classes or heads: (1) “tem-
porary hardness” caused by the bicarbonates of calcium,
magnesium, and iron; and (2) “permanent hardness’’ caused
chiefly by the sulphates of these elements.

Water Softening.—The temporary hardness of water may
be removed by preheating or by precipitation with lime.
Upon boiling for 20 to 30 minutes the bicarbonates are broken
up as follows: CaHy(COs) — CaCO; + H,O + CO.. The
objection to preheating is the length of time required for
decomposition of the acid carbonates and the consequent
expense. The reactions involved with the use of lime are

HgCOs + Ca(OH)2 —= CaCO3 + 2H2O

CaH2(CO;3); + Ca(OH); — 2CaCO; + 2H0
MgH:(COs); + Ca(OH)s — MgCO; + CaCO; + 2H,0
FeH2(CO;); + Ca(OH); — FeCO; 4+ CaCO; + 2H,0

The estimation of the quantity of lime required for the pre-
cipitation of temporary hardness requires two factors in the
analysis of a given water:

(1) Estimation of free carbon dioxide in water by titrating
with standard sodium carbonate, using phenolphthalein as
the indicator.

(2) Estimation of bicarbonates by titration with standard
acid, using methyl orange as an indicator.

By calculating the results from these two determinations
in terms of calcium carbonate, it is readily possible to ascer-
tain the corresponding amount of lime which needs to be
added for precipitation. For example, a given water contains
2 grains per gallon of free carbonic acid and 5o grains per



INDUSTRIAL WATER 69

gallon in temporary hardness (calcium carbonate equivalent
in both cases). To find the number of pounds of lime required
per 1ooo gallons of water, we make use of the following cal-
culation:

Ca0:CaCO; : : x : 52.

56 : 100 : :? grains : 52.

x = 29.12 grains of CaO per gallon.

or in pounds of lime per 1000 gallons of water

1000

X 29.12 = 4.15 pounds.
7000

The solubility of lime at 60° F. is %5 grains per gallon;

000
hence 77—5 = the number of gallons of water necessary to

hold one pound of lime in solution. Hence % X 4.15, Or

387.3, represents the number of gallons of saturated lime
water necessary to soften 1ooo gallons of the water cited. In
actual practice additional lime is added in case the water
contains much magnesium so as to convert the magnesium
carbonate into the hydroxide form (see solubility table
above). Lime is also frequently furnished in its hydrated
form as a very fine dry powder. To determine the quantity
of this reagent it is necessary to substitute its formula
Ca(OH), and its solubility (in grains per gallon) factor, g9,
for the figures used in the case of lime.

Permanent or sulphate hardness may be corrected by the
use of sodium carbonate usually in the commercial form of
“soda ash” (containing 58 per cent Na;0). The reactions
here involved are

CaS0O; 4 Na:CO; — CaCO; + NasSO4
MgSO4 + N3.2C03 == I\’IgCO;; + Na2804

To ascertain the amount of reagent necessary, the results
from the determination of permanent hardness must be
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used. ‘“French degrees” express the hardness due to sul-
phates in parts of calcium carbonate per 100,000 parts of
water. When these degrees are multiplied by o.584, we get
the hardness expressed in grains of calcium carbonate per
gallon. Hence the grains per gallon of sodium carbonate
required may be found by the ratio existing between the
molecular weights of sodium. carbonate and calcium car-
bonate. For example, in a water containing 14 degrees
(French, q. v.) of permanent hardness, we have the following
calculations:

NayCO; : CaCO; :: x : 14
S(SIPIE I1EE) 33 58 Brvih

x = 14.8 parts of Na,CO;
14.8 x 0.584 = 8.64 grains of Na,COj per gallon or
;z x 8.64 = 1.2 1bs. of Na,COj; per 1000 gallons of water.

Water softening plants, while based upon the theories just
explained, generally combine the removal of temporary and
permanent hardness in one operation.! This is done by add-
ing to the lime the requisite amount of soda ash and ad-
mitting automatically measured quantities of the combined
reagents.

“Boiler compounds” usually consist of soda ash and one
or more other constituents (sometimes inert). When tan
bark is used with soda ash the tannin is believed to help by
preventing the deposit from sticking to the iron.

Corrosion.—Corrosion attacks the iron of the boiler either
in pittings (localized action) or over a large surface. Its
effect is to oxidize or rust the iron causing either an inequality
in the thickness of the plate, or a decrease in strength, or
both.

1 See Cassier’s Magazine, 31, 416 (1907),0n “‘ The Present Status of the
Art of Water Softening.”
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Corrosion is now believed to be caused by electrolytic ac-
tion aided by :

(1) acidity of the water;
(2) mineral acidity (carbonic acid, etc.);
(b) organic acidity (hydrolysis of oils, etc.);
(2) depolarizing action of dissolved oxygen;
(3) internal potential differences in metal of the boiler.

The acidity of water may be due to the presence of carbon
dioxide or organic acids. Water from coal mines often con-
tains acids formed from the oxidation of sulphur in the coal.
The temperature and pressure of the boiler are also favorable
to the formation of acids due to the hydrolysis of certain
salts. Thus magnesium chloride ! is a frequent constituent of
boiler water, and under boiler conditions its partial hydrolysis
results in a series of reactions, according to De Coux, as fol-
lows:

MgCl, + 2H;0 — Mg (OH); + 2HCL
' (Weak base)  (Strong acid)
2HCl + Fe — FeCly, + 2H

6FeCly + 30 — 4FCC13 + Fe;O3 or

3F6C12 -4 4H20 - F6304 + 6HCl + 2H

FeCl; + 3H,0 — Fe;0; + 6HCI

Fatty oils used in lubrication or introduced through sewage
matter are hydrolyzed by steam and free acids are generated,
which act on iron similarly to mineral acids though the fatty
acids, are of course, very much weaker than most mineral
acids.

The work of Cushman,® and of Burgess® and others
has shown that pitting is often caused by galvanic cur-

1 Corrosion of Boilers by Magnesium Chloride. Engineering, 74, 482
(1902). ;

2 Corrosion and Preservation of Iron and Steel (1910).

3 J. Western Soc. Eng., 14, 375 (1909).
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rents produced by internal potential differences in the
metal. This action is due to the setting up of electrolytic
couples between parts of the boiler representing different
metallic compositions or different heat treatments of the
same iron.

Dissolved air is much richer in oxygen than gtmospheric
air, due to the difference in the solubility of oxygen and
nitrogen in water. This dissolved oxygen aids materially in
promoting the electrolytic action by acting as a depolarizer
at the cathode, thereby facilitating the flow of the current.
After the oxygen in the water has been removed, the elec-
trolytic action decreases. The remedies for corrosion are:
(1) the neutralization of the acids; (2) preheating the water
to remove gases; (3) metallic zinc, which is acted upon by
electrolytic currents and thus saves the iron from attack,
and (4) the use in lubrication of mineral oils which do not
yield acids as do the fatty oils.

Foaming and Priming.—Foaming is the filling up of the
steam space with unbroken bubbles of steam and priming
occurs when the steam carries water with it from the boiler.
Foaming is a surface condition which may be produced by
suspended impurities rising to the surface and forming a
scum, or it may be caused by the concentration of salts be-
coming so great as to increase the surface tension of the film
of water surrounding the bubbles, thus preventing them from
breaking. Besides the impurities in the water the operation
of the boiler and engine and the structure of the boiler are
in part responsible for foaming. The impurities in water
giving rise to foaming are salts of the alkalies, soaps, and
organic matter as in swamp waters. In practice when salts
such as chlorides, sulphates or carbonates reach a concentra-
tion of 100 grains to the gallon, foaming is apt to occur. The
remedy is to blow off the boiler at intervals.

The industrial difficulties encountered in the use of boiler
water may be summarized as follows:
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Cause
Sediment, mud, clay
Bicarbonates of lime,}

iron and magnesium

Organic matter

Sulphate of lime

Organic matter

Grease

Chloride or sulphate of }
magnesium. . ......

Acids

Dissolved carbon diox- }
ide and oxygen. . ..

| Electrolytic action

Sewage

Alkalies

Remedy

Filtration.

Preheating and precipita-
tion with lime or sodium
i carbonate.

Precipitation with alum
and filtration.

Precipitation with soda ash.

Removal as above or by
neutralization with soda
ash.

Soda ash and filtration.
Soda ash.
Soda ash.
Preheating or soda ash.

Zinc plate.

Precipitation with alum
and filtration.

Blowing off.
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STANDARDS OF PURITY FOR BOILER WATERS

A 200 horse power boiler running day and night for
one week evaporates 1,008,000 pounds of water. The
analysis ! of a certain water used in such a boiler is as fol-
lows:

Grains
per

gallon

Calciumicarbomate . s S o et 39.16
Calcium sulphate......... PERAR o8 Acks A e S o A AT 9.30
Magnesium carbonate. . .. ... 0ot oot el 5005
Magnesium sulphate. .............. it 3.75
o ol TR o, s I S e v, S iS o & d b 30 Bid ol 57.26

The sediment and scale deposited at the end of the week’s
run would be 989 pounds, spread over perhaps 2000 square
feet of heating surface. In a recent work on steam power
plants, Prof. Gebhardt gives a number of ratings and results
to aid in forming a conclusion regarding the suitability of a
given water for boiler purposes. These tables are given
below:

Rating for Water Containing Temporary Hardness (Gebhardt)
Less than 8 grams Very good

12 to 15 Good

15 to 20 4 Fair

20 to 30 < Bad
Over 30 o Very bad

In the case of permanent hardness these quantities should
be divided by four to obtain the same ratings.

Analyses for Comparison.—The same author reports
a number of analyses of scale, and of the water forming
the scale, which may be helpful for purposes of compari-
son (Tables 4 and 5):

1 Cochrane: Engineering Leaflet, No. 12, p. 6.
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" TABLE 4.—Water and Boiler Scale Analyses
Arkan-
Water analysis Lake | Well | San | Park| Ke- sas
grains per gallon | Mich-{115 feel| Fran- | City, | wanee, | River,
(American) igan | deep cisco | Utah | Il Colo-
Okio rado
1 2 3 4 5 6
IS L 0.438] 0.677] o.759| 1.354/ ©0.373] ©0.630
Oxide of iron and
aluminum. ... ..... 0.099| ©0.116] ©0.116| .350 0.081| o0.075
Carbonate of lime. ... | 3.731| 2.271] 4.207| 1.476] 1.721| 2.158
Sulphate of lime... .. 0.962| 4.083 0.680 1.360 1.360| 18.540
Carbonate of magnesia| 2.092/ 4.424| 2.866/ 0.318| 2.212] 4.848
Sodium and potassium
Bulphatess...... il Trace] Trace| 1.681| 0.867| 12.928| 11.319
Sodium and potassium
chlorides. . ... ..... 0.670] ©.990| 2.970| 1.980| 26.0%0| 2.028
Organic matter......| 0.066| ©.584f ...... 2.569| ©0.584| o.701
Total mineral matter. .| 8.058| 12.614| 13.665| 7.826| 45.318| 40.062
TaBLE 5.—Analyses of Scale from Water
I 2 3 4 6
a ©
< 8
s |t i3 |2 |381|%
Character of sample .Sh _“E 'sh "S 5 '5
= ~ K S
N I s $ =S ~
o S0 T
~ IS
e s p.-ct.| 20.60| 8.44|11.1819.00| 2.52| 6.20
Cxide of iron and alu-
mnum: 850 “ |10.30| 1.30!10.44| 6.26| 4.92| 2.36
Carbonate of lime. ... “ |33.86|37.22[40.96|29.02|18.18/ 18.78
Sulphate of lime. .. .. “ | None | 33.82 | Trace| 5.48!54.76 50.84
Carbonate of magnesia 6.04 | Trace | 22.60 | Trace | Trace | o.84
Magnesia (MgO). . ... ST st 48IETaror |5 s 1.45| 9.08| 4.75
Moisture and organic
BHlatter’ . s § e “ 112.89| 6.22{13.58|13.69| 7.40| 5.73
(Ol e s S o S B & S Trace [y 88, Sl e MEm-Ci N 2HQ 2y e o
Loss and undetermined “ 0.83] 0.99| 1.24| 1.55| o0.22| I1.50
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From a comparison of the analyses of the water and scale
respectively, the following statements may be made in regard
to the waters from the six sources considered.

(1) This water will cause the deposit of a moderate amount
of scale which will be hard and persistent.

(2) This water will cause a large amount of scale to de-
posit.

(3) This water will cause a moderate amount of scale with
a decided tendency to galvanic action on account of the large
proportion of sodium and potassium salts present.

(4) This water will cause the formation of some scale.
There is also a decided tendency to corrosive action.

(5) Will cause formation of some incrustation of medium
hardness. It will also cause considerable trouble due to
galvanic action, foaming and priming.

(6) This is not a desirable feed water. It will cause the
formation of considerable scale and will cause corrosion,
pitting, and possibly foaming.

WATER FOR USE IN IRRIGATION

The chief factor in water to be used in irrigation is the
presence of mineral salts in large quantity. It is well known
that soils containing an excessive quantity of alkaline salts,
such as sodium carbonate, sodium chloride, and sodium sul-
phate, are not capable of being used for crops. Consequently
the water used in the irrigation of soils should not augment
the so-called “alkali” content of the soil. The “alkali” re-
ferred to may be either ‘“black alkali,” which is sodium car-
bonate, or “ white alkali,”” which may be a mixture of chlorides
and sulphates of sodium, calcium, and magnesium. The
adaptability of water for irrigation purposes has been made
the subject of study by the soil chemists, who have proposed
certain arbitrary standards. Hilgard ! states that 1500

1 Hilgard: Soils, p. 467.
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pounds of sodium per acre (i. e., per 16,000,000 pounds of
soil) in combination with radicals which give it about the
same toxicity as sodium sulphate, is not injurious to the
average crops. On this basis Stabler ! has worked out an
““alkali coefficient,” which may serve as a basis for the classi-
fication of waters used in irrigation. According to these
standards any water which contains salts to the extent of
400 parts of sodium per million is rated as poor and should
not be used for irrigation unless care is exercised in the selec-
tion of crops or in providing good drainage.
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CHAPTER IV
COMBUSTION AND DESTRUCTIVE DISTILLATION

COMBUSTION

CoMBUSTION in the widest sense is rapid chemical action
where there is sensible change of temperature and a produc-
tion of light.! From the industrial standpoint interest in
combustion is practically limited to chemical actionsinvolving
oxygen as one of the factors, while the other factor (fuel) is
ordinarily carbon, hydrogen, sulphur or one or more of the
many compounds of these elements. Combustion may be
partial, as in the production of carbon monoxide from carbon-
aceous fuel, or complete, as in the production of carbon
dioxide.

In order to initiate a combustion the reacting materials
must be brought into contact in such a manner that their
rate of union produces heat as rapidly or more rapidly than
it is dissipatéd by convection, conduction or radiation. When
this is done, the heat evolved maintains a rapid reaction as
long as the reacting materials are furnished in adequate
quantities.

The rate of reaction between given materials is affected by
temperature, concentration and catalytic agents, and the
most usual method of increasing the speed of union to the
point of self-maintenance (the kindling temperature) is
by increase of temperature. The kindling temperature

1TIn some cases the production of light is so slight that the combustion
is said to occur “with a colorless flame.”
81
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*
of the more common fuels is indicated in the following
table: 1

Lignite dust  kindles at about  300° F.orabout 150° C.
Dry peat g “ 4350 “° 3 2250 [
Bituminous coal ¢ Cl 660° 5 i RIS
Anthracite coal 4G & 750° ¢ & 400° ¢
Coke I “ 800° 13 «“ 4250 “«
Hydrogen % “ 1030° to 1290° ¢ 418 55t o cos Kt
Carbon monoxide ¢ 1200° £ “ G5O,

Any substance which unites with oxygen in such a manner
as to produce combustion may be termed “combustible,”
while oxygen is considered as the “supporter of combustion.”

The economic value of a fuel undergoing combustion in-
volves two distinct factors: (1) the quantity of heat pro-
duced, and (2) its intensity.

The amount of heat produced by fuels varies greatly and its
measurement is of fundamental importance. It is expressed
in either of two forms, as British thermal units (B. t. u.) per
pound or in calories per gram (or Calories per kilogram). In
industrial work the unit usually employed is the British
thermal unit, which is the amount of heat required to raise
the temperature of one pound of water from 60° F. to 61° F.
In scientific work it is more usual to express quantity of heat
in calories. A calorie is the amount of heat required to raise
the temperature of 1 gram of water from 15° C. to 16° C. A
Calorie (or “greater calorie”) is rooo times this amount. A
calorie per gram (or a Calorie per kilogram) is therefore equiv-
alent to 1.8 B. t. u. per pound.

The temperature of combusiion (the calorific intensity) de-
pends not only upon the quantity of heat liberated but upon
the heat capacity of the products resulting from combustion.
It is measured in degrees using the Fahrenheit or Centigrade
scale by various kinds of thermometers and pyrometers.
Thermometers are in common use and, as is well known, their.
construction is based upon the dilation of liquids or gases as

! Stromeyer: Marine Boiler Management, p. 93.
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measured within a graduated capillary tube. Mercury is
mostly employed for measurements of the lower tempera-
tures. When .the space above the mercury is filled with an
inert gas such as nitrogen or carbon dioxide, the mercury
thermometer may be used to record temperatures as high as
500° C. For low temperatures, as in freezing mixtures,
liquids like alcohol and toluene are employed. In ceramic
work the Seger cones are conveniently used. They consist
of artificial mixtures of silicates and fluxes and are so con-
stituted that mixtures of a given composition will fuse and lose
their conical or pyramidal shape at a given temperature.
Hence by using a series of these cones, and noting their shape,
after subjection to the heat, the temperature of a furnace may
be readily ascertained. The platinum resistance and thermo-
electric thermometers measure temperatures by means of a
flow of the electric current sent through, or generated by, the
system. For temperatures above the fusing point of platinum,
the optical pyrometer is used. In the latter, use is made of a
small telescope containing a quartz plate between two Nicol
prisms. Looking at a heated body, one of the prisms is
turned until the red color changes to yellow, then green, and
lastly blue. The angle of rotation is then used as the basis of
the temperature calculations.

Temperature is sometimes estimated by the color imparted
to various bodies. According to Pouillet the colors of brick
fire-boxes correspond to the following temperatures:

gfustAviISible Ted: .00 . 1 e oL AR T L 5258 CY
DT N R S R S Ve G S o S U 700° C.
a1 KU1y AT s D Al b pied o = A e 800° C.
IHCrRYAPTOPeT . o2 T, U atf s wloale s Kot Sy Lo goo® C.
IBrfplittcherrys o e S L] 08y S ot ooy G
1D Ry e e e T e I T 0 D e i er I St s (O
IBrighfiyelow. . s B st el I BT ot 1200° C.
AT T A e L e P ST e 1300° C.
IBEEhEwBITeTS: T slo s g IS LR Y] el 1400° C.

Dazzling white. .. ..., M ey SR e L 1500° C.
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Obviously much experience must be necessary before tem-
perature can be judged in this way with any considerable
degree of accuracy.

Determination of Calorific Power.—The heat of combus-
tion may be (1) determined from the temperature produced
by the combustion of a weighed quantity of fuel in a calo-
rimeter of known heat capacity, or (2) it may be computed
approximately from the results of a chemical analysis of the
fuel as will be explained below.

The calorimeters used for the determination of the heat of
combustion (calorific power) of a fuel may vary greatly in
construction and manner of manipulation, but in general they
consist of strong metallic bombs equipped with the necessary
means for supplying oxygen under pressure and with a means
for firing the fuel. The heat of combustion is radiated to a
bath of water in which the bomb is immersed and the increase
of temperature of the latter is noted.! Each calorimeter must
be properly calibrated or standardized ? so that the heat
capacity of the apparatus may be known. This is usually ex-
pressed as its “water equivalent.” An example may make
the description clearer:

Weightiofisamplelr. o R iy I gram.
Final thermometer reading. .............. 26.463°
Initial thermometer reading. ............. 23.897°
Observed temperature change. ............ 2.566°
Corrected temperature change. ........... 2.5706°
Water equivalent (grams of water)......... " 3000 _
Total heat developed (calories). ........... 7711.8
Correction for wire, nitrogen, sulphur. .. ... 414

Heat developed by combustion of 1 gram
SAMPIE T a o s 2 o S R PRE SO e o 7670.4 calories.

! For descriptions of bomb calorimeters see Atwater and Snell (Jour.
Amer. Chem. Soc., July, 1903), Emerson (Jour. Ind. and Eng. Chem.,
Jan., 1909), Gill (Gas and Fuel Analysis for Engineers) and other works
cited at the end of the chapter.

2 Circular No. 11, U. S. Bureau of Standards: The Standardization of
Bomb Calorimeters (1g911).
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The heat of combustion of the substance is therefore 7670
calories per gram or (7670 x 1.8 =) 13,800 B. t. u. per pound.

The theoretical femperature of combustion can be calculated
from the calorific power of the fuel and the heat capacity of
the products of combustion and of the residual substances.
This rule for calculating the calorific intensity of a sub-
stance is as follows: “ Divide its calorific power by the sum of
the weights of the products of combustion and of the residual
substances multiplied by their respective specific heats.”
Thus if it is desired to calculate the temperature produced
when carbon is burned in oxygen the following data must
be used:
Calorific power of carbon, 8080 calories per gram.
Weight of carbon dioxide from combustion, 3.6% grams.
Specific heat of carbon dioxide, o0.2163; hence the calorific

intensity:

Lyt - N °
Sl_ 3.67 x 0.2163 e T

In the case of the combustion of hydrogen in oxygen, the
product, HyO, may be either a liquid or a gas, depending upon
the temperature. To maintain it in a gaseous condition re-
quires the following quantity of heat: Latent heat of steam of
9 grams of water (9 x 537), 4,833 calories. Heat loss due to
the difference between the specific heats of water and steam,
> 100 x 9 (1 — 0.4805) = 467.55 calories, hence

_ 34462 — (4833 + 467.55)

H = 6 . o} C
Cir i 9 X 0.4805 743:5
or when burned in air
20161.45
H == fsd 26 -80 C-
c. i. (9 x 0.4805) + (26.8 x 0.244) 59

where o.244 equals the specific heat of nitrogen and 26.8
equals the weight of nitrogen in the air containing 8 grams of
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: oxygen. When excess air is used as is always the case in
practice, the theoretical temperature cannot be obtained.
(See Table 7.)

THE ELEMENTS OF COMBUSTION

Oxygen is the supporter of combustion and generally is
supplied as a constituent of the air. In a few cases the
oxygen combined with other elements may be utilized for
combustion as in thermite (q. v.). When oxygen is a con-
stituent of an ordinary fuel it decreases the calorific power of
the fuel, inasmuch as the elements comprising such a fuel are
already partially oxidized.

Nitrogen is not directly related to combustion but is of im-
portance on account of the effect which it produces. Asa con-
stituegnt of the air it acts as a diluent of the oxygen, absorbs
heat, and accordingly serves as an additional carrier for
heat lost in the chimney gases or gaseous products of com-
bustion.

Carbon is the most common constituent of combustibles.
Carbon and its compounds constitute a very large part of
all the ordinary fuels. The usual ways in which carbon enters
into reaction in the burning of ordinary fuels may be ex-
pressed in part by the following:

C +0-CO
C + 20 - CO,
CO, +C—>2CO

In practice, however, the fuel is only in exceptional cases
free carbon; more often it is a mixture of compounds of carbon
with hydrogen or hydrogen and oxygen. The calorific power
of carbon burned to carbon dioxide is 8o8o calories per gram
or 14,544 B. t. u. per pound.

Hydrogen is usually combined with carbon in combustibles
and is one of the active constituents in combustion. The
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product of the combustion of hydrogen is water. Its calo-
rific value is 34,500 calories per gram or 62,100 B. t. u. per
pound.

Sulphur, which is often found combined with other ele-
ments in fuel, during the process of combustion is oxidized to
sulphur dioxide. . The calorific power of sulphur burned to
sulphur dioxide is 2250 calories per gram or 4050 B. t. u. per
pound. On account of the corrosive character of sulphur
dioxide in aqueous solutions (condensations of steam in
smokestacks) it is regarded as an objectionable coustituent
in fuel.

The following table taken from Power, 25, 66 (1go8) sum-
marizes the essential combustion data of the active elements
entering into combustion:

TABLE 6.—Combustion Data

7 2 3 4 5

Pounds | Pounds |Cubic feet| Pounds | Gaseous
Chemical reaction oxygen air air nitrogen | products
per per per per per
pound of |pound of |pound of |pound of |pound of
Suel Suel Juel Sfuel Sfuel

C + 0-CO % 33 5.79 | 76.10 4.46 6.79
C + 20— CO, 2.66 | 11.59 | 152.29 8.92 | 12.50
CO 4+ O — COy 0.57 2.48 | 32.58 1.91 3.48
2H 4+ 0 — Hy0 8.0 34.78 | 457.00 | 26.78 | 35.78
S + 20— S0, 1.0 o3 | B e 3.35 5.35

In this table the figures in column 1 represent the parts by
weight of pure oxygen theoretically necessary to oxidize one
part by weight of each of the fuels; the figures in column 2
are found by dividing the corresponding values in column 1
by .23, the fraction of a pound of oxygen contained in a
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pound of air; column 3, by multiplying the corresponding
value in column 2 by 13.14, the cubic feet (under standard
conditions) per pound of air; column 4, by subtracting corre-
sponding values of column 1 from those of column 2; and
column 5, by adding corresponding values in column 2 to
the weight of the fuel itself.

Erriciency oF COMBUSTION

The process of combustion up to this point has been con-
sidered as taking place under ideal conditions. In actual
practice it is impracticable either to attain the theoretical
temperature or to utilize the maximum calorific power of a
given fuel. The causes that impair the efficiency of combus-
tion are excess air, heat losses, and insufficient air to ensure
complete combustion. '

Excess air lowers the temperature of combustion and serves
as a vehicle for the conduction of heat away from the furnace
to the chimney. The extent to which excess air may lower
the temperature of combustion is evident from Table 7.

TABLE 7.—Effect of Excess Air on Temperature

Temperature of combustion ° C.

Air
required | With With Two Three
per theo- 1Y times| times times
Combustible substance |poynd of | retical | theo- theo- | theo-

com- \supply of | retical | retical | retical
bustible air supply | supply | supply
pounds SC SG NS (e

Hydrogen............ 36.00 | 3170 2100 1570 1065
Huelloil o £re s 15.43 | 2780 1930 1480 1010
Anthracite coal. . ..... 1203880520 1770 1335 oo
Bituminous coal. . .. .. 11.73 | 2830 1940 1470 085

Wood (air dried) ... .. 4.80 | 2090 142§ 1150 811
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In perfect combustion without excess air the resulting gases
are carbon dioxide, steam and nitrogen. By making an analy-
sis of the flue gases, the completeness of combustion may be
readily ascertained by comparing the amounts of carbon
dioxide and carbon monoxide. Since the volume of carbon
dioxide produced in the complete burning of carbon is the
same as the volume of oxygen consumed, the percentage of
nitrogen in the flue gases would be same as in air when only
carbon is burned and the combustion is complete. This re-
lationship is however influenced by the presence of other ele-
ments in the fuel.

In practice complete combustion is obtained only when
much more than the theoretical amount of air is supplied.
Formulas are useful in calculating the quantity of air required
per pound of fuel. The one chiefly used is given by Kent ! as
follows:

Pounds of air per pound of fuel = 3.032 (Coz_l\:_(—f)) &

Where N, CO; and CO represent the percentages by volume
of these constituents in the flue gases and C the percentage
by weight of carbon in the fuel.

The quantity of air required for complete combustion may
also be calculated from an ultimate analysis of the fuel by
the formula:

W= 11.59 C + 34.78 (H— %) — 4.35 S, where W equals
the pounds of air required per pound of fuel and C, H, O, and
S represent the percentage of the elements respectively in each
pound of fuel.

Then V = vW where v = cubic feet of air per pound at the
given temperature.

1 Steam Boiler Economy, p. 32. See also Science Abstracts, Sec. B, 8,
109 (1903) for a check formula reading: Pounds of air per pound of fuel =
g

CO, + % CO 40 0)
11.52C(-——————CO2 o )—i— 34.56 (H_.S_ A
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Heat losses are due to a number of causes. Kershaw ! es-
timates that the heat units per pound of fuel used, for ex-
ample, in steam generation are distributed as follows:

B. ! u.

] DAETR oy e BB o R G A0 B i L e i = sy 5 4 A b - 1350
Losses in chimney gases (17.6%). « <« «ccvvvvvnn.... T80
Losses in ashes and cinders (5%). .« . v v oot 675
Heat into) steam (7754 70) e tey vt S NN ST S 9005
TFotalis o oe T, WASED JL e =iz SRR i o o 13500

Frequently it is possible to utilize the waste heat in chimney
gases in industrial operations, for which reason it is desirable
to calculate the quantity of heat thus carried away. This
calculation is based upon the rise of temperature (i. e., the
difference in temperature of the flue gases and of the atmos-
phere), the weight of the gases, and their specific heats. The
latter does not vary greatly in the case of the gases which
constitute the bulk of the flue gas, as may be noted in the
following table.?

TaBLE 8.—Specific Heats of Flue Gas Constituents

Carbortdioxide; s e e pays 0.234
Carbon e oxide s P e e ©.245
Oxygen.,. . . .. e N o (R 0 0.217
NItEogen. ... SAEOMIRESt o i = 1- TR L et Sigee YOt 0.244
Steam. . ok« & L Fie Sy At TSRS . S e 0.480

For a rough approximation yet sufficiently accurate for
most practical purposes, it is customary to take the weight
of the products of combustion and multiply it by .24 X the
elevation of temperature of escaping gases. Hence, heat =
We X .24 X (T—t) where T = temperature of the flue gases,
and t = temperature of the atmosphere. To find Wc an-
other approximation is made, viz.: We¢ = (Wf—a) + (AF)

1 Power, 26, 141 (1900).
2 Fisher: Handbuch der Technologie, p. 75.
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in which Wc is the weight of the products of combustion,
Wi the weight of the fuel, a, the weight of the ash it
contains, A, the weight of the ‘air required, and F, the
factor for the excess air admitted, or from analysis of flue gas

N
WC. = 3.032 (EO—Z—TC—O) X C—I— (I—a)

The third impairment of the efficiency of combustion is due
to an insufficient air supply, resulting either in carbon mon-
oxide or finely divided particles of carbon or smoke in the
flue gases.

The heat loss due to the formation of carbon monoxide is
10,150 B. t. u. per pound of carbon. When carbon is oxidized
to carbon monoxide in an atmosphere deficient in oxygen, its
heat value in B. t. u. per pound of carbon is 4450, while that
of carbon oxidized to carbon dioxide is 14,600. When the
latter is reduced to the monoxide, the heat absorbed by the
process is 10,150 B. t. u. per pound of carbon. Hence in
whatever manner the carbon monoxide found in the flue
gases has been formed it impairs the efficiency of combustion
to the extent of 7o per cent of the fuel value of the carbon
contained in the carbon monoxide. Carbon monoxide is a
colorless gas and although a deadly poison, its emanation
from the stack is usually regarded merely as an evidence of
lack of economy in combustion.

Prevention of Smoke.—In the case of the particles of car-
bon carried mechanically, however, the chimney gases are
popularly recognized as being very objectionable to the
community and constitute frequent causes of legal enact-
ments. When smoke is produced in combustion there are
two causes: (1) Insufficient oxygen to burn the gases; and
(2) chilling of gases either by admission of cold air or by
bringing them in contact with cold surfaces. Smokeless com-
bustion ! requires (1) adequate supply of preheated air,

1 Sims: Smokeless Combustion of Bituminous Coal in Pittsburg Dis-
trict. J. Eng. Soc. Western Pa., Nov. (1912).
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-
(2) a large brick lined combustion chamber, and (3) an ap-
paratus to mix gases given off with heated air. For the latter
purpose use is made of jets of superheated steam under
pressure. The use of mechanical stokers and powdered fuel
is also instrumental in the elimination of smoke in com-
bustion.

Spontaneous Combustion.—Since damaging fires have
arisen from sources of spbntaneous combustion, its preven-
tion in the case of storage of fuel is very essential. Spon-
taneous combustion is generally ascribed to a process of slow
combustion or oxidation of the fuel, which being a poor con-
ductor of heat undergoes sufficient rise of temperature to
cause ignition. According to Prof. Lewes ! this increase may
be caused by (1) physical action, as in the absorption of a
large volume of gas and its compression in the pores of the
substances: (2) by rise in atmospheric temperature, as in the
case of a vessel sailing through the tropics: (5) by direct
chemical action (oxidation) at ordinary temperature and
(4) by the action of ferments on organic matter. In the case
of coal the absorption and subsequent compression of oxygen
in the pores of the coal generates heat. If this heat cannot
be radiated as fast as it is produced, the rate of oxidation
increases with rise of temperature and the activity of the
compressed oxygen increases until finally the kindling point
of the hydrocarbons in the coal is reached and a flame is pro-
duced.

Destructive Distillation

The process of destructive distillation, which frequently
accompanies combustion is also instrumental in producing
certain transformations of fuels of great economic impor-
tance. Inits widest sense destructive distillation refers to the
decomposition of substances (usually of an organic origin) by
heat without access of air. Since the final residue of the

L Eng. Mining J., 82, 65 (1906).
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substance thus decomposed consists mostly of carbon, the
process is often designated as ‘“carbonization.” From a
technical standpoint the chief interest lies in the products
obtained by the action of heat on certain fuels. Such prod-
ucts may either be burned directly in combustion or they
may be collected and converted into various articles of com-
merce which are commonly designated as “by-products.”
Chief in industrial importance are the products obtained
from the destructive distillation of wood and coal.

WooD DISTILLATION

The composition of wood varies with the kind of wood,
the time of cutting and extent to which it has been dried or
“seasoned.” As explained in a subsequent chapter wood con-
sists chiefly of the chemical compounds, cellulose (CgH1005)n
and lignin or ligno cellulose, together with “sap” and
a very small amount of inorganic or mineral salts. The
coniferous woods, such as pine and fir, contain also consider-
able quantities of volatile oils and resinous bodies. Obviously
the nature of the products yielded when resinous wood is
distilled will differ from those obtained in the distillation of
ordinary “hard” wood such as oak, ash or maple.

CHARCOAL BURNING

The primitive method of manufacturing charcoal which
was practiced by the ancients,! was to pile the wood in
mounds or heaps, cover with earth or with a mixture of fine
charcoal dust and earthy materials, and then kindle within
the mound to start a partial combustion. Openings at the
base provide for the admission and escape respectively of air
and the gases of combustion. The heat of combustion is
next utilized for decomposing the unconsumed wood, the

! Theaphr. Erosius, who lived 300 years B. C. described such a method.
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L]
apertures having been closed in part. In this manner the
wood keeps on “charring” or “distilling” until finally it is
converted into charcoal. The gases resulting from combus-
tion and decomposition of the wood are dissipated into the
atmosphere.
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Fi16. 30. Swedish Charcoal Oven.

Modifications of the primitive charcoal mound have been
used in the form of the so-called Swedish oven (Fig. 30),
which is constructed of brick having a suitable opening (4 ) for
the charging of the oven with wood and for the removal of
the charcoal (C). The bottom of the oven contains a grate
(F) through which the air necessary for partial combustion
is admitted. The quantity of air admitted is controlled by
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means of doors (D) in the flues leading to the grate. After
combustion has proceeded until the walls of the oven have
attained a heat sufficient to complete the carbonization, the
doors are completely closed and sealed with earth thrown
against them or plastered over with clay. Thick, smoky
vapors next appear {rom the orifice (G) at the top. These
are led through a pipe to condensers and in part become
liquids which constitute the “by-products.”

Charcoal Retorts.—The modern charcoal retort is usually
constructed of heavy iron plate in the form of a horizontal
cylinder or rectangular shell set in brickwork. Firing boxes
or furnaces are provided which produce the heat from the
combustion of fuel and distribute it around the shell of the
retort. The latter may vary in size but usually ‘hold about
10 cords of wood, which is placed upon small iron cars on
tracks within. No air is admitted during the heating of the
retorts by the furnace gases and, as the temperature increases
a true destructive distillation of the wood takes place. The
gaseous products are conducted through outlets to the
condensers and yield liquid products together with non-
condensible gases which are for the most part combustible
and are led back into the fireboxes and burned as fuel. After
the wood has been wholly carbonized, the retort must be
allowed to cool before it can be opened to remove the char-
coal, or else an iron shell or cooler is provided into which the
cars may be quickly run. After sealing the shell or cooler air
tight so that no combustion can occur, the heat retained in
the charcoal may be radiated through the iron shell. When
this method of cooling is employed the retort may be again
recharged while hot and the distillation of a new charge
commenced.

The changes which wood undergoes when heated have
been made the subject of an investigation by Violette ! and

L Ann. Chim. Phys. (3), 32, 304; also Harper: Utilization of Waste
Wood, p. 133.
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Mills,! who show that the original cellulose molecule suffers a
gradual resolution into simpler substances, the final residue
being carbon or charcoal. The latter, however, always con-
tains some volatile matter. ,

By-Products.—From a technical standpoint the interest
lies as much in the products evolved as in the nature of the
residues. When heat is applied to wood, the first product give
given off is moisture or steam. As decomposition continues
other products such as organic acids, volatile oils, furfural,
etc., are contained in the aqueous distillate which flows from
the condensers. As disintegration continues less water
relatively is given off and the heat supplied causes rapid
decomposition of the wood. In the main from 160 to 275° C.
an aqueous distillate known as pyroligneous acid is given off;
from 275° to 350° C. gaseous products are liberated, while
from 350° to 450° C. liquid and solid hydrocarbons known as
wood tar are produced.- The quantitative resolution of hard
wood in approximate figures is as follows:

Solid (30%) Liguid (50%) Gaseous (20%)

charcoal water carbon monoxide
acetic acid (2%)
methyl alcohol (7%)  carbon dioxide
acetone
furfural

tar (129)

Both charcoal and carbon monoxide constitute a source
of fuel which will be discussed later (Chap. V), but the
separation of the constituents of the distillate involves a
process of refining which requires some explanation. The
following is a graphic presentation of the steps which
take place in the distillation of hard woods such as oak or
maple:

1 J. Soc. Chem. Ind., 4, 325 (1885).
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| Wood in retort |

h(]at
charcoal pyroligneous acid l tar | fuel gas I
redistillation
tar | aqueous distillate |

neutralized with lime
and redistilled

| acetate of lime | methyl alcohol and acetone |

Crude pyroligneous acid is a dark red or brown liquid with
a characteristic odor of burnt wood. The dark color is due
to dissolved tar-like substances which may be partly removed
by redistillation. When redistilled the pyroligneous acid has
a pale straw color. It is next neutralized with lime, after
which it is again heated in a still provided with a column
head (q. v.) and cooler. By thus fractionally distilling, a
mixture of methyl alcohol and acetone is obtained which may
be further rectified into pure methyl alcohol, CH,O, and
acetone, C;HgO. The residue in the still contains acetate of
lime, Ca(CoH30,),. It is usually evaporated to dryness in
steam jacketed kettles or vacuum evaporators, dried, mod-
erately heated to volatilize the tarry matter which separates
from the pyroligneous acid upon neutralization with lime,
and then becomes the commercial brown or gray (absence
of tarry matter) acetate of lime. Acetate of lime in turn is
the basis of the acetic acid industry, and is almost completely
utilized in the manufacture of acetic acid by treatment with
sulphuric acid in cast iron stills.X

1 For a complete description of the apparatus and process employed
the student is referred to Klar: Technologie der Holzverkohlung, p. 246.
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The term “tar” is applied to all of those products resulting
from the destructive distillation of organic substances which
are not miscible with water. These products are oily, more or
less viscid, dark brown to black in color, and have a char-
acteristic odor. In the case of wood tar its separation from
the pyroligneous acid is usually accomplished by drawing
it off at the bottom of the tank after it has settled. The com-
position of wood tar is extremely variable, depending upon
the temperature employed in distillation, the shape of the
retorts, the kind of wood, etc. A sample of tar obtained
from the distillation of fir wood showed the following con-
stants:

Specificigravity itz 8sa(C. 1yt SN el s s 1.068
IHlashi points(Open [CD) s Fatel? ks s L TS S 105° C.
Fire point (open cup). .. ...... RPN ek 510 o e R T31546s
IFTEEs€aThON. 1. 7 & . 1l o ey b fone st s S E e St 1.18%,
Bixedrcarbonyl. I .y a ol A BT S 3.16%
Fractional distillation
B e oW T I02 . . N R Fy . 4.00%
Between  T10:—1 704t Ueg At ALl RERSEHE S ) 8.00
BetWeen |70 =270 A1t it N e O Sl N e 61.00
Residuell(solid) o o S L b 22.00

The chemical composition of wood tar is quite complex, but
it is essentially a mixture of phenol acids and their derivatives
together with some higher hydrocarbons of both the fatty
and aromatic series.

From a practical standpoint, wood tar has not found as
extensive application as coal tar. In many distillation works
tar is burned underneath the retorts as a fuel in much the
same way as fuel oil. It is used to some extent in ship caulk-
ing and is applied to hemp ropes. It is now being refined in
a number of plants into pharmaceutical preparations and also
serves as a paint material. In the latter case it is necessary

! The term “fixed carbon ” is used in the same sense here as in coal
analysis. For explanation see the next chapter.
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to separate the tar into its light oils which are used in the
manufacture of shingle stains, while the heavy residue or
“pitch” constitutes the base of paints used in the damp proof-
ing of brick and concrete walls and for application to metallic
surfaces. '

When resinous woods are destructively distilled, volatile
oils are carried over along with the steam and collect on the
surface of the distillate or form a homogeneous solution with
the tar. Special methods of distillation and refining are
therefore employed. In some cases the wood is steamed for
a number of hours prior to destructive distillation, by which
process much of the volatile oil is carried over, forming, after
condensation, a layer upon the water in the receiving tank.
In other cases a solvent is passed over the wood to take up
the volatile oils and resins which may be recovered by sub-
sequent distillation with steam. When destructive distilla-
tion alone is employed, the volatile oils are recovered by sub-
jecting the distillate to a second distillation with steam
which yields a crude light oil from which wood turpentine is
obtained by further refining.

Wood distillation has developed in the United States until
at the present time about 120 plants are engaged in this work,
the annual value of the products being quoted at approxi-
mately ten million dollars.! This does not include, however,
turpentine and rosin among the products. The latter con-
stitute a large industry in themselves, the output of some
1500 plants being estimated at more than twenty-five million

dollars annually (Joc. cit.).

DistiLLATION OF COAL

When coal is destructively distilled, gases, liquids and
solids are produced, but in most respects the products thus

! Statistical Abstract of the United States (1gr1). Published by
Bureau of Statistics.
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[ ]
obtained from coal differ markedly from the corresponding
distillation products from wood. It was noted that the
aqueous distillate in the case of wood was acid. In coal dis-
tillation, however, it is strongly alkaline. Differences in com-
position also characterize the tars obtained from wood and
coal, coal tar consisting almost entirely of aromatic hydro-
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F16. 31. Beehive Coke Oven.

carbons with a relatively small percentage of “tar acids’ or
phenols.

The composition of coal and its relation to wood will be
discussed in a subsequent chapter. From the present stand-
point we may regard it as composed of carbon, hydrogen,
oxygen, nitrogen and other minor constituents, including
some mineral matter. When destructively distilled it yields
coke, a combustible gas, an aqueous distillate, and tar, com-
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‘monly known as coal tar. The coke and gaseous products
will be discussed in Chapters V and VI; our attention will now
be directed to the refining of the “by-products,” especially
those of industrial importance.

The destructive distillation of coal for the manufacture of
coke is carried on on a large scale because of the great demand
for coke as a smokeless fuel able to support considerable
weight. There are two general methods: (1) the “beehive”
oven in which coke only is produced, and (2) retorts or “by-
product ovens” in which coke, gas, ammonia and coal tar
are the chief products.

Beehive Oven.—The “beehive’” oven (Fig. 31) is quite
extensively used in the United States, about 100,000 ovens
being operated at the present time. The old form of oven
was a circular brick chamber about twelve feet in diameter
and three feet high to the springing of the dome which covers
it and gives it the appearance of a beehive. It contains an
opening (A4) at the top for charging the coal which is fed
into it from cars running on a track on top of a row of ovens.
At the base, openings are provided for the admission of air
which is so regulated that the products of distillation
are burned but not the coke itself. When distillation is
complete the coke is raked out through an opening (B) at
the base into cars, quenched with water, and the oven re-
charged.

By-Product Oven.—The by-product coke oven is a nar-
row retort of firebrick construction (Fig. 32), about 30to 33
feet long, 6 to 7 feet high, and from 17 to 22 inches in average
width. Fifty of these retorts are placed side by side and
constitute a battery.

A number of types of by-product ovens are in use of
which the Semet Solvay and Otto Hoffman are perhaps
the most important. These two types are identical in
principle, the main difference being in the arrangement
of the flues for the combustion of the gases used in
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heating them. The walls are provided with internal flues
heated by gas and are arranged vertically in the Otto Hoff-
man and horizontally in the Semet Solvay. The ovens are
charged with coal from specially constructed cars on top of
the retort. After charging, the ends of the retorts are tightly
luted with clay and the heating is begun. The heat is ob-
tained from the combustion of “coke oven gas,” a product of
distillation from the previous charge. This gas is delivered
to the retort by mains running along each side of the battery,
a burner being at either end of the oven. The air for com-
bustion is drawn by a fan from openings at the end of the
battery and is passed through heated checkerwork passages
which constitute regenerative chambers underneath the bat-
tery. In this way the air becomes heated to about ¢8c° C.
and is next distributed to the combustion chamber where it
meets the gas from the burner. The burning gases pass
through the flues in the wall, then through the checkerwork
underneath, where a portion of their heat is absorbed, and
at a temperature of 390° C. are passed into various forms of
apparatus for steam generation, evaporation or distillation
before finally passing to the stack. Each battery of ovens is
equipped with two regenerators, one heating the air while the
other is being heated by the gases from the flues. In practice
the process is reversed every thirty minutes. From 16 to 26
hours are required to distil the coal.

The products of distillation of coal in these air-tight ovens
are led away through uptake pipes to the gas collecting main.
In case the gas is to be used for fuel and illuminating purposes
two hydraulic mains and an additional system of condensa-
tion are required, or else a number of units working in parallel
with by-passes may be used to separate the rich gases from
fuel gases.

The gas from the hydraulic main first passes through air
coolers which lead the gas to and fro through passages of steel
plate construction, exposing a large surface for atmospheric
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cooling and often provided with an external sprinkling sys-
tem for use in hot weather.

The temperature of the gas is next reduced by the use of
tubular water coolers in which the gas space is divided by
numerous successive baffles, causing the gas to follow a tor-
tuous course while being cooled by water flowing in a parallel,
but opposite direction.

In order to maintain a constant flow of gas and render its
control easier, use is made of steam or electrically driven ex-
hausters which force the gas from the coolers into the tar
scrubbers. In these the gas is led through a series of thin,
perforated steel plates so arranged that, after the gas has
passed through an opening, it is thrown with high velocity
against an unperforated plate, causing it to lose the tar, which
drops down, and is collected in tar cisterns.

From the tar scrubbers the gas goes to the ammonia scrub-
bers, in which it passes upwards through a latticework of
wooden slats; while the scrubbing water passes downward,
absorbing the ammonia. Fresh water is used in the last one,
and the weak liquor resulting is successively used in the
scrubbers preceding this, until strong enough for distillation.
The washings from the scrubbers contain water, ammonia
and tar. The latter settles on standing and is collected in tar
cisterns, while the former constitutes the crude ammoniacal
liquor from which ammonia is obtained.

Ammonia.—The nitrogen content of the coals used in coke
manufacture usually varies from 1.2 to 1.46 per cent. Ac-
cording to Pennock ! about one-fifth of this nitrogen is re-
covered as ammonia, about three-fifths remains in the coke
and the rest is distributed among the distillation products.

To obtain the ammonia in marketable form, it is necessary
to distil it off from the ammoniacal liquor and to reabsorb
it in sulphuric acid. The ammoniacal liquer contains from
.5 to 2 per cent of ammonia; partly in the “free” form and

! Pennock: J. Ind. Eng. Chem., 4, 174 (1912).
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‘partly “fixed,” i. e., combined in a variety of compounds.
The free or volatile ammonia is driven off by steam as am-
monia gas, and the water containing the fixed ammonia
passes into the liming chamber where it is liberated by the
action of lime on the ammonia compounds. This liberated
ammonia is converted into vapor by the action of the steam,
as before, and passed into sulphuric acid where it is converted
into ammonium sulphate. Or by leading the ammonia vapors
through condensers and saturators, an ammonia liquor con-
taining 15 to 20 per cent of ammonia may be obtained. In
the latter form it is used in the manufacture of alkali, soap and
chemicals of various forms. Ammonium sulphate is chiefly
used as a fertilizer. It is sold in the form of gray crystals
containing about 20 per cent nitrogen and the yield is about
27 pounds from each ton of coal coked.

Coal Tar.—The tar from the cisterns is usually sold to
refiners, who obtain a variety of products from it. The
amount obtained per ton of coal varies from 30 pounds to 110
pounds. The composition ! of coal tar is extremely complex
and variable, depending on the amount of heat applied in dis-
tillation, the quality of the coal, shape of the retort, and the
pressure within the retort. When low heat is applied the tar
contains large quantities of compounds belonging to the
paraffin series, while with high temperature the aromatic
series is present almost entirely.

In distilling coal tar according to the German method of
fractionating, the following products are obtained:

First light runnings. ....................... below 110° C.
S T 1 Hior 1 & & i B e 10 5 ot ok B 10,00 01 & 110°-210° C.
@arboliciolssls . AT A LT 210°-240° C.
Heavy or creosote oils. . .. ... .............. 240°-270° C.
Anthracene. . .. ..o.vveen it s 270°-400° C.
RESTdUENEN. $ecil ins BaBi & = above 400° C.

1 For a full discussion of the constituents of coal tar the student is
referred to Lunge: Coal Tar and Ammonia, Part 1, pp. 160-241.
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The first runnings and light oils contain benzene, toluene,
and the xylenes; the carbolic oils contain phenol, and cresols,
and some naphthalene; the creosote oils contain some phenol,
naphthalene, anthracene, and many other hydrocarbons; and
the anthracene oils contain anthracene, acridene, and other
compounds. The residue in the still is either soft or hard
pitch, depending on distillation. When the anthracene oil
is completely distilled off, the residue is hard pitch used as a
binder for briquettes and in the manufacture of electric light
carbons. Soft pitch contains a larger number of the high
boiling tar constituents, and is used for roofing and building
papers.

Coal tar is the source of the so-called “creosote” used in
wood preservation. This term is somewhat indiscriminately
applied, and requires definition. Creosote in its narrowest
sense refers to a mixture of antiseptic phenols and phenoloid
bodies obtained from wood tar. In commercial practice the
term, however, is applied to the “distillate heavier than
water obtained by the distillation of tar or a tar-like body.” !
The commercial creosote, therefore, consists of that portion
of crude coal tar from which the light oils and the pitch have
been removed. Essentially it consists of (1) a small percent-
age of tar acids or “light oils” which distil below 205° C.;
(2) naphthalenes which distil between 203° and 255° C.; and
(3) constituents of an. anthracene nature distilling above
255° C., which are generally referred to collectively as an-
thracenes. Its production from coal tar is indicated in the
following diagram:

1 Forest Service, Circular 206 (1912).



COMBUSTION AND DESTRUCTIVE DISTILLATION 107

| Bituminous Coal |

Al
I Gas I—l Tar I-————I Coke I
|

oils heavier
than water
Creosote

I

Tar acids Naphthalenes| Constituents of an anthracene nature
Liquid at Solid at Liquid at Solid at
room temper- room temper- room temper- room temper-
ature ature ature ature

205° C. s . 255° C. 295° C. 360° C.

oils lighter

than water PR

Benzene.—About 57 per cent of the light oil fraction
(i. e., up to 210° C.) of coal tar consists of benzene. The il-
luminating power of coke oven gas is also due to the presence
of benzene. It may be removed from gas to be used for fuel
purposes without impairing its heating power by passing
the gas through washers in which tar or paraffin oils are used
as the scrubbing liquor. This absorbs the benzene, which
may be obtained from the mixture by distillation. The crude
benzene is used for enriching illuminating gas while the re-
fined benzene is the basis of the aniline dye industry. It is
also used in the manufacture of drugs, paints, perfumes, ex-
plosives and other products.

Cyanides may be recovered chiefly in the form of potassium
ferro-cyanide the yield of which is about 1.25 pounds per ton
of coal. :

The Relative Importance of By-product Ovens may be
readily noted by the rate of increase in the number of new
ovens which are of the by-product type (Fig. 33). At the end
of the year 1910, of a total of 2567 ovens under construction
1200, or 46.75 per cent were by-product ovens. Inasmuch
as a by-product oven produces four times as much coke as a
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beehive it follows that the additional producing capacity of
1910 was more largely by-product than beehive and leads to
the belief that the coke production of the future will be
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Fic. 33. Tllustrating the Relative Increase of By-product Coke Ovens.

largely carried on in by-product ovens. In addition to the
increased yield of coke the saving of the by-products is very
material as is evident from the following statement of quan-
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tity of products obtained from the by-product ovens in 1gog
in making 6,254,644 short tons of coke comprising 16 per
cent of the total coke production.

Quantity Value

Surplus gas (M cubic feet). ..... .. 15,791,220 $2,609,211
pBat(gallons). . x .. . ... Tiaine s 60,126,006 1,408,611
Ammonia (pounds of sulphate) .. .. 123,111,197 3,227,316
Andyhrous ammonia (pounds). .. .. 4,871,014 448,455
All other products................ 380,355

Total value of by-products. . .. $8,073,048

This statement shows therefore that approximately forty
million dollars worth of products annually are lost in the
manufacture of the coke produced by beehive ovens. Par-
sons ! has summarized the losses sustained by the use of bee-
hive ovens by stating that in 1911 the bituminous coal con-
verted into coke contained $22,000,000 worth of nitrogen,
easily recoverable as ammonium sulphate, of which only
$3,800,000 was actually recovered. He also calls attention
to a loss of over $20,000,000 worth of gas and coal tar which
was wasted through the use of beehive ovens. Pennock
(oc. cit.) has further cited that, if the gas wasted in the
beehive ovens were utilized for fuel purposes, it would be
equivalent to a saving of 9,713,000 tons of coal annually.
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CHAPTER V
SOLID FUELS

As ordinarily employed the term fuel includes all substances
which can be burned by means of air in such manner as to
produce sufficient heat for practical utilization for domestic
or industrial purposes. Fuels are usually composed wholly
or in part of carbon, or hydrogen, or both. In exceptional
cases other materials are used. Examples are furnished in
the use of sulphur in the production of heat in the sulphur
refining processes in Sicily and in the manufacture of sulphuric
acid and also of silicon and phosphorus in the refining of pig
iron (q. v.). A case of special interest is the use of aluminum
in the Goldschmidt thermit process, in which a mixture of
fine aluminum and metallic oxides is caused to react and pro-
-duce high temperatures.

The present discussion will be confined to carbonaceous
fuels and for convenience the classification suggested by Jupt-
ner ! will be followed:

Kind of fuel (4) Natural (B) Artificial

I. Solid Wood, peat, coal Charcoal, coke, briquettes.
II. Liquid Petroleum oil Tar, gasoline, alcohol.
III. Gaseous Natural gas Illuminating, producer, wa-

ter, blast furnace, and
acetylene gas.
NATURAL SoLip FUELS

The natural solid fuels numerated in Juptner’s classifica-
tion have a number of characteristics in common. They all

1 Heat Energy and Fuels. English translation by Nagel, p. 141
113
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contain ash (the substance remaining after combustion),
hygroscopic water, generally called moisture, and a mixture
of combustible compounds which consist of carbon, hydrogen,
and oxygen, together with smaller quantities of sulphur and
nitrogen. They are all derived from the woody materials
of the stems and leaves of plants, and the changes may be
followed through an unbroken series from vegetation through
peat, lignite, bituminous coal, anthracite, and graphite. The
mechanism of these changes may not be wholly clear, yet it
is plain that they consist in the breaking down of the com-
plex vegetable compounds with elimination of products of
oxidation until at the end of the series we find practically
nothing of the original material save carbon and ash. The
general nature of the change is well illustrated by the content
of carbon, oxygen and hydrogen shown in the following
typical analyses:

TaBLE 9.—Composition of Fuels and Fuel Sources

Substance Carbon Hydrogen Oxygen
Celluloses ool o s e 44.44 6.18 49.38
Ligno cellulose. ........... 47.06 5.89 47 .06
Wood fiber .. ............. 52.65 5.25 42.10
Peat. ... ool 59.57 5.96 34.47
Bignites oo ..o S RAL Sk 66.04 58927 28.69
Brown'coal............... 73.18 5.58 21.14
Bituminous coal. ... ....... 75.06 5.84 19.10
Semi-bituminous coal . .. ... 89.29 5.05 6.66
Anthracitecoal. . .......... 91.58 3.90 4.46
Woobp

Wood as a fuel is not of great industrial importance al-
though its domestic use is very extensive. Its adaptability
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as a fuel is conditioned by the amount of water it holds,
which in turn varies with the kind of wood, the time of year
in which it is cut, and the mode of drying. The variation of
water in freshly cut wood is from 26 per cent in willow to
50 per cent in poplar. The seasonal variation is as much as
10 per cent. When sawed or split and exposed to the air for
about a year it becomes “seasoned” or “dried,” and its
water content is reduced to about 20 per cent. When kiln
dried a still larger percentage of water is driven off, usually
leaving about 4 to 6 per cent water. Its oxygen content being
high (see Table g), the combustible elements are already
partially oxidized. The heating value is therefore low, that
of air dried wood averaging about 5600 B. t. u., and that of
kiln dried wood about 8occo B. t. u. per pound. Each pound
of kiln dried wood requires for combustion about 6 pounds
of air. One cord of seasoned wood (about 3200 pounds) is
equivalent to nearly one ton of coal. The experiments of
Weber and Gottlieb show that the heat per pound of soft
wood is greater than that of hard wood.

The ultimate analysis of wood, absolutely dry, is given by
them as follows:

Carbon | Hydrogen| Nitrogen | Oxygen Ash BegiNals

p. ct. p. ct. Phct. VB (% p.ct. | per pound

Oak . .| 50.16 6.02 0.09 43.36 0.37 8316
Pine..| s50.31 6.20 0.04 43.08 0.37 9153
HiEy | £50.36 5.92 0.05 43.39 0.28 9063

Ultimate analyses of the dry matter of certain wood prod-
ucts examined by Sherman and Amend ! showed the following
results:

2 1 School of Mines Quarterly, 33, 31 (1911).
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p.ci. | p.ct.| p.ct. | p.ct. | p.ct. | P.ct.
Chestnut ~ wood
RS o b oty ok 50.28 | 5.58 | 43.21 | 0.10 | 0.03 | 0.80 | 8340
Chestnut  wood
chips, leached..| 50.09 | 5.65 | 43.33 | ©.10 | 0.02 | 0.81 | 8390

Hemlock tan.. ..| 53.74 | 5.66 | 39.05 | 0.24 | 0.04 | I.27 | 9190
Hemlock tan, 2
leached. ...... 54.97 | 5.73 | 37.69 | 0.26 | 0.02 | 1.33 | 9390

Oak tan, leached.| 49.51 | 5.53 | 39.24 | 0.40 | 0.05 | 5.27 | 8640

The relation between ultimate composition and heat of
combustion of the dry maifter of wood is approximately as
follows:

Heat of combustion in calories = 8080 (C —3/30) + 34,500 H

+ 2250 S.

Attempts to calculate the calorific power from the ultimate
analysis of a wood according to Dulong’s formula (see under
Coal below) yield figures much below the true thermal values
(Sherman and Amend; loc. cit.).

The ash of wood consists essentially of carbonates of po-
tassium, calcium, magnesium, and sodium, with some phos-
phates, sulphates and silica. Wood ashes are of value as a
fertilizer. They were also formerly leached with water and
the soluble portion (lye) used in the manufacture of soft
soap. The cheapening of the methods of manufacture of
both soaps and alkalies has rendered this use of ashes un-
profitable.

PeAT

Peat as a fuel has not attained any great prominence in the
United States, but recent tests have shown that it can, in
some localities, successfully compete with wood and coal.
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It is formed by the decomposition of various mosses and
sedges growing in swamps, eventually giving rise to peat
bogs. Extensive deposits occur in Great Britain, and it is
estimated that one seventh of the surface of Ireland is peat
bog. Large and accessible deposits of peat occur in Florida,
Massachusetts, Maine, Minnesota and Wisconsin, and in
general throughout the central and northern states and the
" provinces of Canada.

The changes which have taken place in the transformation
of vegetable matter into peat may be observed in the follow-
ing analyses ! made from dried samples and calculated on an
ash free basis:

Sphagnum g Heavy
Light peat

moss Ll gy brown peat

Carbon. . . ...p.ct. 49.88 50.86 59.71 62.54

Hydrogen. ... « 6.54 5.80 5.27 6.81

Oxygen.. .... “ 42.42 42.57 32.67 29.24

Nitrogen..... “ 1.16 ] 2.95 1.4

The nature of these changes is partly understood and is
generally explained as consisting in a decay of ligneous fiber -
through a process of fermentation resulting in the formation
of organic acids known as the humus acids.? These acids
dissolve and are partly washed away, but the salts formed
with lime and iron, being insoluble, probably remain behind,
beds of the latter often appearing as bog ore. Bituminous
and resinous matters are also found in some types of peat,
especially in black or thoroughly decomposed peat.

From the standpoint of its analysis as a fuel, raw peat ex-
hibits a wide variation, due to its moisture content, as may

1J. prakt. Chem., 92, 65 (1864)-
2. S. Geological Survey: Bull. 330, p. 646.
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be noted in the following analyses taken from Bulletin 16 of
the United States Bureau of Mines:

Moisture

Volatile
Matter

Fixed
Carbon

Ash

Sul phur

Calories

Florida peat| 82.12 | 11.75 | 5.72 .41 .05 1048 | 1886

& “| 54.39 | 29.78 | 13.88 1.95 22 2460 | 4444
Michigan “ | 11.93 | 53.52 | 28.38 | 6.17 .20 4905 | 8829
Maine “| 82.84 | 10.83 | 35.49 .84 .03 | 927 | 1669

When air dried, the value of peat as a fuel, of course, be-
comes greater and approaches low grade coal, in heating
power. What has been said under wood above regarding the
relation between the ultimate composition of the dry matter
and the calorific power applies also to peat.

A number of analyses taken from Bulletin 16 (loc. cit.)
illustrate the nature of air dried peat from a fuel standpoint.

Moisture |  Ash Sulphur | Calories | B. . u.

Brown peat. ... . 6.34 7.93 | ©0.69 5161 0290
Black “..... 6.62 24.11 1.01 3992 7186
Brown “..... 19.69 BR28 .19 4273 7691

The method employed in preparing peat for use as a fuel
is to convey it to a mill, disintegrate it, and mold it into
brick. In the case of the Florida peat, these bricks at first
carry about 85 per cent water, but, by drying in the sun, the
moisture may be reduced to 15 per cent.

Tests of Florida peat for use as a producer gas fuel and also
for steaming purposes were made at the coal testing plant at
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St. Louis.! The following comparative statement iliustrates
its value as a fuel:

Equivalent pounds of dry fuel used per electrical horse-
power as developed at switchboard:

Florida peat in producer gas plant. ............... % 0 018 AL
North Dakota lignite in producer gas plant. . ......... 2.29
North Dakota lignite in producer gas plant. . ......... 2.08
Florida peat under a steam boiler. . ................. 5.78
North Dakota lignite under a steam boiler........ ... 5.41

The value of peat for fuel and other uses has been fully
described in Bulletin 16 of the United States Bureau of
Mines, by C. A. Adams. According to the conclusions of
Mr. Adams, peat briquettes present many favorable quali-
ties, such as freedom from smoke, small ash content, complete
combustion, and prospective low price. It is believed also
that peat will become important in the production of pro-
ducer gas and for firing boilers in the form of peat powder.

‘'

CoaL

Coal has been formed from the partial decay of prehistoric
vegetation, its formation requiring an enormous lapse of
time. The combustible matter of coal consists chiefly of
carbon, hydrogen and oxygen with small amounts of nitrogen
and sulphur. Some of the carbon may be present in a free
state, some combined with hydrogen as hydrocarbons, some
with hydrogen and oxygen as partially carbonized residues
of the original woody tissue. Hard dry anthracites contain
much free carbon, while soft “fat’ bituminous coals have
more of the hydrocarbons, and lignites show more of the
relationship to woody tissues.

A brief outline of the proximate analysis of coal may make
clearer the significance of the terms used in the following

! Mineral Resources of United States (1905), p. 1320.
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discussion. A portion of the finely ground coal is dried at
104°-107° C. for an hour to expel moisture. The loss of
weight from the solid matter when heated for seven minutes
at the full heat of a Bunsen burner in a covered platinum
crucible is then determined; this is called volatile matter. Ash
is determined by burning the residue from one of the above
determinations (or another portion of the coal) until all
combustible matter is oxidized. Fixed carbon is found by
subtracting the sum of the percentages for moisture, volatile
matter, and ash from 100.

The classification ! of coal is based on the relative amounts
of fixed carbon and volatile matter. The limits given by
Kent are as follows (based on the combustible dry matter of
the coal):

Fixed carbon Volatile matter

per cent per cent
Anthracite. .. ..... ... ... .. 97 —92.5 CYISG7 S
Semi-anthracite. ... .......... 92.5-87.5 7.5-12.5
Semi-bituminous. . ... ........ 87.5-75 12.5-25
Eastern bitaminous. ..... .... 75 —60 25 —40
Western bituminous. ......... 65 —s50 35 -50
Lignitess o o050 00g S as e under 50 over 50

Lignites, representing the intermediate product between
peat and coal, have variable composition and appearance.

! Numerous systems of classification have been proposed but no uni-
form or commonly accepted classification is in use. For fuller discussion,
the student is referred to the following papers:

Frazer: Trans. Am. Inst. Min. Eng., 6, 430 (1878).

Parr: J. Am. Chem. Soc., 28, 1425 (1906).

Campbell: Trans. Am. Inst. Min. Eng., 36, 324 (1905); also U. S.
Geol. Survey, Professional Paper, No. 48.

White: U. S. Geol. Survey, Bull. No. 382.

Hachita: Chem. Abs., 1, 1465 (1907).
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The western lignites are black, but most of the lignites are
brownish, whence the name (brown coal) frequently used to
designate them. When brown coal or peat is destructively
distilled, the aqueous distillate gives an acid reaction, as in
wood distillation. Hence they contain ligno cellulose, whence
the name lignite. Lignites are therefore of more recent
formation than other kinds of coal. They break easily in
transportation, and when freshly mined contain as high as
50 per cent of moisture. The ash content of lignite usually
runs from 5 per cent to 35 per cent. On account of the large
amount of moisture and ash they have a low calorific value,
about 8ooco to 11,000 B. t. u.

Bituminous Coal is the chief coal of industry. It consti-
tutes about two-thirds of the entire annual output of coal
(including lignite) in the United States. Bituminous coals
are classified as coking and non-coking, or free burning. The
former are valuable for gas manufacture and are used in the
production of coke, while the latter are largely used for steam
production. The emission of yellow flame and smoke is
characteristic of bituminous coal. When the volatile matter
is very high (50 per cent or more) bituminous coals are de-
scribed as “fat,”” a small content of volatile matter causing
the coal to be called “lean.”

“ Semi-Bituminous *’ is a bituminous coal withlow volatile
matter. It has a texture approaching anthracite and burns
with a short flame. The Pocahontas coal of West Virginia
is a type of semi-bituminous coal. .

Anthracite Coal represents the highest stage of the min-
eralization of coal. It contains little moisture and volatile
matter, but runs high in carbon. It is hard, lustrous, and has
a vitreous fracture. It is hard to ignite, but burns with an
intense heat when supplied with 12 times its weight of air.
Pennsylvania produces practically the entire supply of the
United States.

The tables of analyses given below indicate the variations
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in comparison and heating value between the different classes
of coal.

TABLE 10.—Proximate Analyses of Coal !

Volatile | Fixed
Kinds of coal Moisture | suatter | carbon Ash Sulphur
Black lignite,

AAYORE S8 oid ol 509 22.63 35.68 | 37.19 4.50 0.59
Brown lignite, :

No. Dak..... 36.78 | 28.16 | 29.97 5.09 0.48
Bituminous, Pa. . 2.61 | 34.902 | 56.30 6.17 1.26
Bituminous, IlL.. . 8.50 | 29.47 | 350.75 11.28 1.72
Pocahontas, W.

Va. (semi-

bituminous). . . 4.07 16.34 | 68.47 II.I2 0.51
Anthracite, Pa.

(culm)........ 5.41 7.02 | 71.79 15.78 0.74

TaBLE 11.—Ultimate Analyses of Coal -

Kinds of coal  |Hydrogen | Carbon | Nitrogen | Oxygen | B.t. u.
Black  Lignite,

Wyo...oovnnn 6.39 54.91 © 1.02 32.50 9734
Brown Lignite,

No. Dakota.. .| 6.93 41.87 0.69 44.94 7204
Bituminous, Pa. . 5.21 77.14 1.57 8.65 13,997
Bituminous, IIL . 5.00 65.48 1.39 15.04 11,776
Pocahontas, W.

Va. (semi-

bituminous). ..| 4.27 76.51 1.00 6.50 13,509
Anthracite, Pa.

(culm)........ 3.10 72.65 Oy 6.96 12,047

! Selected from Professional Paper, No. 48, U. S. Geological Survey.
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Relation of Composition to Calorific Power.—The only
reliable and accurate method of ascertaining the calorific
power of coal is by direct determination by burning in com-
pressed oxygen in a bomb calorimeter. When this is im-
possible an approximation to the calorific power may be
calculated from the chemical analysis. Calculation of calo-
rific power from the ultimate analysis has generally been
made by means of Dulong’s formula:

Calories per gram = 8080 C + 34,500 (H —*/s0) + 2250 8S.

This formula may be applied to the ultimate analysis either
of the dry coal or of the coal containing moisture. The cal-
orific powers thus determined are however in the majority
of cases from 1 to 2 per cent too low,! while with soft coals
and lignites the discrepancy may be considerably larger.

A better approximation to the true calorific power is ob-
tained if the ultimate analysis be first corrected to the dry
substance of the coal and then the calorific power of this
dry substance estimated by the formula:

Calories per gram = 8080 (C —3/30) + 34,500 H + 2250 S.

This formula gives results which average only slightly
higher than the values obtained by means of the bomb calo-
rimeter, the difference in the majority of cases being less than
one per cent.

If only a proximate analysis is available the attempt to
calculate .the calorific power is subject to much larger errors,
especially in the case of very soft coals—coals with a high
proportion of volatile matter. Certain general relationships
between the proximate composition have been determined
and the average calorific power of the dry ash-free substance
of coals of different proportions of volatile matter has been
given by Sherman and Regester as follows: '

1Sherman: Methods of Organic Analysis, Revised Edition, Chap-
ter XII.
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TaBLE 12.—Approximate Average Calorific Power of the Dry Ash-free
Substance of Coals with Different Proportions of Volatile Matter

Volatile Volatile Volatile B
matter B. i u. matter JE matter A
e per pound T dry per pound 3% dry per pound
ash-free of dry ash-free of dry ash-free of dry
substance | aShfree substance goifren substance pokares
Per cent | Substance || pey oy 3 Lae Per cent subsce
° 14,544 1 7 15,900 33 15,500
2 14,900 18 15,850 34 15,500
3 14,900 19 15,800 35 15,500
4 14,900 20 15,800 36 15,500
15§ 14,900 21 15,700 S 15,300
6 14,900 22 15,700 38 15,100
7 14,900 23 15,700 39 15,100
8 14,000 24 15,700 40 15,100
9 14,900 25 15,700 41 14,600
10 14,900 26 15,700 42 14,600
11 15,050 27 15,700 43 14,600
12 15,200 28 15,700 44 14,600
13 15,350 29 15,700 45 14,500
14 15,500 30 15,600 46 14,400
135 15,650 3I 15,500 47 14,300
16 15,800 32 15,500 48 14,200

It is however to be emphasized that individual coals may
show considerable variation from these average values par-
ticularly in cases where the proportion of volatile matter is
high. For this reason it was not considered justifiable to
tabulate the average relation for coals having over 48 per cent
of volatile matter in the moisture- and ash-free substance.
Among the 460 coal analyses coming within the range of the
above table which were examined by Sherman and Regester

!Corresponding to 8080 calories per gram, the usually accepted value
for carbon.
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about one-half differed from the calorific powers indicated by
the above table by less than 1 per cent and one-half by
1 per cent or more; about one-fourth differed by 2 per cent or
more; about one-eighth by 5 per cent or more; one in seven-
teen by 4 per cent or more; one in twenty-seven by 5 per cent
or more.

Thus in the majority of cases even a proximate analysis
when interpreted as above may give an indication of the
calorific power of considerable practical value to the engineer;
but in cases in which an accurate knowledge of the calorific
power is required only the results of careful determination
with the bomb calorimeter should be accepted.

Fusibility of Coal Ash.—Thisis dependent upon the nature
and conditions of the ash constituents of the coal and is im-
portant because of its bearing upon the matter of clinkering.
Coal ash is usually high in silica or iron or both. At tem-
peratures from 1000° to 1500° C. fused silicates of iron may
cause serious clinkering. In coals containing pyrite the
effect of heating may drive off about one-half the sulphur
leaving a fusible residue which if the pyrite was in pieces of
considerable size may start the formation of clinker. Since
the other ash constituents also influence clinkering it is
difficult to predict the behavior of the coal from its analysis
and dependence is usually placed upon direct experimenta-
tion.

Adaptability of Coal to Given Conditions depends to some
extent upon still other qualities of the coal and upon the
method of firing, the matter of the grate, etc. The engineer
and purchaser of coal must take into account the general
nature of the coal and its adaptability to the particular condi-
tions of its use, as well as its composition and calorific power.

Purchase of Coal under Specifications.—Coal has con-
tinued longer than other mine products to be sold on the basis
of weight and reputation, but this condition is now rapidly
passing and it is becoming increasingly common for coal to
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be sold upon definite specifications and paid for according to
its composition and heating value.” The general character
of the coal and its size are specified according to the condi-
tions of its use. Beyond this the value will depend mainly
upon the heating value and the ash content. Other things
being equal the value of the coal to the consumer is directly
proportional to its heating value. High ash content not
only lowers the heating value but requires more attention in
firing and more expense for handling of ashes. Typical
specifications for the purchase of coal are given in detail in
Bulletin 63 of the U. S. Bureau of Mines (1913).

Production of Coal in the United States has increased
about ten-fold in the past forty years (Fig. 34). The esti-
mates of quantity and value of coal produced by states during
1911 are shown on pages 128 and 129.
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TABLE 13.—Rank of Coal-Producing States with Quantity and Value
of Product and Percentage of Each in 1911—U. S. Geological Survey,
Mineral Resources

PropucTION
3 Percentage
Rank State or Territory Susntisy of total
(skort tons) =
production
I Pennsylvania:
Anthracitiel:" S EIFeR s 90,464,067 18.2
Bituminous. ....... ... L 144,754,163 29.2
2 West Virginia-. ... ... ....... 59,831,580 1M
3 OB v o 0m s o W me b 050 o 53,679,118 10.8
4 Q)W . 0 o0 £16 05 0 o mm o 0 Aabe 30,750,086 6.2
5 Alabanmabe EE s S 15,021,421 3.0
6 Indiana S 14,201,355 2.9
7 Kientucky s S8 R 13,706,839 2.8
8 Colorado. ......... eI T v 10,157,383 2.0
9 Towa....cooiiiiiiiinean.. 7,331,648 1005
10 VATginiar - - e e 6,864,667 1.4
11 Wyoming. . ... .............. 6,744,864 1.4
12 Tennessee. . ................. 6,433,156 %3
13 Kaansas. e SRR e 6,254,228 1.3
14 Maryland. .. ................ 4,685,795 .9
15 Missouri. . oo voevvnnnnnnann. 3,760,607 50
16 Washington................. 3,572,815 .7
17 New Mexico................. 3,148,158 50
18 Oklahoma. ... 4. .50 o8 i, 3,074,242 48
19 Montana.................... 2,076,358 .6
20 LOfiE) 08 6 50 09610 310,010 010 0.8 © 0 0 QDB 2,513,175 o
21 Arkansas.................... 2,106,789 .4
22 MUSES o o 0 5o ik o oo 6.5 0.6 0 Jd A 1,074,593 .4
23 Michigan. .............. o 1,476,074 SR
24 North Dakota. ... ........... 502,628 Rt
25 Georgia and North Carolina. . . 165,330
26 Oregon S S N Pl ek 46,661 -
27 California and Alaska........ 11,647 :
28 Idaho and Nevada..... ...... 1821
Toalf Y pe Py 5 s 406,221,168 100.0
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VALUE
| Percentage
Rank State or Territory Value " of total
value
1 Pennsylvania:
Arrthracite. . oen =ity $175,189,392 28.0
Bituminous. ............ 146,347,358 23.4
2 N OIS R i - & SRR e 50,519,478 9.5
3 West Virginia. . ............. 53,670,515 8.6
4 OhioN. A ma A e 31,810,123 5T
5 AlaBamia SRR S 10,079,049 3.0
6 Indianafiee=Sanrtt = b Bee ¥ 15,326,808 2.4
7 Coloradoimpass SN SRS SNSE 14,747,764 2.4
8 IKentuckaz#is 5.8 00 mf i 13,617,217 282
9 Towa’ SN T8 e N 12,663,507 2.0
10 WTOINIDE, 5 1o Hh et e o ot & olo h0s 10,508,863 1.7
11 JEIERE Ao H6 0 S OIbI06 £ 6 ab o 9,045,572 1.5
12 BWaShingtont .o s Wl eties i 8,174,170 1.3
13 penNEsse e rpt i a S EEL S e 7,200,734 1.2
14 IN[ISSOUEINS e Mo = N SN 6,431,066 1.0
15 Oklahoma. .................. 6,201,404 1.0
16 Virginia............ e i 6,254,804 1.0
17 Vontana. - g s 1o s e 5,342,168 .9
18 Maryland. .. ................ 5,197,066 .8
19 WA EXICO gt - e s e ep e 4,525,925 7
20 Wtahle s ol e L o S R L 4,248,666 57
2t ARk nSaSE, (MNIETE =R 3,396,849 .5
22 T R J 3,273,288 33
23 Machigan®. 55 0 e R, 2,791,461 -4
24 North Dakota. . ............. 720,489 o
25 Georgia and North Carolina . . 246,448
26 (DT 6 56860 6 506 6885 050 108,033 !
27 California and Alaska........ 23,297 .
28 Idaho and Nevada........... 4872
oty e s S . L $626,366,876 100.0
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ArTIFICIAL SOLID FUELS

In addition to charcoal, coke, briquetted fuel, several
minor solid fuels such as sawdust, bagasse, and spent tan will
be discussed under this head.

Charcoal is the residual product of the destructive distilla-
tion of wood (See Chap. IV) and its composition is dependent
upon the temperature of carbonization as may be seen from
the percentage of carbon at various temperatures given in the
following table: !

Temperature of Carbon
Carbonization Per cent
R
150 47.31
250 65.59
350 . 76.64
432 81.64
1023 81.97

Its composition, however, varies with the different woods.
The ultimate analysis of a dried sample of a commercial
charcoal gave the following results:

Per cent
Carbon. . .- .. o R T Ty 83.0
12 B76 1T Aot & o680 08,36 9 5 6 0,00 5 3 ABHBGR A 0608 ad B 27
Oxygen..... . & NN al e FEREPRIE NN BN s 13.2
/-0 TR R T SR | L5 tiine cuat o JURIPIEL S . S I.1

The proximate analysis of a commercial sample (without
being dried) gave the following results:

Per cent
Fized carbons 85y IR C o v i Sl SRS 90.7
Volatile matter: v . St om L iull L e 4.2
IUCHANTY o' gl o A6 6.0 0 05 55 3 56 Ja0 8 g s 3.2
Yo Gy (RS B8 o, i b i Sl HEEEIEE T, & 5o £ 1.7
Bl il peripotind s . S T e 13,650

1 Harper: Utilization of Wood Waste by Distillation, p. 133.
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Charcoal has a low specific gravity, about o.20. It is por-
ous, quite brittle, and retains the form and shows the struc-
ture of the wood from which it was made. It contains about
one-half of the original carbon of the wood and has about
8o per cent of the original volume. It ignites readily and
burns without flame.

As a fuel charcoal has long been used in metallurgical opera-
tions. On account of its freedom from sulphur and phos-
phorus it has found especial application in the production of
the high grade iron known as Swedish iron (q. v.). It has
also proved a very desirable fuel in restaurants for broiling
meats and to a limited extent has been used, sometimes in the
briquetted form, as a domestic fuel. Aside from its use as a
fuel it has many minor uses such as a constituent of gun-
powder, in foundry facing mixtures and for decolorizing and
clarifying oils and solutions.

Coke is the residual product of the destructive distillation
of coal, the yield in the beehive ovens being about 63 per cent,
and in by-product ovens about 8o per cent of the weight of
the coal. Its relation to coal may be noted by a comparison
of ‘the average analyses for the month of July (1907) in a
Semet Solvay plant of the coal and resulting coke:

Coal Coke

Per cent Per cent
IEQISEUTE. . . . . .ouaesivfreninnnsononnnnn 1.34 285
Welatilematter. ...... 0 . ............... 24.35 1.3
IEeEdicatbon, ... L e e 67.95 86.30
EIE g ot N T AT T B DRSS U 7.75 12.40
G AT s e S R e e 0.92 I3,
Phosphorus. ........ SR oL IS, e 8 g 0.009 0.011

The high percentage of moisture in these analyses is due to
the necessity of quenching the coke with water when it is
discharged from the retort.

-
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®

Coke is gray black in color, porous, brittle, and has a slight
metallic luster and ring. It is used in metallurgical opera-
tions, for which purpose it must be hard and capable of bear-
ing a heavy burden in the furnace. Its calorific power is
about 14,000 B. t. u. per pound. Coke is also a product of
the illuminating gas industry and is used to some extent asa
domestic fuel in some localities. The production of coke has
been discussed in the preceding chapter.

Briquetted Fuels.—The accessibility of coal and other
fuels has made it heretofore unnecessary to make use of the
various artificially prepared fuels of this type in this country.
In Germany, however, briquettes made of cheap bituminous
coal such as screenings or mine run, with coal tar as a binder
sell at from $2.92 to $5.16 per ton ! and compete with other
fuels. In Belgium briquetted fuel has been largely used for
firing locomotives.

The kind of binder used has much to do with successful
briquetting. A very complete description of the various
binders that may be used is given in Bulletin 24 of the United
States Bureau of Mines. From a practical standpoint heavy
bituminous substances such as asphalt and coal tar pitch are
most commonly employed. Inorganic binders such as Port-
land cement, magnesium hydroxide, etc., have been proposed
but frequently are impracticable on account of the high ash -
content of the briquettes.

The usual method of briquetting consists in the powdering
of the fuel, mixing the powder with the binder, heating to the
melting point of pitch (about 180° C.), and then molding the
mixture into blocks under pressure. The machine used at
the fuel testing plant of the United States Geological Survey
at St. Louis produces briquettes of cylindrical form with
rounded ends, averaging one-half pound in weight. Itmolds
briquettes under a pressure of 1200 pounds per square inch
and produces about five tons per hour.

1 Eng. News, 56, 256 (1906).
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Peat, petroleum residues obtained from oil refining or in
gas manufacture, and other combustibles are briquetted in
the same manner as coal, but the use of briquetted fuel is not
yet extensive in this country.

Minor Sorip FuErLs

Sawdust is a waste product of the sawmill. Every 1ooo
feet of finished lumber yields 35 to 50 cubic feet of sawdust
and one-fourth cord of slabs. The disposal of these by-
products requires usually the labor of 7 per cent of the em-
ployees. Tests made by the Portland Cordage Works ! show
the efficiency of sawdust as a fuel. The results of these tests
are given in the cost of the various fuels per horse power hour
and are as follows:

ROils ez ¥ Pl 5 o8 Sty W ol $o.72
PRSAWAUSE. < o o1 B S e e AT 0.43
3. Sawdust and slabs. . ... ... ..o ool 0.50
HSIabwood Al S5, 5. R B S s e e 0.62

Sawdust as generally used contains a high amount of mois-
" ture and yields, therefore, a low calorific power. Its economy
as a fuel lies largely in the ease with which it may be handled,
being generally conveyed by air blowers and fed into the fire
boxes through flues. The statements regarding composition
and calorific power of wood (above) apply usually to sawdust.
The economical use of sawdust as a fuel may require special
arrangement of the grates and firing.

Bagasse, or megass, is a product of the sugar plantation
consisting of the sugar cane after the juice has been extracted.
Many sugar houses depend entirely upon their bagasse for
fuel. In the United States this is about 1o per cent of the
cane. Its calorific value varies from 8cco to 3000 B. t. u.

1 J. Elec. Pwr. Gas, 15, 445 (1905).
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per pound, being similar to that of wood and depending
largely upon the moisture content.

Spent Tan is a waste product of the tannery consisting of
the fibrous portion of bark. It is a wet fuel containing
usually from 5o to 65 per cent of water. Its calorific power
depends chiefly upon the extent to which it is dried before
using, the solids of the spent tan being similar in fuel value
to the solids of the corresponding species of wood. The use
of spent tan and similar “waste fuels” is ably discussed by
D. M. Myers in the Engineering Magazine for April, May and

June, 1913.
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CHAPTER VI
LIQUID AND GASEOUS FUELS

I~ addition to the fuels considered in the preceding chapter
various natural and artificial liquids and gases are used in-
dustrially to a large extent for fuel purposes. Among the
liquids thus utilized are petroleum oil, shale oil, tar, and
alcohol, while the gaseous mixtures thus employed may be
either natural gas or the gases obtained from the various
processes hereafter described.

Liquip FutLs

The economic advantages of liquid fuels over solid fuels
consist in the greater “heat density” (i. e., quantity of heat
contained in unit volume), in the higher boiler efficiency
brought about by more perfect combustion, in the attain-
ment of higher temperatures since less excess air is required,
in the ease of manipulation and control in firing (stoking),
in the absence of ash, and in the elimination of the dust and
smoke which usually accompany coal firing.

Petroleum Oil.—The general composition and character of
the various petroleum oils will be discussed in a later chapter
(q. v.). Petroleum in a crude form may be used for fuel pur-
poses; or the light oils (gasolines) may be removed by dis-
tillation and the residue used for fuel; or residues from oils
used in the production of refined products, may be used. If
it is a crude oil, the specifications under which it is bought
usually provide limitations as to the amount of water and
earthy matter it may carry. A determination of water and
dirt may be readily made by placing 30 cc. of the oil in a

137
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100 cc. glass stoppered graduated cylinder; 23 cc. of benzene
(CeHs), are next added and thoroughly shaken; after which
the cylinder is filled up to the oo cc. mark with ordinary
gasoline, well shaken, and allowed to stand twenty-four
hours. The water and dirt will settle to the bottom, each 1 cc.
of this bottom layer representing 2 per cent of foreign matter
in the oil.

For example, the United States Government specifications
prescribe among others the following: Fuel oil shall not flash
below 60° C. (140° F.); specific gravity shall be from 0.85 to
0.96 at 15° C. (50° F.); it must be sufficiently mobile to flow :
through 4’ pipe 10 feet in length under head of 1 foot of oil;
it should not congeal at o° C.; its calorific power must not be
less than 18,000 B. t. u.; and it will be rejected if it contains
more than 2 per cent moisture and 1 per cent sulphur.

The composition of some typical petroleums used for fuel
was as follows:

Oxygen B.t u.

Locality Carbon | Hydrogen and Sulphur per
nitrogen pound
Russia. ........ 84.94 13.96 52 e L= 18,611
Texas.r: o .. - - 85.66 11.03 Goard il Sadas 19,242
California....... 86.32 10.72 2.09 0.870 18,900

The physical characteristics of a few California ! crude oils
are given in the table below:

Beaumé Flashk | Burning gl )
Field Color | density | point | point | V'S0t
at 600 F. °R. °F at 60° F.
Sunsetsts . w1 i Black 14.4° 260 716
Los Angeles. . ... & 13.0 260 343 1004
Kern River. .... o 15.6 253 282 | 341.7

! Bulletin 32, California State Mining Bureau (19o4)
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From these data it will be noted that petroleum fuel rep-
resents essentially a mixture of compounds of carbon and
hydrogen (the oxygen being regarded as due chiefly to water
and other impurities) together with varying small quantities
of sulphur compounds. It thus possesses the requisites of
a very efficient fuel. Itslow specific gravity and high viscos-
ity, however, require the use of some suitable mechanism
for atomizing or breaking up the oil into fine particles. The
necessity of this may be seen from a consideration of what
takes place in ordinary distillation which leaves behind a coke
- residue. In a similar way when a particle of oil leaves the
nose of the burner it immediately begins to evaporate in the
high heat of the furnace and, if the drop is very small, the
liquid part will be completely changed to gas and a tiny speck
of carbon or coke will be left. If this is still in the zone of
combustion, it too will be burned. If, however, the drop of

7

7
\\\\'
u |

\\\\\\\\\

F1c. 36. Section through

Fi1c. 35. Commercial Type of Fuel Oil mixing Device of a Fuel
Burner. Oil Burner.

. oil is too large to evaporate completely in the time it takes
to travel across the furnace, the residue will be projected
against whatever solid body happens to be in its way and
will either stick there or be projected from the furnace stack
as smoke. To overcome this loss of heat and formation of
smoke, oil burners are provided with a stream of air or steam
so arranged that the oil will be broken up into the finest pos-
sible spray (Figs. 35 and 36). Various types of burners are
in practical use, but Figure 36 illustrates the general prin-
ciple on which oil burners are operated. The oil is admitted
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.

at 4, flows through D into the mixing and atomizing cham-
ber, C; steam enters at B, passes through /¥ and E into the
mixing chamber C where it cuts across the oil at an angle.
The oil and steam are there mixed and the pressure of the
steam throws the oil far out into the space where it enters
into combustion with the air.

The use of steam is often thought to give better results
since its presence seems to decompose the oil into simpler
gases, according to the reaction between the oil and steam,
the oil being regarded roughly as having the approximate
composition given:

CreHy + 12H;0 — 12CO 4+ 23H2.

From the thermo chemical data given later it will be seen,
however, that the decomposition of water absorbs heat and
the heat balance will therefore not be changed whether the oil
be burned alone with air, or whether it be decomposed by
steam and the products then burned. In the cement kilns
(Chapter XII) where long fire flues are present, air is used to
atomize the oil and has given excellent results.

Oil is used as a fuel in the firing of locomotive and steam-
ship boilers, in numerous manufacturing industries, and is
beginning to find application in domestic heating. :

Since American petroleums are essentially mixtures of hy-
drocarbons and chiefly of the methane series, it is to be ex-
pected that the higher the specific gravity of the sample the
greater will be the mean molecular weight and percentage of
carbon and the less will be the percentage of hydrogen and
the heat of combustion per gram. In general a specific grav-
ity of

0.7 —o.75 indicates about 11,500-11,300 calories per gram

0.75-0.8 G “  11,300-11,100 S S
0.8 —0.85 o0 “  11,100-10,900 e
0.85-0.9 o “  10,g00-10,700 T

113 (13

0.9 —0.933 10,700-10,500
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More commonly in English-speaking countries the density
of petroleum oils is stated in terms of the Beaumé scale and
the calorific power in British thermal units. The relations
of the values are as follows:

Calories per gram X 1.8 = B. T. U. per pound
. 140
150 + B°

From the densities and calorific powers of 86 samples of
American petroleum oils ranging from very heavy crude oils
to light gasoline the following table ! has been constructed:

Specific gravity =

TABLE 14.—Approximate Calorific Powers, in British Thermal Units, of
Petroleum Oils of 20° to 67° Baumé

hon ity Calorific Desily Calorific Ditsity Calorific
power power power
degrees degrees degrees
B B.t. u. Baumé B.t u. Boumé B. 1t u.
o per pound per pound per pound
20 18,930 36 10,735 52 20,220
21 18,990 37 19,770 53 20,245
22 19,050 38 19,805 54 20,270
23 19,110 39 19,840 59 20,290
24 19,170 40 19,875 56 20,310
25 19,225 41 19,910 57 20,330
26 19,280 42 10,040 58 20,350
27 19,335 43 19,970 59 20,370
28 19,390 44 20,000 6o 20,390
29 19,445 45 20,030 61 20,410
30 10,495 46 20,060 62 20,430
31 19,545 47 20,000 63 20,450
32 19,590 48 20,120 64 20,470
33 19,630 49 20,145 65 20,490
34 19,605 50 20,170 66 20,510
35 19,700 51 20,195 67 20,530

In over nine-tenths of the cases examined, the values de-
termined by the bomb calorimeter and those estimated from

! Sherman’s Methods of Organic Analysis, Revised Edition, p. 248.
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the above table agreed within one per cent. The oil must of
course be reasonably free from water and dirt before deter-
mining the density.

It will be noted that the variations in heating value
among petroleum oils is very much less than that among
coals.

Other liquids used for fuel purposes are skale oil made
in Scotland from the destructive distillation of bituminous
shales; coal tar or water gas tar obtained as by-products in gas
manufacture; wood tar from the destructive distillation of
wood; and alcohol produced by the fermentation of plant sub-
stances containing starch or sugar.

Shale oil has a dark green color and a specific gravity of
0.860 to 0.8go. A typical specimen yielded on distillation the
following products, the “burning oil” being used for illum-
inating purposes and the “heavy oil” constituting the fuel
oil:

INENI{HEE, 0 6.0 0000060000 0000000008006 0604000500 6 per cent
Burningoil. .. ... ... oo oo 32 ¢

12 ERAAG 6600 coaaaaarna606000000060060060663 24 ol
J2E1 31105 60 0 B8 6600000808040 00 5000800684866 ¢ 12 4
JUOEER ¢ 10 05 0000 0800 08 68 0006 6 6IBE 0 A6 0 06 66 64 A0 26 i

The tar obtained in the manufacture of gas is sometimes
used as a liquid fuel but is quite unsatisfactory. On account
of the solid matter which it contains it produces a smoky
flame, and it is handled with difficulty.

Wood tar constitutes a fuel in the acetic acid industry
being burned chiefly under the retorts used in the distilla-
tion of the hard woods such as oak and ash. It is burned
in the same manner as oil and gives very satisfactory re-
sults.

Alcohol is used chiefly as a vaporized fuel (as described
below) but is employed to some extent in stoves used in
cooking and for heating purposes. It burns without smoke
and has a fairly high heat value.
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Gaseous FUrLs

The advantages of gaseous fuels over solid fuels are similar
to those considered in connection with liquid fuels, consisting
in the absence of residues (ash) and in the ease of regulation
of temperature, length of flame, and air supply.  Gaseous
fuels permit of a higher temperature of combustion than in
the case of liquid fuels, since it is possible to preheat the air
and often the gas before these two components reach the
place of combustion, and the absorption of heat for this pur-
pose is therefore lessened.

The industrial gases originate from a variety of sources and
processes and may conveniently be described as (1) natural
gas, (2) gas from the destructive distillation of coal, (3) re-
duction or water gas, (4) incomplete combustion or producer
gas, (5) gas from decomposition of carbides, as acetylene, and
(6) gases from vaporization of liquids as oil gas, Blau gas, etc.

TABLE 15.—Approximate Average Composition of Commercial Gases
(Compiled from Various Sources)

bl o~
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Bivdrogen. . . S p.ct] 1.9] 46.0| 53.0/ 25.0f 3.0, 46.0
Miethane. .0, L. ., it 03.0f 35.0f 30.0 3.0[--c... 230
thylenes. . «. ... .. £ 5] 1 (i) EE I |36 Gt ) o100 5 0 oo 5510
Carbon monoxide. .. . “ 0.6 8.0/ 7.0 13.0 28.0 45.3
Carbon dioxide. . .. .. 4 0.2l 3.0 2.0 13.00 10.0f 4.0
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Mixture, air to gas....... 8-1 6-1 5-1 -1 -1 ...,
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The composition and heat values of the principal com-
mercial gases and of their component parts is given in Tables

15 and 16.

TaBLE 16.—Heat Value of Component Parts

B. & u. B. ¢t u. Mixture,
per per air to
cubic feet pound gas
Hydrogen................. 348. 62,100 2.4-1
Methane. . ............... - 1005. 23,850 9.6-1
Ethylene . ............... 1673. 21,440 14.4-1
Carbon monoxide. . ........ 349. 4,470 2.4~1

The mixture of air and gas indicated in these tables refers
to the theoretical volume of air which must be supplied in order
completely to oxidize the corresponding combustible or mix-
ture of combustibles.

- Natural Gas.—The industrial importance of natural
gas is only less than that of petroleum and coal when con-
sidered from the standpoint of a fuel. In 1gog, about half a
trillion cubic feet of natural gas, representing a value of
$63,207,000 were consumed. Of this amount more than
sixty per cent was produced in the gas fields lying within the
Appalachian and Lima-Indiana oil regions (q. v.). The dis-
cussion which follows will therefore be based upon the char-
acter and properties of the crude natural gas obtained from
these regions. The composition of natural gas is indicated
from the following analyses: 2

! Propylene yields 2500 B. t. u. per cubic foot or 21,400 B. t. u. per
pound. The “illuminants ” in gas are sometimes counted as a mixture
of ethylene and propylene and the B. t. u. per cubic foot as 2000 which
is about the mean of the two gases (Stillman).

2 From U. S. Geol. Survey Bulletin 491, p. 683.
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Pittsburg, Indiana
Penna., & Ohio Segse
gas
gas gas
Ieihanes .. L. st b ek 93.36 97.63
PRPAraflns L. ... ol e ol G3gogittle g NI [ B e
S ol et b ] (e [ .28 .22
Carbon monoxide. . ........ Ll .53 1.32
Carbon dioxide. .. ......... 40 25 22
iBiydregen. .. .. ool o s None 50710 || oooBc
Nitrogen. . c.oovev cvvennn.. .70 . 3.28 .60
Hydrogen sulphide. ........ None a8 | ...,
Oxygen. .................. None .29 Trace

It will be seen from the above table that the natural gas
of the Pennsylvania fields is not a complex mixture, as com-
monly regarded, but is composed of paraffin hydrocarbons
with carbon dioxide and nitrogen as impurities. The gases
which emanate from wells under sufficient pressure to be
piped to distant points for consumption consist principally
of methane (CH,), and ethane (C;Hg). The gases that issue
from old wells in which the pressure has diminished often con-
tain propane (C3;H;), and butane (C,Hj), while in wells
where the gas is withdrawn under diminished pressure (i. e.,
12 to 13 pounds below that of the atmosphere), a liquid prod-
uct is obtained which resembles gasoline in its general nature.

Natural gas may be divided into two great classes: (1) the
so-called “dry gas,” or the natural gas of commerce, and
(2) “wet gas,” or gas saturated with easily liquefiable vapors.
The latter has been made the basis of a very interesting ap-
plication known as the “natural gasoline” industry and has
given rise to a number of commercial gases, which may be
conveniently described before proceeding to the discussion of
the fuel properties of natural gas proper.

As already indicated some gases contain methane only and

! Chiefly methane (CH,) with more or less ethane (CoHg).
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such gases are not adapted to the production of liquefied prod-
ucts. Since ethane requires 664 pounds to the square inch
at 35° C. to liquefy it, a mixture of methane and ethane would
likewise prove unsatisfactory for liquefaction from a com-
mercial standpoint. If, however, a “wet gas’ containing
higher hydrocarbons be liquefied, it is probable that much of
the ethane will go into solution in the liquefied hydrocarbons.

The fractions which may be obtained from the liquefied
“wet gas,” either during or after liquefaction, are as follows:

(1) A gaseous product, the common natural gas of com-
merce; (2) a semi liquid product known as the “wild” product
which should be regarded as a liquefied gas and confined in
high pressure steel containers only; (3) light liquid product,
or light gasoline used for blending with heavy naphthas;
and (4) a heavy liquid product, or ordinary high grade gaso-
line. :

Various attempts have been made in the past to liquefy or
compress gases so that they may be readily transported and
used in small towns, hotels, and country residences for the
same purposes as the ordinary city gas is used. These efforts
have in general been directed toward breaking up or “crack-
ing”’ the heavy hydrocarbons of shale oil and petroleum by
projecting them against heated surfaces, thereby causing
them to become “permanent” gases. By subjecting mixtures
of such gases to high pressures and low temperatures they
may be liquefied and retained in heavy steel cylinders under
pressure of 10 to 12 atmospheres. The gas is delivered by
means of a reducing valve at low pressure for domestic use.
Pintsch ! gas is prepared in this manner and has found ex-
tensive use.in the lighting of railway trains. Among similar
processes recently developed may be mentioned those of
Blau % and the Swiss Liquid Gas Company.?

1 Butterfield: Gas Manufacture, Vol. 1, p. 230.

2 Zeit. f. angew. Chem. (1903), p. 671, and Chem. Abs., 2, 3402 (1908).
3 Chem. Eng., 10, 122 and Ckem. Abs., 4, 102 (1910).
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The properties of the more important gases of this type are
given in the table ! below:

— . 1
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Natural gas.| .64] 1189 | .....[..... 99 oo: ..... 0.40 0.50
Liquefied 1800
natural to
gas...|r.25| 3300 | 45-50|..... OOEO|ISIAA
Pintsch gas .|....| 1500 ‘ 45-50 35.6545.37:12.440.600.74 2.00/3.00
Blau gas. ..| .04 17001 TN . LA oo Ly G A=t R FRP PP
i

Natural gas is used for manufacturing and industrial pur-
poses as well as in domestic consumption. Large quantities
are used in the manufacture of carbon black which is used as
a paint pigment. The principal use of natural gas, however,
is as a fuel for heating and in the generation of power by
means of both the steam engine and gas engine. It is trans-
ported to distant points in pipe lines and sells from 14 cents
per thousand cubic feet at the well to 27 cents delivered to
the consumer.

Destructive Distillation Gases.—The general process of
destructive distillation has been described in Chapter IV.
The nature of the products obtained by heating coal in closed
retorts is dependent upon the kind of coal, the temperature

1 Technical Paper No. 10, U. S. Bureau of Mines (1912).
2 When used in an inverted mantle.
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of distillation, and the rate of heating.! Formerly coal gas
was used much more for lighting than for heating and was
said to be composed of three types of gases: (1) “illuminants,”
(2) so-called “diluents,” and (3) impurities. The “illumin-
ants” are chiefly unsaturated hydrocarbons like ethylene
(CHy), acetylene (CoH;), and benzene (C¢Hs), which impart
to gas its luminous properties. The “diluents,” methane,
hydrogen, and carbon monoxide, are the principal sources
of the heat of combustion. The impurities which are usually
nitrogen, carbon dioxide, and hydrogen sulphide (sometimes
carbon disulphide), are deleterious in effect. The proportions
in which these classes are present vary with the purpose for
which the gas is wanted, but may be estimated at about
6.5 per cent illuminants, go per cent “diluents,” and 3.5
per cent impurities.

The Manufacture of Coal Gas.—Coal gas is made by two
methods: (1) distillation of soft coal in fire clay retorts heated
from underneath, and (2) distillation of coalin the by-product
coke process previously described.

The retorts used in gas works consist of an arched chamber
of fire clay, usually 26 inches wide, 16 inches high, and 8 to
10 feet lonig. The walls are 214 inches thick. A set of nine
retorts constitutes a bench, protected by a fire-brick con-
struction. Underneath the bench is an oven heated by
coke. The hot gases from it rising upward are mixed with
heated air, and play upon the exterior surface of the re-
torts.

Each retort is fitted with a tightly closing cast iron mouth-
piece and lid through which it is charged with about 400
pounds of coal at a time. During the process of distillation
the gases from the coal are led away by pipes to the hydraulic
main. The hydraulic main is a large pipe connecting with the
pipes from each retort by means of a water or tar seal. The

! For tables and discussion see Bulletin 1, The Volatile Matter of Coal,
U. S. Bureau of Mines,
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gas next passes through a series of pipes serving as condensers
and is cooled. In these condensers much of the tar is
also removed. The gas then passes through the scrubbers,
which are tall towers packed with wooden perforated plates
over which water percolates from a supply on top of
the tower whilst the gas passes upward. Instead of scrub-
bers, “washers” are often used, in which the gas is freed
from its ammonia and tar by being bubbled through
water.

For the purpose of removing the carbon dioxide and hydro-
gen sulphide, the gas next passes into the purifiers, where it
is brought in contact with moist slaked lime or more com-
monly hydrated oxide of iron.

The purified coal gas is next stored in holders and distrib-
uted for use. In the United States it is not customary to
sell coal gas by itself but it is usually mixed with other gases,
the mixture going under the name of illuminating gas. The
latter, however, serves also as a domestic fuel in various types
of gas stoves and hot water heaters. Even as an illuminant
its value at the present time is largely coincident with its
fuel value, since the introduction of Welsbach mantles re-
quires a heat of combustion sufficiently great to maintain the
oxides composing the mantle at incandescence. In other
words, the light emitted from the incandescent mantle is
utilized instead of that obtained from carbon particles. The
effectiveness of the mixture of thorium and cerium oxides
of which the mantle is essentially composed is seen from the
fact that when a given amount of gas is burned in a burner
equipped with a Welsbach mantle it emits from eight to ten
times the light that is given off from a flat lame burner or
ordinary gas tip.

Reduction Gases.—The commercial gases formed by a re-
duction process are known as “water gas’’ since they are
obtained from water through the reducing action of carbon.
The nature of the products formed is again dependent upon
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the temperature of the reaction. At very high temperatures
the following reaction takes place:

H,O +C - CO + H,

while at lower temperatures water is decomposed according

to the reaction:
2H,O0 + C — CO, + 2H,

Inasmuch as temperature conditions vary continuously in
the water gas generator, the products above formed may
theoretically undergo a readjustment according to the equa-
tions:
H,O + CO ‘:;Hz 4+ CO,
CO., + C 5 2CO

According to the conclusions of Clement and Adams,! the
direction in which these reactions occur practically is from
left to right. The same authors (.. c., p. 44) have shown
that at comparatively low temperatures (245-330° C.) mix-
tures of carbon monoxide and water vapor, and of water
vapor and carbon, in the presence of finely divided nickel,
will yield methane, which is a frequent but minor constituent
of water gas and is no doubt formed at certain tempera-
tures in the absence of a catalyzer.

The process of water gas manufacture takes place in a
generator, carbureter and superheater. The generator con-
sists of a large vertical furnace containing coke heated to
incandescence by a current of air, the gases thus produced
being burned in the superheater below described. The air
is then shut off and steam is blown through the hot coke until
the fall in temperature no longer permits of the decomposition
of the steam by the carbon. The process is therefore inter-
mittent, air and steam being blown through the coke alter-
nately and the gases from the decomposition of water col-

1 Bulletin 7, U. S. Bureau of Mines, p. 51 (1911).
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lected. The gas thus obtained is next sprayed with petroleum
oils, which are quickly vaporized and become mixed with the
water gas. This mixture next passes into the superheater, a
highly heated chamber of brickwork where the oil vapors
are broken down (“cracked”) into lower hydrocarbon com-
pounds, which are permanent gases and constitute the “il-
luminant” or “enriched’ portion of water gas.

The composition of water gas is given in Table 15. The
high percentage of carbon monoxide bhas always made it
objectionable for general use on account of its poisonous
character and it is therefore used chiefly in admixture with
coal gas, reducing the cost of manufacture and yielding a
satisfactory gas for fuel purposes.

Incomplete Combustion Gases.—The manufactured gases
thus far considered have utilized the heat from an external
source to decompose coal for coal gas and to heat coke to
the temperature necessary to reduce water for water gas.
Producer gas, on the other hand, utilizes the heat of com-
bustion from incomplete oxidation to produce a mixture of
gases which may be used as fuels. In effect, the process of
producer gas manufacture consists of the transformation of
solid fuel into more readily combustible gaseous fuel. This
transformation takes place in several stages: (1) the distilla-
tion of the volatile hydrocarbons from the freshly fired fuel
at relatively low temperatures; (2) the combustion of fuel by
the oxygen of the air, forming carbon dioxide (CO,); and
(3) the formation of carbon monoxide (CO) and hydrogen
(H,), the essential constituents of producer gas in accordance
with the equations:

CO, +C — 2CO
H,0 +C -CO + H

In practice producer gas is made by blowing a mixture of
steam and air into a bed of burning coal or carbonaceous
matter. The effect of air alone when used in excess over the
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carbon is to produce carbon dioxide (CO,) and liberate heat
according to the thermo-chemical equation:

C 4+ 0, = CO; + 97,600 calories

In the presence of excess carbon the product obtained is
carbon monoxide (CO), the heat liberated being represented
in the equation:

C +0 = CO + 29,400 calories

When water is reduced by carbon to hydrogen (H:) and
carbon monoxide (CO), the heat absorbed (heat of decomposi-
tion of water) is as follows:

H,0 + C = Hy; + CO — 28,300 calories

Hence by the use of a proper mixture of air and steam it is
possible to generate just enough heat by direct combustion
to balance the heat absorbed by the decomposition of water.
The resulting gas will then be a mixture of nitrogen, carbon
monoxide, and hydrogen. The function of the steam, there-
fore, is to reduce the heat in the producer, where it is
not needed, and to transfer it to the gas for use in com-
bustion.

Two systems of producer gas production are in use: (1) A
pressure system, in which saturated air is forced through a
bed of incandescent coal by means of a steam injector. The
gas is collected and held under pressure in a gas holder. The
size of the latter and the need of a boiler plant to furnish
steam makes this system too bulky and complicated for small
sized power plants. (2) A sucfion system, in which the inhal-
ing action of the engine piston is used to draw the gas through
the pipes from the producer. This system is used in the more
common commercial forms of gas producers. It consists of
a generator, steam producer or vaporizer, a cooler or purifier,
and a pressure equalizer.
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The generator is a cylindrical stove lined with firebrick.
The interior is divided into two chambers: (1) the fire space
where combustion takes place, and (2) the heating space
which serves as a receiver for coal. Between the two spaces
is an annular ring in which the flame develops and gases
collect. A grate supports the fuel and underneath is an
ash pit. Both chamber and ash pit have doors which
may be closed hermetically. The generator is also pro-
vided with a charging device, with valves for the admis-
sion of air and the elimination of gases when the engine
is not in operation, and with poke holes to remove slag from
the walls.

The steam producer, vaporizer, or evaporator is the sub-
stitute of the steam boiler in the pressure system. The heat,
however, is furnished by the generator itself. There are many
kinds of devices for this purpose. The type most frequently
used is that in which the hot gases after leaving the generator
are passed through a series of tubes in a shell and partly
immersed in water, which, becoming heated, is converted
into steam and collects in the space above, where together
with air it is drawn over the ash pit and through the genera-
tor. A recently patented device in use employs a spray of the
water on the hot gas pipes. The water is immediately vapor-
ized and the steam, being carried along over large heated
areas, becomes superheated before entering the generator and
thus withdraws no heat from the fuel.

The cooler or purifier consists of a tall vertical cylindrical
vessel of sheet iron. The interior has a large number of
wooden grates laid crosswise in it. Sometimes a grate is
placed at the bottom and the vessel filled up with coke. The
gas enters at the bottom and in rising upwards is impeded
by the wooden porous partitions or pieces of coke. Water
is constantly sprayed at the top and in its downward
passage serves to cool and wash the ascending gas. In
large plants an additional air cooled condenser is used
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and sometimes a mechanical sawdust filter like those in gas
works. ,

The regulator in the smaller plants is simply a gas chamber
holding four or five times the amount of gas required for the
engine cylinder. The gas receives its greatest depression due
to suction at points nearest to the engine, and decreases grad-
ually in proportion to the distance from the engine. At-
mospheric pressure tends to fill the partial vacuum, and
pushes the gas along toward the engine. Hence the regulator
receives a fresh supply of gas under pressure and ready for
the engine.

Producer gas burns with a faint blue flame. It has scarcely
any odor and on account of the presence of carbon monoxide
is very poisonous. It is, however (when made, as is usual, by
the suction method), under less than atmospheric pressure
and consequently all leakage is inward rather than outward.
It may be made from any hard coal or coke. With specially
designed generators, peat, wood, bituminous slack, garbage,
and other combustibles may be used. One pound of coke or
anthracite coal furnishes 65 to 75 cubic feet of gas, equivalent
to one horse power hour in the engine. Its heating value
per cubic foot is 120 to 145 B. t. u. Practically it requires
1.25 times its own volume of air for perfect combustion. A
cubic foot weighs .065 to .075 pounds.

As explained later, the blast furnace is in reality a huge gas
producer which works in the pressure system. Hence blast
furnace gas may be classified as a true producer gas. Its
composition is given in Table 15.

The efficiency of suction gas is shown in the following com-
parative tables taken from Marine Engineering.



LIQUID AND GASEOUS FUELS 155

Steam engine and boiler

- Gas engine and producer

Per cent Per cent
Original heat energy in coal 100 | Original energy in coal. .. .. 100
Furnace losses: Producer losses:
1. Radiation (9.5%). - 1. Scrubber (5%) ....
2. Incomplete combus- 2. Heating gas (2%). - 14
tion (0.7%). - - .. 7| 3. Radiation ;%) . .. |
3. Stack wastes (6.8%)
Heat present in steam . . .. 83 | Heat present in gas....... 86
Loss in transmission. . . ... 2 | Engine losses:
1. Exhaust (35%). ...
Heat supplied to engine in 2. Water jacket (27%) 66.5
S R TR e 81 3. Frictional (4.5%). -
Engine losses:
1. Thermo  dynamic
(50 T0) ot e el
2. Cylinder  losses— 69
(A S o Egee ooy

3. Frictional (8%,) .. .

Heat available for mechan-
deal work. .............

12

Heat available for mechan-
ical work. ............. 19.5

Gas from Decomposition of Carbides.—During recent
years through the development of the electric furnace by
Moissan and others, many carbides (compounds of carbon and
metals) havebeen made. Mostof these compounds react with
water and yield various hydrocarbons. Moissan has shown !
that the metallic carbides when treated with water give various
results: The carbides of lithium, sodium, potassium, calcium,
strontium and barium yield acetylene (CoHy); the carbides of
aluminum and glucinum give methane (CH,); the carbide of
manganese yields a mixture of methane (CH,), and hydrogen

1J. Am. Chem. Soc., 21, 647 (1899).
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(H,); while the carbides of cerium, thorium and uranium
yield mixtures of acetylene (CyHj), methane (CH,), ethy-
lene (C3Hy), and hydrogen (H;). The only one of in-
dustrial importance is calcium carbide, from which acetylene
is produced, and which is used principally for illumina-
tion but recently has been very successfully applied
as a fuel in the oxy-acetylene “cutting” and welding
process.

Calcium carbide is prepared on a large scale from coke and
lime heated together at the high temperature of the electric
furnace. It is a stable compound quite inert when kept dry
and non-explosive when attacked by fire or changes of tem-
perature. It is odorless when dry but generally gives off
traces of acetylene due to the action of moisture. The ease
with which it is decomposed is made use of in the generation
of acetylene gas according to the reaction:

CaC; + 2H,0 — Ca (OH), + C,H,

The acetylene generator is merely an automatic contri-
vance for admitting sufficient dry carbide from a storage hop-
per into water, where decomposition of the calcium carbide
takes place. The generated gas is conducted to a storage
tank, the pressure of the gas in the latter being utilized gen-
erally for shutting off the supply of calcium carbide and
thereby stopping the generation of gas until diminished
pressure again reopens the valve to admit carbide. The
residue of calcium hydroxide (“hydrated lime”) is removed
from time to time. This is generally used for fertilizing
purposes.

As an illuminant acetylene has given very satisfactory
service. Its spectrum is similar to that of sunlight and its
diffusive power is very great. From the standpoint of ventila-
tion the following comparative figures based on acetylene as
the standard show its desirable features:
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Carbon | Moisture | Oxygen Heat

dioxide evolved removed | produced
BeEtylenc:. . .o .o a ! 100 100 100 100
[Erstame. ... . o0 480 1470 520 795
ierosene. . ........... ‘ 905 700 498 738

In the arts the chief interest of acetylene is its use in cutting
and welding. Oxygen under pressure in cylinders and acety-
lene from the generator are combined in the oxy-acetylene
blowpipe and produce as the result of combustion a tempera-
ture of about 3480° C. The mixture used is one volume of
acetylene and 1.7 volumes of oxygen. This method of weld-
ing is replacing the processes of riveting and brazing. No
fluxes are required for iron, steel, and copper, but for brasses
and bronzes boric acid is used to prevent the volatilized zinc
from being deposited on the joint and interfering with the
weld. The point of the flame is held about 1§ to 14 inches
from the work. The process is applicable to metal plates
under 14 inch in thickness.

Acetylene is used to some extent in forms which enable it to
be transported in cylinders. When acetylene is compressed
to a volume which exerts a pressure of two atmospheres to
the square inch it decomposes or dissociates into its elements.
Such decomposition is similar in its effects to an explosive
reaction and prohibits the use of acetylene in a manner
analogous to that employed in Pintsch and Blau-gas dis-
tribution (q. v.). The solubility of acetylene in certain or-
ganic solvents has, however, furnished a satisfactory method
for the transportation and distribution of acetylene in tanks—
a method largely used for automobile headlights. The solubil-
ity of acetylene in various solvents is given in the table below
and is expressed as volumes of acetylene dissolved by 100
volumes of the solvent at the temperature given and under
atmospheric pressure:
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Temperature Solubility of
L Degrees C. acetylene
ACEIOHCINSIN. KU SAniT SRS 15 2500
TNEE TGS ¢, 14 0, 5 s o Bl feth oo 6 ) 1250
Alcohol (ethyl)................. 18 600
(ChloreformS e e SRS 18 400
SRETEY TN O iy o1 & S o b0 SHIeD 18 150
Water. I e s S Wit 12 106

Since the solubility of a gas in a solvent increases with
pressure, this method has given a very satisfactory means for
the storage of acetylene gas, and gases in such cylinders may
be used in the same way as liquefied gases. Another method !
of compression consists in pumping acetylene under pressure
into a cylinder apparently quite full of some highly porous
matter like charcoal, infusorial earth, unglazed brick, etc.
This has the practical result of holding the gas under a high
state of compression under conditions which keep it from
exploding.

Gases from the Vaporization of Liquids.—While it is
true that nearly all fuels, solid or liquid, are converted into a
gas preliminary to actual combustion, yet the conventional
classification is perhaps entirely appropriate in making dis-
tinctions between the state of aggregation in which a fuel
exists when delivered at the point of combustion. Certain
liquids are here considered because some provision in the
mechanism of the combustion apparatus has been made for
their vaporization and use as gases. Up to this point we have
considered chiefly the heat and light effects derived from the
combustion of fuels. There is, however, another combustion
effect (mechanical work), which is utilized in the operation
of the exploding engine, or so-called gas engine, and in con-
nection with which certain liquids, such as gasoline and al-

1 Leeds and Butterfield: Acetylene: Its Generation and Use, p. 266.
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cohol, which find their largest application in power genera-
tion. A short description of the general type of gas engine
operation will be given before discussing the fuels used in
them.

The mechanism of the exploding engine consists of a
cylinder and explosion chamber, valves for expelling prod-
ucts of -combustion and for admission of fuel gases, car-
bureter for vaporizing the fuel, and mixing it with the air,
igniting gear to furnish the electric spark and explode the
mixture, a cooling jacket, and a lubrication system.

The combustion of gaseous mixtures is similar to the com-
bustion of gunpowder. If an explosive mixture in a glass
tube is ignited it is possible to follow with the eye the prog-
ress of the explosion flame along the tube. In order to be
explosive, air and vapor (combustible gas) must be mixed in
chemical proportions. A large excess of vapor, or of air, will
render the mixture non-explosive. The limits between which
the air and combustible gas may vary in percentage by volume
are given in the following table: !

Lower explosive | Upper explosive R s ¢
. s o by explosive
Combustible gas limit limit o
maxtures
Per cent Per cent

Per cent
Carbon monoxide 16.00 74.95 58.95
Hydrogen........ 0.45 66.40 56.95
Water gas.. ..... 12.40 66.75 54.35
Acetylene. ....... 3.35 52.30 48.95
@oallgas . ... ... 7.90 19.10 II1.20
Methane. ....... 6.10 12.80 6.70
Gasoline. . ....... 2.40 4.90 2.50

The temperature of ignition has much to do with the
explosibility of gaseous mixtures as has also the pressure
(concentration) of the mixture. By changing these factors

1 Eitner; J, Soc. Chem. Ind., 21, 395 (1902).
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mixtures which will not explode at low temperatures or low
compression can thus be utilized. Of the vaporized liquids
usually employed in the gas engine, the heavier petroleum
distillates (kerosene and “engine distillate’”) have a low tem-
perature of ignition, while that of gasoline is higher, and of
alcohol mixtures considerably higher. The same order ap-
plies to the rate of propagation (velocity with which the
flame cap travels) of the explosive flame. The latter may
transmit itself by either uniformly heating successive layers
and igniting them or by wave motion.

Gasoline is a fuel much used in the exploding engine. It is
a petroleum distillate of low boiling point and specific gravity
and represents a mixture of hydrocarbons of the character of
pentane (C;Hiz) and hexane (CeHis). A specimen exam-
ined by the usual method of fractional distillation used in
petroleum oil analysis ! gave the following results:

TaBLE 17.—Distillation Test for Gasoline, 300 cc. distilled

Number of Tmfp c.mn.”e of Volume Specific gravity
" distillation S

fraction °oC. (2] % at 15° C.

1 40— 70 4075 L '13.5 0.670

2 70~ 8o 47.5 1~I5.8 o.690

3 80— go 6o.0 20.0 0.706

4 QO—100 47.5 15.8 0722

5 100-110 42.5 14.2 0.733

6 I110—-120 20.5 9.9 0.741

7 residue at 120° C. 0.755

Other petroleum products are sometimes employed in the
gas engine, such as benzine, “ engine distillate,” and kerosene,
all of which are of higher specific gravity and boiling point
than gasoline.
Alcohol is a definite chemical compound (C:H¢O) and is
made generally by fermentation of sugars; either sugar house
! Sherman’s Organic Analysis, p. 250.
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products or sugars obtained by hydrolysis of starch or of
cellulose may be used. The alcohol of commerce is a solution
of alcohol in water and is described either in terms of “per
cent” or “proof.” The former term refers to the percentage
of alcohol by volume contained in a mixture of alcohol and
water, while the term “proof’’ refers to an empirical scale.
A 5o per cent alcohol mixture represents a 100° proof alcohol,
while a perfectly pure or absolute alcohol.is rated as 200°
proof.

The density of alcohol is of course dependent upon the
amount of water present and varies with the temperature.
By determining its density therefore and referring to the
Morley ! conversion tables, the percentage of alcohol con-
tained in the mixture may be readily ascertained. The or-
dinary denatured alcohol of commerce contains about go
per cent alcohol.

In Germany the alcohol engine has been extensively used
for farm purposes and has given uniform satisfaction both
as to cost of fuel and capacity for work. An investigation ?
made by Prof. C. E. Lucke and S. M. Woodward sets forth
among others the following conclusions regarding the use of
alcohol as fuel for engines: (1) Any engine on the American
market to-day operating with gasoline or kerosene can op-
erate with alcohol fuel without any structural change. (2) A
small engine requires 1.8 times as much alcohol as gasoline
per horse power hour. (3) Carburetors designed for gasoline
do not always vaporize all the alcohol supplied. If certain
alterations are made by which the compression is increased
and all the alcohol vaporized, the power of the engine is in-
creased 20 per cent over gasoline or kerosene as fuel. (4) Stor-
age of alcohol and its use in engine is much less dangerous
than that of gasoline. The exhaust from an alcohol engine is
less offensive than when gasoline is used, though some odor,

Y J. Amer. Chem. Soc., 26, 1085 (1904).
2 Farmers’ Bulletin No. 277, U. S. Dept. of Agriculture (1907).
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due to lubricating oil and imperfect combustion, is likely to
be present. '

The nature of the chemical reaction which takes place
within the cylinder of the exploding engine is varied by many
factors, such as ratio of oxygen to combustible gas, presence
of water vapor in air, compression, and temperature. Under
ideal conditions the complete combustion of gasoline and
alcohol may be represented by the following reactions:

CeHis + 100 — CO; + 7H0
(Gasoline)

CzHGO + 302 - 2C02 + 5H20
(Alcohol)

For fuel purposes alcohol is “denatured” so as to unfit it
for use in beverages and medicines. The denaturating agent
is usually wood alcohol and benzine or kerosene. The regular
formula for denaturating is as follows: To 100 parts by volume
of ethyl alcohol (not less than go per cent strength) add 1o
parts of approved methyl (wood) alcohol (about 88 per cent
strength) and o.5 part of approved benzine -(or kerosene).
Such alcohol is classed as “completely denatured” and be-
comes a regular article of commerce. Its fuel value is about
6000 calories per gram or about 11,000 B. t. u. per pound
whereas that of gasoline or benzine is about 20,000 B. t. u.
per pound. This corresponds also with the experimental
result of Lucke and Woodward who found that the develop-
ment of a given horse power required about 1.8 times as much
alcohol as gasoline.

Air Gas.—The vapor of liquids such as gasoline and
naphtha is sometimes utilized for heating and lighting effects
in the form of the so-called air gas, or carbureted air. The
process in general requires an apparatus for bubbling air
through gasoline or passing it over a succession of trays or
shelves containing gasoline, thus producing a mixture of air
and gasoline vapor in the proportions of about 98 per cent
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air and 2 per cent gasoline. In the “Autogene” ! air gas
system, air is drawn through the generator by a pump which
is operated by a weight driven, electric, or water motor or
by a hot air motor supplied with gas from the system. Gas
is generated only as needed for immediate consumption. The
outfit is capable of producing 1200 cubic feet of gas for each
gallon of gasoline used.

RELATIVE VALUES AND Costs oF FUELs

In summarizing the value of particular fuel for heat and
power generation, attention must be given to specific condi-
tions. Some of these are: local variations in prices of fuels;
adaptability to some particular work, such as immediate
starting and intermittent character; minimum amount of
attention to the generating plant; employment of unskilled
labor for maintenance of plant, and the specific properties of
fuels with reference to their effects. For such reasons fuels
are in use which cost from 48 to 5o times as much as the
cheapest, as may be noted in Table XTIV taken from “ Motor,”
showing the number of British thermal units which may be
produced for one cent:

TaBLE 18.—Relative Cost of Fuels. British Thermal Units for

One Cent
Acetylene, from carbide at 10 cents per pound. ....... 600
Denatured alcohol, at 40 cents per gallon........... 2,000
Water gas, at $1 per 1000 cubic feet... ............. 3,000
Air gas (from gasoline, at 25 cents per gallon)........ 6,000
Coal gas, at $1 per 1000 cubic feet....... .......... 6,500
Gasoline, at 20 cents per gallon. ................... 7,500
Kerosene, at 15 cents per gallon. ... .............. 10,000
Natural gas, at 50 cents per 1000 cubic feet .. ....... 18,000
Charcoal, at 1o cents per bushel (15 pounds). .. ..... 20,000
Petroleum at 5 cents pergallon. ................... 30,000

! Described in Consular Report of U. W, Burke, Fremantle, Western
Australia.
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TABLE 18.—Continued

Producer gas, from anthracite, $7 per ton.. ......... 30,000
Producer gas from coke, $5 per ton. . .............. 36,000
Anthracite, at $7 perton............... g o o 46,000
Producer gas, from soft coal, at $3 per ton........... 50,000
(B0 Tt ST TP & § SREA S ad o BHA & o dB A oelet o 54,000
Mond producer gas, from soft coal, at $3 per ton. .. ... 65,000
Soft coal,at $3 perton. .. ............. ... ... 80,000
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CHAPTER VII
PETROLEUM AND LUBRICATING OILS

TaE industrial importance of petroleum becomes evident
when it is noticed that the annual production of petroleum
in the United States is approximately two hundred million
barrels (of 42 gallons each). From the petroleum industry
various fuel products are obtained which have been discussed
in the previous chapter. On account of its technical uses,
especially in the preparation of lubricants, it is of interest to
discuss more fully the composition and properties of petro-
leum and the methods whereby the more important petroleum
products are obtained. The general properties of other oils
and substances used in lubrication will also be described in
this chapter.

PETROLEUM

The world’s petroleum supply is not limited to any one
locality and considerable variation in composition is found
in the petroleums from the different fields. Three general
classes or types of petroleum are: (1) the paraffin (often
called Pennsylvania petroleum), (2) the asphaltic (known as
California petroleum), and (3) the olefine (Russian) petro-
leum. Of these three kinds the first is the source of most of
the refined petroleum products of America, the second con-
stitutes the principal source of fuel oil and of petroleum
asphalt, while the third, consisting of about 25 per cent of the
world’s production, is used both for fuel and for refining
purposes. :

167
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The Petroleum Fields of the United States comprise five
in number and are named according to their geographic loca-
tion (1) the Appalachian, (2) the Lima-Indiana-Illinois,
(3) the Mid-Continent, (4) the Gulf, and (5) the California
field.

The Appalachian field extends along the western slope of
the Allegheny Mountains from New York to Tennessee. The
oil and gas are obtained from porous sandstones and con-
glomerates which are imbedded in and underlain by great
masses of shale. The oil is known as Pennsylvania petroleum,
belongs to the paraffin class, and yields on distillation a
variety of light oils of great value. In the crude state it is
usually dark brown with a greenish tinge, shows a specific
gravity of 0.86 to 0.78 (32° to 49° Baumé),! and contains very
little sulphur (usually o.05 to 0.08 per cent).

The Lima-Indiana and Illinois field yields an oil containing
more sulphur, usually o.25 to o.5 per cent or more and which
is somewhat inferior to the Pennsylvania petroleum. This
oil is obtained from the Trenton limestone beds. This is a
dolomitic limestone which is sufficiently porous to allow gas,
oil and water to flow through it. The oil from this field is a
brownish black liquid with a specific gravity of about 0.85, or
35° Bé. The presence of sulphur compounds gives it a dis-
agreeable odor.

The Mid-Continent field is located in Kansas and Okla-
homa. The shales of this region contain sandstone beds
which form the reservoir from which the oil and gas are
obtained. The oils from this field are dark in color, vary from
18° to 40° Bé, and carry some sulphur.

In the Gulf field, which comprises portions of Louisiana
and Texas, the oil comes from dolomitic limestone and from
sand and sandstone reservoirs. It has a density of 18° to

1 The relation between specific gravity and degrees Baumé for liquids

140
130 + B°

lighter than water is as follows: Specific gravity =
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28° Bé and on distillation yields a residue which contains a
low percentage of paraffin and is somewhat asphaltic in
character (i. e., a mixture of paraffin and asphalt). In 1909
the Gulf field produced about 6 per cent of the total oil out-
put of the United States.

The oil of the California field is obtained from sandstone
or fine gravel. Each of the various oil fields in California has
a distinctive geological history and the oils vary greatly in
character. In general the California oils are of an asphaltic
nature.

The Chemical Composition of Petroleum varies with the
kind. In Pennsylvania petroleum some 26 members of the
paraffin series (CphH,p + 2) of hydrocarbons have been iso-
lated, together with some members of the olefine (CphH,p)
series, the latter occurring in much smaller quantities than the
former. In the Russian and California petroleums these
elofines are not “open chain” compounds of an unsaturated
type, but are cyclic and belong to the polymethylene ! or
naphthene series. In the Texas petroleum members of the
acetylene (CpoH,,—,) series have been found, while most
petroleums contain members of the “aromatic” or benzene
(CoHun—6) series. Nitrogen is a constituent of nearly all
petroleums, Mabery having isolated compounds resembling
organic bases with empirical formulas Ci3Hyj;N to CiHyN.
The same investigator found ten sulphur compounds in Ohio
petroleum which range from methyl sulphide (CHj;).S to
hexyl sulphide, Clesz.

Origin of Petroleum.—The theories thus far advanced to
explain the origin of petroleum may be divided into two
categories, the inorganic and the organic. The former is the
outcome of attempts made to prepare petroleum artificially.

! For an explanation of these terms the student is referred to standard
text books on Organic Chemistry and for an important summary of our
knowledge relative to the composition of American petroleums reference
is made to C. F. Mabery, J. Am. Chem. Soc., 28, 415 (1906).
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A brief description of these researches may be of especial
interest in this connection.

It is well known that the odor present in the generation of
hydrogen by the interaction of iron and an acid is due to
carbon compounds formed from the decomposition of metallic
carbides which are present as impurities in the iron. As early
as 1864 Hahn showed the presence of olefines from C;H, to
C;7H,4, while in the hydrogen evolved from spiegel eisen, still
higher hydrocarbons up to CigHs; were found. The experi-
mental work of Moissan later demonstrated that the decom-
position of the metallic carbides produced mixtures of hydro-
carbons, such as acetylene, methane, ethylene and others.
Although acetylene itself is not a constituent of petroleum, it
has been shown by Sabatier and Senderens' that when
hydrogen and acetylene are heated to 200° C. in the pres-
ence of finely divided metallic nickel, a mixture of paraffins
is formed which resembles Pennsylvania petroleum; while
acetylene alone, similarly heated, yields a mixture closely
analogous to Russian petroleum. It thus appears that
synthetic petroleum is not impossible and this leads to
the carbide theory for explaining the origin of petro-
leum.

The carbide theory was first suggested by Berthelot.? The
theory of Berthelot was supported by Mendeleef ® and
Moissan.*

On the organic side attention has been chiefly directed to
the preparation of petroleum-like oils by processes of destruc-
tive distillation. In 1865 Warren and Storer distilled a lime
soap from menhaden (fish) oil and obtained a mixture of
hydrocarbons from which they isolated the paraffins CsHy,

1 Compt. Rend., 134, 1185 (1903).

2 Ann. Chim. Phys., 4th ser., 9, 481 (1866).

3J. Chem. Soc., 32, 283 (1877). Also Mendeleef’s Principles of Chem-
istry, English translation, Vol. 1, 364~66 (1891.)

4 Compt. Rend., 122, 1462 (1896).
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to CgHis, the olefines Cg;Hyp to Ci2Hys, together with
benzene, toluene, and other members of the aromatic
series. Later Engler’s! researches led to the announce-
ment of the organic theory to account for the origin of
petroleum.

According to the organic theory, petroleum is derived from
animal remains by a putrefactive process in which the nitro-
gen is removed. This leaves the fats to be altered by heat
and pressure into hydrocarbon oils, reactions which may be
carried out in the laboratory by heating pure oleic acid to
330° C. for several hours in a sealed tube.? The presence of
fossils in the oil strata, the sedimentary type of the oil forma-
tions, the presence of saline residues, are all cited as evidence
of the origin of petroleum from animal sources. The organic
theory, however, does not confine itself to animal sources
alone, but brings forward many data that show the possible
formation of petroleum from vegetable matter as well. The
remains of cellular marine plants are abundant in the oil
formations of the eastern United States. It has been sug-
gested that great masses of fucus, like those of the Sargasso
Sea might sink to the bottom of the ocean and there decom-
posing under pressure, yield petroleum. Some importance
is also attached to the fact that the saline waters associated
with California petroleum are unusually rich in iodine, a
product chiefly derived from seaweeds.

From the observations advanced and from many others not
cited it is believed by many that petroleum may have been
formed by all of these processes. Accordingly, volcanic
action, forming carbides, may have produced some petroleum
deposits. Oils high in nitrogen, such as the California oils,
may have been formed from animal sources, while a paraffin
oil (like the Pennsylvania oil) may have had vegetation for
its source.

L Ber. deut. chem. Gesell., 21, 1816 (1888).
2 See the experiments of J. Marcusson: Chem. Zeit., 30, 789 (1906).
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INDUSTRIAL PRODUCTS FROM PETROLEUM

The properties of petroleum are extremely variable; some
oils are suitable for illuminating purposes in the crude form,
though that is unusual; others may be used for lubricating
purposes; while others are of a heavy viscous character and
are excellent for road binding purposes. More generally,
however, a crude petroleum represents a mixture of hydro-
carbon oils from which oils suitable for various purposes may
be obtained by distillation and refining processes. Remsen !
enumerates these industrial products and their relative
quantities, so far as American petroleum is concerned, as
follows:

Per cent Amount in 1909,
of total barrels

it IO ETNEI00 6 Geabip B0 60066 bsk 20.5 15,000,000

2. Lubricating oils............... 10.0 7,500,000

3. Naphthas. .................... 15.0 11,250,000

2-n Gastoiliy o S e 30.0 22,000,000

S PaTafiin WaX i R e s 1.5 1,125,000

6. Roofingfpitch. . ............... 2.5 1,875,000

7. Paving pitch. ... .............. 2.0 1,500,000

£, R0 e I R SR e i R e 14.0 10,500,000

G (C:HE 0060608 ot 9Bl o o0 d B 3.0 300,000 (tons)

In this table kerosene is the general name for petroleum
oils used in lamps, stoves, etc.; lubricating oils also include
solid greases, etc.; naphthas refer to light oils boiling below
175° C.; gas oil is used for enriching water gas (q. v.); paraffin
wax is the solid mixture used for candles, etc.; the pitches
are heavy products recovered from chemical refining that are
made from what is commonly known as “oil sludge”; coke
is the residue from distillation, and fuel oil consists of oils not
suitable for refining or portions of the distillate.

1J. Soc. Chem. Ind., 29, 859 (1910).
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REFINING OF PETROLEUM

In considering the refining processes it will be advantageous
to discuss, first, the methods applicable to paraffin petroleum,
and second, those employed in the refining of asphaltic
petroleums.

The apparatus used consists of stills of cylindrical shape,
made of steel. The still is usually built in the form of a
horizontal cylinder set in brickwork but each still is fitted
with a dome, an outlet pipe, and other connections for in-
troducing the oil, sampling it, and introducing steam.

When a paraffin petroleum is distilled, five principal
fractions are obtained, (1) the naphthas, (2) the illuminating
oils, (3) the lubricating oils, (4) the paraffin, and (5) the coke
residue. In carrying on this distillation the crude oil, after
settling in the storage tank to remove mud and water, is
charged into the still and heated by means of fire heat from
the furnace underneath the still and by steam coils within the
still. The steam coils are often perforated to admit the
steam after it has been heated to the temperature of the oil
by passage through a sufficient length of pipe immersed in
the hot oil. The action of steam superheated in this manner
is largely mechanical. It assists in carrying off the vapors,
keeps the contents of the still agitated, and prevents local
overheating, or “burning” the oil. The process is controlled
chiefly by hydrometer or density measurements, the distillate
being collected in fractions of different densities and boiling
points according to the products for which the oil is being
worked. As the heating continues, heavier oils are distilled
over, and at about 300° C., when the illuminating oil distillate
is complete, the residue in the still may be removed to a
smaller still and subjected to distillation with superheated
steam, which yields a mixture of oils used for lubrication.
The paraffin is next recovered from the residue as well as
from the heavier lubricating oils by cooling or “ chilling” the
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liquids and mechanically removing the paraffin in its solid
form. For a fuller description of the refining of petroleum
(particularly of the “paraffin base” type) see Gray’s article,
The Petroleum Industry, in Rogers and Aubert’s Industrial
Chemistry.

In the refining of California petroleum two distinct classes
of oils are to be considered: (1) light oils suitable for refining
into the usual products, as mentioned above, and (2) heavy
oils which are unsuitable for refining into a variety of prod-
ucts, but which chiefly are useful for asphalt production.

In light oil refining the following products are obtained in
the case of a typical crude oil ! from the Coalinga field.

Gravity Per cent
Gasoline...............oooiiil 81° Bé 0.15
Gasoline. . ... .. W AT 0.46
Benzine . . 8.. 5. 5. 008 L] 63 0.94
Engine distillate. .. .............. IS 2.34
EETOBENEL . S et - Bl ey ot 428 T 11.47
SIS EGBI0 6 o & oh o o 5'd b da oo & o 33 ¢ 1.88
(R S Saehabs go rors an 0.0 a00 8¢ he G 32.24
Gasoil. ...l 28 “ 3.43
Fuel distillate. ................... 26 5.06
Lubricant..... .................. 2230 17.83
Eubricant., 0 LS SR ¥y ¢ 4.84
LubricantS0s S NS E s e a i /5 1.66
ASphal t 3 S F SR SR s N Grade “ B ” 13.34
Losses........... PP, Ly e 4.36

The commercial gasoline made from California oils is
usually from 66° to 68° B¢ which corresponds in boiling range
and speed of evaporation to a 72° Bé Pennsylvania gasoline.
Benzine is a slightly heavier gasoline having a density of
about 62° Bé. Engine distillate ranges from 56° to 40° Bé in

! Bulletin No. 32, California State Mining Bureau (1904).
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gravity and grades from a heavy gasoline into a kerosene.
The kerosene from California petroleum is not of as high a
quality as that of Pennsylvania petroleum, its flame being
less white and there being more tendency to smoke and to
crust the wick. Kerosene oil has a gravity of 42° to 40° Bé.
A slightly heavier oil, 35° to 32° Bé, is known as stove oil and
is used as a fuel in stoves which are equipped with suitable
burners. Gas oil, 30° to 28° Bé, is a distillate formerly used
for enriching water gas, but now largely superseded by the
introduction of processes using crude oil. The fuel distillate
is generally a mixture of otherwise unsalable oils and ranges
in gravity from 24° to 28° Bé, The lubricating oils of Cali-
fornia seem somewhat uncertain as to quality, although no
objection seems to be urged against them, except that they
have a low viscosity at high temperatures.

The heavier oils of California are distilled for the produc-
tion of asphalt. The stills for this purpose are large, of about
600 barrels capacity, and are provided with steam coils. The
temperature of distillation is maintained at about 600° F.,
at which point it is believed that asphalt is produced from
the heavier hydrocarbons of the crude oil. The products
removed below 600° F. constitute about 55 to 60 per cent and
consist largely of engine distillate and gasoline.

Lusricating O1Ls

Lubrication of machinery has for its object the elimina-
tion, as far as possible, of friction between solids. When oil is
added to a bearing and the shafting set in motion, the oil on
the latter moves with it while that on the bearing moves
very slowly. Hence the friction is between two layers of oil
and may be called fluid friction. In order to substitute fluid
for solid friction, the oil introduced between the solids must
have sufficient viscosity and adhesive power to adhere to the
surfaces and stay in place but any additional viscosity means
an additional consumption of power.
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For the purpose of finding an expression to represent the
friction developed between two solids we may regard W as
the weight of a body which slides on a horizontal plane under
the impulse of a force, F, which pushes it uniformly over the
surface. The coefficient of friction, f, then becomes F/W.
This is measured by various experimental devices which are
used in the testing of lubricants.! In solid friction f is de-
pendent upon the nature of the surfaces and proportional to
the force with which the two surfaces are pressed together,
but it is independent of the area of the contact between the
surfaces and of the velocity of rubbing.

In fluid friction, on the other hand, the coefficient of friction
is proportional to the area of the rubbing surface and to the
velocity of the surface (usually directly proportional at low
speeds and to the square of the velocity at high speed) and to
the density and viscosity of the liquid, but, in perfect lubrica-
tion, it is independent of the pressure between the masses
and of the nature of the solid surfaces against which the
fluids may flow. In practice, however, complete fluid friction
is seldom obtained and the coefficient of friction is therefore
compounded of the friction of solids and of fluids.

From the relation which density and viscosity bear to
friction it is apparent that these two properties have much
to do with the value of an oil for lubrication, though other
conditions must be considered. For example, since an oil of
unnecessarily high viscosity will produce unnecessary fluid
friction, it is not as satisfactory as an oil of lower viscosity
for the given conditions. If, however, an oil has been found
satisfactory for certain uses and its density and viscosity
determined under standard conditions,” then it is probable
that another oil of similar kind and composition with the same

1 The friction machines of Thurston, Carpenter, or the Galena machine,
may be employed. See descriptions in Allen’s Commercial Organic
Analysis, pp. 171 and 182; and J. Eng. Ind. Chem., 2, 171 (1910).

% Sherman: Organic Analysis, p. 226. d
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viscosity and specific gravity will give similar service under
the same conditions of temperature and pressure.

The requisites of a lubricant in addition to having sufficient
“body”’ or viscosity to prevent solid friction are: (1) maxi-
mum fluidity consistent with the body required, (2) maxi-
mum conduction of heat, (3) high flash and burning points,
(4) freedom from corrosive acids, (5) absence of oxidation and
“gumming,” and (6) freedom from grit.

The lubricants in commercial use include water, oils,
greases, and solids.! Of these, water is perhaps of least im-
portance, since in itself it possesses no oiliness whatever, but
is nevertheless used under certain conditions in cylinders
where it imparts to the metallic surfaces a smooth condition
which serves materially to reduce the friction.

The oils used in lubrication include a large variety of
“light spindle,” “heavy engine,””and ‘‘ cylinder” oils composed
of unmixed petroleum products, of compounded oils (mixtures
of petroleum and animal or vegetable oils), and, to a lesser
degree, of animal and vegetable oils used without admixture
of petroleum products.

Mineral Oils obtained from the distillation of shale or of
crude petroleum are largely used as lubricants because of
their cheapness and stability. The methods of refining em-
ployed in the preparation of the petroleum lubricating oils
have much to do with the quality of the products. Some of
the best lubricating oils are made by subjecting suitable
crude petroleum to a “reducing” process by which the flash
point of the oil is raised and its specific gravity increased.
This is done by pouring the initial product upon water in
shallow troughs and exposing it to the action of the sun and
air, or else by heating it in shallow troughs to r10° F. by
means of steam pipes.

When the “lubricating oil fraction” of the distillation of
petroleum is used, it often happens that free alkali, sodium

1 Mabery: J. Ind. Eng. Chem., 2, 115 (1910).
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sulphate, or the sodium salts of organic acids are present in
the oil. These are the result of improper refining and any of
them may be the cause of injury to metallic surfaces. Ac-
cording to Mabery ! the best spindle oils, such as are used in
automobile service, contain a minute trace of alkali. The
petroleum oils are now prepared for such a great variety of
uses that no definite limits of composition and properties
within the general requisite above specified can be set, but
the analyses given in Table 19 may serve to represent the
usual properties: 2

TaBLE 19.—Physical Properties of Lubricating Oils

R
3 S | S By
I |RI O O
~ o T
Flash point, °F........ 365 | 410 | 350 | 210 525 | 550
Burning point, °F..... .. 440 | 470 | 425 | 260 600 | 600
Density at 60°F., °Baumé| 30 23 26 27
(€] (5] #5658 5.6 oA 0.0 ol o Dark | Red nght Vark
p Filter .
Cold Test, °F.. ........ Zero | 45 |+20 | —5 +55 |+32
Viscosity (P. R. R. pi-
pette)
aty52 3 CoNr2 SIS 98 85 1263} 145°%
at 38° C.,, 100° F. .. .. 160 | 143
at 32°C., go°F... .. 205 | 188
at 27° C., 8°F... .. 271 | 253 |

Fatty Oils.—The glycerides or glyceryl esters of fatty acids
form a definite group of chemical compounds all of which are
fats. Asa matter of custom and convenience those fats which
are liquid at ordinary temperatures are called faity oils. Nat-

1 Loc. cit.

2 J. Ind. Eng. Chem., 2, 179 (1910).
3 By Saybolt Viscosimeter at 212° C.



PETROLEUM AND LUBRICATING OILS 179

ural and commercial fats and fatty oils always consist of mix-
tures of glycerides. When such a mixture of glycerides is
hydrolyzed (i. e., split with introduction of the elements of
water) it yields glycerol (glycerin) and a mixture of fatty
acids such as oleic acid, stearic acid, etc. When fatty oils
used as lubricants are exposed to the action of steam (e. g., in
steam cylinder lubrication) this hydrolysis may occur to some
extent and the liberated fatty acid may corrode the metal
surface. For this reason mineral oils are now more largely,
and fatty oils less largely, used for lubrication than formerly.

Fatty oils have, however, the advantage over mineral oils
that their viscosities do not decrease so rapidly on warming;
in other words, a fatty oil “holds its viscosity”’ better when
it becomes warmed by use than does mineral oil, and for this
reason fatty oils are still considerably used as lubricants
either alone or (more often) in admixture with petroleum
products as “compounded oils.”

Table 20 shows some significant physical properties of a
number of the fatty oils chiefly used as lubricants.

TABLE 20.—Physical Properties of Fatty Oils Used for Lubrication
(Compiled from Various Sources)

Lg;d A}Z(Zs_ Sperm| Olive | Rape Czt::(;t-

Flash point, °F.......... 560 | 450 | 480 | 450 | 560 | 570
Burning point, °F......... 640 | 530 | 570 | 540 | 640 | 640
Density °Baumé at 60° F. 22,5 23, 29. 220511 12a W52
Cold test °F. about...... +25 [+40 |4+35 [+30 [+20 [+430
Viscosity, Stillman ! at ]

at 20°C., 68°F...... 110 | 120 66 | 126 | 151 | 102

Ao Co 1222 S 58 56 44 48 52 52

at 100° C., 212°F. .. ... 38 36 32 36 40 34

RIS OR () 3022 Nt 32 32 30 32 32 30

! Stillman: Engineéring Chemistry, 2d Ed., p. 368, where an extended
table showing viscosities of many oils at different temperatures will be
found.
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Lard oil which is obtained by subjecting lard to high pres-
sure at any desired temperature is much used as a constituent
of lubricating oils and also to cool the cutting edge of a metal-
working tool and to produce a smooth surface finish on the
product. For use as a lubricant lard oil is usually pressed at
such a temperature that it can be cooled below the freezing
point of water before beginning to solidify. The solidifying
point or “cold test”’ may of course be varied to a considerable
extent by adjusting the témperature at which the oil is pressed
from the lard. High grade lard oil should contain not over
one per cent of free acid, chiefly oleic acid, which is too weak
to have any marked corrosive action. In low grades the
acidity is often much higher.

Neatsfoot 0il, obtained by “rendering’’ the feet of cattle
is similar to lard oil and like it is used for compounding with
petroleum products.

Sperm oil (which chemically is not a fatty oil but a liquid
wax) is obtained from the head cavities and blubber of the
sperm whale (Physeter macrocephalus), the corresponding oil
from the doegling or bottlenose whale (Hyperoodon rosira-
tum) being known as ‘“Arctic sperm oil.” A petroleum dis-
tillate of similar physical properties to sperm oil is sold under
the name of “mineral sperm oil”’ and sometimes used as an
adulterant of true sperm oil. Sperm oil is spoken of as a
“thin” oil due to the fact that at ordinary temperatures it is
much less viscous than the ordinary fatty oils. On heating,
however, sperm oil “holds its viscosity”’ better than the fatty
oils and at 150° C. or about 300° F. it has nearly the same
viscosity as lard oil. Being limpid and free from tendency to
gum, sperm oil is especially well adapted to the lubrication of
light machinery; for example, it has been largely used for
lubricating the spindles of textile mills.

Olive ol is prepared from the fruit of the olive tree, which
contains from 4o to 6o per cent oil. The finest grades are
made by hand pressing. The cheaper grades are made by
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mechanical pressure, heat, and the use of a solvent. The
latter grades are sometimes used as a lubricant. It varies in
color from clear yellow to greenish brown. It is rather easily
decomposed, yielding fatty acids, and is too expensive for
general use. 3

Rapeseed oil, also known as colza oil, is obtained from the
seeds of the rape plants by pressure, the yield being from 30
to 45 per cent of the weight of the seed. The crude oil is
“brown rape oil,” which contains considerable moisture,
mucilage and coloring matter. It is refined by treatment
first with sulphuric acid and then with caustic soda. In the
refined condition it has a pale yellow color, a characteristic
odor, and thickens slowly when exposed to the air. It is
much used as a lubricant abroad, but, not being pro-
duced in this country, it is too expensive here to be widely
used.

The viscosity of rapeseed oil can be greatly increased by
heating the oil and blowing air through it to produce a partial
oxidation similar to that which takes place slowly when the
oil is exposed to the atmosphere. This product is known as
blown rapeseed oil and is sold as a lubricant for purposes
where high viscosity is desired.

Cottonseed oil, obtained by grinding, warming, and pressing
the seeds from which the cotton fiber has been removed, is a
fairly satisfactory lubricant for many purposes but as it has
“semi-drying” properties it thickens more rapidly on expos-
ure to the air than do the oils above mentioned, and so has
more tendency to gum the bearings. For this reason and
because of the large demand for cottonseed oil as a food and
as a material for making high grade soaps it is not likely to
become very prominent as a lubricant. On account of its
similarity to rapeseed oil it has been used as an adulterant of
the latter. Blown cottonseed oil is prepared in the same
manner and used for the same purposes as blown rapeseed
oil.
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Castor oil is also somewhat used as a lubricant for cases in
which high viscosity is required. In obtaining the oil the
ground castor bean is first pressed at ordinary temperature to
obtain the first quality (‘“cold-drawn”) oil which is used
medicinally, after which by heating the residue and subject-
ing it to further pressure a darker oil of lower quality is ob-
tained which is used for industrial purposes. As a lubricant
it is rather expensive but has the advantage of not readily
“drying” or “ gumming”’ nor does it turn rancid so readily as
do most fatty oils. It differs from most fatty oils in that it
does not mix with petroleum oils.

For descriptions of other fatty oils, less commonly used as
lubricants, see Allen’s Commercial Organic Analysis or Lew-
kowitsch’s Oils, Fats and Waxes.

Tests ! and Specifications for lubricating oils usually
relate to the nature of the oil, its freedom from acidity, grit,
tendency to gum, etc., and especially to the specific gravity,
flashing and burning points, solidifying point (“cold test”)
and viscosity.

The significance of the specific gravity as an aid in dupli-
cating an oil which has proven satisfactory in use has already
been noted. Flashing and burning points must of course be
sufficiently high to ensure the safety of the oil in use, and the
solidifying point sufficiently low so that the oil is not likely
to congeal at any temperature to which it may be exposed
while on the bearing. While much stress is laid upon the
viscosity, it is unfortunate that viscosity values are based
upon so many types of apparatus that care must be observed
in comparing such figures and often quantitative comparisons
cannot be made. The adoption of the Engler viscosimeter 2

! For a recent discussion of tests with full directions for laboratory
work see Sherman’s Methods of Organic Analysis, Revised Edition,
Chapter XI.

% See detailed sketch and description in Sherman’s Organic Analysis,
p. 227; or Allen’s Commercial Organic Analysis, ITI, 154.
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as the standard instrument by the American Society for
Testing Materials and its prescription in the United States
government specifications will, however, do much in clearing
up the confusion arising from the use of different instruments
and standards of measurement.

Sorip LUBRICANTS

For the lubrication of low speed bearings under heavy work,
greases are often used, while graphite by itself also serves as
a lubricant. Most lubricating greases are made by treating
a fatty oil or fat with an alkali whereby a soap is obtained
which when mixed with the rest of the oil or with a mineral
oil makes the latter stiff and greasy.

The lubricating greases may be classified under a few heads,
depending upon their consistency, which is derived from the
proportion of lime or soda soaps or oleates mixed with a
hydrocarbon oil as a carrier. The principal kinds, according
to Gillett ! are:

A. The tallow type: made from tallow and the sodium soap
of palm oil and mixed with mineral oil.

B. The soap-thickened mineral oil type: consists of mineral
oil of various grades made solid by the addition of lime or
sodium soaps.

C. Types A or B with the addition of a mineral lubricant,
usually graphite, mica or talc.

D. The rosin oil type: rosin oil thickened by lime to
which is added mineral oil. These greases often contain
20 to 30 per cent water and constitute the chief gear
greases.

E. Non-fluid oils: thin greases stiffened with aluminum
oleate or a mixture of sodium and calcium soaps.

1 J. Ind. Eng. Chem., 1, 351 (1912).
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F. Special greases, such as a mixture of wood pulp and
graphite, thin greases containing wool or cotton fibers,
etc.

For an example of the first type the composition of a sam-
ple of axle grease may be quoted:

Per cent
4 L A e e 6 0 6 60 30 206 SR B SN (E 23.3
Mineraloil. . ... ... .. ... ... ... . 7.8
DEYISOAP. - o - - et R - 16.3
AT 600066 60800080806 ap o 45 0d8 08 conopa 800 52.6

Rosin oil is a very common constituent of greases. Itisa
product obtained from the destructive distillation of rosin
which in decomposing yields: (1) an aqueous acid liquor,
(2) rosin spirit, (3) rosin oil, (4) coke.

The acid liquor is used as a source of acetic acid, the rosin
spirit is a good solvent for use in varnish making, while rosin
oil is used as a lubricant as well as for other purposes. In
considering this oil attention should be called to the fact
that rosin oil is not a fat and contains no fatty acid.
It does however contain rosin acids which in the com-
mercial oil are free and make the oil acid in character
and which when neutralized with alkali form “rosin
soaps.”

The soaps used in the manufacture of the greases may be
either of the lime or so-called alkali character. The latter
consist of those soaps made with caustic soda as the saponify-
ing agent. They generally give smoother greases since they
are more soluble in the other oils than are the lime soaps.
The latter are cheaper, give a stiffer grease, and have a higher
melting point.

The following table of analyses! of commercial greases
may be taken as representative of the composition of the
lubricating greases now in general use:

1J. Ind. Eng. Chem., 1, 357 (1909).
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TABLE 21.—Analyses of Lubricating Greases

185

8 %
N ) S v |9
53 3 < 158|835,
3 | 8 S I SR|e3% §
Name |+ | | 3 ISR R [T |SXRF
B S S § = o] S D N I
o |SR3| (3|88 3 |ZST™
S| | &8 S |5 S - &8s
Grease |« | £ |51 % (2 S| 8| 8§ [S~|szxf®
B38| |S18 | S [&s5|>8%
SIS |8 “ SN E L
© ~
Graphite 195/ 93 | 11 [16a |Tracel 17 | o 56 |0.108 | ©0.097
Summer
motor |160| 87 | 38 |..... o.o5/25 |Tracel 36.5 [0.075 | ©.075
Winter
motor 175 86 | 23 |..... 0.03(37 6.1 | 40 0.003 0.063
Auto...(1go| 79 | 19 |..... 1.0 |20 |Trace| 6o [0.046 | ©.046
Tallow Al210{ 52 1.4b 2.5 {73.5] o 22 |o.o012 0.022
Tallow
XX ..|215 49 .132.1¢c|Trace| 48 o 20 [0.018 | o©0.029
Lime
rosin. .|198| 77 9.9d|Trace] o | o o [o.017 | 0.048
Soda
grease [215| 83 22.0¢| 0.0 o o o [0.016 | o.019
Non-fluid
oil. ...|210| 76 | 9.8|12.9f| © 71 o | 70.3 |0.016 | ©0.026
a—graphite. d—calcium oxide.

b—potash soap.
c¢—potash soap and paraffin.

e—sodium soap.
f—sodium soap.

Graphite serves as a lubricant for cast iron bearings, acting
as a surface evener of the porous metal. On finer surfaces it
does not work so well, having a tendency to collect in such
quantities as to seriously score or abrade the journal and
bearing. To serve as a suitable lubricant under this latter
condition, Acheson has prepared graphite in a very fine and
deflocculated state which remains suspended indefinitely in
water. This form is known under the commercial name of
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“aquadag,” and a similar suspension on oils is known as

“oildag.” In these forms graphite may be distributed in
minute quantities to journals and bearings and under high
speed conditions maintains a low coefficient of friction.
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CHAPTER VIII
THE MANUFACTURE OF PIG IRON

Tue annual production of pig iron in the United States is
approximately twenty-five million tons, which involves the
use of from thirty-five to fifty million tons of iron ore. In the
smelting of iron ore in 19og more than three hundred in-
dustrial plants or blast furnaces were engaged, while the
refining processes used to convert the pig iron into commercial
forms suitable for the various industrial uses constitute an
equally large enterprise and make the iron industry one of
leading magnitude.

In the reduction of the ore to metallic iron it is necessary
to consider the nature of the ores used, the preparation of the
ores for smelting (reduction), the general design of blast
furnace equipment, the reactions of the smelting process,
and the classification or grading of the various kinds of pig
iron produced, together with the nature and uses of the by-
products of the process.

IroN ORES

The ores used in the manufacture of iron are classified by
the United States Geological Survey ! as follows:

1. Hematite, including all anhydrous sesquioxides of iron
(FexO3) known by various names, such as red hematite,
specular ore, gray ore, oblitic ore, etc.

2. Brown ore, including the varieties of hydrated ses-
quioxide of iron (FeO;nHs0) recognized locally as limonite,
brown iron ore, bog ores, pipe ores, etc.

1 Mineral Resources of the United States (19o5).
189
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3. Magnetite, including those ores in which the iron oc-
curs as magnetic oxide (Fe;04), generally known as magnetic
iron ore.

4. Carbonates, those ores which contain a considerable
amount of iron carbonate (Fe{COs), such as spathic ore,
blackband, siderite, etc.

Of these classes hematite has always been predominant as
an ore of iron. At present it constitutes almost nine-tenths of
the iron ores produced. Brown ore and magnetite are far
inferior in importance, each furnishing at present about one-
twentieth of the total, while the production of iron carbonate
constitutes less than one-thirtieth of one per cent of the total
iron ore production.

Hematite is found in various forms as massive, granular,
crystalline, or earthy. It is often associated with silica in
veins and beds and as a constituent of siliceous and felds-
pathic granites. Hematite shows a red streak when scratched.

Brown ore belongs to the more recent deposits of iron,
being derived from the more ancient ores by chemical and
physical influences. It is also formed from the decomposition
of minerals containing iron, washed out by water, mechan-
ically transported to other localities by streams, and pre-
cipitated in the hydrated form. This explains the formation
of bog iron ore, but it is also found in large beds, in isolated
masses, in stalactite form, in distinct nodules, in fine grains,
and in the condition of a powder. Its streak when scratched
is yellow or brown.

Magnetite is usually black in color, has a definite crystalline
form, and is strongly magnetic. Magnetites usually occur
in rocks which have undergone metamorphic change and
share to a large degree the history of igneous rocks. Various
theories regarding the formation of magnetite have been ad-
vanced.! They often contain quantities of iron pyrite dis-
seminated through them.

1 Kemp: Ore Deposits of the United States and Canada, p. 182.
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Carbonate ores are generally found in connection with
lime, magnesia, and manganese. They occur usually in
crystalline form and have a yellow to brown color. On ex-
posure to the air, carbonate ores are easily oxidized to brown
hematite. The name given to the purer kinds of carbonate
ores is siderite or spathic iron ore.

The deposit of ore may occur in beds conforming to the
general stratification of the region, in pockets, or in veins or
lodes. The accompanying material is known as gangue or
country rock. Accordingly, when iron ores are mined, we
have three classes of material: (1) Rich ore which is ready for
smelting, (2) impure ores which may be subjected to mechan-
ical treatment and the iron concentrated, and (3) the gangue
or country rock, carrying a quantity of iron but not sufficient
to pay for the cost of extraction.

SMELTING

The preparation of ores for smelting consists in (1) weather-
ing, i. e., exposing to air, which facilitates separation of clays
and shales and (2) calcination or removal of volatile matter
by heat. This reduces the weight 20 to 50 per cent, removes
sulphur, and makes the ore more porous. The reactions
taking place are:

Fe:0snHzO — Fe,03 + nHyO
2FeCO; + O — Fex03 + 2COq
Fez(C03)2 — Fes03 + 3C02
2FeS; + 110 — Fey03 + 450:

The smelting of iron ores is a reduction process. Its sim-
plest case is that of the action of a reducing agent on an
oxide as 2

Fe,0; + 6H — 2Fe + 38KQ or
Fe;0; + 3C — 2Fe + 3CO

In practice, however, it is necessary to provide also for the
removal of the gangue or impurities which accompany the
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ores. For this purpose fluxes are used to promote the separa-
tion of the metal by increasing the fluidity of the gangue or
the ore, and the ash of the fuel, forming a fusible slag. Lime-
stone is the most common of the fluxes used, the lime com-
bining with the silica and alumina of the ore to form fusible
complex silicates of alumina and lime. The selection of a flux
depends on the nature of the gangue to be removed. Chem-
ical action of the fluxes is dependent on the basic or acid con-
dition of the gangue. Lime, alumina, and oxide of iron are
basic, while quartz, sand, and clay are acid. To remove
silica or clay it is necessary to add a basic flux, while if metal-
lic oxides or basic bodies have to be fluxed, silica must be
added, and possibly a second metallic oxide, to produce a
fusible body.

The products of smelting are metals, slag, and gases, the
metals in the case of iron ores consisting of all the iron in the
ore together with from 5 to 8 per cent of other materials
taken up from the charge. The following diagram may be
used to show the distribution of the charge and the output
of the furnace.

AIR IRON ORE COKE LIMESTONE
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The smelting of iron ore is carried on in an oven known as
the blast furnace. This resembles a circular shaft from 85 to
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110 feet high and from 14 to 22 feet wide inside at the broad-
est part. Figure 37 represents the general outline and con-
struction of the blast furnace. It consists of an outer shell of
wrought iron or steel plates, lined on the inside with re-
fractory brick. The internal lines of the furnace constitute
the hearth (4), bosh (B), belly (the widest part of the furnace)
and the stack (E), which is the part of the furnace tapering
from a diameter of about 14 feet to about 10 feet at the top
where the charging is done through a removable bell-shaped
cover known as the charging bell (3). The furnace lining
is from 3 feet to 5 feet in thickness. The upper structure rests
upon an annular ring supported by pillars (0). The bosh
lining is not nearly as thick as the other portions of the furnace
and in some types it has given way to water cooled bronze
plates (R), set in the brickwork. The bosh narrows at an
angle of about 72 degrees until the hearth is reached where
the actual smelting is done. The hearth or crucible of the
furnace is circular in section. Into this open apertures for
introducing the blast which are known as the tuyéres (7).
The number of tuyéres varies from four to sixteen.

In one of the largest furnaces 60,000 cubic feet of air per
minute i introduced through sixteen tuyeéres (diameter 6
inches, the normal pressure being fifteen pounds).!

A part of the gases produced in the process are led off
through pipes descending from the top known as down-
comers (H) and are conducted to heating stoves (Fig. 38)
where they are burned and used for heating the air blast.
These stoves are composed of brick checker work which be-
comes highly heated by the gases of combustion (the mixture
of blast furnace gas and air) and serves to heat by contact
the cool air passed over it. The line of arrows seen in Fig-
ure 38 shows the various channels through which the air,
known as the cold blast, travels after entering the brick stove
at the top as indicated. The direction of the cold blast in

L Eng. Mag., 22, 495 (1902).
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being heated is directly opposite to that taken by the gas
coming from the furnace to heat up the walls and various

Aot
Blast
Marr

F16. 38. Heating Stove for Air Blast.

channels and checkered brickwork in the stove. The gas
in leaving the “down-comer” is carried through gas mains
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to V, where it passes the gas valve at X, and enters the fur-
nace at H. Before the gas is turned on, the cap K, which
closes the gas inlet while the blast is passing through the stove
to be heated, is removed, and the gas valve opened, so that
the end of the pipe at X is about even with the face of the
gas inlet. The pipe X being smaller in diameter than the
hole of the gas inlet at H, permits air to unite with the gas
as it enters the stove, thereby causing combustion or ignition
of the gas at the entrance before it passes to the combustion
chamber, where it receives more air by means of the air in-
let T, which is opened when the gas is turned on. When the
gas is first turned on, the valve D is opened. As shown now
it is closed so as to prevent any gas escaping up the chim-
ney P, The valves Sand W are closed when the gasison. In
a general way the blast is on for one hour and the gas for
three. Three stoves are generally on gas while one is on
blast. After the air is heated to about 1000° C. it is com-
pressed and distributed by the tuyéres in the hearth of the
furnace and produces the temperature necessary for the re-
duction of the iron ore.

CuEMICAL REACTIONS IN BLAST FURNACE

In general, the following is an outline of the reactions: The
compressed air at 100o® C. produces from the fuel a mixture
of gases, such as carbon monoxide, hydrogen, etc., which
assist in reducing the ore and in burning produce a high tem-
perature. The limestone combines with the foreign matter
mixed with the oxide of iron in the ore forming a fluid slag
which is tapped out every two hours. The molten metal in
a crude state (about 93 per cent iron, the remaining 7 per
cent consisting of carbon, silicon, manganese, phosphorus
and sulphur) is drawn off at intervals of four hours for a
‘“cast,” or else run into ladles for immediate use in steel
making. The blast furnace may be regarded as a gas pro-
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ducer of large dimensions in which air strikes white hot coke.
The following reactions may be produced:

(I) C +0; - CO,
(2) C + CO; — 2CO
(3) C + N — CN (slightly)

Hence the gases present in the lower part of the furnace in
the region of the tuyeéres are chiefly carbon monoxide (re-
ducing) and free nitrogen (inert).

When iron oxide descends in the blast furnace and reaches
a temperature of 250° C. to 400° C., the following reactions
take place, all of which are exothermal (heat producing):

(4) 3Fe;03 + CO — 2Fe;044 CO,
(5) Fe;04 + CO — 3Fe0 4+ CO,
(6) FeO + CO — Fe + CO.

At a higher temperature (400° C. to 500° C.), and lower in
the furnace the following endothermal or heat absorbing re-
actions take place:

(7) Fex0s + 3C — 2Fe + 3CO

(8) Fes04 + 4C — 3Fe + 4CO

(9) FeO + C — Fe + CO

Under certain conditions of temperature and dilution of
gas, carbon dioxide acts as an active oxidizing agent thus:

(10) FeO + CO; — Fey03 + CO (exothermal)

(11) 2Fe + 3C0O; — Fe;03 + 3CO (endothermal)

The deposition of carbon is represented by the following
reactions:

(12) 2Fe,C; + 8CO — 7CO, + 4Fe + C

(13) Fe +CO —FeO + C

(14) 2Fe 4 COy; — 2FeQ + C

This may perhaps be made clearer by considering a concrete
case under the following conditions:

Temperature at tuytres, 1500° C.
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Ore = 6o per cent iron; no water, 3,613 pounds ore per ton
of iron

Coke = 87 per cent carbon; 1888 pounds per ton of iron

Stone = 100 per cent calcium carbonate; 1oro pounds per
ton of iron

Pig iron 4 per cent carbon and 1 per cent sulphur.

Ratio of tunnel head gases: 1 part carbon dioxide to 1.5
parts carbon monoxide ‘

Temperature of tunnel head gases, 260° C.

Height of furnace, go feet.

At the tunnel head, i. e., entrance to down-comer, the ore,
Fey0s, is plunged into a mixture of gases consisting of carbon
monoxide, 24 per cent, carbon dioxide, 16 per cent, and nitro-
gen, 60 per cent. A part of theiron oxide is reduced accord-
ing to equation (4), i. e., FesO4 is formed. At a depth of ten
feet equation (4) is complete and the temperature is 450° C.
At a depth of 13.5 feet at 500° C. equation (5) is complete.
The ferrous oxide, FeO, 26.5 feet, the temperature being
700° C., and according to equations (6) and (9) yields spongy
iron which reaction is complete at 800 C. and at a depth of
32 feet. The limestone descends to this point and is decom-
posed at 800° C. to lime, Ca0, and carbon dioxide, CO;. The
lime combines with the silicious matter and is rendered fluid.
The carbon dioxide is reduced between 17 feet and 32 feet at
550° C.—800° C. to carbon monoxide, the bulk of which es-
capes and serves no purpose so far as the reduction of iron is
concerned. The temperature steadily rises, increasing the
fluidity. At the tuyeres the following reactions take place:

0; — CO; — CO, from 4 feet above tuyéres to 32 feet.

Si0; — Si, by action of carbon at high temperatures in
presence of iron. Silicon combines with iron.

MnO; — MnO by CO — Mn by C — alloys with iron.

PO, — P in presence of Si — phosphide of iron.

S — liquefied and combines with iron.

In the middle zone of the furnace the oxidizing reactions
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(z0) and (11) nearly balance the reducing reactions. Com-
plex secondary reactions also occur along with those men-
tioned above.

Propucts oF THE BLAST FURNACE

The main products are gases, slag, and pig iron. Com-
mercial uses have been found for both the gases and the slag,
although formerly they were regarded as waste products.

The composition of blast furnace gases varies, but in a general
way is similar to producer gas (q. v.). Its general composi-
tion may be stated as follows:

Carbon monoxide, 23-27 per cent.

Carbon dioxide, 12-10 per cent.

Hydrogen, 2—3 per cent.

Methane, 3-o per cent.

Nitrogen, 58-59 per cent.

Its calorific power per cubic foot is about 100 British thermal
units. Its theoretical temperature of ignition is 1592° C.
The sources of the constituents of blast furnace gases are:

Nitrogen from the blast.

Carbon from coke, and from the carbon dioxide in lime-
stone.

Oxygen from the blast, from the ore, and from the carbon
dioxide in the limestone.

Hydrogen from the moisture in the blast.

To eliminate the last and thus save the energy required for
its formation from the decomposition of moisture, the Gayley
process uses dry air for a blast. The drying is accomplished
by passing the air over about go,oo0 lineal feet of 2"’ pipe
containing a refrigerating agent, the moisture being deposited
on the pipes as frost. The economic saving effected by this
preliminary drying of the air is enormous. The amount of
fuel used in the formation of hydrogen is given in the follow-
ing table:
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TABLE 22.—Fuel Consumption Due to Moisture in the Air Blast

Calories
Cubic fect | Pounds of | Pounds of | required to Pounds of

Fahrenheit of air Ho0 in 1 |40 in air | dissociate colfe
degrees | needed per | cubic foot |used per ton| the steam requ'zred
ton of iron | of sat. air | of pigiron| (1 Kg. = bfi:;‘s::

3333)
32° 100,000 000304 30.4 45,000 24
92° 112,000 .00225 252.0 | 380,500 200

The Gayley process has been adopted by a number of fur-
naces in this country and in Wales. Its chief advantages are
an increase of ore burden, a reduction of the load on the
blowing engines due to the smaller volume of air, more regu-
lar working of furnace and a saving in fuel.

The amount of gas produced is about 140,000 cubic feet
per ton of iron where the fuel consumption is 2000 pounds
per ton. In a 300 ton furnace this will yield 645,000,000
calories or 42,000 horse power per 24 hours. One-third of this
goes to heating stoves,leaving 28,000 horse power to beburned
under the boilers for steam raising. In an exceptionally good
boiler plant the steam will represent 75 per cent of the energy
of the fuel, or 21,000 horse power, which, converted into power
in engines of 1o per cent efficiency, will yield about 2100
horse power. If, however, the gas not used in the heating
stoves be directed to gas engines instead of being burned
under boilers for steam raising, the power developed by 15
per cent efficiency gas engines will be 4200 horse power, an
excess of 2100 horse power, a power which is ample to run all
the converting plants and rolling mills necessary to convert
the pig iron into steel rails.

Blast furnace slag is of variable composition due to varia-
tions in the charge. It serves the purpose of carrying off
waste material amounting to from 10-30 per cent of the weight
of the ore and from 1o-15 per cent of the fuel. Limestone
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is added to combine with these extraneous materials and
the result is a mono-silicate of lime and alumina having an
approximate composition of (3 (2Ca0SiOs) + 2AL,0;Si0,).
Its approximate percentage composition is indicated by the
following typical analysis: !

SN0 ) hor e Ban 0 e tn Sk St o h e 34.48 per cent
Alumina (AlyO3z). ..o e ve i TSR «
iBime) (CalO) S ST 5 500 1. 32.82 £
Iron oxide (FegO3z). v o vv o vvieeiiinnn.. 0.76 “
Manganese (Mn). ...........ocoveiinnn... 1.62 8
Magnesia (MgO). . ..o 7.44 <
Calcium sulphide (CaS)... ................ 2422 “
Alkalies (NagOand K2O).................. 1.92 &
Phosphoric acid (PgOs) . .. ..o oovvveeennn.. 0.15 ¢

The appearance and composition of the slag is an index of
the character of the iron produced. If the slag is of a dark
color and very dense it means that the iron produced is low
in silicon and high in sulphur with much iron in the slag. A
light gray color and porous texture denotes the reverse of the
above. High manganese produces a brown or green slag
while alumina or alkaline sulphides produce a blue slag. The
worst slag is “scouring cinder,” of reddish brown color due
to a large iron content. This is basic and very corrosive to
the furnace lining, dissolving the silica of the bricks.

The slag is usually conveyed to a dumping ground and later
used for ballast and roadways. Recently other uses have been
found for it. It may be made into mineral wool by the action
of steam on molten slag. Its most extensive use is in the
manufacture of Portland cement. In this process (q. v.) it
is granulated by water, mixed with limestone, ground, burned
to a clinker, and again ground. Slag? containing 31-34 per
cent silica, r2-15 per cent alumina, 4648 per cent lime and

1 West: Metallurgy of Cast Iron.
2 Iron Trade Review, 39, 17 (1906).
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not more than 1.3 per cent sulphur may also be ground, dried,
and mixed with lime to form a slag cement.

CLASSIFICATION OF Pic IrRON

Pig Iron is classified according to (1) the appearance of its
fractured surface and (2) its composition, which limits its
use to certain purposes.

Appearance of Fracture.—White pig iron presents a frac-
ture that is white, close grained and crystalline in appear-
ance. It is usually the product of a furnace that has not
been working well. Mottled pig iron has a matrix of white
iron with gray spots as the characteristics of its fracture.
Gray pig iron has a gray fracture. Itis soft and easily turned,
chipped, or filed. Its carbon has separated as graphite.

The typical or average composition of the various classes
of pig iron is shown in Table 23.

TABLE 23.—Composition of Pig Iron

White pig Mottled pig Gray pig
iron iron iron

Trony(Ee)l i lEa 1% 04.68p.ct. | 04.48 p.ct. | 02.37 p. ct.
Carbon (C).

Combined .. .. 3.83 ¢ 1.98 @i

Graphite..... | ..... < 2Ro2 JaEp 1 LB
Silicon (Si)........ o 4T 14 0.56 2.44 “
Phosphorus (P).... | o.04too0.5 “ o.19 “ Tl B
Sulphur (S). ... ... o0.05t00.3 0.08 0.02 “
Manganese (Mn) .. | o.10to1.5 0.67 0.28 “

Composition.—Pig iron is further classified according to
its composition which determines its special uses. Foundry
4ron which has a low sulphur content is used in the construc-
tion of castings. Charcoal iron is exceptionally pure especially
in its freedom from sulphur and phosphorus. It is used in
the construction of guns, stoves, and chilled work. Bessemer
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iron, which does not exceed o.1 per cent in phosphorus may
be employed in the manufacture of acid Bessemer steel (g. v.)-
Basic iron which has a high phosphorus content is used in
the manufacture of open hearth steel (q. v.). Several special
iron alloys are sometimes included among these classes,
among them being ordinary ferro silicon, a pig iron containing
from 10 to 20 per cent silicon; silicon eisen, a ferro silicon with
a high manganese content; and spiegel eisen, which contains
a low silicon content but has a manganese content of 7 to 30
per cent. ;
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CHAPTER IX
COMMERCIAL FORMS OF IRON AND STEEL

TaE product of the blast furnace known as pig iron may be
used in founding, in puddling, and in converters, yielding cast
iron, wrought iron, and steel, respectively. Cast iron con-
tains practically all of the impurities of pig iron; wrought iron
is nearly pure iron; and steel contains varying proportions of
carbon and other elements as may be desired for specific pur-
poses.

Cast IrRON

In the founding process the pig iron is melted either in a
cupola,orin an “air furnace.” The cupola consists of a cylin-
drical shaft furnace (Fig. 30), with tuyéres for a small blast.
The cupola is fired and the iron introduced in layers alternat-
ing with coke. About two hundred pounds of coke per ton
are required and enough limestone (about 35-40 pounds per
ton) is added to flux the ashes of the fuel and form a slag.
The chemical changes in the cupola are not very marked,
consisting of the partial removal of impurities by oxidation
and the absorption of some impurities from fuel.

When pig iron is heated in an oxidizing atmosphere, the
silicon is oxidized to silicate of iron and passes into the slag.
The amount of carbon is not usually reduced, possibly on
account of its being replaced from the fuel as fast as oxidized.
But the condition of the carbon is changed from graphite to
combined carbon, as the silicon is removed, and conse-
quently the iron becomes whiter. Manganese is partially
removed by oxidation. Sulphur present in the fuel passes

205
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into the iron. The effect of the melting of iron is therefore -
to reduce the percentage of silicon and manganese, increase

‘0 =X (2
"(,).) 3»0 cwr)ié‘

FIG. 39. Foundry cupola.

that of sulphur, transform free carbon into combined carbon,
and whiten the iron.
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The molten iron is next run into sand moulds of the shape
desired for commercial use. The form is obtained from a
wooden pattern of the object to be cast. The sand used in
moulding has an important influence on the appearance and
quality of the castings produced in the foundry.

Moulding sand should have the following approximate
composition: silica 92 per cent, alumina 6 per cent, oxide of
iron 1.5 per cent, and lime .o5 per cent. The higher the pro-
portion of silica, the more refractory is the sand, but it is
then apt to lack in cohesion and plasticity. Alumina and
magnesia impart the latter properties, but when present in
excess render the mould less porous and less refractory. Lime
also reduces refractoriness and is apt to produce rough sur-
faces on castings due to the action of gases from the decom-
position of the carbonates. The physical condition of the
sand likewise has an important bearing. When too coarse
the surface of the casting is inferior; when too fine it is un-
suitable for large castings and the gases cannot readily es-
cape.

Chilled castings are made by means of part iron moulds
and part sand moulds. Theiron that comes in contact with
the iron mould is quickly solidified and the carbon does not
separate out as graphite, but remains in the combined form.
Thus the rims of car wheels cast in this way are very hard,
while the interior portions have the properties characteristic
of ordinary castings. y

When castings of white iron are reheated, packed in some
refractory material such as iron ore or mill scale, the iron is
rendered soft and somewhat malleable. The change is due
to the breaking down of the combined carbon and its separa-
tion as amorphous carbon. This form of carbon differs from
graphite (in its effect) in that the graphite occurs in gray
iron in the form of large brittle sheets whereas the amorphous
carbon or “temper carbon’ occurs in isolated dust-like
patches.
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WrouGHT IRON

Wrought iron is a slag-bearing iron, malleable in all ranges
of temperature, and not appreciably hardened by sudden
cooling. It is made from pig iron either by the process of
puddling or a similar purification process. In the puddling
process as practiced in this country a small reverberatory
- furnace (Fig. 40) is used. This furnace consists of a firebox
and grate whose area is about one-half of the area of the
hearth. The hearth is about 6 feet long and three feet wide
and is protected by a lining or fettling (layer) of either roasted

v

F16. 40. Puddling Furnace.

tap cinder or roll scale, which is largely iron oxide. The fire
and flue bridges, 4 and B respectively, are air cooled and the
iron plates, which constitute the exterior part of the furnace,
are water cooled. The draught is produced by tall stacks and
controlled by dampers. Soft coal is the fuel and the charge
consists of refining slag (from a previous puddling charge),
500-300 pounds pig iron, together with hammer scale (Fe;0,).
The process consists of four stages: (1) the melting down stage,
(2) the stage of slag formation, (3) the boiling stage, (4) the
balling up stage.

The melting is done as rapidly as possible, with forced fires
and takes from 30 to 35 minutes. The next 10-15 minutes
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constitutes the period of slag formation proper. The
damper is lowered, roll scale or high grade iron ore is added
and the chafge is thoroughly mixed in order to bring the
molten iron in contact with the oxide. The first foreign
constituent to oxidize is manganese. The molten iron is
covered by a slag of silicate and oxide of iron and rests on a
bed or fettling of oxide of iron. Hence, the manganese may
be removed as in the reaction:

FesOs4 + 4Mn — 3Fe 4+ 4MnO

the resulting oxide of manganese becoming a portion of the
slag. Similarly the silicon and carbon of the pig iron are
removed as represented by the reactions

FesQ4 + 2Si — 3Fe + 2Si0,
Fes0, + 4C — 3Fe + 4CO,

the latter when burning being known as “puddler’s candles.”

The next stage, lasting for 1o—20 minutes, is known as the
boiling stage, in which oxidation continues, the rabbling be-
comes more vigorous and the draught is increased to liquefy
the slag. The mass has the appearance of active boiling and
bright patches of burning iron are seen, indicating that the
iron has “come to nature.” This means that the impurities
of the iron have been removed by oxidation, and, since the
fluidity of iron is dependent upon these impurities especially
the carbon, it follows that the iron separates out of solution
in granules which coalesce to form the “bloom,” or crude
malleable iron, suspended in liquid slag.

The last twenty or thirty minutes constitute the balling
up stage in which the pasty mass, at full welding heat, is
made into balls of seventy pounds each, rolled up to the fire
bridge, the damper being lowered, and held in a reducing
atmosphere until ready for removal to the squeezer.

The chemical changes are due mainly to the fettling and
(roll scale (oxides of iron). Sulphur is removed principally
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by liquefaction. The loss of iron is about 5—20 per cent and
each ton of puddled iron requires about 2500 pounds of coal.
The most active agent, chemically, in the puddling is the
fettling. A mixture of ferric oxide and silica, made by roast-
ing the slag from the puddling furnace, going by the name of
“bull-dog,” is often used for fettling. Its oxidizing power is
evident by its action on carbon: Fe,O; + 25i0, + C —
2FeSi0; + CO. The tendency is to use fettling of low silicon
content, such as hematites. The oxygen of the fettling mate-
rial and of the slag has been found to be the active agent in
the oxidation of impurities in crude iron, rather than the
oxygen of the air.

After removal from the puddling furnace the balls of iron
containing much slag are passed to a squeezer where the slag
is worked out, and then through rolls, leaving bars of malle-.
able iron ready for use. '

Malleable iron is of a light gray color with either a granular
or fibrous fracture and has a specific gravity of 7.60 to 7.go
(that of chemically pure iron is 7.844). Its composition is
evident from the following samples submitted to the United
States Government for analysis:

Minimum Maximum
Per cent  Per cent

Carbon =P BEReaR T .026 .004
Phosphorus. .............. ... .. .... .65 .232
ST P36 6,55 08 3 olddlaba 66 b o 0o o & .028 .182
Manganese. ... ... Trace .052
SIEGE Holo SR &k o' dok o SRt SN B .674 1.738

Ultimate strength, 52,201-69,779 pounds to square inch.

The effects of impurities are very marked in wrought iron,
the presence of sulphur, arsenic and copper rendering it red
short, i. e., it crumbles under the hammer at red heat, while
phosphorus renders it cold short, i. e., it may be worked while
hot, but when cold breaks on bending.
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Steel

Steel may be defined as iron, owing special properties to
carbon or other elements, which is malleable in some range of
temperature and is either (1) cast into an initially malleable
mass, or (2) is capable of hardening when suddenly cooled,
or (3) both.

In general, there are four ways in which steel may be
produced:

1. By a direct process from iron ores by the Catalan forge,
or by the American Bloomery, not usually employed.

2. From malleable iron by the cementation process and

crucible process.

" 3. From pig iron by the acid Bessemer, basic Bessemer,
basic open hearth, and acid open hearth.

4. By a combination of the open hearth or Bessemer and
the electric furnace.

Cementation Process.—This process is dependent upon
the fact that when iron is heated in contact with carbon the
carbon travels into the metal and combines with it. The
furnace used in this process consists of an arched chamber
along the center of which runs the firebox. On each side of
the firebox is a trough for the bar iron, so placed that the
flames from the fire circulate under and around it. The
bars are usually about 10’ x 3’” x 3/5"” and the charging is as
follows: charcoal lumps are spread over the bottom of the
trough; then a layer of the bars; this is covered with charcoal,
and so on until filled. Over the top is placed a layer of wheel-
sward (grindstone refuse) which fuses and makes a binding
for the top. Gradual heating then follows, until in forty-
eight hours, the temperature is up to 1roo-1200° C., the
cementation point. This temperature is kept up for from
six to nine days, according to the amount of carbon it is de-
sired to impart to the iron. Thus at the end of four or five
days, the bars consist of a thin skin of steel with a core of the
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original iron. This steel is used for springs and saws. In five
or six days the steel skin is thicker and furnishes shear steel.
In seven or eight days it is half core and half steel. In ten
days no core or sap is present and it is known as tool
steel. ‘

The bars thus produced are known as blister steel on ac-
count of the appearance of the surface, due to the carbon
monoxide formed from the carbon of the iron and the oxygen
of the slag. The cause of the transference of carbon is some-
what in doubt. It is known that under certain conditions
solid carbon can diffuse into iron, but it seems more likely to
be accomplished by the medium of gases. The atmosphere
of the bar troughs consists of carbon monoxide. It is known
that iron at high temperatures can absorb eight to ten times
its volume of carbon monoxide, but when iron is red hot it will
dissociate it thus: 2CO — CO; + C. Hence the carbon is
deposited and the carbon dioxide diffusing out is reduced
thus: CO; 4+ C — 2CO. The various hypotheses advanced
are: '

(1) carbon is transferred to the interior of the bars from
solid fuel, (2) from gaseous carbon monoxide, or (3) from
hydrocarbons, the latter hypothesis being supported by the
fact that the alkaline cyanides give up their carbon to iron
and that iron may be carbonized when heated with paraffin
vapor of coal gas.

To secure homogeneity, blister steels are usually either
reheated and rolled or broken up and melted in a cru-
cible.

Case hardening is the name applied to the process of con-
verting the surface of soft or medium steel articles into hard
(high carbon) steel so that the article may have a hard sur-
face to take the wear and a tough interior to stand shocks
and strains. The process of case hardening is very similar
to that of making blister steel, namely, by cementation.
Harveyizing is case hardening applied to armor plates.
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The Crucible Process.—This process in principle con-
sists in (1) melting wrought iron in graphite or clay pots with
carbon and any other alloying element desired; (2) tranquiliz-
ing the mass so as to yield compact castings; and (3) casting
or teeming into ingots.

The graphite crucibles are most commonly used in this
country. They are made of graphite about 50 per cent,
fire clay 40—45 per cent, and sand 5—9 per cent. They hold
a charge of 6o—go pounds and last 4—6 melts, the charges
being lessened in each heat.

The clay crucibles, which contain about 5 per cent coke
dust, have to be heated carefully. They are not much used in
the United States.

Various types of furnaces are used, known as the Sheffield
Coke Shaft furnace, American Four Pot Anthracite Shaft
and Siemen’s Regenerative Crucible Furnace (q. v.). The
crucible is filled when cold, and is covered with charcoal.
The “heat” consists of two periods: the melting and the
killing. The melting takes about two hours and fifteen
minutes. When melted, the crucible is uncovered and the
charge examined to make sure it is entirely molten. If cast
at this state, it would be full of blow holes, so in the killing
period it is held molten in the crucible until it is quiet. This
change is supposed to be due to the absorption of silicon from
the walls of the crucible, increasing the solvent power of iron
for gases. The casting is done by pouring into moulds and is
known as feeming.

The chemistry of this process is dependent upon the reac-
tion between the charge and the walls of the crucible. Oxy-
gen is present in rust, in the slag of bar iron, in the air, in
" carbon dioxide and in water vapor. Hence the tendency to
form oxides must be resisted by the carbon in the crucible.
The metallic oxides are basic and corrosive, but after reacting
on the crucible walls the slag becomes acidic by absorption of
silicon. The carburizing action now begins, the result being
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that the metal gains in carbon from zero per cent to o.23
per cent and in silicon from o.05 per cent to o.2o per cent.
When spiegel or ferro manganese is added, much of the
manganese is slagged off (i. e., oxidized and introduced
into the slag) and the absorption of carbon may be in-
creased up to 2 per cent and of silicon up to o.50 per
cent.

In clay crucibles the gain in carbon and silicon is very slight.
When charcoal is added to the charge the iron is protected
from oxidation and the process shortened.

Bessemer Acid Process.—The principle of the Bessemer
process is the decarburization and desiliconizing of pig iron
by the action of an oxidizing atmosphere. '

The Bessemer converter (Fig. 41) consists of a pear shaped
shell of wrought iron or steel 34’/ to 1’/ thick with a trunnion
ring for mounting. One trunnion is hollow to introduce the
blast; the other is attached to pinions for rotation through
180°t0 300° The interior is lined with ganister or some other
refractory material. The bottom consists of an air chest (4),
from which perforations, the tuyeres (B), pass into the in-
terior.

The converter is heated, turned on its side slightly more
than go° and three to ten tons of molten iron introduced
into the converter. A blast of 2030 pounds pressure is then
turned on, the converter raised to an upright position, and
the process of oxidation is begun. An increase of temperature
due to the combustion of silicon to silicon dioxide is notice-
able, together with an abundance of yellowish flame and
sparks. The luminosity gradually diminishes to a pale
amethyst tint and after a total blow of twenty minutes sud-
denly diminishes or drops. The metal, now similar to mal-
leable or bar iron, is poured into tanks or ladles. A weighed
quantity of spiegel or ferro manganese is next added to bring
up the carbon and manganese content, so as to give the desired
temper and malleability.
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The chemistry of the Bessemer process is analogous to that
of the puddling process, except that the temperature is much
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F1c. 41. Bessemer Converter.

higher and the agitation more vigorous. The nature of the
change is evident from the analyses of samples taken at the
intervals given in Table 24.
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TaBLE 24.—Changes Undergone by Iron in the Bessemer Acid

Process

After

Initial | qmin. | 8min. | 16 min. |addition of

manganese
Carbon.. .p.ct.| 2.98 2.71 0.53 0.04 0.450
Silicon. ... “ 0.04 0.33 0.03 0.02 0.038
Manganese 0.43 0.04 o.o1 o.o1 0.150
Phosphorus ¢ o.10 0.104 0.107 0.108 0.109
Sulphur... 0.06 0.06 0.06 0.06 0.050

The process of oxidation may be represented by the fol-
lowing equations: Mn + Si + 30 — MnSiO;, Fe + Si +
30 — FeSiOs, and probably 2Fe + 30 — FeyOs; next C +
O — CO, which at the mouth of the converter becomes CO
+ O — CO,. Finally it is necessary to remove the oxide of
iron left after the blow ceases. This is done by adding spiegel
or ferro manganese. The manganese combines with the
oxygen of the ferric oxide to form manganese dioxide and
passes into the slag, while the carbon of the spiegel enters the
iron and thus converts it into steel.

The heat of combustion upon which this process is de-
pendent is as follows: Take a pig iron of 2 per cent silicon and
3.5 per cent carbon. The calorific power of silicon is 14,000
B. t. u., hence every 100 pounds of iron will evolve 28,000
units from the combustion of silicon. Likewise the calorific
power of carbon is 4350 B. t. u.if burned to carbon monoxide;
hence for each one hundred pounds of iron, the heat evolved
will be 3.5 x 4350 = 15,225 B. t. u. About 2 per cent of iron
is also oxidized (Fe = 4300 B. t. u.), giving 8600 B. t. u.
or a total of 51,825 units for one hundred pounds, or in a
charge of ten tons, the heat evolved is 11,608,800 B. t. u.,
the equivalent of about 700 pounds of coal burned completely
in twenty minutes and producing a theoretical rise in tem-
perature equal to 329° C.
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Bessemer Basic Process.—The Bessemer process may
be carried out either in a converter having an acid lining, as
above described, or it may have a basic lining, in which case
the process is suitable for the partial elimination of phos-
phorus. In the Bessemer acid process the limit of phosphorus
is 0.1 per cent in pig iron, while in the basic process, pig iron
carrying 2-3 per cent phosphorus is used.

The essential points of difference between the Bessemer
acid and basic processes are in the lining of the converter and
in the after blow. For the lining of the basic converter, a
magnesium limestone, dolomite, is burned to expel the carbon
dioxide, then ground to a coarse powder, mixed with anhy-
drous tar, and moulded into the required form. The bottom
of the converter is made by ramming the mixture round a
series of pins, which when removed leave air holes or tuyere
openings in the bottom. The function of such a lining is to be
inert so far as the reactions which take place within the con-
verter are concerned.

The process requires the use of 15 per cent lime which is
added first, then the iron run in, the converter turned upright,
and the blow commenced. The flame is darker in color and
the chemical changes are harder to judge. At the end of
fifteen or twenty minutes the flame drops, indicating the
removal of carbon as before. Little phosphorus has, however,
been removed, so the blow is continued a few minutes longer
to oxidize the phosphorus. This “after blow” is charac-
terized by a dense red smoke due to the oxidation of the iron.
To ascertain whether the blow is complete, a sample is taken,
from the fracture of which it is ascertained whether the phos-
phorus is completely eliminated. The slag is next run off,
the ferro manganese added and the steel cast into ingots as
before.

The chemistry of the basic process is somewhat different
owing to bases present. Silicon oxidizes very rapidly to
form calcium silicate. Manganese oxidizes more slowly on
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account of silicon not reacting with its oxide in this
case. The oxidation of carbon is practically the same in
both processes. After the carbon is removed the phosphorus
is attacked, passing into the slag as Ca3PyOs, or possibly as
CasPy0y, The nature of the changes is indicated in Table 25.

TABLE 25.—Changes Undergone by Iron in the Bessemer Basic Process.

s £3 g
= 8 ) = 2 S A
Carbon......p.ct.| 3.21 | 3.30 [ 3.12 | 1.49 [0.05 |..... 0.26
Silicon ... ... “ 11.22}0.72| 0.15 | 0.012 |0.008 |0.004 |0.OI
Phosphorus .. “ | 2.18 | 2.15 | 2.22 [ 2.096 |1.91 [0.087 |0.14
Sulphur.. ... “ | 0.08 | 0.047| ©0.051] 0.051 |0.055 [0.056 |0.04
Manganese... L33l 0.71 | ©. 501 oJI6) jlofors WE At aE 0.48

The slag contains 30 per cent Ca3(PO4); and 10 per cent
oxides of iron. The source of heat when an iron of 1 per cent
silicon, 3.5 per cent carbon and 3 per cent phosphorus is used
is as follows:

1 pound of silicon oxidized to SiO,.. ... 15,000 B. t. u.
3.5 pounds “ carbon @00 g s b0k T/5 22500 &
3.0 “ ‘ phosphorus “ ¢ Py0s....31,I110
4 - O ““iron “IL ¢ FeOQs.n s 17,200

Total heat generated is 77,535 B. t. u. per 100 pounds of
iron, or a charge of ten tons yields 18,367,840 B. t. u., the
equivalent of 1000 pounds of coal. All the Bessemer steel
in the United States, however, is made by the acid process,
and constitutes about one-third of the total steel production.

Acid Open Hearth Steel.—This process consist<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>