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PREFACE TO FIRST EDITION.

THIS volume is designed to set forth in the simplest possi-
ble manner, the fundamental facts concerning present prac-
tice in electrical power transmission.

Busy men have little time to spend in discussing theories
of which the practical results are known, or in following the
derivation of formula which no.one disputes. The author
has therefore endeavored, in introducing such theoretical
considerations as are necessary, to explain them in the most
direct way practicable; using proximate methods of proof
when precise and general ones would lead to mathematical
complications without altering the conclusion for the purpose
in hand, and stating only the results of investigation when
the processes are undesirably complicated.

In writing of a many-sided and rapidly changing art, it is
impossible in a finite compass to cover all the phases of the
subject or to prophesy the modifications that time will bring
forth; hence, the epoch of this work is the present, and the
point of view chosen is that of the man, engineer or not, who
desires to know what can be accomplished by electrical power
transmission, and by what processes the work is planned and
carried out. This treatment is not without value to the stu-
dent who wishes to couple his investigations of electrical
theory with its application in the hands of engineers, and puts
the facts regarding a very great and important development
of applied electricity in the possession of the general reader.

Such apparatus as is described is intended to be typical of
the methods used, rather than representative of any particu-
lar scheme of manufacture or fashion in design. These last
change almost from month to month, while the general con-
ditions remain fairly stable, and the underlying principles
are of permanent value.

January, 1897.
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2 BLECTRIC TRANSMISSION OF POWER.

tered upon bodies like a coat of paint. The things with which
we have now to deal are the various factors of electrical
energy. :

1t is the purpose of this chapter to treat of that form of
energy which we denominate electrical, to discuss its relation
to other forms of energy and some of the transformations
which they may reciprocally undergo. .

Speaking broadly, energy is power of doing work. The
energy of a body at any moment represents its inherent capacity
for doing work of some sort on other bodies. This, however,
must not be understood as implying that the aforesaid energy
is limited by our power of utilizing it. We may or may not be
able to employ it to advantage or under possible conditions.
As an example, take the massive weight of a pile driver.
Raised to its full height it possesses a certain amount of gravi-
tational energy — a possibility of doing useful work. This
energy is temporarily unemployed and appears only as a stress
on the supporting rope and frame-work. Under these cir-
cumstances, wherein the energy exists in static form, it is
generally known as potential energy.

Now let the weight fall and with swiftly gathering velocity
it strikes the pile and does work upon it, settling it deep into
the mud. The energy due to the blow of the moving weight,
energy of motion in other words, is called kinetic. But at the
bottom of its fall the weight still has potential energy with
reference to points below it, and we realize this as the pile
settles lower and each successive blow becomes more forceful.
At some point we are unable further to utilize the fall, and
have then reached the limit of the available energy in this par-
ticular case.

We must not forget, however, that each time the weight
was lifted, work had to be done against gravitation to give the
weight its point of vantage with respect to available energy.
This work was probably done by utilizing the energy of
expanding steam — in other words, the energy of the steam
was transformed through doing work on the piston into kinetic
energy of the latter, which, through doing work against gravi-
tation, has been enabled again to reanpear as the energy of
a falling body, and to do work on the driven pile. And back’
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of the steam energy is the heat energy, by which work is
done on the water in the boiler, and yet back of this the chemi-
cal energy of the coal, transformed into heat energy and doing
work on the minute particles of iron in the boiler, for we know
that heat is a species of kinetic energy. :

" Even the work done on our pile is not permitted to go un-
transformed into energy. Part is transformed into heat energy
through friction and compression of the pile, part through frie-
tion of the water, and part raises ripples that may lift against
gravity chips and pebbles on a neighboring shore. Other frac-
tions go into the vibrational energy of sound; into heating the
weight so that it gives out warmth — radiant energy — to the
hand when held near it and to the surrounding air; and into
electrical work done on the weight and neighboring objects, for
the weight unquestionably receives a minute amount of elec-
trical energy at each blow. Thus, a comparatively simple
mechanical process involves a long series of transformations
of energy.

" No energy is ever created or destroyed, it merely is changed
in form to reappear elsewhere, and work done is the link
between one form of energy and another. And we may lay
down another law of almost as serious import: No form of
energy s ever transformed completely into any other.

On the contrary, the general rule is that with each transfor-
mation several kinds of energy appear in varying amounts, and
among them we may always reckon heat. The object of any
transformation is usually a single form of energy, hence practi-
cally no such thing as perfectly efficient transformation can be
obtained. The energy by-products for the most part cannot
be utilized and are frittered away in useless work or in storing
up kinds of potential energy that cannot be employed.

The greatest loss is in heat, which is dissipated in various
ways and cannot be recovered. The presence of unutilized
heat always denotes waste of energy.

From what has gone before, we can readily appreciate that
when we do work with the object of rendering available a
particular kind of energy, the method must be intelligently
selected, else there will result useless by-products of energy
which will seriously lower the efficiency of the operation.
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Whenever possible we utilize potential energy already exist-
ing in securing a transformation. Thus if heat is wanted, the
easiest way of getting it is to burn coal, and to allow its energy
to become kinetic as heat. If we want mechanical work done,
we set heat energy to work in the most efficient way practi-
cable. If electrical energy is desired, we set the energy of
steam to revolving the armature of a dynamo. If the right
method of transformation is not chosen, much of the energy
will turn up in forms that we do not want or cannot utilize.
Burning coal is a very bad way of getting sound, just as play-
ing-a cornet is but a poor means of getting heat, although a
fire does produce a trifling amount of sound, and a cornet by
continual vibration must be warmed to a minute degree.

These seem, and perhaps are, extreme instances, but when
we realize that, somewhat to the discredit of human ingenuity,
less than one-twentieth of the electrical energy supplied to an
incandescent lamp appears in the form of light, the comparison
becomes grimly suggestive.

Understanding now that in order to obtain energy in any
given form (such as electrical), particular methods of transfor-
mation must be used in order to secure anything like efficiency,
we may look a little more closely at various types of energy to
discover the characteristics that may indicate efficient methods
of transformation, particularly as regards electrical energy.

Speaking broadly, one may divide energy into three classes:

1st. Those forms of energy which have to do with move-
ments of, or strains in, masses of matter. In this class may
be included the ordinary forms of kinetic energy of moving
bodies and the like.

2d. Those which are concerned with movements of, or
strains in, the molecules and atoms of which material bodies
are composed. In this class we may reckon heat, latent and
specific heats, energy of gases, and perhaps chemical energy.

3d. All forms of energy which have to do with strains which
can exist outside of ordinary matter, i.e., every kind of radiant
energy and presumably electrical energy.

These classes are not absolutely distinct; for example, we
do not know the relation of chemical energy to the third class,
nor of gravitational energy to any class, but such a division
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serves to keep clearly in our minds the kind of actions to
which our attention is to be directed.

It is only within the past few years that we have been able
with any certainty to classify electrical energy, and even now
much remains to be learned. For a very long while it has
been known that light, 7.e., luminous energy, must be propa-
gated through a medium quite distinct from ordinary matter
and possessing certain remarkable properties. It was well
known that luminous energy is transferred through this
medium by vibratory or wave motion. Even the period of
the vibrations and the lengths of the waves were accurately
measured, and from these and similar measurements it has
been possible to classify the mechanical properties of this
medium, universally called ‘“the ether,” until we really know
more about them than about the properties of many kinds of
ordinary matter — a number of the rare metals, for example.

The next important step was the discovery, verified in the
most thorough manner, that what had been known as radiant
heat, such as we get from the sun or any very hot body, is
really energy of the same kind as light. That is, it was found
to be energy of wave motion of precisely the same character
and in the same medium, differing only in frequency and wave
length. It also has turned out in similar fashion that what
had been called “actinic” rays, that are active in attacking a
photographic plate and producing some other kinds of chemi-
cal action, are only light rays of shorter wave length than
usual, and so ordinarily invisible to the eye.

So much having been ascertained, it became clear that
instead of three kinds of energy — ‘heat, light, and actinism,”
we were really dealing with only one — radiant energy, vibrat-
ing energy in the ether, varying in effect as it varies in fre-
quency. Speaking in an approximate way, such wave energy
has a frequency of siz hundred thousand billion vibrations per
second and a velocity of propagation of about a hundred and
eighty-five thousand miles per second, so that each wave is
not far from one fifty-thousandth of an inch long. These
dimensions are true of light waves; chemical action can be
produced by waves of half the length, while so-called heat
rays may be composed of waves two or three times as long as
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those of light. Such figures are startling, but they ean be
verified with an accuracy greater than that of ordinary
mechanical measurements.

We see that this radiant energy is capable of producing
various disturbances perceptible to our senses, such as chemi-
cal action, light, and heat, and that these different effects
simply correspond to waves of energy having different fre-
quencies and wave lengths. This being so, it is not unnatural
to suppose that at still different frequencies other effects
might be noted. This idea gains further probability from the
experimental fact that waves of very different frequency
traverse the ether with precisely the same velocity, showing no
signs of slowing down or dying out, so that there seems to be
no natural limit to their length.

During the past half dozen years it has been clearly shown
that “radiant energy” is capable of producing profound
electrical disturbances, such as violent oscillations of electrical
energy in conducting bodies, and that these effects exist what-
ever the frequency of the ether waves concerned. This very
important fact was clearly foreseen by Maxwell more than
twenty years ago, regarding light, and his prediction has been
thoroughly verified through the persistent researches of the
late Professor Hertz and others.

This discovery is often expressed by saying that radiant
energy is an electro-magnetic disturbance, or that light is one
kind of electrical action. It is more strictly accurate to say
that radiant energy, just as it produces chemical disturbances
on the photographic plate, affects the eye as light, and material
bodies as heat, is also capable of producing electrical effects
when transferred to the proper media. Most of our experi-
ments on its electrical effects have been performed with waves
many thousand times longer than those of light, but their gen-
eral character has proved to be exactly the same.

A given substance may be differently related to waves of
radiant energy of different lengths, but the phenomena are
still essentially the same. For instance, a plate of hard
rubber is thoroughly opaque to waves of a length correspond-
ing to light, but is quite transparent to those of considerably
greater length, such as can produce thermal or electrical
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effects. A plate of alum will let through light waves and very
long waves, but will stop most of those which are efficient in
producing heat. A thick sheet of metal is quite opaque to all
known waves of radiant energy. Hence the fact noted long
ago by Maxwell, that all good conductors are opaque to light,
although the converse is not true.

The substance of all this is, that the same sort of disturb-
ance in the ether which produces light is also competent to set
up electrical actions in material bodies, and conversely, such
actions may and do produce corresponding disturbances in the
ether, which are thus transferred to other bodies. Such a
transference corresponds to all that we know concerning the
velocity with which electrical and electro-magnetic disturb-
ances pass from body to body. It is equally certain that this
velocity totally transcends anything we could hope to obtain
from bodies having the dynamical properties of ordinary
matter, while it does fit exactly the dynamical properties of
the ether.

We are thus forced to the conclusion that when an electrical
current, as we say, ‘“passes along” a wire, whatever a “cur-
rent” may be, it is not simply transferred from molecule to
molecule in the wire as sound or heat would be, but that there
is an immensely rapid transfer of energy in the neighboring
ether that reaches all points of the wire almost simultaneously.
It takes a measurable time for the electrical energy to reach
and utilize the centre of the wire, although its progress along
the surface, thanks to the free ether outside, is enormously
rapid.

Thus takes place what is generally called a “flow of elec-
tricity” along the wire. Looking at the process more closely,
the nearest approach to flow is the transfer of energy along
the wire by means of stresses in the ether which in turn set up
strains in the matter along their course.

Whenever we cause in matter the particular stress which we
call electromotive force for lack of a more exact name, the
resulting strain is electrification, and if the stress be applied
at one point of a conducting body, the strain is immediately
transferred to other points by the stresses and strains in the
surrounding ether. Wherever this transference of strain exists
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we have an electrical current, although this name is generally
reserved for those cases in which there exists a perceptible
transference of energy by the means aforesaid. If the condi-
tions are such that energy must be steadily supplied to keep
up the electromotive stress, we have such a state of things as
we find in a closed circuit containing a battery.

To cause such a flow of energy we must first find means of
setting up electromotive stress capable of being propagated
through the ether. Now atoms and molecules are the only
handles by which we can get hold of the ether. Only in so
far as we can work through them can we do work on the
ether.

As a matter of fact, we cannot do work of any kind on the
molecules of a body without setting, up electrical stresses of
some sort. In most cases of mechanical work, which in the
main produces stress on the molecules only by strains in
the mass, the energy appears mainly as heat, and is only inci-
dentally electrical, as for instance the energy wasted in a
heated journal.

When, however, by any device we do work more directly on
the molecules of a body, or on the atoms which compose the
molecules, we are more than likely to transform much of this
work into electrical energy. As a rough example of the two
kinds of action just mentioned, pounding a body heats it with-
out causing any considerable electrification, while on the other
hand rubbing it rather gently, sets up a considerable electrifica-
tion without heating it noticeably.

In fact, for many centuries, friction was the only known
method of causing electrification. Later, as is well known, it
was discovered that certain sorts of chemical action, which has
to do directly with interchanges of energy between molecules,
were very potent in electrical effects. With this discovery
came the ability to deal with steady transfers of electrical
energy in considerable amount (electric currents), instead of
the relatively slight and transitory effects previously known
(electrification, ‘“frictional” electricity).

To clear up the real nature of this difference it is well to
consider what we mean by saying that a body is electrified, or
has an electrical charge. In other words, what is electrifica-
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tion? = Not very many years ago this question would have
been answered by saying that a quantity of a substance, posi-
tive eleetricity (or negative as the case might be), had been
communicated to the body in question; that this remarkable
substance could reside only at the surface of the body and
was able to produce in surrounding bodies exactly an equal
quantity of negative electricity; that this ‘“‘charge” of elec-
tricity would repel another ‘‘charge” of the same substance
placed near it, or attract a charge of its opposite, the other
substance called negative electricity; and much more to the
same effect. All this was a very convenient hypothesis — it
explained, after a fashion, the common facts and enabled
investigators to discover many important electrical relations
and laws. But it expressed much more than there was any
reason to know. From the standpoint of our modern doc-
trines of energy, electrification is a very different thing.

Let an electromotive stress (from whatever source) be
applied to a body, a metallic sphere for example, long enough
to transfer to it a finite amount of energy. This energy
appears as stresses and strains in the ether everywhere about
the body under consideration and thence extends to the mole-
cules and atoms of neighboring bodies, causing “induced
charges.” It is as if one were to fill a box with jelly, and then
pull or push or twist a rod embedded in its centre. The
result would be strains in the rod, the jelly, and the box, and in
a general way the total stress on the box would equal that on
the rod. By proper means we could detect the strain all
through the substance of the jelly, but most easily by its varia-
tions from place to place.

We do not know exactly what sort of a strain in our ether
jelly is produced by electromotive stress, but we do know that
it possesses the quality of endedness, so that the strains in
the matter concerned, i.e., in the ball and surrounding bodies,
are equal and opposite.

In fact, the two ““charges” are in effect the two ends of the
same strain in the ether. They appear to us to be real attri-
butes of the two opposed surfaces, because at these surfaces
the dynamical constants, such as density, elasticity, etec., of
the medium through which the strain is propagated, change
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in value, and differences in state of strain there become physi-
cally manifest.

In electric currents we have a very different state of things.
The energy supplied by the electromotive stress, instead of
becoming potential as electrostatic strain, and producing
“charge,” does work and is transformed into other kinds of
energy, thermal or chemical, mechanical or luminous.

When a stress of whatever kind is applied to a body, only a
limited amount of energy can be transferred by it so long as
the energy remains potential. Thus, in our box of jelly before
referred to, a twist of given intensity applied to the stick, as
for instance by a string wound around it and pulled by a given
weight, can only transfer energy until the stresses produced in
the jelly come to an equilibrium with it. On the other hand, if
the box were filled with water and the stick were the axle of a
sort of paddle wheel, the very same intensity of twist could go
on communicating energy to the water as long as one chose
to apply the necessary work.

This roughly expresses the difference between electric
charge and electric current, viewed from the standpoint of
energy. An electromotive stress applied to a wire charges it
and then the transfer of energy ceases. If the same stress be
applied under conditions that allow work to be done by it,
energy will be transferred so long as the stress is kept up. In
an open electric circuit we have a charge as the result of elec-
tromotive stress. When the circuit is closed, 7.e., when a
continuous medium is furnished on which work can be done,
we have an electric current. The amount of this work and
the flow of electrical energy that produces it depend on the
nature of the ecircuit. Certain substances, especially the
metals, and of metals notably copper and silver, permit a
ready continuous transfer of energy in and about them. Such
substances are called good conductors. The real transfer
of energy takes place ultimately via the ether, but its amount
is limited by the amount and character of the matter through
which work can be done.

Whenever the strains in the ether, such as we recognize in
connection with electrical charge, shift through space as when
a current is flowing, other strains bearing a certain relation
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to the direction of flow are made manifest. Where there
is a rapid and intense flow of energy, these strains are very
great and important compared with any electrostatic strains
that exist outside the conducting circuit. In other cases they
may be quite insignificant. These strains are electro-magnetic,
and with them we have to do almost exclusively in practical
electrical engineering. They appear wherever there is a moving
electrical strain, whether produced by moving a charged body
or causing the charge upon a body to move.

Both kinds of strains exist in radiant energy, as in other
cases of flowing energy. The stresses in electro-magnetic
energy are at right angles both to the electrostatic stresses
and to the direction of their motion or flow. If, for example,

Fia. 1. Fia. 2.

we have a flow of electrical energy in a straight wire (Fig. 1),
the electro-magnetic stresses are in circles about it.

If A be a wire in which the flow of energy is straight down
into the paper, the electro-magnetic stresses are in circles in
the direction shown by the arrow heads. If the wire be bent
into a ring (Fig. 2), with the current flowing in the direction of
the arrows, then the electro-magnetic stresses will be (follow-
ing Fig. 1) in such direction as to pass downward through the
paper inside the ring.

These electro-magnetic stresses constitute what we call a
magnetic field outside the wire. The intensity of this field can
be increased by increasing the flow of energy in the desired
region in the systematic way suggested by Fig. 2. If, for
example, we join a number of rings like Fig. 2 into a spiral
coil shown in section in Fig. 3, in which the current flows
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downward into the paper in the lower edge of the spiral,
there will be produced a magnetic field in which the stresses
have the direction shown by the arrows. Such a spiral consti-
tutes a genuine magnet, and if suspended so as to be free
to move would take up a north and south position with its
right-hand end toward the north. In and about the spiral
there exists a magnetic “field of force,” which is merely another
way of saying that the ether there is under electro-magnetic
stress. Its condition of strain is closely analogous to that
about an electrified body, and, as in that case, there is no
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work done on the ether after the strains are once established,
since the energy then becomes potential. While this is being
accomplished, work is done just as when a body is charged.

If, now, setting up such an electro-magnetic field requires
energy to be spent by causing a current to flow in the spiral,
we should naturally expect that if the same field could be set
up by extraneous means, energy would momentarily be spent
on the spiral in producing stresses and strains similar to those
that set up the original field. This is found to be so, the
process working backward as well as forward.

If, for example, we have two rings (Fig. 4), and by sending
a current around one, transfer energy to the medium outside
it, this energy will set up an electromotive stress in the other
ring. The direction of this stress is not at once obvious, but
we can get a very clear idea of it by considering the work
done. If current is started in A (Fig. 4), in the direction
shown, electro-magnetic stresses are produced in the direction
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of the arrow C. If these are to do work on B, the electro-
motive stress in the latter cannot have such a direction as to
set up on its own account a magnetic field that would assist
that of A, otherwise we could increase the field indefinitely
without added expenditure of energy. Therefore, the electro-
motive stress in B, and hence the current, must be in a direc-
tion opposing the original current in A4, as shown in the figure.

In like manner if the current in A be stopped and the field
due to it therefore changes, there are changes in the electro-
magnetic stresses about B, that again set up an electromotive
stress in it. If, however, this change of stress is to do work,
the electromotive stress in B must be of such direction as to

.
VAY

Fi1G. 4.

oppose by its field the change in the field of 4 —1.e., it must
change its direction and will now give us a current in the
same direction as the original one in A. All this follows the
general law, that if work is to be done by any stress it must
be against some other stress. There can be no work without
resistance.

In Fig. 4 we have the fundamental facts of current induction
on which depend most of our modern methods of generating
and working with electrical energy. Summed up they amount
to saying that whenever there is a change in the electro-mag-
netic stresses about a conductor, work is done upon it, depend-
ing in direction and magnitude on the direction and magnitude
of the change in the stresses.

This is equally true whether the stresses change in absolute
value or whether the conductor changes its relation to them.
Thus, in Fig. 4, if A carries an electrical current the result on
B is the same whether the field of A changes through cessation
of the current, or whether the same change in the stresses
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about B is produced by suddenly pulling B away from A. The
rate at which work is done depends on the rate at which the
stresses are caused to change, as might be expected. So long
as the stresses are constant with reference to the conductor in
which current is to be induced, no work can be done upon it.

These principles form the foundation of the dynamo, motor,
alternating current transformer, and many other sorts of elec-
trical apparatus. Their details may differ very widely, but we
can get all the fundamental ideas from a consideration of Figs.
3 and 4. To define somewhat the specific idea of the dynamo,
consider what happens when a conducting wire is thrust into
a magnetic field such as is produced by a coil, as in Fig. 5.
As in Fig. 3, let the current in the coil be flowing down-
ward into the paper in the lower half of the figure. 4 is a
wire perpendicular to the plane of the paper in front of the
coil, its ends being united at any distant point that is con-

— -

venient. Knowing that moving the wire into the field will set
up electromotive stresses in it, we can as before determine
their direction by remembering that work must be done.
That is (see Fig. 1), the induced current will flow through A
downward into the paper. In passing out of the field, the cur-
rent would be upward.

We have so far neglected the rest of the circuit. To be
exact, we should consider it as in Fig. 6. Following the same
line of reasoning as in Fig. 5, we see that while the ring 4 is
entering the magnetic field the current induced in it must be
opposite to that in the inducing coil (see Fig. 4). When the
coil is leaving the field, however, this direction will be reversed.
Considering the coil A as a whole, we see that so long as the
total field tending to set up stresses in it is increasing, a cur-
rent will be induced opposed to that in the inducing coil.
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While the total field is diminishing, the induced current will
be in the other direction. The work that is spent in moving
the coil A will for the most part reappear as electrical energy
in that coil. Arrange the parts of Fig. 6 so that the motion
of A can be accomplished uniformly and continuously, and
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we should have a true, though rudimentary, dynamo. Such
a structure could be made by fixing A to the end of an arm
pivoted at the other end and then revolving the arm so that
at each revolution the coil A would sweep through the field
of the magnetizing coil (see Fig. 7). The result of this, as
we have seen, would be on entering the field, a current in
one direction, and on leaving, a current in the other. There
would thus be an alternating current developed in the ring A.

FiG. 7.

If it were cut at some point, and wires led down the arm and
to two metal rings on the axis B, we could obtain, by pressing
brushes on these rings, an alternating current in any outside
circuit. To make more of the revolution of the arm useful,
we could arrange inducing coils in a circle about B. There
would then be an alternation as A passed each coil.

All these devices, however, would produce comparatively
weak effects, because it is difficult to produce powerful mag-
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This work appears as electrical energy in the circuit including
the moving wire.

Now return to Fig. 5 and consider the effect if the wire 4 is
carrying a steady flow of electrical energy. It will set up
electro-magnetic stresses about it as already described. If
the current be downward into the paper in A, these stresses
will be opposed to the stresses in the field. Inasmuch as we
have seen that in setting up such a current, work had to be
done in forcing the wire into the field, it follows that given
such a current, there must be between its field and that of the
coil a repulsive force which had to be overcome by doing the
work aforesaid. In other words, there must have been a
tendency to throw A out of the field of the coil. Just as
work had to be spent to produce electrical energy in A, so
electrical energy will be spent in keeping up the stresses
around A that tend to drive it out of the magnetic field. If
the current in A were in the other direction, the stresses in its
field and that of the coil would be concurrent instead of
opposed, and their resultant would tend to draw wire and coil
together, 7.e., work would have to be spent to keep them
apart. This is the broad principle of the electric motor. It
is sometimes referred to as simply a reversal of the dynamo,
but it really makes no difference whether the structure in
which the action just described takes place is well fitted to
generate current or not. Given a magnetic field and a wire
carrying electrical energy, and there will be a force between
them depending in direction on the directions of the electro-
magnetic stresses belonging to the two. If either element is
arranged so as to move and still keep up a similar relation
of these stresses we have an electric motor. Whether so
arranged as to fulfil this condition with alternating currents,
or in such manner as to require currents in one direction only,
the principle is the same.

So far as unidirectional or ‘‘continuous” currents are con-
cerned they are usually obtained from dynamo electric machines
similar in principle to Fig. 8. This machine, if the ends of
the winding on the armature be connected to two metal rings
insulated from each other, serves as a source of alternating
currents which can be taken off the two rings by brushes
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pressed against them. If it is necessary to obtain currents in
one direction only, this can be readily done by reversing the
connection of the outside circuit to the windings at the same
moment that the current reverses in them. The simplest way
of doing this is by a ‘“two part commutator,” such as is
shown in diagram in Fig. 9. Here A is the shaft surrounded
by an insulating bushing. On this are fitted two half rings, C
and C’, of metal (the commutator segments). On these bear
brushes B and B’. If the ends of the winding are connected
to C and C”, and the brushes are so placed that they pass from
one segment to the other at the moment when the current in
the winding changes its direction, the direction of the current

with respect to the brushes and the outside circuit with which
they are connected obviously remains constant.

In the actual practice of dynamo building very many refine-
ments have to be introduced to serve various purposes, but the
underlying principle remains the same, i.e., to set up in a con-
ductor electromotive stresses by dragging it into and out of
the strained region of ether under an electro-magnetic stress.

According as the dynamo is intended for producing con-
tinuous or alternating currents, its structure is somewhat
modified with its particular use in view. These modifications
extend not only to the general arrangement but to the details
of the winding. Alternating dynamos usually have a more com-
plicated magnetic structure than continuous current machines,
and are almost invariably separately excited, .e., have their
magnetizing current supplied from a generator specialized for
producing continuous current. The magnetic complication is
really only apparent, as it consists merely of an increased num-
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ber of magnet poles, due to the desirability of obtaining toler-
ably rapid alternations of current.

Dynamos designed for producing continuous current are
modified with the armature as a starting point. The winding
is very generally much more complicated than that of an alter-
nator, and the. commutator that serves to reverse the rela-
tion of the windings to the brushes at the proper moment is
correspondingly elaborate. The magnetic structure is usually
comparatively simple. The whole design is necessarily sub-
ordinated to securing proper commutation. Continuous cur-
rent dynamos are almost universally self-excited, that is, the
current which magnetizes the field is derived from the brushes
of the machine itself. Whatever the character of the machine
the electromotive force generated in it increases with the inten-
sity of the magnetic field (that is, with the magnitude of the
electro-magnetic strains which affect the armature conductors),
with the speed (that is, with the rate of change of electro-
magnetic stress about these moving conductors), and with
the number of turns of wire of which the electromotive forces
are added. The capacity of the machine for furnishing elec-
trical energy varies directly with the electromotive force and
with the capacity of the armature conductors for transmitting
the energy without becoming overheated. Practically all the
energy lost in a dynamo appears in the form of heat, which
must be limited to an amount which will not cause an undue
rise of temperature.

It is not the purpose of this chapter to deal with the prac-
tical details of dynamo design and construction. For these,
the reader should consult special treatises on the subject,
which consider it with a fulness which would here be quite
out of place. Special machines, however, will be briefly dis-
cussed in their proper places and in relation to the work they
have to do. .

Having now considered the principles which underlie the
transformation of mechanical into electrical energy, we may
profitably take up the fundamental facts in regard to the
measurement of that form of energy and the units in which it
and its most important factors are reckoned.

All electrical quantities are measured directly or indirectly
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in terms of the dynamical units founded upon the units of
length, mass, and time. These derived dynamical units can
serve alike for the measurement of all forms of energy, so
that all have a common ground on which to stand. As the
electrical units are derived directly from the same units that
serve to measure ordinary mechanical effects, electrical and me-
chanical energies are mutually related in a perfectly definite way.

A natural starting point in the derivation of a working
system of electrical units may be found in electro-magnetic
stress, such as is developed about an electrical circuit or a
permanent magnet. To begin with, the mechanical units that
may serve to measure any form of energy are derived from
those of length, mass, and time. These latter are almost uni-
versally taken as the centimetre, gramme, and second, the
“C. G. S.” system. Starting from these the unit of force is that
which acting for one second on a mass of one gramme can
change its velocity by one centimetre per second. This unit is
called the dyne, and as a magnetic stress it is equivalent to a
push of about z3¥555 of a pound’s weight on a similar “unit
pole” one centimetre distant. This unit is inconveniently small
for practical use, and before long some multiple of it is likely
to be given a special name and used for practical reference. In
fact, one megadyne (7.e., 1,000,000 dynes) is very nearly equiva-
lent to the weight of a kilogramme. Magnetic measure-
ments may thus be made by direct reference to the dyne and
centimetre, since the unit pole is that which repels a similar
pole 1 centimetre distant, with a force of 1 dyne.

Referring now to what has been said about the causes which
vary the electromotive force produced in a dynamo, we fall at
once into the definition of the unit electromotive force, which
is that produced when field, velocity, and length of wire under
induection are all of unit value. The unit electromotive force
is, then, that which is generated in one centimetre of wire
moving one centimetre per second, perpendicular to its own
length, straight across unit field, which is that existing one
centimetre from unit pole as indicated above. This unit, too,
is inconveniently small, so that one hundred million times this
quantity is taken for the practical unit of electromotive force
and called the volt.
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The unit electrical current is that which flowing through one
centimetre length of wire will create unit field at any point
equidistant from all parts of the wire (as when the wire is
bent to a curve of 1 centimetre radius). One-tenth of this eur-
rent is taken as the working unit and called the ampere.

The unit electrical resistance (one ohm) is that through
which an electromotive force of one volt will force a current of
one ampere.

The C. G. S. unit of work is that due to unit force acting
through unit distance; that is, one dyne acting through one
centimetre. As this is too small to be generally convenient,
ten million times this amount is taken as the working unit
(called the joule). This is a little less than three-quarters of a
foot-pound (exactly .7373). The unit rate of doing work is
one joule per second. This unit rate is called the watt, and
translating this into English measure, one watt equals 74
horse-power.

Although the watt is often spoken of as an electrical unit, it
belongs no more to electrical than to any other form of energy.
It only remains to show the relation of the watt to the more
strictly electrical units just mentioned. Recurring to our
definition of the volt, let us suppose that the resistance of the
circuit of which the moving wire is a part is such that unit
electromotive force produces unit current in it. The stress
between the field of the moving wire and the other unit field
in which it moves is then one dyne at unit distance. In main-
taining this for one second at the given rate of moving (1 cm.
per second) the work done is, as above, one C. G. S. unit. At
this rate, if the E. M. F. were 1 volt and the current 1 ampere,
the work would be one joule and the rate of doing work one
watt. If either E. M. F. or current were changed, the work
would be proportionally changed. So, the number of volts
multiplied by the number of amperes is numerically equal to
the watts, i.e., we have obtained the dynamical equivalent
of the two factors that make up electrical energy as ordinarily
reckoned. So the output of any dynamo in watts is deter-
mined by the volt-amperes produced, and we see the reason
of the ordinary statement that 746 volt-amperes make one
horse-power. This is always true whether the output is steady






CHAPTER II.
GENERAL CONDITIONS OF POWER TRANSMISSION.

THE growth of human industry depends on nothing more
than upon the possession of cheap and convenient power.
Labor is by far the largest factor in the cost of many manu-
factured articles, and in so far as motive power is cheap and
easy of application it tends to displace the strength of human
hands in all manufacturing processes, and so to reduce the
labor cost and to set free that labor for other and less purely
machine-like purposes.

Therefore industrial operations have steadily gravitated
toward regions where power is easily procured, often at the
sacrifice of certain other advantages. This is in no wise
better shown than by the growth of cities around easily avail-
able water-powers, even in regions where both raw material
and finished produet became subject to considerable cost of
transportation. With the introduction of the steam engine
came a corresponding tendency to gather factories about
regions of cheap fuel. These localities, like those in which
water-power is plentiful, seldom coincide with centres of cheap
material and transportation, so that it has generally been
desirable to strike an average condition of maximum economy
by transporting the necessary power, stored in the form of
fuel, to some advantageous point.

Experience has shown, however, that, while the hauling of
coal is a simple and comparatively cheap expedient, fuel
utilized for runniflg heat engines is in very many cases so
much more expensive than hydraulic power as to be quite out
of competition in cases where the latter can be transmitted,
with a reasonable degree of economy, to places that are favor-
able for its utilization. And in general it is found that there
is a wide field for the transmission of power obtained from a
given source, in competition with power from some other
source utilized. in situ.

23
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The sources of energy on which we may draw for mechanical
power to be employed on the spot or transmitted elsewhere
are very diversified, although few of them are to-day utilized
in any considerable amount. Taking them in the order of
their present importance we arrive at something like the fol-
lowing eclassification:

I. Fuel.
II. Water-power.

ITI. Wind.

IV. Solar radiation.

V. Tidal and wave energy.

VI. Internal energy of the earth.

Of these only the first two play any important part in our
industrial economy. The third is employed in a very small
and spasmodic way, the fourth and fifth although enormous in
amount are almost untouched, while the last is not at present
used at all, owing to inherent difficulties.

I. The world’s supply of fuel is almost too great for intel-
ligible description. Aside from a widely distributed and
steadily renewed supply of wood, the extent and capacity of
available coalfields give promise that for a very long time to
come fuel will be the chief source of energy. Coal is found
in nearly every country, and in most quite plentifully, while
exploration both in old fields and in new, is constantly bringing
to light fresh supplies. Many computations concerning the
probable duration of the coal supply have been made, but they
are generally unreliable owing to the great probability that
only a very small proportion of the available coal is as yet
known to mankind. Certain it is that there is unlikely to be
a marked scarcity of fuel for several centuries to come, even at
the present rate of increase in its consumption. Still, it is
altogether probable that it may become considerably dearer
than at present within perhaps the present century, owing to
the increased difficulty of working the older mines and the
comparative inaccessibility of new ones.

Besides coal we have petroleum and natural gas in unknown
but surely very great quantities, since the distribution of both
is far wider than has generally been supposed. At present the
cost of these as fuel does not differ widely from that of coal,
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but appearances indicate that they are likely to be sooner
exhausted.

Every improvement that is made in the generation of power
by steam and its subsequent distribution, helps to economize
the fuel supply and stave off the already distant day when fuel
shall be scarce. The work of the past half century has by direct
improvement in steam practice, nearly if not quite doubled
the energy available per ton of fuel. Beyond this much has
been done along collateral lines. Particularly, explosive vapor
engines have been developed to a point at which they are for
small powers decidedly more economical than steam engines.
Gas engines of moderate size, 5 to 25 HP, are readily ob-
tained of such excellence as to give a brake-horse-power hour
on an expenditure of little, if any, more than 20 cu. ft. of ordi-
nary gas, reducing the cost per HPH to below that of power
from a steam engine of similar size. Engines using an explo-
sive mixture of air and petroleum vapor are at least equally
economical, in fact niore so unless the comparison be made
with very cheap gas.

These explosive engines have nearly double the net efficiency
of steam engines as converters of thermal energy into mechani-
cal power, and are capable of giving under favorable circum-
stances 1 HPH on the thermal equivalent of less than 1 pound
of coal.

II. Water-power derived from streams is not distributed with
the same lavish impartiality as fuel, but nevertheless exists in
many regions in sufficient amount to be of the greatest impor-
tance in industrial operations. Available streams exist around
almost every mountain range and are capable of furnishing an
amount of power that is seldom realized. In the United States
the total horse-power of the improved water-power is approxi-
mately 1,500,000. New England is especially rich in this re-
spect, as is, too, the entire region bordering on the Appalachian
range. The Rocky Mountains are less favored, the available
water being rather small in amount, on account of the smaller
rainfall and the severe cold of the winters.

The Pacific slope is rather better off, and the high price of coal
operates to hasten the development of every practicable power.
All over the country are scattered small water-powers, and one
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of the interesting results of the growth of electrical power
transmission has been to bring to light half forgotten falls, even
in familiar streams. Abroad, Switzerland is rich in powers of
moderate size, as is the entire Alpine region, while a few years
of experience in electrical transmission will probably cause the
diseovery or utilization of many water-powers that have hardly
been considered, even in highly developed countries. Of the
world’s total water-power supply we know little more than
of its coal supply, but it is quite certain, now that transmission
of power over very considerable distances is practicable, that
the employment of the one will every year lessen the relative
inroads upon the other. And this is in spite of the fact that
water is by no means always cheaper than steam as a motive
agent.

ITI. Wind as a prime mover has been employed on a rather
small scale from the very earliest times. Were it not for the
extreme irregularity of the power supplied by it in most places,
the windmill would be to-day a very important factor in the
problem of cheap power. Unhappily, winds in the same place
vary most erratically, from the merest breeze to a hurricane
sweeping along at the rate of 50 to 75 miles an hour. As all
strengths of wind within very wide limits must be utilized by the
same apparatus running at all sorts of speeds, it is no easy
matter to employ it for most sorts of work. It seems especially
unfitted for electrical work, and yet several small private plants
have obtained good results from windmills used in connection
with storage batteries.

In ordinary winds the great size of the wheel necessary for a
moderate power militates against any very extensive use. For
example, with a good breeze of 10 miles per hour a wheel about
twenty-five feet in diameter is needed to produce steadily a
single effective horse-power, and the rate of rotation, about 30
revolutions per minute, is so low as to be inconvenient for many
purposes. Hence windmills are generally used for very small
work which can be done at variable speed, such as pumping,
grinding, and the like, for which they are unexcelled in cheap-
ness and convenience. For large work we can hardly count
much on wind-power, in spite of ingenious speculations to the
contrary, and as a source of power for general distribution it



GENERAL CONDITIONS OF POWER TRANSMISSION. 27

is out of the question, for such as it is we have it already dis-
tributed. It must rather be regarded as a local competitor of
distributed power, and even so only in a small and limited field.

IV. Aside from being in a general way the ultimate source
of nearly all terrestrial energy, the sun steadily furnishes an
amount of radiant energy, which if converted into mechanical
power would more than supply all possible human needs. Its
full value is the equivalent of no less than ten thousand horse-
power per acre of surface exposed to the perpendicular rays of
the sun.

This prodigious amount is reduced by perhaps one-third
through atmospheric absorption before it reaches the sea level,
and in cloudy weather by a very much larger amount. Never-
theless, with clear sunlight the amount of energy practically
available, after making all allowances for increased absorption
when the sun is low, and for the hours of darkness in any given
place, is very great. If we suppose the radiant energy to be
received on concave mirrors kept turned toward the sun and
arranged so as to utilize the heat in the boiler of a steam or
vapor engine, the average result after making all allowances for
losses would be one mechanical horse-power for each 100 square
feet of mirror-aperture, available about ten hours per day.

Very important pioneer work was done on solar engines
by John Eriesson and by M. Mouchot more than a quarter
century ago, but it is only within the past few years that the
solar engine has approached really commercial form. At the
present time solar heating apparatus is being regularly pro-
duced although on a rather small scale,and gives good economic
results. The solar motor is essentially a steam engine supplied
with steam by a boiler placed in the focus of a concave mirror.
This is shaped like an open umbrella with its handle pointed
toward the sun. The umbrella is carried on a polar axis at
right angles to the handle and pointing toward the celestial
pole. The actual mirror is segmental, built upon a steel
frame, of rectangles of plane thin glass silvered on the back.
Each segment is about six inches wide and two feet long, sup-
ported by cushioned clamps at the corners, and the whole are
arranged to focus the sun’s rays on a cylindrically disposed
blackened boiler formed of copper tube. The structure is
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supported on a polar axis about which it is moved automatically
by steps every few minutes, remaining locked in the intervals
to avoid needless strain on the clockwork. There is also a
motion in declination to take care of the apparent motion of
the sun, adjusted by hand every day or two as becomes neces-
. sary. The engine is generally a rather highly organized one,
worked condensing and with superheated steam at a pressure
of 200 lbs. per square inch or more. The net result is one brake
HP for each 100 square feet of mirror surface. The mirror
structure becomes rather unwieldy when of dimensions great
enough to supply an engine of more than 15 HP, so that for
greater powers several mirrors with their boilers should be
coupled together. The initial cost of each equipment is high,
say $250 per horse-power, but the fuel cost is nil and the
attendance required very little, so that even now there are
localities where its use is economical. The full power is
available about eight hours per day,and there is upon the earth’s
surface a vast, irregular equatorial belt in which such solar
engines can be successfully used for irrigation and other pur-
poses. The.power is steady, and reliable during the hours of
sunshine, and gives constant speed like any other steam engine.
It is worth mentioning that general heating and cooking appa-
ratus on the same plan is entirely practicable in regions of
scant fuel and high sun, and has been tried successfully.

V. Of tidal energy but little use has yet been made. Here
and there, both here and abroad, are small tidemills, feebly sug-
gesting the enormous store of tidal power as yet unutilized.
The intermittent character of tidal currents and the small
extent of the rise and fall generally available, make the practical
part of the problem somewhat difficult. The easiest way of
harnessing the tides is to let the rising water store itself in
artificial reservoirs, or natural ones artificially improved, and
then during the ebb to use it with water-wheels. But usually
the head is so small that for any considerable power stored the
area of reservoir must be very large, and the wheels must be
of great size in order to make the stored water do its work
before the rising tide checks further operations. The average
tide is seldom more than 10 to 12 feet along our coast, and of
this hardly more than half could be utilized to give even a few
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hours of daily service. At 6 feet available head about 100
cubic feet of water must be stored for each horse-power-minute,
even with the best modern turbines. Hence for say 1,000
HP available for 5 hours there must be impounded 30,000,000
cubic feet of water, making a pond 6 feet deep and almost
120 acres in extent.

Tidal operations are therefore likely to be restricted to a
few favored localities where through special configuration of
the ground natural reservoirs can be found, and where the rise
of the tide is several times the figure named. In rare cases, by
the use of more than one reservoir and outlet, work may be
made nearly or quite continuous. Still, with all these difficul-
ties the possibilities of tidal power are enormous in certain
cases. Take for example the Bay of Fundy with its 40 feet of
normal tidal rise. If half this head can be used in practice 30
cubic feet will be required per horse-power-minute, and a single
square mile of reservoir capacity gained by damming an estu-
ary or cutting into a favorable location on shore will yield
62,000 horse-power ten hours per day in two five-hour intervals.
Generally speaking, economic conditions are not favorable for
such an employment of the tides, but in some localities a
peculiarly fortunate contour of the shore coupled with high
local cost of fuel may render it easy and profitable to press the
tides into service. The author has had occasion to investigate
a few cases of this kind in which the commercial outlook was
good. The main difficulties in utilizing the tides are two: first,
the very variable head; and, second, the short daily periods in
which the outflow can be advantageously used. Moreover,
these periods shift just as the times of high tide shift, by a
little less than an hour per day, so that if the power were used
directly it would often be available only at very inconvenient
times.

To work the tides on a really commercial scale, therefore,
some system of storing power is absolutely necessary. And
since one would have to deal with very large amounts of
power, much of the time the entire output of the plant, the
storage must be fairly cheap and efficient. For work on the
scale contemplated, it is probable that the storage battery is
the most available method. Used in very large units in
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a colossal plant, most of the serious objections to the
storage battery are in great measure obviated, since attend-
ance and repairs can be part of the duties of a regular main-
tenance department, inspecting, testing, and repairing damaged
cells, casting and filling new plates, and keeping the plant in
first-class working condition all the time.

The cost of battery would be, of course, a serious matter, but
not prohibitive, and its efficiency could probably be kept as
high as 80 per cent. The best idea of the economic side of
the case can be gained by investigating a hypothetical case of
tidal storage, based, for convenience, on the square mile
of reservoir just mentioned. To simplify the case we will
assume use of the power locally, so as not to complicate the
situation by the details of a long-distance transmission. We
will take the generators, which can be worked at steady full
load, at 94 per cent efficiency. Then the efficiency to the dis-
tributing lines would be

94 X .80 =.752.

At this rate, the 62,000 HP available would give substan-
tially 35,000 KW; .., 350,000 KW-hours daily. Storage
capacity would have to be provided for this whole amount
in a gigantic battery, weighing about 18,000 tons and cost-
ing in the neighborhood of three million dollars. To this,
of course, the cost of the electrical and hydraulic machinery
must be added, and beyond this must be reckoned the really
very uncertain cost of the reservoir and hydraulic work. In
spite of all this, an assured market for the output would lead
to economic success under conditions quite possible to be
realized. If extensive transmission had to accompany the
enterprise there would be still further loss of efficiency, so
that the final figure would not exceed 60 per cent, which
would reduce the salable power to about 27,000 KW. Evi-
dently this would have to command a very good price, to carry
the burden of the heavy investment, which would probably
rise to between $10,000,000 and $15,000,000. The cost of
such an enterprise is so formidable that it is practically out of
the question, unless it can reach a market for power in which
a very high price is admissible. When fuel begins to get
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scarce it will be profitable to utilize the tides on a large scalc;
until then, their use will be confined to isolated cases in which
local causes lead to high cost of other power and tidal storage
is unusually cheap.

All these considerations apply with similar force to wave
motors, which have been often suggested, and now and then
used, as sources of power. The energy of the waves is very
great, as the havoc wrought by storms bears witness; but it is
most irregular in amount, and requires very large apparatus
for its utilization. What is worse, the power is intermittent,
so that to be of any material advantage it must be brought to
a steady output by means of storage of energy in some form.
The periodicity of wave motion is so low, roughly about 6 to
10 crests per minute, that flywheels and the like are of little use,
and storage is practically reduced to a question of compressing
air or pumping water. Even if some such wasteful intermedi-
ary were not necessary, and one could work directly by means
of floats or their equivalent, a float would have to have a dis-
placement of at least one ton per horse-power, even if work-
ing in a pretty heavy sea, and under ordinary circumstances
several times that amount of displacement. At best, wave
motors are cumbersome, and give small promise of economic
development, while other sources of energy are available.

VI. Of the earth’s internal heat energy there is little to be
said. It is quite unused save as an occasional source of hot
water, and except in a very few cases could not be employed at
all, much less to any advantage. Immense as is its aggregate
amount, it is, save at isolated points, so far separated from the
earth’s surface as to be very difficult to get at. Hot springs,
very deep artesian wells, and some voleanie regions, furnish the
only feasible sources of terrestrial heat energy, so that the
whole matter is only of theoretical interest.

We see that at present only two sources of energy, viz.,
fuel and water-power, are worthy of serious consideration in
connection with the general problem of the transmission and
distribution of power. The other sources enumerated are
either very irregular, uncertain in amount, or so difficult of
utilization as to remove them at once from the sphere of prac-
tical work,
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Granted, then, that fuel and water-power are and are likely
long to remain the dominant sources of energy, let us look more
closely into their possibilities. From each energy can be
readily transmitted and distributed by any suitable means;
each, in fact, can be transferred bodily to a distant scene of
action without any transformation from its own proper form.
In fact, for certain purposes and under certain conditions such
is the very best method. Fuel for ordinary heating and water
for such uses as hydraulic mining can be taken ‘as cases in
point. In a more general way, both fuel and water for the
development of mechanical power may often profitably be
transferred from place to place.

The conditions of economy in the transmission of fuel as
such are comparatively easy to examine and define.  Coal
may be produced at the mine for a certain quite definite
cost per ton. It can be transported over railroads and
waterways for an easily ascertainable price. Such a trans-
mission may be said to have a definite efficiency, as for example
90 per cent, when the total transportation charges against a ton
of coal amount to 10 per cent of its final value. From this
standpoint it is quite possible to transmit power at this very
high efficiency even to the distance of hundreds of miles. If
the final object be the distribution of power on a large scale, as
from a great central station, this transmission by transporta-
tion of fuel is often at once the most reliable and the cheapest
method.

Transformation of the fuel energy at its source into some
other form for the purpose of transmission is generally only
justifiable, first, when by so doing fuel not available for trans-
portation at a high efficiency can be rendered valuable by trans-
formation of its energy, or second, when it is to be utilized
at some distant point in a manner which compels a loss of
efficiency greater than that encountered in transmission. As
an example of the first condition, fully one-third of the coal as
ordinarily mined is unfitted, through its finely divided condition
or poor quality, for transportation over considerable distances.
Its commercial value is so small per ton that it could not be
carried far without incurring charges for carriage amounting
to a large part of its value. Hence, every coal mine accumu-
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lates a mountainous culm pile that is at present not only
valueless but cumbers the ground. This waste product could
sometimes be very profitably employed in generating power
which could be transmitted at a relatively very high efficiency
and sold at a good price.

A specimen of the second kind may be found in the somewhat
rare case of power which must be used in small units seattered
over a considerable territory, so that they could be replaced
with a great gain in efficiency by a single large generating
station. Such a state of affairs might be found in certain
mining regions where coal and iron mines are interspersed.
This must not be confounded with the very ordinary case of
distributing energy from a central station to various scattered
points, for we are here considering only the original source of
the fuel.

When an extensive distribution of energy from a power
station is contemplated, electrical or similar transmission of
power to that station is generally economical only on the condi-
tion above expressed, of using fuel otherwise valueless, since the
facilities for transportation to points at which power distribu-
tion on a large scale would be profitable, are generally good
and fairly cheap. All this applies to piping gas or petroleum
as well as to hauling coal, with the difference that neither gas
nor petroleum has any waste corresponding to culm, and hence
the transportation of each of them becomes a process entirely
comparable with the transmission of energy and directly com-
peting therewith. It has even been proposed to pipe coal dust
by pneumatic power for fuel purposes.

Water-power is by no means always cheaper than fuel, but as
a general rule it is, and by such an amount that it can be
transformed into electrical energy and transmitted to at least
a moderate distance without losing its economic advantage.
It therefore is usually the cheapest source from which to derive
power for general distribution on a large scale.

It is very difficult to give a clear idea of the relative cost of
steam and water-power, for while the one can be predicted for
any given place with fair accuracy, the other is subject to
immense variations. Once established, a water-power plant
can be operated very cheaply, but the cost of developing the



34 ELECTRIC TRANSMISSION OF POWER.

water-power may be almost anything, and each case must be
figured by itself. It is easy to obtain estimates of the cost of
developing a given stream and to form a close estimate of
both the interest charges to be incurred and the additional
expense of repairs and of operation. The cost of steam-
power for the same conditions can be accurately estimated.
The details of such estimates we will discuss later. In general,
one can only safely say that the costs of steam and water-
power overlap, as it were, so that while the more easily
developed water-powers are cheaper sources of energy than
fuel at any ordinary price, there are many cases in which the
great cost of development of difficult water-powers prohibits
competition with steam except where fuel is very dear. Much
depends on the topography of the country, the amount and
reliability of the available head of water, the price at which
water rights ean be obtained and various other local conditions.
To utilize the normal minimum power of a stream is gener-
ally comparatively easy, while so to take account of high water
as to obtain nearly the full continuous working power of the
stream often means great added expense for storage capacity
and works to control and regulate the flow.

In addition we have to consider two distinet phases of the
comparative cost — first, the cost of steam and water as prime
movers for a source of power to be distributed, and second,
the relation between these costs and that of steam-power at
the points where the distribution takes place.

Given a proper source of energy, there is vast variety in the
character of the work of transmission and distribution that is
to be undertaken. In the first place, the point of utilization
may be distant anywhere from a few hundred feet to many
miles, and at that point the object may be the delivery of
mechanical power in a single unit, in one or several groups of
allied units, in one or several widely scattered groups, or
finally for transformation into some other form of energy in
the most direct way possible.

There is no single method of power transmission which
meets in the best possible manner all these widely varying con-
ditions. Although electrical transmission is the most general
solution of the difficult problem in hand, there are cases in
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which other methods are preferable and should be adopted.
Those besides electric transmission which have come into con-
siderable use are the following:

I. Wire Rope Transmission.

II. Hydraulic Transmission.

IIT. Compressed Air Transmission.

IV. Gas Transmission.

It will be well to look into the distinguishing characteristics
of these and their relation to electrical transmission, with the
purpose of finding the advantages and limitations of each, so
that the proper economic sphere of each may be determined,
before taking up the electrical work which forms the main
subject of this volume. Each method will be found to have
its own legitimate place.

I. The transmission of power by wire ropes is merely a very
useful extension of the ordinary process of belting. Belts are
made of material which will not stand exposure to the weather,
and which being of low tensile strength is heavy and bulky in
proportion to the power transmitted. The advantage of wire
rope over belting lies in its high tensile strength and freedom
from deterioration when used out of doors. To gain the
fullest benefit from these properties it is necessary to use
light ropes driven at high speed.

It should be borne in mind that the power transmitted by
anything of the nature of belting depends directly on the
speed and the amount of pull exercised. If the force of the
pull is 100 pounds weight and the speed of belt or rope is
4,000 feet per minute, the amount of power transmitted is
400,000 foot-pounds per minute or (since 1 horse-power is 33,000
foot-pounds per minute) about 12 HP. The greater the speed,
the more power transmitted with the same pull, or the less
the pull for the same power. Wire rope can be safely run
at a considerably higher speed than belting and is much stronger
in proportion to its size and weight. It does not often replace
belting for ordinary work, for the reason that owing to its
small size it does not grip ordinary pulleys anywhere nearly
in proportion to its strength. Hence, to best take advantage
of its ability to transmit large powers, the rope speed must be
high and the pulleys unusually large in diameter to give suffi-
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diameter necessary. Sometimes each separate strand is made
with a hemp core, or is composed of nineteen small wires
instead of seven larger ones, to increase the flexibility and to
make it possible to use smaller sheaves and drums, as in hoist-
ing machinery. :

Steel rope is slightly more costly than iron, but gives greater
durability. The wheels on which these ropes run are fur-
nished with a deep groove around the circumference, pro-
vided with a relatively soft packing at the bottom on which
the rope rests, and which serves to increase the grip of the
rope and to decrease the wear upon it. Fig. 12 shows a section
of the rim of such a wheel. The bushing at the bottom of the

groove, upon which the rope directly bears, has been made of
various materials, but at present, leather and especially prepared
rubber are in most general use. The small pieces of which
the bushing is composed are cut to shape and driven into the
dovetailed recess at the bottom of the groove. The bushings
have to be replaced at frequent intervals, and the cables them-
selves have an average life of not much over a year.

When a straightaway transmission of a few hundred feet is
necessary, when the power concerned is not great, and the size
of the pulleys is not a serious inconvenience, this transmission
by wire rope is both very cheap and enormously efficient.
No other known method can compete with it within these
somewhat narrow limitations. For a span of ordinary length
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and ‘the usual rope speeds, the efficiency has been shown by
experiment to be between 96 and 97 per cent. At a dis-
tance of four to five hundred feet the weight and sag of the
rope becomes a very serious inconvenience, and the arrange-
ment has to be modified. Perhaps the most obvious plan is

Fia. 13,

to introduce a sheave to support the slack of the cable, as
shown in Fig. 13.

On longer spans several sheaves become necessary, and both
the slack and the tight portions of the cable need such support.
In cable railway work, the most familiar instance of power
transmission by wire ropes, numerous sheaves have to be
employed to keep the cable in its working position in the
somewhat contracted conduit. These reduce the efficiency of
the system considerably, so that the power taken to run the
cable light is often greater than the net power transmitted.
In akrial cable lines multiple sheaves are seldom used, and the
more usual procedure is to subdivide the transmission into
several independent spans, thus lessening swaying and sagging
as well as the length of rope that must be discarded in case of a
serious break. This device is shown in Fig. 14. It employs
intermediate pulley stations at which are installed double

OO O O

Fia. 14.

grooved pulleys to accommodate the separate cables that
form the individual spans. Such a pulley is shown in section
in Fig. 15. The spans may be three or four hundred feet
long; as soon as the length gets troublesome another pulley
station is employed. There is necessarily a certain small loss of
" energy at each such station. This is approximately proportional
to the number of times the rope passes over a pulley. From
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rope drive, it is done at a station provided with a pair of rope
wheels connected by bevel gears set at any required angle.
Fig. 17 shows such a station in diagram. The loss of energy
in such a pair of bevel gears amounts to from 7 to 10 per
cent, more often the latter. The bevel gears may be avoided
by a sheave revolving in a horizontal plane, and ecarrying
the turn in the cable, but while this arrangement is tolerably
efficient, it greatly decreases the life of the rope.
From what has been said, it will be seen that while cable
transmission is for short distances in 4 straight line both cheap
and very efficient, at 2,000 to 3,000 feet it is equalled and sur-
passed in efficiency by electric transmission, with lesser main-
tenance although greater first cost. The steel rope for a 50
HP transmission of 5,000 feet would cost about $400, and
replacement brings a considerable charge against each HP
delivered. If the transmission is not straightaway, or if
branches have to be taken off en route, the efficiency of the
system is considerably reduced by gear stations, while even
aside from these the efficiency is high only at or near full load.
But the general simplicity and cheapness of cable transmission
have made it a favorite method, and there have been many such
installations, some of them of a quite elaborate character.
Most of them are small, since the amount of power that can
be transmitted by a single rope is limited to 250 or 300 HP.
Ropes suited to a larger power are too heavy and inflexible;
1} inch is about the greatest practicable diameter of cable,
and even this requires pulleys between 15 and 20 feet in diam-
eter for its proper operation. Besides, even at moderate
distances the rope transmission suffers in wet or icy weather,
so that at anyvwhere nearly equal costs the electrical drive
is to be preferred save in the simplest cases.
Under all circumstances the need of replacing the cables
every year or so causes a high rate of maintenance. The fol-
lowing table, giving the sizes of iron-wire cables and pulleys
necessary for transmitting various amounts of power, will help
to give a clearer idea of the conditions of cable transmission
and aid in defining its limited but useful sphere. Speed is given
in revolutions per minute, and pulley diameter is the smallest "
permissible. These figures are, as will readily b e
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Diameter of Rope. Speed. Diameter of Pulley. HP.
3 150 6’ 25

%7 140 7 35

8 140 8/ 45

17 100 107 85

@ 80 12/ 100

1”7 80 14 140

1 80 14 150

speeds of not far from 3,000 feet per minute. This can fre-
quently be safely raised to 5,000 with somewhat larger pulleys
than those given and increased revolutions, while for steady
loads the tension can be slightly augmented without danger.
So while the figures given are those suitable for ordinary
running with a good margin. of capacity, the HP given can be
nearly doubled when all conditions are favorable.

But from all these figures it is sufficiently evident that
rope transmission is very limited in its applicability and is
not at all suited to work of distribution in small units. For
a good many years, however, a wire-rope transmission, now
practically superseded by electric driving, was operated at
Schaffhausen on the falls of the Rhine. The power station
delivered more than 600 HP to a score of consumers over
distances of half a mile or so. There were two bevel-gear
stations, and on the average, five cable spans between the
power station and the consumer, so that the efficiency even
at full load was somewhere between 60 and 70 per cent and
ordinarily very much less. Nevertheless, in default of any
better means of transmission at the time of installation, some
twenty years since, the plant did fairly successful work, even
from a commercial standpoint. In this country the system
is very little used save for short straight runs between building
and building across streets, for instance.

II. Noting, then, that cable transmission does excellent work
in its proper place, but is unsuited for the distribution of power
or for transmissions of anything save the simplest sorts, we
may pass to the hydraulic method of transmitting and distrib-
uting power. This in its crude form of small water-motors
attached to ordinary city mains is very familiar, but nothing
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more extensive has been attempted in this country. Abroad
there are a number of hydraulic power plants specially intended
for the distribution of power for general use, and the method is
one which has been fairly successful. There are two distinet
types of hydraulic plant, one utilizing such pressure as is
available naturally or by pumping to reservoirs, the other
employing very high artificial pressures, up to 750 pounds per
square inch, and used only for special purposes.

There are somewhat extensive works of the former kind at
Zurich, Geneva, and Genoa, the effective head of water being
in each case not far from 500 feet. In each case the power
business has been an outgrowth of the municipal water-supply
system. At Zurich and Geneva elevated reservoirs are supplied
by pumping stations driven by water-power. At Genoa the
head is a natural one, 20 miles from the city, and much of the
fall is utilized 18 miles from Genoa in driving the fine constant
current electric plant described elsewhere in this volume.

At Zurich there is in addition to the ordinary low pressure
water system a special high service reservoir supplying power
to a large electric station and to small consumers. Water is
pumped 6,000 feet into this reservoir through an 18-inch main,
and the total power service from both systems is something
like 500 HP, reckoned on a ten-hour basis. The price charged
is from $37 to $80 per HP per year.

The Geneva plant is on a much larger scale, the total turbine
capacity being about 4,500 HP. Here, as at Zurich, there are
‘two sets of mains, one at nearly 200 feet head, the other at
about 450. Ilach supplies water for both power and general
purposes. The high pressure service reservoir is about 2%
miles from the city, and the working pressure is supplied
indifferently from this or from the pumps direct. There is an
electric light plant with 600 HP in turbines driven by the
pressure water, and a large number of smaller consumers.
Water is supplied to the electric light company for as low as
$15 per HP per year.

Both these installations are extensions of the city water
service, and have done excellent work. Operated in this way
the economic conditions are somewhat different from those to
be found in a hydraulic plant established by private enterprise
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for power only. An inquiry into the efficiency of such a
system may be fairly based on the facts given. At Zurich, for
example, the efficiency from turbine shaft to reservoir cannot
well exceed 75. The distributing mains must involve a loss
of not less than 10 per cent, while the motors cannot be
counted on for an efficiency of over .75. The total efficiency
from turbine shaft to motor shaft is then about .75 x .75 x .90
= 50.6 per cent. The character of the motors has an impor-
tant influence on the economy of the system, particularly at
low loads. The motors most used particularly for small powers

),

are oscillating water engines of the type shown in Fig. 18.
The form shown is made by Schmid of Zurich. It possesses, in
common with all others of similar construction, the undesirable
property of taking a uniform amount of water at uniform speed,
quite irrespective of load. The mechanical efficiency falls off
like that of a steam engine, friction being nearly constant.
Better average results are secured with impulse turbines (see
Chapter IX) of which the efficiency varies but little as the load
falls off, or for high rotative speeds with impulse wheels like the
Pelton, shown in Fig. 19, as adapted for motors of moderate
power. At half-load, .e., half flow, the losses in distributing
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mains would be reduced to about one-third, while the efficiency
of the engine motors would certainly not be lowered by less
than 5 per cent. The total half-load efficiency would then be
75 X .97 X .70 = 50.9 per cent, actually a trifle higher than
at full load. This apparently remarkable property is shared
by all transmissions wherein the transmission loss proper is
fairly large.

The second type of hydraulic distribution of power is that
at very high pressures and employing a purely artificial head.
The pressures involved are usually 700 to 800 pounds per square

inch, and a small amount of storage capacity is gained by
employing what are known as hydraulic accumulators, fed by
the pressure pumps. These accumulators are merely long
vertical cylinders adapted to withstand the working pressure,
which is kept up by a closely fitting and enormously heavy
piston. The distribution of power is by iron pipes leading to
the various water motors. This high pressure water system
is a device almost peculiar to England, and has been slow in
making headway elsewhere. Its especial advantage is in con-
nection with an exceedingly intermittent load, such as is
obtained from cranes, hoists, and the like. This is for the
reason that with a low average output a comparatively small
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engine and pump working continuously at nearly uniform load
can keep the accumulators charged, while the rate of output
of the accumulators is enormous in case of a brief demand for
very great power.

Power plants on this hydraulic accumulator system are in
operation in the cities of London, Liverpool, Hull, and Bir-
mingham, England, and at Marseilles, France. The Lon-
don plant is the most important of those mentioned, con-
sisting of three pumping and accumulator stations and about
60 miles of mains. The total number of motors operated was
in 1892 about 1,700. The charges are by meter, and are based
on intermittent work, being quite prohibitive for continuous
service — from $200 to $500 per effective HP per year of 3,000
hours. The largest accumulators have pistons 20 inches in
diameter and 23 feet stroke, giving a storage capacity of only
24 horse-power-hours each. While very convenient for the
supply of power for intermittent service only, this system, like
hydraulic supply at low pressure, is rather inefficient, the more
so as it has been found advisable to employ hydraulic motors
of the piston type, although special Pelton motors have been
used in some cases.

Any hydraulic system suffers severely from the inefficiency
of pump and motors and from loss of head in the pipes. The
amount of power that can be transmitted in the mains is quite
limited, since the permissible velocity is not large. About
3 feet per second is customary — more than this involves
excessive friction and danger from hydraulic shock. - At this
speed a pipe about 2 feet in diameter is necessary to transmit
500 HP under 500 feet head.* The power delivered increases
directly with the head, but as the pressure increases the largest
practicable size of pipe decreases, and on the high pressure
systems nothing larger than 12 inches has been attempted, and
even this requires the use of solid drawn steel

Whatever the size of pipe, the loss in head is quite nearly
inversely as the diameter and directly as the square of the
velocity. Even for high pressure systems this loss is by no
means negligible, since the pipes used are rather small.

The following table gives the loss of head in feet per 100 feet

¥ Cost per mile laid in average unpaved ground about $15,000.
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of pipe and at a uniform velocity of 3 feet per second. This
applies to pipe in good average condition. When the pipe is
new and quite clean, the losses may be slightly less. If the
pipe is old and incrusted, the above losses may be nearly
doubled. Bends and branches still further reduce the working
pressure.

Diameter . . . . 170 271 8| 4 | 57| 67| 7| 8 (10 [12”

Lossof Head . . . |4.89|2.44|162|1.22|.98|.81|.70| .61 .49 41
Diameter . . . . | 147|167 | 187 207 | 227 | 24" | 267 | 28" | 40" | 36”

Loss of Head . B2 271 256(.22(1.20(.19|.17|.16| .18

1)
&

We may now look into the efficiency of these high pressure
hydraulic systems. Of the mechanical horse-power applied to
the pump we cannot reasonably hope to get more than 75 per
cent as energy stored in the accumulators. Tests on the
Marseilles plant have shown 70 to 80 per cent efficiency between
the indicated steam power and the accumulators, the former
figure at the speeds corresponding to full working capécity. As
the pumps were direct acting the difference between brake and
indicated HP was presumably very small. The motors can be
counted on for about .75 efficiency, and the losses of head in
the pipes for any ordinary distribution cannot safely be taken
at less than 5 per eent. Hence the full load efficiency is about
75 % .75 x .95 = .53. The efficiency at full load is thus not
far from that of the low pressure system, but at half-load it
suffers from the use of piston motors, generally necessary ou
account of the too high speed of rotary motors at high pressure.
At even 500 pounds per square inch pressure the normal speed
of a Pelton wheel of say 20 HP would be over 4,000 r. p. m., and
could not be greatly reduced without seriously cutting down
the efficiency. At half-load the piston motors could not be
relied on for over .65 efficiency, reducing the total efficiency,
even allowing for greatly lessened pipe loss, to about 45 per
cent. On the whole, the hydraulic accumulator system must be
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regarded as a very ingenious and occasionally useful freak. It
may now and then be useful as an auxiliary in the storage of
energy from a very irregular power supply.

The strongest point of hydraulic transmission is its ready
adaptability in connection with water supply systems for gen-
eral purposes. Skilfully installed, as for instance at Geneva,
it furnishes convenient, reliable, and fairly cheap motive power.
As a distinct power enterprise the high first cost is against it,
and the efficiency is never really good. All this applies with
even greater force to the special high pressure systems, which
suffer from inability to cope with continuous work, thus seri-
ously limiting the possible market. Even for intermittent ser-
vice the charges are enormously high.

The methods of power transmission already mentioned are
then somewhat limited in their usefulness by rather well
defined conditions, which make their employment advisable in
some cases and definitely inadvisable in general.

III. We may now pass to the pneumatic method of transmit-
ting power, which is far more general in its convenient appli-
cability than either of the others, and which is the only systemn
other than electric which has been extensively applied in prac-
tice to the distribution of power in small units, although only
short distances have been involved in any of the plants
hitherto operated, and the possible performance at long dis-
tances is more a subject of speculation than of reasonable cer-
tainty. Transmission of power by compressed air involves
essentially three elements: An air compressor delivering the
air under a tension of from 50 to 100 or more pounds per
square inch into a pipe system, which conveys the compressed
air to the various motors. These motors are substantially
steam engines in mechanical arrangements, and indeed almost
any steam engine can be readily adapted for use with com-
pressed air. The compressor itself is not unlike an ordinary
steam pump in general arrangement. Its appearance in the
smaller sizes is well shown in diagram in Fig. 20. The system
was originally introduced about fifty years ago for mining
purposes, and owed its early importance to its use in working
the drills in the construction of the Hoosac, Mont Cenis, and
St. Gothard tunnels. Since then it has come to be used on a
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very extensive scale for drilling operations, and recently has
also been applied for the distribution of power for general pur-
poses, particularly in Paris, where the only really extensive
system of this kind is in operation. Its best field has been
and still is in mining operations where the escaping air is a
welcome addition to the means of ventilation and where, as a
rule, the distances are not great.

Transmission of power by piping compressed air has even
for general distribution certain very well marked advan-
tages. The subdivision of the power can be carried on to

EvATION

Fia. 20.

almost any extent, and the motors are fairly efficient, simple,
and relatively cheap. In addition, the power furnished to
consumers can very easily be metered. The loss of energy
can be kept within moderate limits, and the mains themselves
are not liable to serious breakdowns, although losses from
leakage are frequent and may be large. Finally, the system
is exceptionally safe. On the other hand, the efficiency of
the system, reckoned to the motor pulleys, is unpleasantly
low. The mains for a transmission of any considerable length
are very costly, and the compressed air has no considerable
use aside from motive power, instead of being applicable,
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like electric or even hydraulic transmission of power, to divers
profitable employments quite apart from the furnishing of
mechanical energy. To obtain a clearer idea of the nature
of these advantages and disadvantages, let us follow the process
of pneumatic transmission from the compressor to the motor,
looking into each stage of the operation with reference to
its efficiency and economic value.

The compressor is the starting point of the operation. Fig.
20 shows in section a typical direct acting steam compressor,
one of the best of its class. It consists essentially of the air
cylinder A and a steam cylinder B, arranged in line and having
a common piston rod. The steam end of the machine is
simply an ordinary engine fitted with an excellent high speed
valve gear worked by two eccentrics on the crank shaft of
the flywheels G, which serve merely to steady the action of
the mechanism. The air cylinder 4 is provided with a simple
piston driven by an extension of the steam piston rod.

At each end of the air cylinder are antomatic poppet valves
E E, which serve to admit the air and to retain it during the
process of compression. F is the discharge pipe for the com-
pressed air leaving the cylinder. In the compressor shown
there are two steam and two air cylinders connected with the
cranks 90° apart, thus giving steady rotation in spite of the
character of the work. In some machines the pistons and
piston rods are hollow and provided with means for maintaining
water circulation through them, to assist in cooling the air.
Round the air cylinder is a water jacket shown in the cut just
outside the eylinder wall. The purpose of this is to keep the
air, so far as possible, cool during compression, and thus to
avoid putting upon the machine the work of compressing air
at a pressure enhanced by the heat that always is produced
when air is compressed. And just here is the first weak point
of the compressed air system. However efficient is the
mechanism of the compressor, all heat given to the air during
compression represents a loss of energy, since the air loses
this heat energy before it reaches the point of consump-
tion. The higher the final pressure which is to be reached,
the more useless heating of the air and the lower efficiency.
Hence the water jacket, which, by abstracting part of the heat
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of compression, aids in averting needless work on the air dur-
ing compression. Even the most thorough jacketing leaves
much to be desired, generally leaving the air discharged at
from 200° to 300° F., more often the latter. A cold water
spray is often used in the compressing cylinder. This is some-
what more thorough than the jacket, but is still rather in-
effective. Both serve only to mitigate the evil, since they
cool the air by absorbing energy from it, and at best cool it
very imperfectly. A careful series of investigations by Riedler,
perhaps the best authority on the subject, gives for the efficiency
of the process of compression from .49 to .72. These figures,
derived from seven compressors of various sizes and types,
include only those losses which are due to heat, valve leakage,
clearance, and the like, taking no account of frictional losses
in the mechanism. These are ordinarily about the same as
in a steam engine, say 10 per cent, so that the total efficiency
of a simple compressor may be taken as .44 to .65, the latter
only in large machines under very favorable conditions. The
most considerable recent improvement in compressors is the
division of the compression into two or more stages, as the ex-
pansion is divided in compound and triple expansion engines.
This limits the range of heating that can take place in any
given cylinder, and greatly facilitates effective cooling of the
air. Riedler has obtained from two-stage machines of his
own design a compressor efficiency of nearly .9. Allowing for
the somewhat greater friction in the mechanism, the total
efficiency was found to be about .76. In general, then, we may
take the total efficiency of the single stage compressors usually
employed in this country as .5 to .6, very rarely higher, while
the best two-stage compressors may give an efficiency slightly
in excess of .75. For steady working, .75 would be an excel-
lent result.

We may next look into the action of the compressed air in
the mains. As in the case of water, the frictional resistance
and consequent loss of pressure vary directly with the square
of the velocity of the air and inversely with the diameter of
the pipe. By reducing the one and increasing the other, the
efficiency of the line may be increased at the cost of a con-
siderable increase in original outlay. Any attempt to force the
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output of the main rapidly increases the losses. At a working
gauge pressure of 60 pounds per square inch, which is in very
frequent use, the per cent of pressure lost per 1,000 feet of
pipe of various diameters is given in the following table — the
velocity being taken at 30 feet per second:

Diameter . . .| 17 | 2”7 | 37| 4”7 | 57 | 67 |12 187 | 247 36"| 48~

10.9|7.8|5.45(4.37[3.66| 1.0/ 0.66

Per cent loss . . |21.8 0.5]|.33].25

The friction in the pipes is proportionally greater in small
pipes than in large, and this table is taken as correct for the
medium sizes. No allowance is made for increase in velocity
through a long main, for leakage, nor for draining traps,
elbows, curves, and other extra resistances, so that as in prac-
tice the larger and longer mains suffer the more from these
various causes, the table will not be found widely in error for
ordinary cases. Very large straightaway mains will give
somewhat better results, and the five last columns of the table
are computed from Riedler’s experiments on the Paris air
mains, 114 inches in diameter and 10 miles long. All losses
are included. Losses in the air mains can therefore be kept
within a reasonable amount in most cases. With large pipes
and low velocities, power can be transmitted with no more loss
than is customary in the conductors of an electrical system.
Small distributing pipes, however, entail a serious loss if they
are of any considerable length.

The motor is the last element of pneumatic transmission to
be considered. Generally it is almost identical with an ordi-
nary steam engine; in fact, steam engines have been often
utilized for air, and common rock drills may be used indif-
ferently for steam or air with sometimes slight changes in the
packing of the pistons and piston rods. Some special air
motors are in use with slight modifications from the usual
steam engine type. In most of these the air is used expan-
sively and at a fairly good efficiency. Tests by Riedler on the
Paris system show for the smaller air motors an efficiency of as
high as 85 per cent so far as the utilization of the available
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energy in the air is concerned, or, taking into account the
mechanical losses, 70 to 75 per cent. Occasional results as
low as 50 to 60 per cent were obtained even when the air was
used expansively, while if used non-expansively the total effi-
ciency was uniformly below 40 per cent. Tests on an adapted
steam engine with Corliss valve gear gave a pneumatic effi-
ciency of .90, with a total efficiency of .81. These figures are
under more than usually favorable conditions.

One of the principal difficulties with air motors is freezing,
due to the sudden expansion of the compressed air, and the
congelation of any moisture carried with it. It is quite use-
ful, therefore, to supply to the motor artificially a certain
amount of heat, sufficient to keep the exhaust at the ordinary
temperature, especially if the air has been cooled by spray
during compression. This heating process is very frequently
extended so as not only to obviate all danger of freezing but to
add to the output of the air motor by giving to the compressed
air a very considerable amount of energy. The air is passed
through a simple reheating furnace and delivered to the motor
at a temperature of about 300° Fahrenheit. The energy de-
livered by the motor is composed of that actually transmitted
through the mains plus that locally furnished by the reheater.

The amount of fuel used is not great, usually from } to 1 of
a pound of coal per horse-power-hour, and the increase of
power obtained is about 25 per cent of that which would
otherwise be obtained from the motor. This means that the
heat is very effectively utilized. Reheating is not a method of
increasing the efficiency of the system, as is sometimes sup-
posed, but a convenient way of working a hot air engine in
conjunction with an initial pressure obtained from air mains.
It increases the operating expense by a very perceptible though
rather small amount, and gains a good return in power. In so
far it is desirable, but it no more increases the efficiency of the
pneumatic transmission than would power from any other
source added to the power actually transmitted.

We are now in a position to form a clear idea of the real
efficiency of transmission of power by compressed air. Taking
the compressor and motor efficiencies already given, and assum-
ing 10 per cent loss of energy in the mains, we have for the
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total efficiency from indicated horse-power at the ecompressor
to brake-horse-power at the motor: .75 x .90 x .80 = .54
for large two-stage compressors and large motors; while with
ordinary apparatus it would be about .70 x .90 X .75 = .47.
At half-load these figures would be reduced to about .45 and
.35 respectively. In operating drills, which are motors in
which the air is used non-expansively and to which the air is
carried considerable distances through small pipes, the total
efficiency is almost always below rather than above .30. The
efficiency of .54 given above cannot well be realized without
recourse to artificial heating to enable the air to be used expan-
sively without trouble from freezing.

Compressed air has been mainly used for mining operations,
where its entire safety and its ventilating effect are strong
points in its favor. More rarely it is employed for general
power purposes. Of such use the Popp compressed air system
in Paris is the best and the only considerable example.

This great work started from a system of regulating clocks
by compressed air established a quarter-century ago. Nearly
a-decade later the use of the compressed air for motors began,
and after several extensions of the old plant the present station
was built. It contains four 2,000 HP compound compressors,
of which three are regularly used and the fourth held in reserve.
The steam cylinders are triple expansion, worked with a steam
pressure of 180 pounds. The air pressure is 7 atmospheres,
and the new mains are 20 inches in diameter, of wrought iron.
There are in all more than 30 miles of distributing main, most
of it of 12 inches and under in diameter. A very large number
of motors of sizes from a fan motor to more than 100 HP are
in use. Their total amount runs up to several thousand HP,
even though the majority of them are less than a single horse-
power. Except in very small motors, reheaters are used,
raising the temperature of the air generally to between 200°
and 300° F. The efficiency of the whole system from Pro-
fessor Kennedy’s investigations is about 50 per cent under
very favorable conditions. The prices charged for power
have not been generally known, but are understood to be some-
what in excess of $100 per horse-power per working year.
An interesting addition to the apparatus of pneumatic trans-
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mission has recently” appeared. It is a modification-of the
ancient ‘“trompe,” or water blast, used for centuries to feed
the forges of Catalonia, very simple in operation and cheap to
build. In its present improved form it is known as the Taylor
Hydraulic Air Compressor, and an initial plant of very respect-
able size has been in highly successful operation for some five
years past at Magog, P. Q., from which the data here given
have been obtained.

The compressing apparatus which is shown in Fig. 21 is in
principle an inverted siphon having near its upper end a series
of intake tubes for air, and at the bend a chamber to collect
the air which, entrained in the form of fine bubbles, is carried
down with the water column, which flowing up the short arm
of the siphon escapes into the tail race. In Fig. 21, 4 is the
penstock delivering water to the supply tank B. In this
tank is the mouth of the down tube C, contracted by the
inverted cone C so as to lower the hydraulic pressure and
allow ready access of air from the surrounding apertures.
The air bubbles trapped in the water sweep down C, which
expands at the lower end, and finally enters the air tank D.
Here the water column encounters the cone K, which flattens
into a plate at the base. Thus spread out and escaping into
the air chamber by the circuitous route shown by the arrows,
the air bubbles from the water accumulate in the top of the
air tank, while the water itself rises up the shaft E, and flows
into the tail race /. The air in D is evidently under a pressure
due to the height of the water column up to F, and quite
independent of the fall itself, which consequently may vary
greatly without affecting the pressure of the stored air, a very
valuable property in some cases, as in utilizing tidal falls.
From D the compressed air is led up through a pipe, P, for
distribution to the motors. To get more pressure, it is only
necessary to burrow deeper with the air tank, not a diffi-
cult task where easy digging can be found. The fall and rate
of flow determine the rate at which the air is compressed,
and contrary to what might be supposed, the process of com-
pression is quite efficient. It is quite sensitive to variations
in the amount of flow, the efficiency changing rapidly with the
conditions of inlet; and since there certainly is a limit to the



ELECTRIC TRANSMISSION OF POWER,.

=
== ===
===
[
C, Y, %

33,
q
==| B
l |

e ™ 2,

— Apdl 2,
= 1 i3 %
g | - & wrwr 7 %
] od il 4
=} ] _eary| 42
& P
o L
o) ] gl or
=" =_%5 T
—

=] T
" /] |
= 5
| —

7 =

y
: i =i
i




GENERAL CONDITIONS OF POWER TRANSMISSION. 57

amount of air that can be entrained in a given volume of
water, the process is likely to work most efficiently at moderate
heads and with large volumes of water. In the Magog comn-
pressor about 4 cubic feet of water are required to entrain
1 cubic foot of air at atmospheric pressure, and it is open to
question as to how far this ratio could be improved. This
ratio, too, would be changed for the worse rapidly in attempt-
ing high compression, so that the Magog results probably rep-
resent, save for details, very good working conditions. The
dimensions of the Magog apparatus are given in the accom-
panying table, which is followed by the details of one of the
tests made by a very competent body of engineers.
The general dimensions of the compressor plant are:

Supply penstock ........ ... i e 60 inches diameter
Supply tank at top .................... .. 8 feet diameter by 10 feet high
Alr inlets (feeding numerous small tubes) ................ 34 2-inch pipes
Downtube ...... oottt 44 inches diameter
Down tube at lowerend ...............oiiiiin... 60 inches diameter
Length of taper in down tube, changing from 44-inch to

60-inch diameter ......... ... ..ottt i, 20 feet,
Air chamber in lower end of shaft ..................... 16 feet diameter
Total depth of shaft below normal level of head water ...... about 150 feet
Normal head and fall ................c.ciiiiiiin..... about 22 feet
Air discharge pipe .......ooitiiiiiiiiriiiineeennnnnn. 7 inches diameter
Flow of water, cubic feet, minute ...................... 000000 4292.
Head and fallinfeet .............cciiiiiiiiiiiiiininnnn.. 19.509
Grosswater HP ... .cuuuuiiiiiteininneetnnaneenennnnnnnns 158.1
Cubic feet compressed air per minute, reduced to atmos-

PheTIC PIeSSUTe ... iuetnenetiee e iieennnnannennnnennns 1148.
Pressure of compressed air,lbs. ..........c.coiiiiiiiiiiiia... 53.3
Pressure of atmosphere, lbs. ..... 5000 400800000480 00000010000aPa 14.41
Effective work done in compressing air, HP ................. L. 1117
Efficiency of the compressor, pereent ..............ccoeeeuvunn.. 70.7
Temperature of external air, Fahr. . .............c0iuiuinennn.. 65.2
Temperature of water and compressed air, Fahr. ................. 66.5
Moisture in air entering compressor, per cent of saturation ........ 68.
Moisture in air after compression, per cent of saturation .......... 35.

The efficiency given is certainly most satisfactory, being
quite as high as could be attained by a compound compressor
of the best construction driven by a turbine, and for the head
in question at a very much lower cost. It is probable that
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the test given does not represent the best that can be done by
this method, and the indications are that within a certain,
probably somewhat limited, range of heads the hydraulic com-
pressor will give as compressed air a larger proportion of the
energy of the water than any other known apparatus. Just
what its limitations are, remains to be discovered, but several
plants are now under construction which will throw consider-
able light upon the subject.

In certain cases the power of getting compressed air direct
from hydraulic power by means of a simple and, under favor-
able conditions, cheap form of apparatus, is very valuable,
and while it is unlikely to change radically the status of pneu-
matic transmission, it is an important addition to available
engineering methods. As in most pneumatic plants, the
Magog installation is worked in connection with reheaters.
A similar plant on a somewhat larger scale is in successful
operation near Norwich, Conn.

IV. In point of convenience and efficiency, compressed air
is nearer to electricity for the distribution of power over large
areas than any other method. The only other system that
approaches them is the transmission of gaseous fuel for use
in internal combustion engines. At equal pressures one can
send through a given pipe twenty times as much energy stored
in gas as in air. A good air motor requires about 450 cubic
feet of air at atmospheric pressure per indicated HP hour,
while a gas engine will give the same power on a little over 20
cubic feet of gas. But the cases wherein the distribution of
gas would be desirable in connection with a transmission over
a long line of pipe are comparatively few. Particularly this
system has no place in the development of water-powers, the
most important economic function of electrical transmission.
Nevertheless it must be admitted that for simple distribution
of power a well-designed fuel gas system is a formidable com-
petitor of any other method yet devised, particularly in the
moderate powers —say from 5 to 25 HP.

We are now in a position to review the divers sorts of power
transmission that have been discussed, and to compare them
with power transmission by electricity.

Without going deeply into details, which will be taken up in
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due course, we may say that electrical machinery possesses one
advantage to an unique extent — high efficiency at moderate
loads. Machinery in which the principal losses are frictional
is subject to these in amount nearly independent of the load;
hence the efficiency drops rapidly at low loads. In dynamos,.
motors, and transformers, however, the principal losses de-
crease rapidly with the load, so that within a wide range of
load the efficiency is fairly uniform. Fig. 22 gives the efficiency
curves for a modern dynamo, motor, and transformer. The
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generator curve is from a 200 KW 500-volt direct-current
machine, the motor curve from a smaller machine of the same
type, and the transformer curve from a standard type of about
30 kilowatts capacity. In the generator curve the variation of
efficiency from half load to full load is less than 2 per cent,
in the motor only 2} per cent, and in the transformer just
1} per cent. In addition, the efficiency of all three at full
load is very high. Henece, not only is an electrical power
transmission of great efficiency if the loss in the line be moder-
ate, but this efficiency persists for a wide range of load. As
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in hydraulic and pneumatic transmission, the efficiency of the
line depends on its dimensions; so that by increasing the weight
of copper in the line, the loss of energy may be decreased
indefinitely. And since the loss of energy in the line dimin-
ishes as the square of the current, the percentage of loss at
constant voltage diminishes directly with the load.

Hence, the total efficiency may be constant or even increase
from half load to full load, even with a quite moderate loss in
the line. In pneumatic and hydraulic transmission this con-
dition may occur, but only with large loss in the mains, since
the efficiencies of the generator and motor parts of such systems
decrease too rapidly to be compensated by the gain in the
main, unless its efficiency is low at full load. Hence, for
ordinary cases of distribution in which the average load is
considerably less than full load, often only } to % of full load,
electric transmission has a very material advantage over all
other methods. To appreciate this we need only to run over
the details of electrical power transmission and compare the
results with those which we have obtained for the other
methods described.

There are to be considered in electrical power transmission,
as in transmission of every sort, two somewhat distinet prob-
lems:

First, the transmission of energy over a considerable dis-
tance and its utilization in one or a few large units.

Second, the distribution of power to a large number of small
units at moderate distances from the centre of distribution.
This latter case may sometimes also involve the transmission
of power to a real or fictitious centre of distribution. This
second problem is the commoner, and, while not so sensational
as the transmission of power at high voltage over distances of
many miles, is of no less commercial importance.

We have all along been considering, in treating of transmis-
sion of power by ropes and by hydraulic and pneumatic engines,
the case first mentioned, excepting in so far as some special
distributions have been referred to. We have already the data
for figuring the efficiency of an electric power transmission
with large units. In cases of this kind the distance between
the generator and motor is likely to be much greater than in
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the case of distribution to small motors from some central
point, and the loss in the line, the only uncertain figure in the
transmission, would generally range from 5 to 10 per cent.
In case of distributing plants intended to furnish from a single
point small units of power over a moderate distance, it is
generally found that losses in the line of from 2 to 5 per cent
do not involve excessive cost of copper. In cases where
a distribution is coupled with the transmission of power to the
central point, the loss from the distant generator to the motors
is in most cases from 10 to 15 per cent.

Taking up first the transmission of power from one or more
large generators to one or more large motors, we may take
safely the commercial efficiency of the generator as that given
by the curve, Fig. 22, and that of the motors as at least as
good as that given for a motor in the same figure. The effi-
ciency of the line for moderate distances may be taken as
95 per cent. It should be noted that the efficiencies of large
alternating generators and motors do not differ materially
from those shown; in fact, are quite certain to be above them.
We thus have for the efficiency in a transmission of this kind:
94 X 95 x 93 = 84 per cent. This is largely in excess of
that which could be obtained at distances of say a couple of
miles by any other method of transmission.

Even more extraordinary is the efficiency at half load in
this case, which is 92 X 97.5 X 91 = 81.6 per cent. It
should be borne in mind that these efficiencies are taken from
experiments with ordinary machines, and the efficiencies are
those which can be bettered in practice. These results show
the great advantage to be derived from electrical transmission
when, as in most practical cases, full load is seldom reached.
It is most important for economical operation to employ a
system which will give high efficiency at low loads, and it
would be worth while so to do even if the efficiency at full
load were not particularly good. With electrical machinery,
however, there is no such disadvantage. Even at one-fourth
load the efficiency of the electrical system still remains good.
It is nearly 73 per cent on the assumed data. The efficiencies
thus given are from the shaft of the generator to the pulley
of the motor inclusive,
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In the case of distributed motors supplied from a central
point not very distant from any of them, the efficiencies of
generator and line remain about as before, but the motor
efficiencies for the sizes most often employed are below that
just given. The average motor efficiency is largely dependent
on the skill with which the units are distributed. It has often
been proposed to drive separate machines by individual motors,
while in other cases comparatively long lines of shafting are
employed, grouping many machines into a dynamical unit
operated by a motor. To secure economy it is desirable on
the one hand to ‘use fairly large motors well loaded, while on
the other hand the losses in shafting and belting must be kept
down. ]

The larger the motors, the better their efficiency at all
loads and the less the average cost per HP, but with small
motors the cost and inefficiency of shafts and belts may be
in large measure avoided. The most economical arrange-
ment depends entirely upon the nature of the load. Much
may be said in favor of individual motors for each machine,
but so far as total economy is concerned, this practice is best
limited to a few cases -— machines demanding several HP (say
5 or more) to operate them, machines so situated as to neces-
sitate much loss in transmitting power to them, and certain
classes of portable machines. In applying electric power
to workshops already in operation, the group system will
usually give the best results, individual motors being used
only for such machines as might otherwise cause serious loss
of power. The following table give<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>